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Galle Fort, Sri Lanka 

 

Situated in the southwest of Sri Lanka about 100 km south of 
Colombo, the city of Galle is on the shores of the Indian Ocean. It 
is constructed on a rocky peninsula which houses a natural port 
to which access is complicated by the presence of massive coral 
reefs. 

Galle Fort is a Portuguese fortress which was built in 1588 at the 
bay of Galle on the southwestern coast of Sri Lanka. This fortress 
is completed with 14 bastions which are still the best-preserved 
and best example for the fortified city in Asia built by Europeans 
with a mix of European architectural styles and South Asian 
traditions. UNESCO declared Galle Dutch Fort as a World 
Heritage in 1988 under the name of ‘Old Town of Galle’ and its 
fortifications. It covers an area of 52 hectares inside the walls. 
There is a lighthouse which has been installed on the Utrecht 
bastion, and a tower erected for the jubilee of Queen Victoria in 
1883. A Protestant church has also been built in Baroque Style in 
1775. The most prominent buildings in the fort complex were the 
Commandant’s residence, the arsenal and the gun house. 

Cover designed by H.M. Lakshan Tharaka Bandara 
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Preface 

The eight sustainable development goals adopted by the United Nations include goals 
such as ‘clean water and sanitation’, ‘industry, innovation and infrastructure’, 
‘sustainable cities and communities’ and ‘climate action’, which are directly related to 
the field of civil engineering, highlighting the importance of sustainable civil engineering 
systems. 

There is an obvious trade-off between the economic development and the 
environmental sustainability. Simply, the sustainable development means an economic 
development conducted without depletion of natural resources. In order to achieve this, 
the development strategies should encompass environmental protection strategies. 
Unsustainable economic development has presently caused ecological collapses. On the 
other hand, collapses are evident in civil engineering systems due to the aftermath of 
ecological collapses such as extreme summer temperatures, droughts, flash floods, and 
rising numbers of freeze-thaw cycles. This highlights that unsustainable civil 
engineering systems cause adverse impacts on the environment, and they are even 
unable to withstand the disasters caused by the environment destructed by them. Civil 
engineering systems are greatly responsible for the man kinds’ well-being and day-
today lives because the infrastructure being built at present will shape their lives in the 
future. Thus, the civil engineering systems should comply with the environmental 
protection policies. 

Sustainable civil engineering systems are a result of better material performance, lower 
production costs, improved construction and monitoring techniques, reduced health 
and environmental impacts and etc. Research oriented toward above directions are 
imperative in terms of sustainable systems. Much research in this area has been 
conducted in the region to come up with sustainable innovations in civil engineering. 
Bringing all such region-wide innovations on to one platform would inevitably be a 
convincing approach for sustainable civil engineering related developments. 

ACEPS-2021 symposium is such a platform, on which sustainability-oriented research 
in civil engineering carried out in the region, is presented. The Department of Civil and 
Environmental Engineering, Faculty of Engineering, University of Ruhuna, Galle, Sri 
Lanka is honored to organize the 8th international symposium on Advances in Civil and 
Environmental Engineering Practices for Sustainable Development (ACEPS) on 07th 
October 2021, in collaboration with Saitama University, Japan. The objective of this 
symposium is to provide an international forum for sustainability oriented civil 
engineering research. The symposium aimed at presenting and publishing the most 
recent research and development in the field, consists of a unique set of topics of 
sustainable civil engineering practices under the following sub-divisions: 

Structures and Building Materials 

Geotechnical Engineering 

Construction Management 

Transportation and Highway Engineering 

Hydraulics and Coastal Engineering  

Environmental Engineering 
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The symposium is held virtually in Galle, a historic city, which houses the largest 

existing colonial fortress in Asia. This colonial fortress has been withstanding every 

obstacle over centuries, thus can be cited as a symbol of sustainable development. The 

construction materials for this development have been picked up from the surrounding 

environment. Hence, it showcases the great interdependency between the man-made 

and the natural environment. The existence of the fortress as well as the development of 

many large-scale infrastructure facilities have made the city an ideal venue for the 

symposium. 

ACEPS-2021 symposium consists of sixty-two research papers presented in six 

technical sessions and three keynote papers presented in plenary sessions. The 

symposium is graced by three keynote speeches delivered by internationally recognized 

experts, namely, Dr. David Lees, Prof. Gian Michele Calvi, and Prof. Ken Kawamoto. Dr. 

David Lee from AECOM, India, based on his long-time experience in the construction 

field, delivers a keynote address entitled “Constraints for the application modern 

international tunnelling techniques to projects in Sri Lanka and SE Asia”. Prof. Gian 

Michele Calvi from the IUSS Pavia, Italy, based on his vast research experience, delivers 

a keynote address entitled “Towards a practical loss-based design approach and 

procedure”. Prof. Ken Kawamoto from the Graduate School of Science and Engineering, 

Saitama University, Japan, based on his vast research experience, delivers a keynote 

address entitled “Sustainable waste management in the construction industry: a view 

from statistical data in some selected countries”.  

All accepted articles in the ACEPS-2021 proceedings have been peer-reviewed by two 

referees, and selected based on originality, significance and clarity. These articles 

include studies focused on solving real engineering problems, case studies on 

sustainable practices as well as original studies of academic interest. Research 

published by ACEPS-2021 is expected to be helpful in working out a strategic 

framework to advance the region with sustainable infrastructure development. 

Publication Committee (ACEPS-2021)  

07th October 2021 
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Message from the Vice Chancellor 

 

The field of Engineering is changing fast expanding 
horizons during the last several decades. There had been 
unprecedented advances in science over last half a 
century. The field of engineering had led this advances 
ahead of all the other fields in science. Hence, the 
regularly conducted annual conference on Advances in 
Civil Engineering Practices for Sustainable Development 
is a timely event. 

The entire world is going through a pandemic of 
unprecedented nature. The advances in sciences 

including engineering have not predicted this challenge few years back and hence were 
caught unprepared. Now all these good practices and advances adopt for new 
challenge. While the other fields like mechanical and computer engineering developed 
robots, machines, devices to meet the challenges of delivery of health care safely to save 
live, the civil engineering had to face the challenge of managing airflow within high risk 
environments such as intensive care units, inside and outside hospital wards. The 
message is that, we need to keep adopting to new challenges emerging in the world with 
fresh thinking and creative abilities. Preparing the students to face those unknown 
challenges to come in the future by empowering them with lifelong learning skills 
would be a traditional need reinforced into our attitudes by the pandemic.  I strongly 
believe that conducting ACEPS conference every year fulfils this needs at least to some 
extent.  

Civil engineering impact every field of science. Unless quality roads are constructed 
with no or minimal sharp bends with adequate space for traffic, road accidents will be a 
routine occurrence leading to loss of lives and permanent disabilities. Sri Lanka loses 
close to 3000 lives every year without any change or improvement for the last 40 years 
according to available data. Engineers are often not responsible for the design of roads 
with sharp bends that may have contributed for the increased occurrence of accidents in 
one particular place. I would like to see a change of this attitude for all civil engineers to 
take responsibility for their structural designs. That is the professionalism expected from 
all the scientists towards the tax paying civil society.  

I would like to appreciate the professional civil engineers to rethink their responsibility 
while embarking on continuing education programmes. Otherwise, the free education 
and the entire education system will be the failure.   I wish this event all the best and 
wish to congratulate the Dean, Faculty of Engineering and all the other members of the 
organizing committee for organizing this event successfully. 

Senior Prof. Sujeewa Amarasena 
Vice Chancellor  
University of Ruhuna 
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Message from the Deputy Vice Chancellor 
 

It is my great honor and privilege to write a message to 
ACEPS-2021. On this occasion, as the Deputy Vice 
Chancellor of University of Ruhuna, I thank Dr. Harsha 
Sooriyaarachchi, the Dean of Faculty of Engineering 
and the organizing committee of ACEPS-2021 for their 
strenuous effort in organizing this event facilitating the 
continuation of the of the faculty events amidst a 
difficult time.  

Amid the varied and multi-faceted challenges posed by 
COVID-19 in 2020, that are still continuing, the 

economic and social infrastructure of the country experienced several setbacks in 
relation to both service delivery and development activities. However, the strong 
infrastructure base of the country served as a buffer and facilitated the continuation 
of economic activity, during this period of unique challenges. Recently it has been 
widely discussed the necessity of development of infrastructure in various segments 
in order to achieve the development goals. There is no gainsaying that knowledge in 
the field of engineering is essentially required in every aspect of development in the 
current technology-oriented world.  I believe the knowledge shared in this 
conference will further strengthen these efforts and this exercise will fit into the 
theme of the conference.  

COVID-19 forces this society to reorganize all aspects of working and living 
environments. In this scenario, society is realizing the importance of knowledge in 
all areas including the field of engineering to accustom to the current situation.  In 
such context, this conference will also offer some sort of guidance to work-smart in a 
pandemic-stricken world.  

Finally, I also wish to congratulate researchers who are presenting their valuable 
findings in this forum.  Your work will definitely contribute to search for solutions to 
the problems encountered by Sri Lanka as a nation.  

I wish ACEPS-2021 great success. 

 
Prof. E.P.S. Chandana 
Deputy Vice Chancellor  
University of Ruhuna 
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Message from the Dean 

It is indeed with great pleasure that I write this message for 
the symposium “Advances in Civil and Environmental 
Engineering Practices for Sustainable Development 
(ACEPS-2021)”. ACEPS is the longest running international 
symposium of the Faculty of Engineering, University of 
Ruhuna. Being a symposium with free registration, it was the 
brainchild of the Department of Civil and Environmental 
Engineering, when it was first introduced in a time, during 
which most of the research symposia required colossal 
amount of money as the registration fee. It is with the 
support and generosity of the likeminded collaborators, 

namely Saitama University, Japan, Sri Lanka Steel Corporation (LANWA) and Siam City 
Cement Lanka Pvt. Ltd. (Sanstha Cement) that it has been able to conduct the ACEPS 
symposium as a free symposium since its inception.   These institutions have been the 
principal force behind the success of this symposium. 

A research symposium of this nature, particularly under very important theme of 
‘sustainable built environment’, is a partial fulfillment of our social obligation as a higher 
educational institute to showcase sustainable built environment practices for the benefit of 
the society at large. The department of Civil and Environment Engineering has been at the 
forefront in inculcating research culture at the Faculty of Engineering. Continuity of this 
research symposium is testimony to the success of our effort to make research excellence the 
cornerstone of the academic activities of the faculty. 

Over the years ACEPS has provided a platform, for the academics of Sri Lankan 
Universities, University of Saitama Japan, and many other foreign universities who have 
partnered with us, to gather at our faculty on a single day to share their knowledge in 
advances in sustainable civil engineering practices. We have seen that the novel ideas and 
concepts presented at ACEPS evolved into major research collaboration, attracting funding 
from both national and international funding organizations belonging to both public and 
private sectors. It is glad to note that this year’s edition has attracted more than 60 technical 
papers. This year’s edition will be conducted as an online symposium due to the current 
restriction for mobility associated with Covid-19 pandemic conditions that has engulfed the 
entire world at present. ACEPS, organized with sustainable development as its main theme, 
could not have been much happier with anything other than having to conduct it on the 
online platform as it is close to its theme of sustainability.  

I take this opportunity to appreciate the hard work of the organizing committee of this 
event, participants around the globe including the keynote speakers and the industrial 
sponsors who have made this possible with their generous contributions. Special thank also 
goes to the reviewers of the research papers who thrive to maintain that the papers 
published in this symposium are of genuine and authentic research with very high quality 
acceptable to Google scholar citations. I wish that ACEPS-2021 would be  a wonderful 
experience and a day to remember. 

 
Dr. H.P. Sooriyaarachchi 
Dean, Faculty of Engineering 
University of Ruhuna 
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Message from the Head, Department of Civil and 
Environmental Engineering, University of Ruhuna and 

Symposium Co-chair 

 

I am delighted in this opportunity that I am able to send a 
complimentary message to the 8th international symposium 
on Advances in Civil and Environmental Engineering 
Practices for Sustainable Development (ACEPS-2021) on 7th 
October 2021, organized by the Department of Civil and 
Environmental Engineering, in collaboration with Saitama 
University, Japan.  

This symposium is an exciting experience and an 
opportunity for students, academia, and industrial 
community to interact and disseminate knowledge and 
network, in this challenging time. The symposium will 
enable the above stakeholders to share their research and 

accomplishments and review other’s work. Unlike past events, the symposium will 
be held online. The theme of the symposium is sustainable development-based 
research. To be sustainable, development must improve economic efficiency, protect 
and restore ecological systems, and enhance the well-being of all people. At a time, 
in which the entire world has been overwhelmed by the biggest pandemic 
experienced by all the present living generations, the ‘sustainable development’ has 
become more timely and crucial. Amidst the pandemic, the world has been 
experiencing failures of Civil Engineering systems due to extreme natural disasters. 
It implies that there should not be any Civil Engineering system without complying 
with the sustainability goals. Hence, the research platformed on the ACEPS-2021 
symposium will address a right issue.  

The symposium features three keynote speeches by three renowned academics from 
three countries. The one-day event exchanges research on the above theme among 
various interested parties, creating a right venue for the attendees to exchange their 
research interests.  

The ACEPS-2021 is the result of tireless contributions from a number of individuals. 
On behalf of the symposium organizing committee, I hereby offer my sincere thanks 
to all those who contributed to this event.  

I wish all the success for the ACEPS-2021 symposium. 

Dr. W.K.C.N. Dayanthi 
Head, Department of Civil and Environmental Engineering 
University of Ruhuna 
Co-chair, ACEPS – 2021 
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Message from the Symposium Co-chair 

  

In a period of around 17 years, we, including Japanese 
researchers and collaborative partners in Sri Lanka, have 
conducted several studies through the Tsunami mitigation, 
Eco-DRR, constructed wetland project with the researchers 
at the University of Ruhuna (UoR), University of Peradeniya 
(UoP) and University of Moratuwa (UoM). We had mainly 
three projects. Through projects, the JSPS AACORE Program 
with UoP, UoR and UoM (2010-2012), the JST-JICA 
SATREPS (Science and Technology Research Partnership for 
Sustainable Development) project (2011- 2016), and SL-JP 

bilateral project under the Program by JSPS with UoR and UoP (2018-2019), we had 
created high potential research hubs in the selected fields. We hope to continue our 
collaborative research in the future and strengthen the knowledge of each other. 

I am pleased to jointly chair the 8th International Symposium on Advances in Civil 
and Environmental Engineering Practices for Sustainable Development 
(ACEPS-2021) in Galle, Sri Lanka, which will be jointly organized by the Department 
of Civil and Environmental Engineering, Faculty of Engineering, University of 
Ruhuna and the Department of Civil and Environmental Engineering, Saitama 
University, Japan. I hope the symposium will provide an excellent opportunity to 
establish a fruitful international collaboration among the above-mentioned 
universities. 

I would like to thank Dr. W.K.C.N. Dayanthi and Prof. Ken Kawamoto, Symposium 
Co-chairs, all the Scientific Committee, and the Local Organizing Committee 
members of ACEPS-2021 for their efforts in organizing this seminar. 

Prof. Norio Tanaka 
Professor at Saitama University 
International Institute for Resilient Society, Saitama University, Japan 
Graduate School of Science and Engineering, Saitama University, Japan 
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Message from the Symposium Co-chair 

  

We are very happy to hold 8th International Symposium on 
Advances in Civil and Environmental Engineering Practices for 
Sustainable Development-2021 (ACEPS-2021), jointly organized 
by Department of Civil and Environmental Engineering, 
University of Ruhuna and Saitama University of Japan.  

It is indeed a pleasure to see you all at ACEPS-2021. The 
symposium offers an excellent forum for researchers and 
engineers to share their distinguished research experiences and 

to develop mutual understanding and academic interactions leading to a better 
future. I hope the symposium will provide an excellent opportunity to establish 
fruitful international collaborations. 

I would like to thank to Dr. W.K.C.N. Dayanthi, Head of Department of Civil and 
Environmental Engineering, University of Ruhuna, Prof. Norio Tanaka, Graduate 
School of Science and Engineering, Saitama University of Japan, and Ms. S. Nirosha 
Malkanthi, Senior Lecturer of Department of Civil and Environmental Engineering, 
University of Ruhuna, Senior Prof. Sujeewa Amarasena, Vice Chancellor of 
University of Ruhuna, and all members for their dedicated supports to ACEPS-2021. 

I wish ACEPS-2021 a grand success! 

Professor Ken Kawamoto 
Professor at Saitama University 
Graduate School of Science and Engineering, Saitama University, Japan 
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Tunnelling techniques have developed considerably in recent years due to the 
number of projects that have been undertaken and the need to push the limits of 
engineering bigger, deeper, and longer. But the development of such techniques 
also needs to take cognizance of the constraints in the area or country where they 
are to be applied – either by international companies or by local companies. This 
paper will present examples of problems encountered at all phases of a project from 
feasibility through design to construction and maintenance based on the experience 
of the author on projects over the last 20 years. 
 

 

1. INTRODUCTION   

The tunneling industry has expanded 
considerably in the last 20 years with most 
countries developing the underground 
domain for transport and other infrastructure 
projects. Crowded cities have seen the need for 
new metros or bypass road tunnels. 
Connection between different industrial and 
commercial centers has seen the development 
of high-speed rail services. The need for more 
power or water has seen the need to develop 
water tunnels to service hydro-electric power 
stations or simply distribute water from areas 
of high rainfall to more arid regions. 

This rapid expansion of tunneling 
projects has seen the introduction of new 
techniques to overcome the technical 
challenges and also to improve efficiency and 
reduce costs. But the application of these 
techniques in developing environments needs 
to understand the local constraints, be this the 
availability of precision equipment, the 
logistics of supply, or the depth of experience 
and understanding to apply these techniques 
through all phases of a project. 

2. FEASIBILITY STUDIES 

The construction of the headrace 
tunnel (HRT) for the Uma Oya project in Sri 
Lanka saw some catastrophic consequences on 
the local environment and people living 
nearby. This project was the first TBM project 
to be constructed in Sri Lanka, using a 4m 
diameter double shielded TBM to excavate a 
15km tunnel (Lees et al., 2018). 

In December 2014 water was 
intersected at the face of the tunnel that could 
not be controlled and so it was decided to 
continue the excavation and park the TBM in 
dry ground and then seal the water ingress by 
post grouting. Within 3 days of intersecting 
the water in the tunnel, surface wells had been 
dried up to 3km from the tunnel alignment. 
The alignment of this tunnel ran beneath more 
than 2,000 homes, most of whom had their 
own personal wells. 
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The Environmental Impact 
Assessment (EIA) for this project had 
identified the possibility of intersecting 
ground water but had stated that the effect 
would be limited and ground water levels 
would recover (University of Sri 
Jayawardenepura, 2010).  Previous tunnels 
constructed in Sri Lanka by conventional 
means had also had areas of major water 
ingress but the impact had been small as they 
were located in remote areas, and the tunnel 
could be completely sealed after the event by 
construction of cast in-situ concrete linings 
and pressure grouting. The potential impact of 
the Uma Oya head race tunnel was not 
highlighted in the EIA and the project was 
given the go ahead without a full 
understanding of the geology and 
hydrogeology of the area. 

Survey and site investigation in 
remote areas is very difficult. The Melamchi 
Water Tunnel in Nepal is 25km long bringing 
water from the Melamchi River to Kathmandu 
(Lees et al., 2015). The tunnel required a 
headworks to remove river debris from the 
water before it entered the tunnel and 
ventilation shafts to remove air locks when the 
tunnel was filling.  

The headworks were located in a 
remote Himalayan valley with limited access 
so that even up to the point of construction 
little was known of the foundation material – 
in terms of its depth and consistency. As is 
often the case in such situations the designer 
just writes “grouting” on the drawing to 
improve the bearing capacity of the soils, as if 
grouting is an answer for everything – without 
knowing the permeability of the ground or 
how the grouting can be carried out. 

The ventilation shafts were located in 
remote places only accessible by long winding 
goat tracks. So, access for site investigation 
equipment was limited to equipment that 
could be carried on the backs of Sherpas.  

In Sri Lanka I was advised that 
elephants are often used to provide good 
access to carry site investigation equipment 
and people to remote places. In India on the 
Rishikesh to Karanprayag Raiway project in 
Uttarakhand the initial survey was carried out 
by drones or LiDAR mapping. LiDAR -Light 
Detection And Ranging - is regarded as the 

most powerful technology for delivering 
highly accurate terrain data in a timely and 
cost-effective manner in plain as well as in 
remote hilly areas (Rawat, 2019). 

3. SITE INVESTIGATION 

Understanding the geological settings 
to determine the required extent of a site 
investigation is dependent on the knowledge 
and experience of the lead geologists. The 
Uma Oya project clearly showed that 
assumptions made by the international 
consultants would have been better guided by 
local expertise. The initial site investigation 
concentrated on three things – namely: 

1. The boundary between the Highland 

Complex and Vijayan Complex 

2. The potential for karsts in the calc-

silicate gneiss 

3. The potential for high fracturing 

within the quartzite 

The interface between the Highland 
Complex and the Vijayan Complex proved to 
have little impact on the tunnel and the calc-
silicates were found at tunnel depth to be 
homogeneous and dry, and excavated sections 
in the quartzites were found to have only 
minor ingress. The problem areas were the 
deep weathering in the khondalite, and the 
brittle charnockite with open fractures 
particularly in fold structures, providing 
connection to overlying aquifers (Lees and 
Gunatilake, 2017). 

Lugeon tests in site investigation 
boreholes indicated only low permeability, 
but these boreholes were mostly vertical and 
did not intersect the typical sub-vertical joints 
and fractures in the rock mass. So, the actually 
permeability of the rock mass and potential for 
water ingress into the tunnel was not 
understood. 

Understanding limitations on local 
site investigation companies is also important, 
where drill logs may indicate low RQD values 
or presence of clay filled joints which is 
actually drill breaks due to poor drilling and 
drill cutting from not flushing the hole 
properly.  
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Locating boreholes is also very 
important with poor positioning from hand 
held GPS or even mobile phones indicating 
geological conditions on tunnel alignments 
that may be tens of metres away from the 
actual position where the borehole was 
actually drilled.  

4. DESIGN 

There are many computer modelling 
systems available for engineers to produce 
two-dimensional and three-dimensional 
models of the excavations. However as in all 
aspects of computing the result is only as good 
as the input data, and the understanding of the 
result is only as good as the engineer’s 
experience. 

The initial requirement is the 
development of the GBR and the 
determination of the ground types that are 
anticipated. But the designer must not be 
constricted to designing for specific situations 
that may occur but must instead carry out 
sensitivity analysis to see what variations in 
certain parameters, both in the ground 
conditions and the support being applied and 
when, will have on the proposed design. 

One of the most important process 
during design is constructability reviews and 
SID (Safety In Design) reviews (Site  Safe, 
2019). Designs need to be reviewed by a panel 
of senior personnel whose experience will 
identify whether: 

1. The material provided is available 

easily in the market 

2. That the construction required can be 

carried out easily and efficiently 

3. That the proposed design is cost 

effective and there is not a cheaper or 

more effective method of doing the 

same thing 

4. That the construction can be carried 

out safely without putting the 

construction team in unnecessary 

danger. 

 

5. CONSTRUCTION 

Portal excavation through soil and 
weathered rock often requires the application 
of special measures to enable excavation. 
Ground improvement is a possible solution 
but grouting for ground improvement is 
dependent on soil properties. Only in granular 
soils where the ground is permeable can 
injection grouting be successful, in more 
cohesive soils soil mixing or jet grouting must 
be adopted. Umbrella support is another 
option. In Europe and Australia such pipe 
roofing is installed with special machines and 
in continuous lengths of pipe. Some vendors 
in SE Asia have developed squeeze or nipple 
fittings to overcome reductions in strength at 
the threaded connections, but typically 
contractors are trying to install these with 
normal rockdrills where large quantities of 
flushing water are needed during drilling that 
may destabilise the soil or weathered rock 
mass. 

One of the greatest questions asked by 
young engineers is what is the best tunneling 
method for a particular project -TBM or 
conventional drill and blast. The TBM has an 
excavation rate several times greater than can 
be achieved by drill and blast. Typically 
though this is offset by the mobilisation time 
to procure a TBM. But there is also a risk in 
using a TBM on a long tunnel where 
unexpected conditions tend to have a big 
impact on the excavation due to lengthy 
delays.  

The complexity of the geological and 
hydrogeological conditions defines the need 
for extensive pre-excavation grouting, or even 
a different tunnelling method. In a drill and 
blast excavation direct access is provided to 
the face, allowing effective pre-excavation 
grouting into the ground to be excavated, 
whilst in TBM tunnelling, drilling for pre-
excavation grouting is limited to the ground 
around the excavation. 

Related to the choice of tunnelling method is 

the choice of tunnel lining. It is understood 

that for high speed tunnelling with a TBM, a 

segmental lining is desirable, but for a 

hydrostatic pressure of more than 30 bar this 

cannot be made to be watertight unless it is 

made of steel. For a drill and blast excavation, 

a cast in-situ lining can be installed, which can 
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be designed to withstand higher hydrostatic 

pressure as was constructed for many tunnels 

in Sri Lanka (Withanage, 1988). 

Probe drilling with the TBM is limited 
because the probe drills are mounted some 
10m behind the face and have an inclination of 
7 degrees. Hence by the time the probe drill is 
some distance in front of the face it is offset 
from the excavation by several metres, and 
with the limitation of the port locations there 
is a large distance between adjacent holes. 
Whilst the drill rig used in drill and blast 
excavation can drill probe holes anywhere on 

the face or the sidewalls back from the face 
allowing completely versatile approach to 
drilling and grouting patterns.  

The excavation of a tunnel forms a 
natural drain for any water present in the rock 
mass, however the very nature of the 
excavation method also can evoke potential 
for water ingress. The process of blasting, 
where high volumes of gas propagate 
fractures in the rock, means that blasting in 
itself can open water paths through the jointed 
rock – whilst the excavation with the TBM 
creates quite an undisturbed profile in the in-
situ rock (Emsley et al., 1997). 

Further, in case of a major in-rush of 
water it is fairly simple to remove the drill rig 
or the other drill and blast equipment from the 
tunnel. In the case of a major inrush with the 
TBM it is not possible to remove the TBM from 

the tunnel. This is particularly true if the 
tunnel is being excavated downgrade where 
extensive dewatering equipment and 
pipelines are required to ensure contingencies 
if a major water ingress occurs. 

If there is no risk of a large ingress of 
groundwater with a TBM then, even with 
some water ingress if excavating upgrade, it 
would be most desirable to carry on with the 
TBM, as the excavation would progress 
quicker. But sealing the ingress behind the face 
in any tunnel is in-efficient and costly and 
whilst it may not be on the critical path it may 
still have an impact on other work that is on 
the critical path – namely transport of muck 
from the face or material to the face. 

So, if there is a risk of a large ingress 
of groundwater then maybe it would be better 
to proceed with drill and blast so that the 
consequences of intersecting a large water 
ingress would not be so great. 

NATM is a name which is spoken 
about freely in the industry these days. Mr 
Rabcewicz (the founder of NATM) would not 
believe how this term is used so freely these 
days. NATM seems to be used these days for 
any excavation with shotcrete, rock bolts and 
lattice girder or ribs, especially if excavated in 
phases such as top heading and side drifts 
before benching.  

NATM is a philosophy which looks to 
use the strength of the surrounding ground to 
the greatest extent possible to strengthen the 
tunnel structure. In other words, ground 
conditions drive the tunneling operation. The 
NATM philosophy also promotes constant 
monitoring (Kolymbas, 2008). 

Types of monitoring include 
convergence monitoring and installation of 
optical targets, as well as specialist 
instruments such as inclinometers, 
extensometers and pressure cells. But such 
instruments must be installed properly by 
skilled technicians and read by skilled 
technicians, the results then to be interpreted 
by experienced geotechnical engineers 
otherwise a completely wrong representation 
of the ground movements may be indicated 
resulting in either too much or too little 
support. 

Figure 1 Limitation of probe drilling in a 
TBM – position of drill rig and look out 

angle and position of drill ports 
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The NATM construction method is 
about flexibility depending on the results of 
the ongoing monitoring. The operation occurs 
sequentially to take most advantage of the 
ground conditions. Additionally, NATM 
installs ground support on the go and on an 
as-needed basis, so typical ground supports 
are not provided just an armoury of support 
systems to be determined on site to suit the 
actual conditions encountered, with the final, 
permanent support usually (but not always) a 
cast-in-place concrete lining placed over a 
waterproofing membrane. 

As presented by Schaefer (2015) 
“methods which can help to increase the certainty 
of the remaining ground characterization are of 
great importance as they may be useful for 
improving ground truth, and therefore, reducing 
the risk involved in the excavation process.”  

A number of different techniques are 

available including seismic, acoustic 

techniques, resistivity, and ground 

penetrating radar. 

 

Figure 2 Application of TSP showing 
receivers and shot holes (Amberg 2014) 

 

Seismic methods use the reflection 
properties of elastic waves. One system of this 
is Tunnel Seismic Prediction (TSP) developed 
by Amberg Technologies. TSP uses small 
explosive charges to create seismic waves 
which reflect off structures ahead of the face 
and these reflections are used to identify these 
structures (Amberg Technologies, 2014). This 
was successfully implemented with probe 
drilling at Uma Oya, but the need for experts 
to analyse the data became clear when some 
major features were overlooked when the data 
was not deciphered correctly. In good rock 
conditions TSP can predict conditions up to 
150m ahead of the face. Typical changes in 
Youngs Modulus, bulk modulus and Poisson’s 

ratio are used to determine changes in the 
ground conditions in front of the excavation. 

Schaeffer (2015) states that the 
resistivity (or conductivity) at any point in 
space is a function of a number of pore space 
characteristics such as porosity, permeability, 
pore fluid temperature and clay content. A 
system could BEAM was also trialed at Uma 
Oya.  BEAM uses the injection of low 
frequency sinusoidal alternating electrical 
current to create an electric field which is 
measured as a voltage across two electrodes 
(Kaus and Boening, 2008). The BEAM system 
was said to predict water bearing ground up 
to 15m ahead of the face.  For hard rock TBMs, 
the hard rock at the tunnel face is crushed into 
smaller fragments by cutting tools, Schaeffer 
(2014) states that the region of variable 
conductivity is therefore made up of pieces of 
crushed rock and air and will have a lower 
electrically conductivity than the virgin rock at 
the tunnel face. Even though the cutting tools 
may make good contact with the rock, he 
suggests that it can be reasonably assumed 
that poor contact exists between the 
cutterhead and the tunnel face. Hence the 
effective electrical field in front of the face is 
small. BEAM was not found to be useful in 
identifying the presence of water ahead of the 
face in the Uma Oya HRT. 

 
Figure 3  Concept of BEAM process 

indicating electrical field generated (Geo 
Exploration Technologies, 2016) 

An electrical resistivity trial was also 
carried out in front of tunnel face in the Uma 
Oya HRT in a single 30 m long bore hole using 
a Wenner array with four electrodes at 1.5 m 
spacing. Zones of decreased resistivity were 
considered to relate to fracture zones and the 
presence of water however, during the 
excavation no exceptional water ingress was 
intersected in this section of the tunnel. 

A ground penetrating radar (GPR) 
trial was carried out in the Uma Oya HRT. 
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GPR does not look at resistivity or 
conductivity, but at the travel time of an 
electrical signal. Reflectors are defined by 
electrical conduction properties or dielectric 
permittivity changes (Liu et al., 2018). 
However, no significant changes were 
identified in the ground ahead of the face. 

GPR has been more successful in 
investigating the quality of concrete linings 
and was recently used in Lesotho to depict 
voids behind the tunnel lining in the Mohale 
tunnel. Initial interpretation was that there 
were extensive voids, but after further 
refinement it was confirmed that the grey 
areas shown in the geophysical results were 
more likely to be areas of ungrouted aggregate 
behind the lining (Molapo and Lees, 2021). 

As stated by the Norwegian 
Tunnelling Society (2011) “water control by rock 
mass grouting has developed and reached a high-
tech level in material technology as well as to the 
equipment at hand. Following this development, it 
is important that the industry is capable of utilising 
the concept correctly as it is required, in project 
specific situations. The primary objective is to make 
the tunnel tight enough for its purpose.” 

It is clear that any grouting program can only 

be determined if the permitted water ingress 

has been defined. Grov (2001) reports that a 

regulation has been proposed in Norway with 

a limitation that a residual flow of more than 5 

to 15 % of the mean annual flow from the 

catchment areas will not be accepted. Further 

Kveldsvik et al. (2001), suggest that an inflow 

with less than 10 % of the runoff yields has 

either no, or small consequences, an inflow in 

the range of 10 to 20 % of the runoff yields 

medium consequences, and an inflow of more 

than 20 % of the runoff yields large 

consequences. 

Holmoy and Nilsen (2014) suggest a 
limit of 20 l/min/100 m, the Norwegian 
Tunnelling Society (2011) provides the 
following defined limits in Scandanavia:   

• Norway 2 – 4 l/min per 100 m tunnel  

• Sweden 2 – 5 l/min per 100 m tunnel  

• Finland < 2 l/min per 100 m tunnel 

Sydney motorway tunnels adhere to 1 l/s/km 

which is 6 l/min/100m of tunnel 

Trigger limits for pre-excavation 
grouting must be set to achieve the required 
water tightness. 

Mao et al. (2016) record that in 
Norway, to achieve a limit of 15 l/min per 100 
m of tunnel length, the grouting trigger value 
is 1 l/min for a single hole or 3 l/min for all 
holes, or for the limit of residual inflow of 30 
l/min per 100 m of tunnel length, the grouting 
trigger value is 2 l/min for a single hole or 6 
l/min for all holes, and for the limit of residual 
inflow of 50 l/ min per 100 m of tunnel length, 
the grouting trigger value is 4 l/min for a 
single hole or 10 l/min for all holes for probe 
holes more than 20 m long.  

The Hong Kong Association of 
Geotechnical & Geo-environmental Specialists 
(2016) specifies that the values triggering 
grouting vary with rock conditions and the 
local targeted residual inflow limit and can be 
as low as 0.1 l/min or as high as 5 l/min from 
a single hole. Meanwhile, the range of upper 
limits of targeted residual inflow for different 
projects and situations can be typically 5 to 50 
l/min per 100 m of excavated length. 

As presented by Barton (2004) to 
control water inflows down to 1 - 2 L/min/100 
m pre-injection grouting is required.  Pre-
excavation grouting is carried out by injecting 
grout in the probe holes, if, and when, water is 
intersected. The Norwegian Group for Rock 
Mechanics (2000) recommended that the 
number of probe holes should not be less than 
two in most of cases, and in high-risk areas it 
can be four. 

For effective grouting, if inflows 
during drilling of any probe or grout hole 
meets or exceeds 100 l/min, the hole should 
only be extended one rod length past the zone 
of encountered inflow to allow treatment of 
the feature to be staged. The remaining holes 
should also be drilled to complete the pattern 
to the full length, except that if a similar inflow 
is encountered, the hole should also be 
terminated one rod past. By using shorter 
holes for discrete inflows, treatment of the 
features can be more effective in the shorter 
length hole (Yim et al., 2021) 

Most grouting should be done with 
cement based grouts. Chemical grouts are 
typically used only in post-grouting. They 
have the advantage that their chemistry can be 
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varied to provide rapid setting and therefore 
close off any leaks. There are mainly two 
groups of chemical grouts - namely reactive 
polymeric resins and water-rich gels (BASF, 
2011). 

Post-grouting is carried out behind 
the face and as stated by BASF (2011) “should 
be used only as a supplement to pre-grouting, to 
seal off possible spot leakages that may occur” if the 
ingress requirements are very strict to seal 
sections of the tunnel which show average 
ingress above the allowed maximum.  

Typically post grouting is used where 
pre-grouting alone cannot produce the 
targeted result, however such results cannot 
be achieved by post grouting alone and will 
only be achieved after a prohibitive use of 
resources (BASF, 2011). As stated by Beitnes 
(2005), “even when pre-grouting is difficult, 
post grouting may become an even bigger 
challenge.” BASF (2011) further states that it 
has been repeatedly experienced, in a number 
of projects, that post grouting has turned out 
to be quite effective when the same area has 
already been well treated with pre-excavation 
grouting. 

6. CONCLUSION 

Modern developments in tunnelling 
technology present opportunities to provide 
infrastructure and development opportunities 
but the application requires an understanding 
of local constraints and implementation of 
limits and controls to ensure success. 
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Performance-based design was first envisaged in the early 1990s and has become a 
mantra in conceptual seismic design. However, practical approaches to be possibly 
introduced in building codes are not readily available, to say the least, though some 
can be found in the literature (e.g. O’Reilly et al., 2019). What is essentially missing 
is some correlation between structural response parameters and expected monetary 
losses, at a level of simplicity comparable with the force- or displacement-based 
approaches applied to design in everyday practice. The purpose of this conceptual 
paper is to provide the basics of a formulation that may evolve into such a practical 
loss–based approach. 
 

 

1. INTRODUCTION   

Following the devastating economic 
impact of the 1994 Northridge earthquake in 
the US due to damage and disruption, it was 
clear that further work needed to be done to 
mitigate the devastating effect of earthquakes 
on society. One of the main issues to be 
addressed was how seismic codes’ focus on 
life safety and collapse prevention was not 
sufficient to avoid the problems observed in 
events like Northridge and a new conceptual 
way of thinking was required.  

This led the way for what became 
known as performance-based earthquake 
engineering (PBEE) in the 1990s and its rise in 
popularity can be observed through its 
discussion in the literature and integration in 
seismic guidelines around that time. 
Guidelines like the Vision 2000 framework 
(SEAOC. (1995)) outlined this PBEE approach 
by relating required building performance to 
several seismic hazard levels and FEMA-356 
(FEMA. (2000)) later integrated this approach 
in its acceptance criteria, for example. Other 
works like Priestley and Calvi (Priestley et al., 
1997) and Priestley and Kowalsky (Priestley et 

al., 2000), for example, discussed how specific 
design methods like displacement-based 
design could help bridge the gap in seismic 
design philosophy put forward via PBEE and 
practical implementation for designers. 

Later research efforts (e.g. Krawinkler  
et al., 2006; Porter et al., 2004; Hoshiya et al., 
2004) began to integrate aspects like monetary 
loss and downtime and also bring the 
probabilistic nature of the problem to the 
forefront (e.g. Cornell 1996; Cornell et al., 
2000). This saw some considerations on how 
these performance metrics may be integrated 
into the performance-based design of 
structures, with more recent research (Douglas 
et al., 2013; Vamvatsikos et al., 2016; Žižmond 
et al., 2019; Shahnazaryan et al., 2021) also 
encompassing risk-targeted methods, and one 
approach in particular by Luco et al. (Luco et 
al., 2007) has been incorporated into the US 
guidelines (ASCE 2016) via risk-targeted 
design maps, for example. 

While many approaches have been 
studied and developed, there is still a gap 
between what is possible in the current state of 
practice via available design tools and what is 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

11



 
 

generally needed by society. Issues like how to 
correlate the expected repair costs of structural 
and non-structural elements to tangible 
structural design parameters for structural 
engineers are not well-established. In 
addition, the potential for notable indirect 
losses as a result of downtime and disruption 
is yet to be tackled in a meaningful way, 
despite its relevance, as highlighted in recent 
earthquakes such as the 2016 Central Italy 
earthquakes. 

This article aims to tackle these issues 
and provide some conceptual discussion on 
how approaches to deal with them may be 
formulated to make them more accessible in 
future performance-based approaches. 

2. DEVELOPMENT OF A PRACTICAL 
FORMULATION FOR LOSS CURVES 

The first basic ingredient of the 
formulation is a simple correlation between 
mean annual frequency of exceedance (or 
average return period) of a ground motion 
intensity and expected level of damage and 
subsequent loss. Such a correlation is depicted 
in Figure 1 and may be based on three main 
points: one related to the ground motion 
intensity inducing a first onset of damage, one 
related to the intensity inducing structural 
collapse or total economic loss and an 
intermediate one controlling the shape of the 
resulting curve.  

 

Figure 1 Correlation between Pe and LD 

according to Eq. 1 for different return 

periods (TR) of the ground motion at the 

specific level of direct loss LDf=20% of the 

cost of reconstruction (CRC) 

The expected annual loss (EAL) for a 
structure is defined as the area beneath this 
curve. This type of curve, defined by a few key 
points, has been used extensively in past 
works related to loss assessment of many 
different kinds of buildings (e.g. Welch et al., 

2014; Cardone et al., 2020; Ottonelli et al., 2020; 
O’Reilly et al., 2020; Cantisani et al., 2020; 
Bosio et al., 2020) and has been seen to work 
reasonable well; hence, it is deemed a suitable 
start for the conceptual proposal described 
herein. 

The return period (TR) or the mean 
annual frequency of exceedance (MAFE = 
1/TR ≈ Pe) of a ground motion that induces 
some first onset of damage, denoted TR0, is 
purely conventional and has little relevance. It 
will be assumed TR0 = 20 years (i.e. Pe0 = 5%) 
and a corresponding damage level inducing 
direct losses (repair cost) conventionally set at 
LD0 = 2% of the reconstruction cost. Although 
these assumptions are conventional, they may 
influence the value of the EAL particularly 
when it tends to assume rather high values (i.e. 
when a relevant damage is expected for 
relatively frequent ground motion levels). 

The same values at collapse are 
conventional too and depends on the 
relevance of collapse in terms of human life 
loss. A reasonable return period value for the 
case of Italy, with reference to the Italian 
building code (Calvi 2019b), may be assumed 
around TC = 1000 years (i.e. PeC = 0.001), which 
may be raised to 2000 years in case of relevant 
consequences and reduced to 500 years for low 
importance buildings. The decision on this 
threshold when directly linking to expected 
casualties could be associated with the 
acceptable fatality threshold, with recent work 
(Lazar et al., 2020) having discussed the 
possibility of linking these two for a given 
occupancy type and building, for example. 
The corresponding level of direct loss is LDC = 
100%, indicating that collapse implies a 
complete economic loss of the building, which 
is of more direct interest to the discussion 
presented here although when uncertainties 
are considered in estimating repair costs, this 
value may exceed 100% but the general point 
remains. Of course, these values may vary 
from region to region and also between 
building codes, but the fundamental idea of a 
high return period associated with the 
collapse, or complete economic loss, of the 
building that may be adjusted by the engineer 
depending on the level of building importance 
remains a fundamental point of reference. 

In order to be able to define the entire 
shape of the curve using a single control point, 
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it is convenient to define an equation that 
expresses Pe as a function LD and of a single 
control parameter, to be set in order to impose 
a specific level of the direct loss (LDf) at a 
desired probability of exceedance (Pef). Such a 
function should have a form similar to loss 
curves typically observed in past studies and 
could be forced to pass through three points, 
at the assumed onset of damage (index 0), at 
collapse or total loss (index C) and at a loss 
control function point (index f). A convenient 
formulation can be expressed as per Eq. (1), 

introducing a parameter  that varies as a 
function of point f.  

𝑃𝑒 = 𝑃𝑒𝐶 + (𝑃𝑒0 − 𝑃𝑒𝐶 )

∙ 𝑠𝑖𝑛𝛼 (𝑐𝑜𝑠−1 (
𝐿𝐷 − 𝐿𝐷0

𝐿𝐷𝐶 − 𝐿𝐷0

)

1
𝛼

) 
(1) 

 

As anticipated, the value of  can be 
calculated imposing the third point f on Pe and 
LD, which is controlling a certain level of direct 
damage for a given probability of exceedance, 
or vice-versa. Typical shapes of the curves 
generated by the equation are reproduced in 
Figure 1, imposing different Pef values for a 
damage level corresponding to LDf = 20% of 
the cost of reconstruction (CRC). The return 
periods at LDf = 20% for each curve, from 
damage A to damage F, are 250, 200, 100, 50 30 
and 25 years. It is noted that Equation (1) is 
simply just one hypothesis of what this 
function may be and considering loss curves 
from past work (O’Reilly et al., 2020) it seems 
to be reasonable and hence is elaborated on 
herein. Different situations of building 
typology and performance requirements 
evaluated through more rigorous loss 
estimation methods may highlight slightly 

different shapes but the overall trend of 
Equation (1) is still considered valid in a 
general sense. 

For essential buildings, the collapse 
TRC has been set at 2000 years (PeC = 0.05 %), 
which is similar to other collapse risk values 
examined in past studies (e.g. Gkimprixis et 
al., 2019), and an Lf = 10% is imposed at TRf = 
1000 years; the assumed loss level at onset of 
damage (Pe0 = 5%) is set at Le0 = 1%. Non-
essential buildings with important 
consequences in case of collapse have PeC = 
0.05 % (TRC = 2000 years), but TRf = 250 years at 
Lf = 20%.  For essential buildings, the collapse 
limit state is irrelevant, since a limit state of 
continuous functionality is imposed for a 
return period normally accepted for a collapse 
limit state. Therefore, the curve becomes 
extremely concave. It is evident from Figure 1 
that a variation of the annual probability of 
collapse has a limited influence on the curve, 
and consequently on the predicted EAL (the 
curve “important construction” is essentially 
superimposed to that “damage A”, being 
characterized by the same point f, but with 
collapse return periods set at 2000 and 1000 
years, respectively. The area below each curve 
is expressing the total EAL, which can be 
calculated by integrating the corresponding 
equations. It is now clear why it was 
anticipated that the ground motion return 
period assumed at the onset of damage can 
strongly influence the resulting EAL for 
damage-prone constructions: the left part of 
the curve will raise or decrease with 
significant influence on the its integral. For the 
curves shown in Figure 1, the following 

correspondence listed in Table 1 between  
and EAL can be obtained.

 

Table 1 Correspondence between the parameter  in Eq.(1) and the resulting expected 
annual loss for the curves shown in Figure 1. 

 
=9.7 =6.2 =6.3 =5.9 =4.9 =3.7 =2.8 =2.1 

EAL  0.12% 0.37% 0.39% 0.44% 0.67% 1.15% 1.74% 2.50% 

 

Considering the points reported in 
Table 1, a good correlation between EAL and 

 can be obtained using the expression 
reported in Eq. (2). 

α=  (6%)/(EAL+0.5%) 

(02) or 

𝐸𝐴𝐿 =  
6%

𝛼
− 0.5% 
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The correspondence between the 
curve expressed by Eq. (2) and some points 
calculated by integration is shown in Figure 2. 
It is confirmed that a change of the return 
period conventionally assumed for the onset 
of damage has a significant influence on the 

relation between EAL and  at high loss 
values, while the modification of the 
conventional starting loss value has little 
influence. This is observed through the 
different points (e.g. 10/1% represents TR0=10 
years and LD0=1%) being represented well by 
the proposed Eq. (2). At this stage, it is felt that 
assuming 20 years as the return period for the 
onset of damage is more reasonable than 
assuming 10 years, and this will be done in 
what follows. Further sensitivity studies may 
be undertaken, as has been done in 
Shahnazaryan et al. 2019 to show the 
importance of this point on the resulting loss 
curve and EAL, for example. 

 

Figure 2 Correlation between EAL 

and  according to Eq. (2) compared to 
points calculated by integration (yellow 

dots: 1% loss at TR0 = 10 years, green 
squares: 2% loss at TR0 = 20 years; blue dots: 

1% loss at TR0= 20 years) 

The application of Eq. (2) facilitates a 
practical application of EAL in design. 
Actually, it is possible to fix a target EAL level, 

calculate  and plot the corresponding curve, 
as shown in Figure 3. This type of approach 
has been implemented in some recent 
applications of conceptual seismic design to 
reinforced concrete structures (O’Reilly et al., 
2019; Shahnazaryan et al., 2021), but the 
purpose of this discussion is to describe the 
conceptual significance of it. High values 
(Gkimprixiset al., 2019) of EAL > 1% would 
typically note be desired in new design but 
they are included in the graphs for reference 
as they cover the range of EAL values listed in 
the Italian seismic risk classification guidelines 

(Decreto 2017; Calvi et al., 2014a; Cosenza et 
al., 2018). 

 

Figure 3 Correlation between Pe and LD 
according to Eq. (2) for different EAL values. 

The color of thicker lines is related to the 
curves in Figure 1. 

The horizontal line shown in Figure 3 
corresponds to Pe = 1.4 % (i.e. TR = 72 years) or 
a probability of exceedance equal to 50% in 50 
years, a value sometimes used to prescribe a 
limit on the acceptable interstorey drift  in 
order to protect non-structural elements. If one 
is able to associate a direct loss estimate to the 
interstorey drift (e.g. using storey loss 
functions (Shahnazaryan et al., 2021)), they 
could decide for which interstorey drift they 
should design to limit the expected annual loss 
to the desired value, as has been explored in 
past research [e.g. Krawinkler et al., 2006; 
O’Reilly et al., 2019; Shahnazaryan et al., 2021). 
Possibly more efficiently, one could use the 
vertical line, associated with a direct loss LD = 
20 % of the CRC, assuming that possibly this 

corresponds, say, to an interstorey drift i = 
0.5%, and thus evaluate for which ground 
motion return period this maximum 

acceptable i should be imposed. The 
difference between these two approaches is 
essentially in how the problem is framed: the 
first asks what is the interstorey drift to be 
designed for to respect a certain loss limit at a 
given intensity, whereas the second asks 
which intensity should be designed for a given 
loss and interstorey drift. Under the latter 
assumption, the correlation between EAL and 
annual probability of exceedance of a ground 

motion for which i = 0.5% is the imposed 
design limit is approximately as listed in Table 
2.  
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Table 2: Relationship between the annual probability of exceedance of shaking and EAL in order 
to respect a drift threshold of 0.5% 

 EAL=0.1% EAL=0.4% EAL=0.6% EAL=0.8% EAL=1.2% EAL=1.6% EAL=2.0% EAL=2.4% 

Pef(i = 0.5%) 0.06% 0.33% 0.70% 1.18% 2.19% 3.01% 3.60% 4.02% 

TRf(i = 0.5%) 

[years] 
1700 305 143 84 46 33 28 25 

 

Figure 3 seems to indicate (under the 
arbitrary assumptions described above) that a 
code-conforming building may be 
characterized by an EAL in the range of 1.0 % 
(approximately at the intersection of the two 
grey lines), which would be somewhat in 
agreement with the values put forward in the 
Italian seismic risk classification guidelines 
(Decreto 2017) initially outlined by Calvi et al. 
(Calviet al., 2014a) and described in detail by 
Cosenza et al. (Cosenzaet al., 2018). Clearly, 
the correlation between expected loss and drift 
is strongly influenced by the characteristics of 
the non-structural elements (NSE). Elements 
capable of accepting larger deformation 
without showing significant damage may 
allow larger drifts for the same loss (and thus 
the same EAL). The selection of a class of NSE 
will thus assume a meaning similar to the 
selection of a ductility class to define the force 
reduction factor (q in the Eurocode system) of 
structural systems: lower class elements will 
require smaller drifts to assure the same loss 
level. 

The resulting EAL is strongly 
influenced by the selection of the f point, while 
it is less sensitive to the assumption on onset 
of damage (point 0) and almost insensitive to 
the assumption on collapse (point C). This is 
evident in Figure 4, where the return period of 
a ground motion inducing losses 
corresponding to 20% of the reconstruction 
cost is represented in the horizontal axis, while 
each curve is characterized by different 
assumptions on points 0 and C. All curves are 
evidently packed together. 

Designing for a ground motion return 
period between 100 and 200 years inducing a 
loss equal to 20% of the reconstruction cost 
seems reasonable, if only direct loss is 
considered; actually, all curves are descending 
quite steeply for lower return periods and 
remaining relatively flat for higher ones. It 
seems much easier to reduce the EAL from 2% 
to 0.5% than from 0.5% to 0.2%. Hence, these 

would seem to be reasonable range from 
which sensitivity studies could look to 
establish more refined data. 

 

Figure 4 Correlation between EAL 
and damage control point f, as a function of 

the return periods of the ground motion 
inducing collapse and inducing the onset of 

damage. 

3. CONSIDERATION OF INDIRECT 
LOSSES 

The previous section discussed the 
limitation of direct economic losses in 
buildings and how they may be limited via 
EAL and consideration of drift limitations and 
ground motion intensities in performance-
based design. While direct losses are 
undoubtedly of notable importance, the 
potential for indirect losses can have a 
significant impact and at times be orders of 
magnitude larger than the corresponding 
direct loss. For example, a production factory 
may suffer relatively low structural damage to 
the plant building and require some repairs of 
insignificant cost, but the loss of revenue due 
to the business interruption required to carry 
out these repairs may be quite substantial for 
the owner. Hence, the consideration of indirect 
losses in design is of critical importance and 
has thus far been lacking any serious 
consideration in the literature. A major 
problem has been the lack of data to accurately 
quantify it, but its relevance is beyond doubt. 
To tackle this, the approach used here is that 
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generally known as the Fermi problem 
(von 1988), named after the Italian physicist, in 
which reasonable estimates of a quantity can 
be obtained with little to no data. It is based 
entirely on justified approximations whose 
purpose is to give order-of-magnitude 
estimates that help in understanding the 
problem. Given the conceptual nature of this 
paper and the issue at hand, it is deemed a 
suitable approach to shed further light for 
future consideration. 

The simplest way to consider indirect 
losses is to assume some form of 
proportionality to direct loss, estimating the 
total value of expected indirect loss in case of 
complete collapse of the construction. 
Consider for example the case of residential 
buildings: the most obvious form of indirect 
loss is the cost of relocating the displaced 
building occupants, in the emergency phase 
and in the time required to repair and 
refurbish the damaged building. In this 
context one could reasonably estimate the 
potential maximum indirect loss assuming a 
daily cost of relocation per person, say Crl = 35 

€/(dayperson), a tributary area per person, 
say Sp = 25 m2/person, a cost of reconstruction 
CR = 1000 €/m2, a required time for total 
reconstruction of, say Trc = 730 days. Using 
these arbitrary (but reasonable) values, the 
maximum indirect loss (LIM) parametrized on 
the cost of reconstruction (CR) would be given 
by Eq. (3). 

𝐿𝐼𝑀(𝑟𝑒𝑠)

𝐶𝑅

=
𝐶𝑟𝑙 ∙ 𝑇𝑟𝑐

𝑆𝑝 ∙ 𝐶𝑅

=
35 ∙ 730

25 ∙ 1000
= 1.02 (3) 

 

This value indicates that the 
maximum indirect loss in case of total 
disruption of a residential building would 
possibly be in the same range of the 
reconstruction cost, i.e. of the maximum direct 
loss, which may appear high and with more 
refined values may actually be a fraction of 
this for different building typologies and 
occupancies, but the general approach 
proposed would be anticipated to be the same. 
The same exercise indicates that the daily cost 
associated with the unavailability of a 
residential building is approximately 0.14% of 
the cost of reconstruction. Therefore, for 
example, a downtime of three months will 
imply an indirect loss approximately equal to 
12 % of the reconstruction cost. If such 

consideration were to be incorporated into the 
decision-making process during design, more 
informed decisions and mitigative actions 
could be taken to minimize the potential for 
such indirect losses. 

In the case of a bridge, similar simple 
calculations could be based on the number of 
vehicles (Nv) crossing the bridge and on the 
required detour length (Dd [km]) in case of 
collapse, assuming a unitary cost per added 
travelled km (Ckm), a cost of reconstruction 
(CR) and a time required to reconstruct or 
repair the bridge (Trc) is given in Eq. (4). 

𝐿𝐼𝑀(𝑏𝑟𝑖𝑑𝑔𝑒)

𝐶𝑅

=
𝑁𝑣 ∙ 𝐷𝑑 ∙ 𝐶𝑘𝑚 ∙ 𝑇𝑟𝑐

𝐶𝑅

 
(4) 

 

In this case the only parameter with 
little variability is Ckm, possibly in the range of 
0.5 €/km. Some parametric analyses of 
possible combinations of the other parameters 
lead to reasonable ratios between indirect and 
direct loss for relevant bridges in the range of 
2 to 5 and to a daily cost associated to 
downtime in the range of 0.3% to 0.8% of RC. 
Considering the upper extreme, the 
implication is that the entire cost of 
reconstruction of an important bridge is 
repaid in each four months interval of 
downtime. Similar exercises are possible for all 
sorts of construction, such as commercial 
centers, school and universities, industrial 
buildings.  

The correlation between indirect and 
direct losses is clearly non-linear. In fact, 
relatively minor damage would still imply 
some repair cost, possibly associated with 
some nuisance, but not necessarily requiring 
any interruption of the regular building 
activity. Quite the opposite, even if the direct 
loss is not complete, the time of interruption of 
the activity could well be extended and close 
to the expected maximum. Based on these 
considerations, the correlation between 
indirect (LI) and direct (LD) losses could be 
potentially described by a curve similar to that 
representing a cumulative normal 
distribution, expressed by Eq. (5). It is noted 
that this is not expected to be the exact 
distribution of such loss, but more of an 
indication of how it may be anticipated to 
accumulate and expressed analytically for use 
in the practical design and assessment 
situations described here. 
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𝐿𝐼 =
𝑅𝐼/𝐷

𝜎√2𝜋
∫ 𝑒

−
𝐿𝐷

2

2𝜎2

1

0

𝑑𝐿𝐷 (5) 

 

Where RI/D is the ratio between the 
maximum values of indirect and direct losses, 

 is a parameter that increases or decreases the 
proportionality between the growth of 
indirect and direct losses (possibly in the range 
6 to 8, in a cumulative normal it would be the 
usual sigma). Sample curves derived from the 
application of Eq. (5) are represented in 
Figure 5, considering ratios between 
maximum indirect to direct loss equal to 1, 3 
and 5 and sigma values equal to 6 and 8. 

 

Figure 5 Correlation between indirect and 
direct losses according to Eq. (5) 

Considering the correlation between 
indirect and direct losses described by Eq. (5) 
and graphically represented in Figure 5, it is 
possible to recalculate all points associating 
the total (indirect + direct) predicted loss to 

corresponding  values, as a function of the 
ratio between maximum indirect and direct 

loss and of the adopted . A number of points 
obtained are depicted in Figure 6, without 

making a distinction between  = 6 and  = 8, 
since the differences seem negligible. In Figure 
6, the points are compared with curves 
obtained revisiting Eq. (2), including the 
parameter that expresses the ratio between 
maximum indirect and direct loss (RI/D). The 
derived equation is given in Eq. (6). 

 

𝐸𝐴𝐿𝐼+𝐷 = 6% (1 + 𝑅𝐼/𝐷) (
10 − 𝛼

10𝛼
) + 0.1% 

(6) 
𝛼 =

6%(1 + 𝑅𝐼/𝐷)

𝐸𝐴𝐿𝐼+𝐷 + 0.6%(1 + 𝑅𝐼 𝐷⁄ ) − 0.1%
 

 

The expression in Eq. (6) needs to be 
tested and calibrated when suitable data 

become available. It can be improved and the 

adopted  included as a correction factor, but 
it captures reasonably well the general trends 
and ideas being put forward. 

 

Figure 6 Correlation between EAL, 

including direct and indirect losses, and  
according to Eq. (6) compared to points 

calculated by integration. Points calculated 

with  = 6 and  = 8 are included, for 
indirect maximum losses equal to 1, 3 and 5 

times the direct loss 

The relatively modest influence of the 
assumptions about the return period of 
ground motions inducing the first onset of 
damage and inducing collapse on the EAL 
value, discussed with reference to Figure 4, is 
confirmed if indirect losses are included. The 
fundamental role of the assumptions about 
point f is confirmed, with a tendency of 
increasing the return period range at which 
the curve tends to become flat, as shown in 
Figure 7.  

 

Figure 7 Correlation between EAL and 
return period of a ground motion inducing 
20% of RC direct loss. The curves include 

different levels of indirect losses. The 
ground motion inducing collapse is set at 

2000 years Rp, the ground motion inducing 
onset of damage, at 2% of RC, is set at 20 

years Rp 

This effect had to be expected: for 
higher predicted losses designing for a limited 
damage at higher return periods becomes 
more and more convenient. Similarly, 
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including indirect losses has the effect of 
shortening the breakeven period for a given 
investment adopted to reduce the EAL. These 
points alone could have notable implications 
on the decision-making process surrounding 
performance-based design. 

4. CORRELATIONS BETWEEN LOSS, 
RESPONSE PARAMETERS AND 
INPUT GROUND MOTION 

At the damage control point (f), it can 
be assumed that the structural response will 
still be essentially linear, that the structural 
damage is negligible and that the non-
structural damage is responsible of direct and 
consequent indirect losses. Non-structural 
elements (NSE) can be acceleration- or 
displacement-sensitive (Filiatraultet al., 2018). 
Examples of acceleration-sensitive NSE are 
chimneys, parapets, hanging pipelines and 
ceilings; examples of displacement-sensitive 
elements are partitions, door and window 
frames, vertical pipelines. Clearly some NSEs 
can be sensitive to both floor accelerations and 
interstorey drifts. 

Today, the sensitivity of NSE to 
actions is more a matter of guessing than a 
tested and certified property. It is desirable 
that this will change in the future, associating 
a function between floor acceleration or 
interstorey drift on one side and expected level 
of damage on the other side to each element. If 
this should be available, a single point of the 
function will define the level of acceleration 
and drift associated to, say, 20% damage or 
direct loss level. Other relevant points could 
be considered, for example the interstorey 
drift that will make difficult or impossible to 
open a door or a window, or the floor 
acceleration that will induce possible leaking 
in a pipeline. As a matter of fact, each NSE 
could be characterized by a couple of certified 
level of floor acceleration and interstorey drift 
that could be associated to a damage control 
point, conventionally set at, say, 20% direct 
loss level. Something like this implies the 
possibility of categorizing NSE classes, as a 
function of the acceptable action level, as 
recently proposed in O’Reilly and Calvi 
(O’Reilly et al., 2021), for instance. 
Considering the conceptual nature of this 
paper, let’s consider an example class for 
which the damage control floor acceleration is 

set as aF,f = 0.35g and the damage control 

interstorey drift is set as i,f = 0.5%. These 
values would not be too different than what 
would be found in design, with storey loss 
functions proposed in Ramirez and Miranda 
(Ramirez et al., 2009) for typical buildings in 
the US reaching notable losses around these 
demand levels, in addition to several fragility 
functions specified in the PACT library (FEMA 
2012) showing median demands for NSEs 
around these thresholds, so they are not 
unreasonable. 

To clarify the envisaged procedure it 
will be simply assumed that the displaced 
shape of the building is linear along the height, 

thus deriving an equivalent displacement (e,f) 
at the center of mass equal to 2/3 of the total 
height of the building multiplied by 

interstorey drift: e,f = 0.67H  i,f;. The limit 
design displacement will thus depend on the 

number of storeys (e,f ≈ 20 mm for a two story 

building; e,f ≈ 60 mm for a six story building). 
Discussing the correlation between input 
ground motion and response floor spectra is a 
complex matter, outside the scope of this 
work. Floor accelerations are influenced by 
higher mode contributions much more 
significantly and cannot be accurately linked 
to first mode response alone, as in the case of 
floor displacements. However, some 
proportionality does exist between the two, as 
noted in the prediction model provided in 
FEMA P-58 (FEMA 2012 ), for example, hence 
the logic of the discussion here remains valid. 
For the sake of argument, it is assumed that the 
floor acceleration coincides with the elastic 
spectral acceleration herein, although some 
additional factoring coefficients could be 
studied to refine this. These limits are 
obviously discussed here to generally 
illustrate the point but the trends are rational 
and more refined values could be adopted. For 
example, should the deformed shape at 
maximum response be known then the 
equivalent displacement is easily calculable 
with well-established methods (Shibataet al., 
1876). Likewise, if some basic information 
about the first few modal shapes and period 
information can be established, then a good 
estimation of the expected floor acceleration or 
even floor spectrum can still be inferred using 
some simplified tool [e.g. Calvi  et al., 2014b; 
Calvi 2014c). 
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An example for a two-storey building 
case is shown in Figure 8, comparing the 
acceleration and displacement limits with two 
possible elastic spectra corresponding to the 
chosen probability of exceedance in a given 
location. In this example, it appears that the 
building secant-to-yielding stiffness should 
remain between the black and red arrows, but 
it is immediate to realize that for taller 
buildings the displacement limit could 
become irrelevant, being greater than the 
maximum possible demand, or that both the 
acceleration and displacement limits could 
become irrelevant in low seismicity zones, 
where the spectra may shrink inside the 
design limits. It is just the case of noting that 
analogous limits could be set for bridge, 
considering for example traffic barriers or 
sound protection to limit deck accelerations 
and joints to limit relative displacements. 

 

Figure 8. Acceleration and displacement 

design for loss control compared with 

elastic spectra at the correspondingly 

assigned return period. The building 

stiffness has to be designed between the 

black and the red arrows. 

Designing for the collapse limit state 
requires the definition of an elastic spectrum 
associated with a much greater return period, 
say 1000 years, possibly like that shown in 
Figure 9. For a standard structure it could be 
sufficient to provide enough displacement 
capacity (possibly 100 mm, as shown in Figure 
9) associated to an adequate energy 
dissipation capacity enhancing it equivalent 
displacement capacity (to 160 mm in the 
figure) (Krawinkleret al., 2006). However, if 
the building should be designed for functional 
continuity in case of extreme events, the 
intersection points of the grey lines defining 
the limit levels of floor acceleration and 
equivalent displacement will be incompatible 
with the design spectra. The structure could be 

made strong enough or capable of an adequate 
displacement or flexible enough to avoid the 
accumulation of floor accelerations, but not 
both. Resorting to some kind of supplemental 
system like seismic isolation or dampers may 
appear to be the only viable solution at a 
design outset. Thus, it does not surprise that in 
Turkey all hospitals have to be base-isolated. 
Another option may be to focus on increasing 
the acceleration capacity of the non-structural 
elements to mitigate damage, as is typically 
done in the nuclear power plants. 

 

Figure 9 Design for collapse prevention: 

providing enough displacement capacity is 

adequate for a standard building. Design for 

continued functionality may be impossible 

without resorting to base isolation 

5. PROCEDURAL APPLICATION 

The previous sections have touched 
some pertinent aspects facing earthquake 
engineering and its implementation in 
practice. Some conceptual solutions have been 
discussed briefly and, in this section, a 
potential workflow for how this may be 
implemented is given for both the case of 
design and assessment. 

Design procedure 

A loss-based design procedure aims to 
design for a selected level of EAL, including 
indirect losses, set as the design target. A 
summary of the procedure is as follows. 

1. Set conventional damage onset, say for 
example 2% of the replacement cost (Rc) at 
the 20-year return period event (TR0). 

2. Set collapse TRC or PeC; possibly TRC = 1000 
years (PeC = 0.001) for standard 
constructions. 

0

0,05

0,1

0,15

0,2

0,25

0,3

0,35

0,4

0,45

0,5

0 1 2 3 4 5 6 7

Sa
 (

g)

Sd (cm)

M=4.5 r=5km

M=6.5 r=40 km

0

0,2

0,4

0,6

0,8

1

1,2

0 5 10 15 20 25

Sa
 (

g)

Sd (cm)

M=4.5 r=5km

M=6.5 r=40 km

M=6.5 r=5km

0,5

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

19



 
 

3. Calculate ratio between maximum 
possible indirect losses and RC (RI/D, 
possibly 1 to 5 times) based on the types of 
considerations made in Section 3. 

4. Set the design EALD+I, which considers 
both the direct and indirect loss. This 
could be in the range of 0.1% for essential 
buildings and in the range of 2% for 
standard buildings, however any value 
could be set depending on the anticipated 
magnitude of RI/D, building importance 
and seismicity of the region. 

5. Calculate the  value corresponding to 
RI/D and EALD+I, design from Eq. (6). 

6. Set the direct damage ratio (or loss, LDf 
possibly 20 %) to be associated with the 
damage control return period (TRf) or 
probability of exceedance (Pef) and find Pef 
from Eq. (1). 

7. Associate a maximum floor acceleration 
and equivalent displacement to be 
respected in order to ensure that the direct 
damage ratio LDf will not be exceeded 
(e.g.: Filiatraultet al., 2018). 

8. For the given seismic intensity to be 
considered, associate a combined 
acceleration-displacement spectrum 
associated to Pef (e.g.: Calvi 2014c; Calvi et 
al., 2019a). 

9. Identify a structure whose initial secant-
to-yield period falls with the feasible 
range according to the combination of 
points 7 and 8 (Figure 8). 

10. Associate a combined acceleration-
displacement spectrum corresponding to 
PeC (e.g.: Calvi 2014c; Priestley et al., 2007) 
and design for collapse (Figure 9). 

While the approach described above 
is largely conceptual in its application, it 
shows how the considerations made in 
previous sections can be sequenced together to 
form a novel design approach for structures 
than considers the direct and indirect losses in 
a structure directly. These considerations are 
then translated to tangible structural design 
parameters that engineers can use in practice. 
As can be seen, it is a notable deviation from 
the approach of other design codes in that it 
focuses much more on the actual performance 

of the building during and after an earthquake 
as opposed to some structural verifications at 
specified intensities that try to limit such 
outcomes indirectly. 

Assessment procedure 

While the discussions up to this point 
and illustrated in the previous section have 
largely been oriented towards design, the 
same considerations could also be made in an 
assessment approach for existing buildings.  A 
loss-based assessment procedure aims to 
calculate the annual probability of exceedance 
of the ground motions inducing collapse (and 
thus 100% of direct losses and the maximum 
associated indirect losses) and the EAL of the 
construction, including direct and indirect 
losses.  

The first item is traditional, is 
summarized in points 1-3 of the procedure 
below and is fundamental to take decisions 
about possible strengthening measures, 
motivated by the needed of protecting human 
life. This objective can generally be pursued 
increasing the structure displacement capacity 
and has little influence on the EAL. The second 
parameter is essential to take decision about 
measures that could reduce the expected 
losses and assure function continuity for lower 
probability of exceedance ground motions. 
These measures may include interventions 
focused to modify the structure stiffness of 
equivalent yielding strength, but also focused 
on improving the response of non-structural 
elements. A summary of the procedure is as 
follows. 

1. As in the case of design, set conventional 
damage onset, say for example 2% of the 
replacement cost (Rc) at the 20-year return 
period event (TR0). 

2. Calculate structure strength and 
dissipation and displacement capacity of 
the structural system (e.g.: NTC 2018). 

3. Associate a combined acceleration-
displacement spectrum passing through 
the collapse point and calculate the 
associated PeC (e.g.: Calvi 2014c; Calvi et 
al., 2019a). 

4. Define a damage control point. This could 
be based on floor acceleration or drift 
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limits or both. The issue is to correlate it to 
a potential loss level, say LDf = 20%.  

5. Associate a combined acceleration-
displacement spectrum passing through 
the damage control (f) point and calculate 
the associated Pef (e.g.: Calvi 2014c; Calvi 
et al., 2019a). 

6. Enter Eq. (1) with Pef and LDf and obtain . 

7. Enter Eq. (2) with  and calculate EALD. 

8. Estimate the ratio between maximum 
indirect and direct loss RI/D, based on the 
construction use. 

9. Enter Eq. (6) with  and RI/D and calculate 
EALI+D. 

10. Design possible strengthening measure to 
decrease PeC and recalculate both EALs, 
repeating steps 6-9. 

11. Design possible measures to decrease Pef 
and recalculate both EALs, repeating steps 
6-9. 

12. While PeC may need to be taken below 
typical code values, in order to ensure a 
sufficiently low collapse risk to protect 
human life (Lazar et al., 2020), the value of 
Pef depends on economic considerations, 
therefore it will be appropriate to calculate 
the breakeven time, considering the cost of 
intervention and the EAL reduction. 

As can be seen by the simple 
rearranging of these steps described 
previously, the assessment and identification 
of suitable retrofitting measures can be 
tentatively outlined via such an approach. 
While the detailed design and verification 
would no doubt come afterwards, these initial 
steps are intended to help engineers along a 
better path towards the identification of more 
resilient systems. 

6. CONCLUSIONS AND CLOSING 
REMARKS 

Seismic design and assessment have 
long been focused on the structural 
performance of buildings, especially in its 
building implementation. This has always 
been in the name of protecting lives and 

limiting losses to buildings due to excessive 
damage. However, the direct link between 
some of the consequences and actual 
performance metrics that can be used in 
design has been missing for some time. The 
formulations derived and presented in this 
paper have the essential purpose of allowing a 
quick determination of the average expected 
annual loss, related to direct or indirect losses, 
as a function of a few simple parameters, thus 
allowing a practical application of loss-based 
approaches to seismic design. The equations 
derived could be equally applied to a new 
design or an assessment context, as briefly 
described above. 

Given the conceptual nature of the 
paper, such an approach would need further 
detailed examination many different contexts 
for different structural typologies, seismic 
hazards and national contexts but it is clear 
that it represents a shift in thinking from past 
building codes and is argued to be a more 
rational approach towards a more resilient 
society. 
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With rapid urbanization and economic growth, the global construction industry is 
growing at a rapid pace especially in developing countries. Simultaneously many 
developing countries face serious challenges to implement sustainable waste 
management in the construction industry. This paper introduces some statistical 
data on the contribution of construction industry to economy, material efficiency, 
and greenhouse gas (GHG) emission in selected countries and conveys efforts, 
challenges, and the way forward to improve waste management in the construction 
industry for sustainable development. 
 

 

1. INTRODUCTION   

Construction activities and 
infrastructure development are one of major 
drivers to grow the economy especially in 
developing countries (e.g., Pheng and Hou, 
2019). As well as the growth of construction 
industry, waste management generated from 
the construction industry [typically called as 
construction and demolition waste (CDW)] is 
a key concern. Especially, landfilling that is a 
popular method of CDW disposal in 
developing countries and the landfill sites 
have already overflowing their capacities in 
many urban areas of developing countries, 
causing negative impacts to environment, 
economy, and human life (e.g., Nguyen et al., 
2018; Nguyen et al., 2021). Nowadays, it is 
highly required to promote the source 
reduction and waste disposal with promoting 
the reuse and recycling of CDW (e.g., Pacheco-
Torgal, 2020). The recovery of reusable 
materials for construction activities from 
CDW is important to save natural resources in 

the construction industry from the viewpoints 
of saving the input of new materials and 
energies (i.e., material efficiency and circular 
economy) and reducing the emission of 
greenhouse gas (GHG) in the construction 
activities. All these actions are necessary to 
achieve sustainable development goals (SDGs) 
of United Nations (UN). This paper serves 
some statistical data on the contribution of 
construction industry to economy, material 
efficiency, and greenhouse gas (GHG) 
emission in selected countries. Besides, efforts, 
challenges, and the way forward to improve 
material recovery and waste management in 
the construction industry for sustainable 
development are given in concluding remarks. 
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2. METHODOLOGY 

Statistical data on economy such as 
gross domestic product (GDP; by 
expenditure), annual growth rate of GDP, and 
value added by economic activity was 
collected from “Basic Data Selection” of 
Department of Economic and Social Affairs, 
UN. Based on the collected data, contribution 
(%) of construction industry to total value 
added was calculated in some selected 
countries from 2007 to 2019 (Sri Lanka, 
Vietnam, Pakistan, Japan, Germany, UK, and 
USA). Data on the material consumption in the 
construction industry of Germany, UK, and 
Japan was calculated and/or estimated from 
the data shown in “OECD.Stat”, Organization 
for Economic Co-operation and Development 
(OECD), Ministry of Land, Infrastructure, 
Transport and Tourism (MLIT) (2020), and 
Ministry of Environment (MOE) (2020). Data 
on GHG emission from the construction 
industry from 2007 to 2019 in some selected 
countries (Sri Lanka, Vietnam, Pakistan, 
Japan, Germany, UK, and USA) was collected 
from “Climate Watch (CAIT): Country 
Greenhouse Gas Emissions Data”, World 
Research Institute. 

3. CONTRIBUTION OF 
CONSTRUCTION INDUSTRY TO 
TOTAL VALUE ADDED 

Contribution of construction industry 

to total value added during 2007-2019 is 

shown in Figure 1.  

Figure 1 Contribution of construction 

industry to total value added 

The percent of varied depending on 

the development scale, economics, and 

national strategies of countries. Sri Lanka 

showed the highest percent in the selected 

countries and the percent reached > 8% since 

2014. Except for Sri Lanka, the share of 

construction industry to total value added 

became almost constant with a small 

fluctuation for each country. The percent 

values of countries that belong to OECD 

(Japan, Germany, UK, and USA) ranged 

within 3-6 %.  

4. CONTRIBUTION OF 
CONSTRUCTION INDUSTRY TO 
TOTAL MATERIAL CONSUMPTION 

Currently, various types of natural 
resources such as crushed rock, gravel, sand, 
and wood as well as materials manufactured 
from natural resources such as cement, 
concrete, asphalt, and other materials such as 
metals, plastics, and chemical products are 
used in the construction industry. 
Additionally, recycled materials from CDW 
such as crushed aggregates for roadbase 
materials and concrete and industrial by-
products such as coal combustion products 
(fly ash, bottom ash, boiler slag) from thermal 
energy plants and steel slags from steel 
industry are commonly used as construction 
materials in many countries. For example, 
concrete waste and asphalt concrete waste 
generated from construction sector are 
recycled > 99.0 % (MLIT, 2019) and 98% of coal 
ash is commonly used in cement industry and 
civil engineering purposes in Japan (Japan 
Coal Frontier Organization).  

 Many countries are tacking 
with the promotion of CDW recycling and 
material recovery from CDW to save the 
consumption of natural resources (Akhtar and 
Sarmah, 2018; Galvez-Martos and Istrate, 
2020), however, the construction industry has 
been the largest consumer of natural resources 
(Horvath, 2004). According to the data of  
OECD.Stat, the share of construction minerals 
(domestic material consumption) in total 
domestic material consumption ranged in 39-
42 % in Germany and in 30-35% in UK during 
2010-2017. Based on the estimation from the 
data on materials used in the construction 
sector and total material input in Japan (MLIT, 
2020; MOE, 2020), the construction sector 
accounted for approximately 50% of total 
material input in 2018. 
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5. CONTRIBUTION OF 
CONSTRUCTION INDUSTRY TO 
TOTAL MANUFACTURING GHG 
EMISSION 

The construction industry is not only 
a large consumer of natural resources but also 
a large emitter of GHG in some countries. 
Contribution of construction industry to GHG 
emission during 2007-2017 is shown in 
Figure 2. Compared to the contribution of 
construction industry to total value added 
(Figure 1), the contribution to GHG emission 
varied greatly depending on the country. For 
Vietnam and Japan, the construction industry 
generates higher GHG emission compared to 
other countries, and the percent values are 
exceeding 15 %. Because the GHG emission 
depends highly on the construction methods 
and architectural style of buildings, challenges 
are necessary to reduce the GHG emission not 
only at the construction stage but also at the 
planning stage of material choices and 
designing stage of infrastructure 
development.   

 

Figure 2 Contribution of construction 
industry to GHG emission 

6. CONCLUDING REMARKS 

The construction industry is one of the 
major players that consumes natural resources 
and generates waste. Till now, many studies 
and challenges have being done to recover 
reusable materials from CDW and to promote 
the reuse and recycling for sustainable waste 
management system. However, still we have 
to overcome many barriers for improving 
material efficiency (resource productivity) as 
well as reducing GHG emission from the 
construction industry. Hoang et al. (2020), for 
example, reviewed CDW management in 
Southeast Asian countries and suggested a 

need for more holistic and aggressive 
approaches including the development of 
legalized system on CDW data collection and 
databases, public private partnership for 
establishing CDW recycling facilities, and 
internalization of informal actors in a formal 
CDW management arrangement. Nghiem et 
al. (2019) had an interview survey on the 
attitude and willingness of CDW recycling to 
construction contractors in Hanoi, Vietnam 
and pointed out that most of contractors are 
interested in the CDW recycling and are 
willing to adopt the source separation (sorting 
of CDW on-site) if they have opportunities to 
sell the sorted CDW with additional profit. 

Based on the statistical data 
exemplified in this paper, it was shown that 
the contribution of construction industry to 
total value added varied depending on the 
country. And, it was shown clearly that the 
construction industry is a big consumer of 
natural resources is a major GHG emitter 
depending on the condition of countries. For 
implementing material efficiency and for 
creating circular economy enhancing material 
recovery from CDW and resource 
productivity, it is vital to put more efforts and 
challenges to achieve a sustainable 
development and waste management in the 
construction industry, fully considering the 
site-specific characteristics of each country 
and region. 
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The aim of this research is to study the fatigue performance of the high-mast lighting 
towers made up of steel under various thicknesses of the mast-arm wall subjected 
to along and vortex shedding wind action. For these kinds of wind sensitive 
structures, it is necessary to predict the total damage induced by the wind action. In 
order to estimate the vortex shedding induced forces on the high-mast steel arm, the 
fundamental basic wind velocity was obtained for zone 3 of wind zonation map of 
Sri Lanka. In this study, total damage was estimated, when the wind motions 
occur simultaneously in along-wind and vortex shedding wind mode. Fatigue 
study was carried out using S-N Curve with consideration of the stress acting at 
the base of the mast-arm which was obtained from the simple beam bending 
theory. Palmgren-Miner theory of cumulative fatigue damage method was used to 
study the cycles to failure for each band in the spectrum and the total damage 
due to wind action. It can be concluded that, the thickness of the mast-arm wall 
is a key parameter for the fatigue performance of the high-mast lighting towers 
and this method allows for the selection of the most cost-effective mast-arm wall 
thickness with consideration of fatigue life of the mast-arm system. 
 

 

1. INTRODUCTION 

Sri Lanka is an island in the Indian 
Ocean on its other sides. Generally, our country 
faces highly destructive wind actions during 
the North Indian cyclone and due to seasonal 
monsoons. So, this severe wind actions should 
be considered in the design of wind sensitive 
structures like high-mast lighting towers. The 
wind forces acting on the high-mast lighting 
towers depend on the basic wind speed of the 
particular location, terrain type, altitude and 
dynamic and cross wind effects. The wind 
induced fatigue occurs as a result of the along-
wind and cross-wind response of the 
structures. In the code-based fatigue 
assessment, S (direct stress range) -N (number 
of cycles) curve is used for the estimation of 
load cycles with consideration of detail 
category for each structural part of high-mast 
steel arm as shown in Figure 2. In the S-N 

curves, reference value of fatigue strength is 
obtained at 2million load cycles as per 
provision given in the EN1993-1-9-2005. 

 
 
 
 
 
 
 
 
 
 
 

Figure 1 Wind Zone of Sri Lanka              
(Lewangamage & Jayasinghe 2012) 

 
Under different amplitude conditions, all stress 
ranges should be less than the constant 
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amplitude fatigue limit to avoid the fatigue 
failures on the structures (Mark et al, 2003). 

 

 

 

 

 

 

 

 

 

 

Figure 2 S-N Curves with different detail 
category (EN1993-1-9-2005) 

2. BACKGROUND OF THE STUDY 

Along-wind response is mainly due to 
buffeting by atmospheric turbulence and cross-
wind response is mainly due to vortex 
shedding action on the tower. These two wind 
actions have the potential to produce the 
vibration that cause the fatigue failure (Priyan 
Mendis et al., 2018). Vortex shedding action is a 
complex physical phenomenon, especially 
when it degenerates into lock-in condition. As 
shown in Figure 3, vortex shedding induced 
forces are acting perpendicular to the along 
wind direction (Giosan, 2005).  
 

 

 

 

 

 

 

Figure 3 Vortex shedding induced forces over 
a cylinder section (Giosan, 2005) 

Thicknesses of the mast arm wall and the base 
plate, diameter of the base plate, free standing 
pole length, number of anchor bolts, welding 
thickness, diameter and slope of the mast arm 
wall and mesh refinement are contributing in 

the fatigue performance of the structure 
(Christopher et al., 2008). Also, from literature 
(Margaret, 2006), it was found that the variation 
of the hot spot stress is highly influencing on 
the tube wall thickness of the mast-arm wall of 
the structure as shown in Figure 4 below. So, 
increasing the tube wall thickness provides 
significant improvement to the fatigue life of 
the tower by reducing the maximum hotspot 
stress at the mast arm wall adjacent to the base 
connection. 

 

 

 

 

 

 

 

 

 

Figure 4 Variation of hot spot stress with 
thickness of base plate (Margaret, 2006) 

Also, vortex shedding excitation 
induced forces on the high-mast lighting tower 
system are mainly depending on the natural 
frequency, mean wind velocity, Reynolds 
number, Scruton number and effective 
correlation length factor of the system (Jay et al, 
2011). Based on the Ruscheweyh modification, 
vortex shedding induced forces can be applied 
over a height range less than the total height of 
the structure (Holmes, 1998). This particular 
length is known as “effective correlation 
length”. The effective correlation length and 
mode shapes for the first two modes are shown 
in Figure 5.  

 

 

 

 

 

 

Figure 5 Effective correlation length for the 
first two modes (EN1991-1-4:2005) 
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Palmgren–Miner theory of cumulative 
damage method is commonly used to estimate 
the total fatigue damage (Marina & Svetislav, 
2018). For the selected detail category, the 
resistance of fatigue is estimated by means of 
accumulation of individual damage caused by 
individual stress block of each stress set as 
shown in Equation 1 and calculation principle 
of cumulative damage method is described in 
Figure 6. 

D = Σ {ni(∆σ)/Ni(∆σ)}                                     (1) 

Where; ni (∆σ) is the number of cycles 

of stress load for a specified stress range for 
which Ni(∆σ) i s  the cycles of load which is 
expected before the s t r u c t u r e  suffers 
damage (Johan et al, 2013). Number of cycles 
for the particular stress is obtained using S-N 
curves with consideration of suitable detail 
category for each structural element. 
Generally, detail category 140 is used for the 
mast arm wall (Marina & Svetislav, 2018). 
Number of Load cycles caused by vortex 
excitation can be calculated using the mean and 
critical wind velocity profile and the natural 
frequency of the cross-wind mode as given in 
EN1991-1-4:2005 (E10).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6 Calculation method using 
cumulative damage method (Marina et al, 

2018) 
 

3. METHODOLOGY 

Based on the past studies and the most 
common sizes of towers used in the industry, 
as shown in Table 1, free standing length of the 
pole, base plate size and size of the man access 
hole are selected and thicknesses of the mast-
arm wall are considered as variable parameter, 
because these are highly influencing on the 

fatigue performance of the high-mast lighting 
towers (Andrew Stam et al, 2011). 

Table 1 Geometry of the high-mast lighting 
towers 

 

 

 

 

 

 

 

 

 

 

 

3.1. Vortex Shedding induced forces 

Vortex shedding induced forces on the 
high-mast lighting tower system are mainly 
depending on the natural frequency of the 
system. In this study a linear shell finite 
element model was developed for the modal 
analysis and the natural frequency for the 1st 
and 2nd modes were estimated. Critical 
locations of the tower are given in Figure 7 and 
Table 2. It is assumed that the critical position 
of vortex shedding is at antinode points 
(Marina & Svetislav, 2018). 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

Figure 7 1st and 2nd mode shape with critical 
location 
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Table 2 Natural frequency with mast arm 
wall thicknesses 

 
 

 

 

 

 

 

 

The assumed vortex shedding induced 

forces on the high-mast lighting tower system 

(Fw) can be calculated using Equation 2, which 
is given in EN 1991-1-4:2005. 

 Fw(S) = m(s). (2πni,y)2Φi,y(s) yF,max                      (2) 

where; m(s) is the vibrating mass of the 
structure per unit length (kg/m), Φi,y is the 
mode shape of the structures normalized to 1, 
ymax is the maximum displacement over time of 
the point with φi,y (s) equal to 1 and n

i,y
 is the 

natural frequency of the system. Maximum 
displacement (yF,max) is estimated based on the 
procedures described in the EN1991-1-4:2005 
and given in Equation 3. 

    yF,max/b  = (1/St2 ). (1/Sc).  K. Kw. clat          (3) 

where; St is Strouhal number (0.18), Sc 
is Scruton number, Clat is the lateral force 

coefficient, Lj is the effective correlation length, 

K is mode shape factor and Kw, is the effective 

correlation length factor.   
Cycles of load is expected before the 

structures suffer to damage is generally 

calculated using Equation 4 as shown below. 

Where; T is the life time in seconds, ny 
is the natural frequency of cross wind mode, ε0 
is the band width factor (normally is  taken as 
0.3), Vcrit is the critical wind velocity and V0 is 
the 20% of mean wind velocity at specific 
height. 
 

  N = 2.T.ny. ε0. (Vcrit/V0)2.exp(-(Vcrit/V0)2)    (4) 

 

In this fatigue study, partial factor 

for equivalent constant amplitude stress 

range (γFf) is used as 1.0 and partial factor for 

fatigue strength (γmf) is used as 1.15 based on 

EN1993-1-9:2005. Under different amplitude 
conditions, all stress ranges should be less 

than the constant amplitude fatigue limit to 
avoid the fatigue failures on the structures. 
Size effect due to thickness also should be 
taken into account for the estimation of the 
fatigue strength of the particular detail 
category. Cost optimization of the mast-arm 
also should be taken into consideration, 
addition to the total damage. Cost of the 
mast-arm is mainly depending on the weight 
of the steel. Cost index is obtained using ratio 
between the weights of the particular steel 
mast-arm to maximum weight of the steel 
mast-arm. 

 
 4. RESULTS 

It is observed that the maximum 
displacement of the high-mast steel arm is 
decreased with the increasing of the mast arm 
wall thicknesses as shown in Figure 8.  

 
 

 

 

 

 

 

 

 

 

Figure 8 Variation of displacement   with 
wall thickness of the mast-arm wall 

The equivalent mass per unit length is 
increased with the increasing of the mast arm 
wall thickness. So, the maximum displacement 
is decreased due to the increasing of Scruton 
number of the high-mast tower system. As 
shown in Figure 9, vortex shedding induced 
forces on the high-mast steel arm are increased 
with the increasing of the mast-arm wall 
thickness. Because, the natural frequency and 
the vibrating mass are increased with the 
increasing of the mast-arm wall thickness, but 
maximum displacement is decreased with the 
increasing of the mast arm wall thickness, so 
resultantly, vortex shedding induced forces are 
increased with the increasing of the mast arm 
wall thickness.
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Figure 9 Variation of vortex shedding 

induced force with mast arm wall thickness 

As shown in Figure 10, Maximum 
stresses at the base are decreased with 
increasing of mast arm wall thicknesses of the 
high-mast lighting tower system. But in order 
to obtain the high accuracy results on the 
stresses at the base of the high- mast lighting 
tower, detailed finite element analysis should 
be performed. 

 

 

 

 

 

 

. 
 
               
 

 

 

 

Figure 10 Variation of wind induced stress 
at the base with mast arm wall thicknesses 

Variation of cycles of load are expected 
before the structures suffer to damage (Life 
cycles) for the selected mast-arm wall 

thicknesses as given in Figure 11 for the 1
st and 

2
nd modes based on Equation 4. Variation of 

the expected numbers of cycles before the 
structures suffer to damage are varying based 

on the natural frequency, basic wind velocity 
and critical wind velocity of the 1st and 2nd 
modes of the high-mast lighting towers. 
Variation of the expected nos of cycles for each 
mode of the mast-arm are mainly depend on 

the ratio of the (Vcrit/V0) and the exp (-

(Vcrit/V0)2). 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11 Variation of expected nos of 
cycles with mast arm wall thickness. 

 

Using, above estimated parameters, total 
damage is estimated using Palmgren-Miner 
theory of cumulative damage method as given 
in Table 3 and variation of the total damage and 
cost index are given in the Figure 12. 

Table 3 Total damage and cost index 
with Mast-arm wall thicknesses 

 

 

Total damage (D) is decreased with 
increasing of mast arm wall thicknesses. So, 
increasing the mast-arm wall thickness 
provides significant improvement to the 
fatigue life of the high-mast lighting   tower   
by   reducing   the   maximum hotspot stress 
on the mast-arm wall adjacent to the base   
connection. 

Mast arm wall 

thickness/(mm)
Total Damage Cost Index

8 1.00 0.41

10 0.49 0.51

12 0.19 0.61

16 0.09 0.81

20 0.00 1.00
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Figure 12: Variation of total Damage and 
cost index with mast-arm wall thicknesses 

 
Cost index of the mast arm structure is 

increased with increasing of mast arm wall 
thicknesses. By comparing the variation of total 
damage and cost index, the selection of 8 to 
12mm thickness of mast arm will be 
structurally stable and cost effective under 
vortex shedding action.  Total damage of the 
structure should be less than 1 to avoid the 
fatigue failures on the high-mast lighting tower 
system. So, this method allows for the selection 
of the most cost-effective mast-arm wall 
thickness with consideration of the fatigue of 
high-mast lighting tower structures. Also, it 
can be concluded that, thickness of the mast-
arm wall is a key parameter for the fatigue 
performance of the high-mast lighting 
towers. 
 
5. CONCLUSIONS 

In order to study the cost-effective 
fatigue performance of the high-mast lighting 
tower system with consideration of the 
different thicknesses of the mast-arm wall 
with concerning to the fatigue analysis under 
along and vortex shedding action, the 
following conclusions can be drawn;  
 

• Critical height for the 1st and 2nd modes was 
identified at 25m and 14.25m heights 
respectively with the assumption that the 
critical location occurs at antinode points. 

• Maximum displacement of the high-mast 
steel arm is decreased with the increasing 
of mast arm wall thicknesses, because 
equivalent mass per unit length is 
increased with increasing of mast arm wall 

thicknesses. So, maximum displacement is 
decreased due to increasing of Scruton 
number of the high-mast lighting tower 
system. 

• Natural frequency and vibrating mass are 
increased with increasing of mast-arm wall 
thicknesses, but maximum displacement is 
decreased with the increasing of mast arm 
wall thicknesses, so resultantly, vortex 
shedding induced forces are increased with 
the increasing of mast arm wall 
thicknesses.  
 

•  Maximum hotspot stress at the base of 
the high-mast lighting tower is 
decreased with increasing of  mast arm 
wall thicknesses. 
 

• Total Damage induced by wind action on 
the high-mast lighting tower system is 
decreased with increasing the mast arm 
wall thicknesses. 

 
In order to obtain the high accuracy on 

the hotspot stress from vortex shedding action, 
wind tunnel test or CFD simulation should be 
performed and further study on the total 
damage behavior of the high-mast steel arm 
should be performed based on the detailed 
FEM analysis. 
 
6. REFERENCES 

Mark T.Koenigs, Tamer A. Botros, Dylan 
Freytag and Karl H.Frank (2003). Fatigue 
strength of signal mast arm connections, 
Research report (9/99-8/01). 

C.S. Lewangamage, M.T.R. Jayasinghe (2012). 
Recent development of wind code in Sri Lanka. 

EN 1993-1-9:2009. Design of steel structures 
(Part 1-9: Fatigue). 

Priyan Mendis, Shiromal Fernando, John 
Holmes, Tharaka Gunawardena, Yousef 
AbuZidan and Priyan Dias (2018). Wind 
Induced analysis of Lotus Tower Mast, 
Nineteenth Australian Wind Engineering Society 
Workshop. Fatigue.  

I.Giosan, P.Eng (2005). Vortex Shedding 
Induced Loads on Free Standing Structures. 

EN 1991-1-4:2005. Action on structures (Part 1-
4: General Actions –Wind actions). 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 10 20 30

T
o

ta
l 

D
am

a
g

e/
C

o
st

 I
n

d
ex

Mast-arm wall thickness / (mm)

Total
damage

Cost
Index

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

34 



 
 
 

Christopher M. Foley, Baolin Wan, Mathew 
Weglarz, Matthew Hellenthal, Jordan Komp, 
Andrew Smith and Joseph P. Schmidt (2008). 
Fatigue risks in the connections of Sign Support 
Structures – Phase 1. Department of Civil & 
Environmental Engineering, Marquette 
University. 

Margaret K. Warpinski (2006). The effect of 
base connection geometry on the   fatigue 
performance of welded socket connections in 
multi-sided high mast lighting towers, Theses 
and Dissertations, paper 940. 

John D.Holmes (1998). Response of Cylindrical 
structures to vortex shedding in the natural 
wind. 13th Australian fluid mechanics conference. 

Jay Puckett, Rebecca Johnson and Michael 
Barker (2011). Study of the effects of wind 
power and vortex induced vibrations to 
establish the fatigue design criteria for High-
mast poles. Civil and Architectural 
Engineering, University of Wyoming. 

Marina Rakocevic and Svetislav Popovic 
(2018). Calculation procedure for determining 
wind action from vortex-induced vibration 
with verification of fatigue strength of steel 
structures, GRADEVINAR 70(2018), Page 793-
809. 

Johan Maljaars, Mladen Lukic and Frans 
Soetens (2013). Comparision between the 
Eurocode for fatigue of steel structures, EN 
1993-1-9, and the Eurocode for fatigue of 
Aluminium structures EN1993-1-3. 5TH Fatigue 
Design Conference. 

Andrew Stam, Nicholas Richman, Charles 
Pool, Craig Rios, Thomas Anderson and Karl 
Frank (2011). Fatigue Life Steel Base plate to 
Pole connection for Traffic Structures, Technical 
report – 9-1526. 

T.K. Datta and A.K. Jain (1986). An analytical 
study of the across-wind response of cylinders 
due to vortex shedding. Civil Engineering 
department, Indian Institute of Technology, 
New Delhi. 

R.I. Basu and B.J.Vickery (1982). Across wind 
vibrations of structures of circular cross section. 

Part II. Development of a mathematical model 
for full-scale application. Faculty of 
Engineering Science, University of western 
Ontario, London. 

Mustafa Aygul (2012). Fatigue analysis for the 
welded structures using the finite element 
method. Department of Civil and 
Environmental Engineering, Chalmers 
University of Technology. 

High-mast lighting systems (Abacus – Leaders 
in Lighting) – Reference Manual. 

Karl H. Halse (1997). On Vortex Shedding and 
Prediction of Vortex – Induced Vibrations of 
Circular cylinders. Department of Marine 
structures, Norweign University of Science and 
Technology. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 1 

 

 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

35



 
 

 

Proceedings of the 8th International Symposium on  

Advances in Civil and Environmental Engineering 
Practices for Sustainable Development 

  
ACEPS - 2021 

Use of crushed concrete aggregate waste in stabilization of clayey 
soils for subbase pavement construction and embankment material 

Y.B.M. Samroos1 and K.M.L.A. Udamulla2 

1Department of Civil and Construction Engineering, Faculty of Engineering, University of Wolverhampton, Wulfruna St, 
Wolverhampton WV1 1LY, UNITED KINGDOM 
2 Department of Civil Engineering, The Open University of Sri Lanka, Nawala, SRI LANKA 

 

A R T I C L E  I N F O  
 

A B S T R A C T  

Available online 07 October 2021 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords: 
Clayey soil 
Crushed Concrete Aggregate  
Rigid and flexible pavement 
Subbase 
Embankment material 
California Bearing Ratio  
  

Soft fine grained clayey soils need to be stabilized to improve the properties. In the 
growing world construction and demolition waste disposal is one of the biggest 
problems that every country is faced with. Therefore, the research aims at, 
stabilizing clayey soil using Crushed Concrete Aggregate (CCA). The materials 
used for this research were clayey soil and Crushed Concrete Aggregate (CCA). The 
Clayey soil was selected from a borrow pit from Ampara. CCA was collected from 
the COWAM research center owned by Galle municipal council. Particle size 
distribution test was carried out on these two materials and was found to be within 
the limits specified by the Standard Specification for Construction and Maintenance 
for road and bridges (ICTAD).  Atterberg limit tests and Modified Compaction tests 
were carried out for the control sample, for samples mixed with 35%, 40%, 45% and 
50% CCA with clayey soil. The Atterberg limit test result showed that Liquid Limit 
(LL), Plastic Limit (PL) and Plastic Index (PI) were decreasing when the CCA 
percentage increase in the blends. This result did not meet the requirement for 
upper subbase for rigid pavement but 45% and 50% CCA mixed blends showed 
suitability for upper subbase for flexible pavements and lower subbase. All the 
blends did comply with the Atterberg limit test results for embankments. Modified 
proctor compaction and CBR test results show that all the blends can be used for 
upper subbase for rigid, flexible pavements, lower subbase and embankment 
material.  
 

 

1. INTRODUCTION  

Long-term performance of pavement 
structures often depends on the stability of the 
underlying soils. Engineering design of these 
constructed facilities relies on the assumption 
that each layer in the pavement has the 
minimum specified structural quality to 
support and distribute the super imposed 
loads. These layers must resist excessive 
permanent deformation, resist shear and avoid 
excessive deflection that may result in fatigue 
cracking in overlying layers. Available earth 
materials do not always meet these 
requirements and may require improvements 
to their engineering properties in order to 
transform these inexpensive earth materials 

into effective construction materials 
(Subasinghe et al., 2020). All the human and 
industrial activities produce the waste to 
environment daily and this cause serious 
environment and economic issues in every 
part of this world (Eurostat, 2014). Most of the 
waste are generated by construction and 
demolition waste and household waste. 
Construction related waste is called solid 
wastes, which are generated by various 
construction and demolition activities. These 
wastes are generally obtained from 
demolished buildings (Oglespy et al, 1989;  
Wood, 1992; Gavilan and Bernold, 1994). The 
urgent need to recycling is a concern and this 
will reduce and disposal in many countries 
(Aatheesan et al, 2010; Hoyos et al, 2011). It is 
accepted that recycling and reusing the C&D 
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waste will reduce the requirement of natural 
materials and simultaneously reduce the C&D 
waste quantity destined for landfills 
(Arulrajah et al., 2012; Hoyos et al, 2011). 
According to Deiyagala et al., (2017), the 
annual amount of construction and 
demolished waste produced in Sri Lanka is 
about 4.0 million tons and the management of 
that waste has already become an 
environmental problem. Therefore, the 
research will focus on the feasibility of 
stabilizing clayey soil to be used in subbase 
pavement and embankment material. 

1.1. Problems Associated with Clayey Soils 
in Road Construction  

Long-term performance of pavement 
structures often depends on the stability of the 
underlying soils. Engineering design of these 
constructed facilities relies on the assumption 
that each layer in the pavement has the 
minimum specified structural quality to 
support and distribute the super imposed 
loads. These layers must resist excessive 
permanent deformation, resist shear and avoid 
excessive deflection that may result in fatigue 
cracking in overlying layers. Available earth 
materials such as clayey soils do not always 
meet these requirements and may require 
improvements to their engineering properties 
in order to transform these inexpensive earth 
materials into effective construction mate-

rials. (Subasinghe et al., 2019) Clay soil is one 

of the most abundant sources of natural 
material. These soils possess moderate 
geotechnical and physical properties 
compared with gravels. Stabilizing the existing 
subgrade of clayey soil, rather than removing 
and re-placing it with granular material, 
results in substantial cost savings. (Subasinghe 

et al., 2009). To upgrade the properties of 

clayey soil stabilization techniques (chemical 
and mechanical) are employed.  

1.2.  Previous Research 

Arulrajah et al., (2012) reports of a 
laboratory investigation of the geotechnical 
properties of RCA. The properties of RCA 
were compared with state road authority 
requirements to assess its performance as a 
pavement sub-base material. The experimental 

programme consisted of tests such as particle 
size distribution, modified Proctor 
compaction, particle density, water 
absorption, CBR, Los Angeles abrasion, pH, 
organic content, static triaxial, and repeated 
load triaxial tests. The Los Angeles abrasion 
loss tests indicated that the RCA is durable. 
CBR values were found to satisfy the local state 
road authority requirements for a lower sub-
base material. Repeated load triaxial tests 
established that the RCA would perform 
satisfactorily as a pavement sub-base material 
in the field. 

Jayakody et al., (2012) investigated 
performance characteristics of blends of 
reclaimed asphalt pavement (RAP) with RCA. 
A series of “repeated load tri-axial (RLT)” test 
was conducted on RAP blended RCA samples 
to evaluate the elastic and plastic deformation 
characteristics with increase of load cycles. The 
elastic deformation was characterized by 
resilient modulus and slightly dropped with 
increase of RAP from 0, 5, 10 to 15% in RCA. 
Moreover, they have observed a trend of small 
increase of the plastic deformation of the RCA 
with the increase of rap portion. However, 
presence of RAP up to about 15% in RCA did 
not significantly affect on the accumulation of 
permanent strain. 

An extensive laboratory program is 
conducted to study the feasibility of using 
RCA mixed with traditional limestone 
aggregate (LSA) by Behiry (2013). Moreover, 
the influence of mixture variables on the 
mechanical properties of cement treated 
recycled aggregate (CTRA) was also 
investigated. The results show that the adding 
of RCA improves the mechanical properties of 
the mixture where the UCS is taken as an 
important quality indicator. 

A series of extensive geotechnical 
laboratory tests was undertaken on CB 
blended with gravel in the varying 
proportions of 100%, 50%, 30% and 15%. 
Particle size distribution tests, Atterberg 
limit tests, Modified Proctor compaction 
tests and 4-day soaked CBR at 98% MDD 
(Modified) tests were carried out. The 
geotechnical properties obtained by the 
tests were compared with ICTAD 
requirements of sub-base specifications for 
pavement base and sub-base applications. 
The grading of all the blends tested 
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satisfied the grading requirement for sub-
base construction as per the ICTAD 
specifications. The 100% recycled brick 
sample achieved a maximum dry density of 
2020 kg/m3 and a CBR value of 113% and 
satisfied the standard requirement. In 
addition, the blend of 50% crushed bricks 
and 50% gravel also satisfied the Atterberg 
limit dry density (1779 kg/m3) and CBR 
value (32%) requirements of ICTAD 
standards. The findings reveal that the two 
blends of recycled bricks and gravel are 
viable materials for pavement base or sub-
base as a substitute material for gravels 
(Wijewardena, 2015). 

2. MATERILS AND METHODOLOGY 

The samples were clayey soil and Crushed 
Concrete Aggregate (CCA). 

2.1. Clayey Soil 

Locally available clayey soil was collected 
from the borrow pit at Ampara river site. The 
soil from this borrow pit was brought to the 
CINEC laboratory in sealed plastic bags and 
tested to find the physical properties. 

2.2. Crushed Concrete Aggregate (CCA) 

Crushed Concrete Aggregate was 
collected from Construction Waste 
Management Center (COWAM), Galle which 
is owned by Galle Municipal council.  

2.3 Standard Road Development 

Specifications Applicable to Subgrade 

and Embankment material 

Soils used as embankment materials shall 

be naturally occurring soils and shall not 

include highly plastic clay, silt, peat, other 

organic soils, or any soil that is contaminated 

with topsoil vegetable and other deleterious 

matter. The material used for the top 500 mm 

of embankment shall conform to the 

requirements of type I material, and the 

material for lower layers of embankment shall 

conform to the requirements of type II 

material. Table 1 shows the ICTAD 

requirement for embankment and requirement 

for lower subbase (capping layer) or selected 

sub grade. 

Table 1 Requirements for Embankment and 
lower sub base (capping layer) or selected 

sub grade (ICTAD, 2009) 
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Liquidity 
Limit (LL) 

T-90 
Not to 
exceed 
40% 

Not to 
exceed 
50% 

Not to 
exceed 
55% 

Plasticity 
Index (PI) 

T-90 
Not to 
exceed 
15% 

Not to 
exceed 
25% 

Not to 
exceed 
25% 

Maximum 
Dry 
Density 
(Modified) 

T-180 

Not 
less 
than 
1650 
kg/m3 

Not less 
than 
1600 
kg/m3 

Not less 
than 
1500 
kg/m3 

4-day 
soaked 
CBR at 
95% MDD 
(Modified) 

T-193 

Not 
less 
than 
15% 

Not less 
than 7% 

Not less 
than 5% 

2.3. Methodology 

2.3.1 Sample preparation 

Clayey soil and Crushed Concrete 
Aggregate were mixed well, and test samples 
were prepared as described in Table 2. 

Table 2 Mix proportions of samples 

Sample 
Code 

Material Mixing Percentage % 

Clayey Soil CCA 

C1 100 0 

C2 65 35 

C3 60 40 

C4 55 45 

C5 50 50 

 

2.4. Tests 

The properties of the blends depicted in 
Table 2 were tested according to the standard 
test method recommended by the Institute for 
Construction Training and Development 
(ICTAD) for road works and the results were 
compared with the ICTAD Specification to 
assess the suitability of the blends to be used in 
subbases and embankment material. The 
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Casagrande method was used as per the BS 
1377-2:1990 part 2 to obtain the liquid limit and 
plastic limits of materials. The Modified 
Proctor Compaction test (AASHTO T 180) was 
performed to determine the Maximum Dry 
Density (MDD) and Optimum Moisture 
Content (OMC) of the samples. This test was 
performed with the standard equipment and 
the specimen was compacted in five layers 
with 56 blows on each layer. California Bearing 
Ratio test was performed for evaluating the 
mechanical strength of samples. The 4-day 
soaked CBR value at 95% of MDD was 
evaluated according to test procedure 
AASHTO 193.To determine the CBR value at 
95% MDD, test was carried out on three 
samples. Each sample was compacted in five 
layers, giving 10, 30 and 65 blows using 4.5 kg 
rammer with a free fall of 450 mm. The 
samples were then soaked for 72 hours in a 
water bath and were tested in the CBR testing 
machine. 

3. RESULTS AND DISCUSSION 

The following results were obtained for 
particle size distribution, Atterberg limit, 
Modified proctor compaction and California 
Bearing Ratio tests. 

3.1. Particle Size Distribution 

The particle size distribution curves of 
clayey soil and Crushed Concrete Aggregates 
(Figure 1) were found to lie between the upper 
limit and lower limit of subbase as per the 
limitations of road and bridges in Standard 
Specification for Construction and 
Maintenance (ICTAD 2009). 

 

Figure 1 Particle size distribution curves 

3.2. Atterberg Limits 

The Liquid limits and Plastic limits 

(Consistency Limits) of the virgin soil and soil 

blends are tabulated in Table 3. It is interesting 

to note that addition of CCA improved the 

consistency limits. 

 

Table 3 Atterberg test results 

Material 
Percentage % 

Liquid 
Limit 
(%) 

Plastic 
Limit 
(%) 

Plastic 
Index 

(%) 

100% Clay 
(C1) 

43.7 20.8 22.9 

65% Clay + 
35% CCA (C2) 

34.2 18.7 15.5 

60% Clay + 
40% CCA (C3) 

32.8 17.4 15.4 

55% Clay + 
45% CCA (C4) 

26 16.5 9.5 

50% Clay + 
50% CCA (C5) 

22.9 15.2 7.7 

 

3.3. Modified Proctor Compaction 

Table 4 shows the Modified Proctor 
Compaction Test Results. According to the 
Modified Proctor Compaction test results, it 
can be seen that with the increase of CCA 
percentage the Maximum Dry Density is 
increasing gradually, and Optimum moisture 
content is decreasing. 

 

Table 4 Modified Proctor Compaction test 
results 

Material Percentage 
(%) 

MDD 
(kg/m3) 

OMC 
(%) 

100% Clay (C1) 1965.06 15.2 

65% Clay + 35% CCA 
(C2) 

2007.82 14.4 

60% Clay + 40% CCA 
(C3) 

2016.36 13.8 

55% Clay + 45% CCA 
(C4) 

2024.54 12.1 

50% Clay + 50% CCA 
(C5) 

2033.16 10.9 
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3.4. California Bearing Ratio 

Table 5 shows the CBR Test results. The 
results reveal that the CBR values increase 
when the CCA percentages increase. 

Table 5 CBR test results 

Test 
Sample 

Tested CBR Value 

93% 95% 98% 

C1 16 20 30 

C2 23 40 61 

C3 28 46 66 

C4 35 52 71 

C5 36 59 76 

 

4. ANALYSIS & DISCUSSION 

4.1. Particle Size Distribution 

The gradation curves of virgin clayey soil 
and Crushed Concrete Aggregate lie within 
the limitations specified by the Institute of 
Construction and Development (ICTAD) 
standards for subbase and embankment 
material. 

4.2. Atterberg Limits 

According to these test results, clayey soil 
showed 43.7%, 20.8% and 22.9% for Liquid 
Limit, Plastic Limit and Plastic Index 
respectively. When the percentage of CCA is 
increased it can be seen a gradual decrease in 
Liquid Limit, Plastic Limit and Plastic Index. 
Table 6 shows the Atterberg Limit test results 
and ICTAD Standards. 

Table 6 Atterberg limits with ICTAD 
Standards 

 

 

  As can be seen from the Table 6, the 
results of C4 (55% clay + 45% CCA) and C 5 
(50% clay + 50% CCA) samples were within the 
limit for upper subbase for flexible pavement. 
Hence C4 and C5 samples satisfy the Atterberg 
requirement for the flexible subbase. None of 
the samples met the requirement for upper 
subbase for rigid pavement. C4 and C5 
samples did comply with the lower subbase 
requirement. Requirement for the 
Embankment Type I and Embankment Type II 
were achieved by all the test samples (C1, C2, 
C3, C4, and C5). 

4.3. Modified Proctor Compaction Test 

The virgin clay and all the blends did 
comply with the maximum dry density (MDD) 
for upper subbase for flexible pavement, upper 
subbase for rigid pavement, embankment type 
I and embankment type II specified in the road 
specification standard ICTAD. 

It can be seen that the increase of CCA increase 
the Maximum Dry Density of the samples.  

 

Table 7 Compaction results with ICTAD 
limits 
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C1 1965.06 >1750 >1750 >1650 >1600 >1500 

C2 2007.82 >1750 >1750 >1650 >1600 >1500 

C3 2016.36 >1750 >1750 >1650 >1600 >1500 

C4 2024.54 >1750 >1750 >1650 >1600 >1500 

C5 2033.16 >1750 >1750 >1650 >1600 >1500 
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4.4. CBR Test 

The CBR test results are shown in Table 8. 

Table 8 CBR test results with ICTAD limits 

T
es

t 
S

a
m

p
le

 

Tested CBR 
Value 

U
p

p
e

r 
S

u
b

b
as

e
 a

t 
98

%
 

M
D

D
 

L
o

w
e

r 
su

b
b

a
se

 a
t 

95
%

 
M

D
D

 

E
m

b
a

n
k

m
e

n
t 

ty
p

e
 I

 a
t 

9
5%

 M
D

D
 

E
m

b
a

n
k

m
e

n
t 

T
y

p
e

 i
i 

a
t 

9
5%

 M
D

D
 

9
3%

 

9
5%

 

9
8%

 

C1 16 20 30 >30 >15 >7 >5 

C2 23 40 61 >30 >15 >7 >5 

C3 28 46 66 >30 >15 >7 >5 

C4 35 52 71 >30 >15 >7 >5 

C5 36 59 76 >30 >15 >7 >5 

 
The blends did comply with CBR limits for 

upper subbase, lower subbase and 
embankment materials. 

5. CONCLUSION 

Sub-grade soil stabilization is one of 

the primary and major processes in the 

construction of any highway. Subgrade soils 

are an essential component of pavement 

structures, and inadequate subgrade 

performance is the cause of many premature 

pavement failures. Clay subgrades in 

particular may provide inadequate support, 

particularly when saturated. To improve the 

fine-grained soils CCA have been used. The 

results demonstrated that addition of CCA 

could improve the engineering properties of 

natural clayey soils. Accordingly, it can be 

concluded that all the blends tested complied 

with the ICTAD requirements of Liquid Limit, 

Plasticity Index, Maximum Dry Density and 

CBR for both embankment type I and Type II 

materials. However, only C4 and C5 samples 

did satisfy all the requirements for the upper 

subbase flexible pavement and lower subbase. 

Hence the research proves stabilization of 

clayey soils with addition of CCA is a 

sustainable approach for sub grade and 

embankment construction in Sri Lanka. 
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The landfill is the most commonly used method for waste disposal due to its low 
cost. To date, the use of clay as a cover or liner material has been the favoured 
method of reducing or eliminating the seepage of leachate from landfills.  The 
landfill liners, which protect the underlying soil and groundwater, are also made 
up of bentonite clay or geosynthetic materials which are very costly and are 
associated with problems. Hence, in the Sri Lankan context the compacted clay 
liners would be ideal. However, these compacted clay liners produce cracks 
during wetting and drying cycles thus increases the hydraulic conductivity of the 
liner. Therefore, the research aims at treating tropical clay with rice husk ash to 
reduce shrinkage properties. Laboratory experiments were conducted on 
compacted tropical clay treated with up to 10% ash to determine its suitability 
for use as waste containment barrier and to reduce shrinkage potential. The tests 
were Particle size distribution tests, Atterberg limit test, Standard Proctor 
compaction tests, hydraulic conductivity tests and linear shrinkage tests. 
Although the hydraulic conductivity increases with the addition of rice husk ash 
the shrinkage limit was found to decrease. However, the hydraulic conductivities 
were within the acceptable guidelines stipulated by the Central Environmental 
Authority of Sri Lanka.  The findings suggest that by incorporating rice husk ash 
in the tropical clay can minimize the cracking potential and can be used in waste 
containment applications.  
 

 

1. INTRODUCTION 

Landfills are physical facilities used for 
disposal of residual solid wastes in the earth 
surface. Landfill liner and cover materials are 
used to limit the movement of leachate and 
landfill gases. It acts as a barrier to prevent or 
minimize the migration of pollutants into the 
environment from the landfill.  To date, the 
use of clay as a cover or liner material has been 
the favoured method of reducing the leachate 
(Okoli and Balafoutas, 2005). In general, 
natural clays are used for liners (Kayabali 
1997). Although geosynthetic materials such 
as geomembranes and geotextiles are other 
options available in the landfill industry, these 

are also associated with shortcomings such as 
high cost, structural cracking, unsuitability for 
retention of some hydrocarbons and the 
disposal of the material as it is not of 
biodegradable nature (Goonewardena et al, 
2012). Hence, in the Sri Lankan context the 
compacted clay liners would be ideal. 
However, these compacted clay liners produce 
cracks during wetting and drying cycles thus 
increases the hydraulic conductivity of the 
liner (Omidi et al., 1996) Therefore it is 
essential to reduce the cracking potential of the 
compacted clay liners to stop pathways of 
moisture/leachate migration to reduce the 
potential for soil and groundwater 
contamination. 

 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

43



 
 

Rice husks are the hard protective 
coverings of rice grains which are separated 

from the grains during milling process. In the 

course of a typical milling process, the husks 
are removed from the raw grain to reveal 
whole brown rice which upon further milling 

to remove the bran layer will yield white rice. 
Rice husk is a plentiful biomass and a by-
product of rice processing. In rice-producing 
countries, it is a waste product of little or no 
economic value. In most rice mills, it is a big 
source of fuel, and it is burnt to produce 
electricity. The resultant ash is a residue that 
pollutes the environment and is difficult to 
dispose of. Current rice production in the 
world is estimated to be 700 million tons. Rice 
husk constitutes about 20% of the weight of 
rice and its composition is as follows: cellulose 
(50%), lignin (25%–30%), silica (15%–20%), 
and moisture (10%–15%). Rice husk contains 
about 30% - 50% of organic carbon. The 
characteristics of the ash are dependent on (1) 
composition of the rice husks, (2) burning 
temperature, and (3) burning time (Singh, 
2018).  

 
RHA is grayish-black in color due to 

unburned carbon. At burning temperatures of 
550–800 °C, amorphous silica is formed, 
while crystalline silica is produced at higher 
temperatures. The specific gravity of RHA 
varies from 2.11 to 2.27; it is highly porous and 
light weight, with a very high specific surface 
area (Siddique et al., 2020).  

 
For every 1000 kg of paddy milled, 

approximately 220 kg (22%) of husk is made, 
and when the husk is burned in boilers, 
approximately 55 kg of RHA is produced 
(Ruzkon et. al., 2009, Habeeb and Mahmud, 
2010). 

 
Therefore, the research aims at 

treating tropical clay with rice husk ash to 
reduce the shrinkage potential to be used in 
waste containment applications. 

2. MATERIALS AND METHODOLOGY 

The materials tested for this study 
were clay and rice husk ash (RHA). 

2.1. Clayey Soil 

The Yodhawewa tank in Mannar was 
used to extract locally available clay. The soil 
from the tank site was transported to the 
Colombo International Nautical and 
Engineering College (CINEC) laboratory for 
analysis.  

Figure1 Location of Yodhawewa in Mannar 
District 

2.2. Rice Husk Ash 

Rice husk was collected from the rice mill 
in Jaffna and then burnt it with the help of a 
blower. 

 

Figure 2 Preparation of rice husk ash 

2.3. Central Environmental Authority 
Guidelines 

The following are the guidelines of 
solid waste management, Central 
Environmental Authority, Sri Lanka. 
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Liners must be made of materials with 
the necessary properties to prevent failure 
from direct contact with the waste or leachate 
to which they are exposed. Liners must be 
built on geologic conditions capable of 
supporting the applied stress, as well as to 
protect any underlying earth that can come 
into contact with the waste or leachate. The 
leachate storage and removal device must be 
made of materials that are environmentally 
resistant to leachate and have adequate 
mechanical properties to withstand strain 
from overlying wastes, cover materials, and 
any landfill machinery. 

I. Should have a minimum 100 cm Liner 
thickness 

II. Maximum hydraulic conductivity 
should be less than 1×10-7 cm/s 

III. Maximum leachate head that can 
exert above the clay liner should be 
30cm 

2.4. Methodology 

2.4.1 Sample preparation 

Clay and rice hush ash were mixed 
homogeneously, and test samples were 
prepared by weight proportions as described 
in Table 1. 

Table 1 Mix proportions of samples 

Sample 
Code 

Material Mixing Percentage 
by weight (%) 

Clayey Soil RHA 

C1 100.0 0 

C2 97.5 2.5 

C3 95.0 5.0 

C4 92.5 7.5 

C5 90.0 10.0 

2.5. Tests 

The properties of the blends shown in 
Table 1 were checked using the standard test 
procedure suggested by the Central 
Environment Authority, and the findings were 
compared to the CEA Specification to 
determine the blends' suitability for use in 
waste containment.  

To determine the liquid and plastic limits of 

samples, the Casagrande procedure was used 

in accordance with BS 1377-2:1990 section 2. 

The samples' Maximum Dry Density (MDD) 

and Optimum Moisture Content (OMC) were 

determined using the Standard Proctor 

Compaction test (AASHTO T 180). Falling 

Head Permeability Test. (BS1377:1990, Part 5 

Clause: 5.5) was conducted to determine the 

hydraulic conductivity of the samples. 

Shrinkage limit tests were conducted as per 

the BS 1377:1990. Linear shrinkage is the 

percentage decrease in the length of a bar of 

soil dried in an oven or air from the liquid limit 

and is assessed in a disturbed sample. 

3. RESULTS AND DISCUSSION 

The following results were obtained 
for particle size distribution, Atterberg limit, 
Standard Proctor compaction, Hydraulic 
conductivity and Shrinkage limit tests. 

3.1. Particle Size Distribution Test 

From the results of Particle size 
distribution test and the Atterberg limit tests 
the soil was   classified as lean clay (CL). 

3.2. Atterberg Limits 

Table 2 lists the liquid limits and Plastic 
limits (consistency limits) of clay and clay 
blends. 

 

Table 2 Liquid limit and plastic limit of 

Clay and RHA mix 

Soil and mix 
Liquid 
Limit (%) 

Plastic 
Limit (%) 

100% clay & 0% 
RHA 

35.47 13.51 

97.5% clay soil & 
2.5% RHA 

36.13 16.27 

95% clay soil & 5% 
RHA 

37.47 17.90 

92.5% clay soil & 
7.5% RHA 

38.11 20.72 

90% clay & 10% 
RHA 

39.22 23.41 
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3.3. Standard Proctor Compaction Test 

Table 3 indicates the maximum dry 
density (MDD) and optimum moisture 
content (OMC) for the clay soil and blends of 
RHA. 

 

Table 3 MDD and OMC for Clay soil and 
RHA mix 

 
The standard Proctor Compaction test 

results show that as the RHA percentage 
increases, the Maximum Dry Density 
decreases, and the Optimum Moisture 
Content increases. The reduction of Maximum 
Dry Density may be attributed to the 
replacement of soil by RHA in the mixture 
which has relatively lower specific gravity 
compared to that of the soil.  It may also be 
attributed to the coating of the soil by the RHA 
which results to large particles with larger 
voids and hence less density. 

3.4. Linear Shrinkage Test 

The findings of the linear shrinkage test 
are presented in Table 4. The findings show 
that as the RHA percentages rise, the 
shrinkage values decrease. 

 
 This trend may be attributed to the 

replacement of the finer soil particles by the 

RHA with consequent reduction in the clay 

content. 

 

 

 

Table 4 Linear shrinkage test results 

Sample 
Code 

Material 
Mixing 

Percentage (%) 
Linear 

shrinkage 
(%) Clayey 

Soil 
RHA 

C1 100 0 11.6 

C2 97.5 2.5 10.7 

C3 95 5 10 

C4 92.5 7.5 9.3 

C5 90 10 8.6 

 

3.5. Hydraulic Conductivity 

Table 5 summarizes the hydraulic 
conductivity test results. It can be seen that the 
hydraulic conductivities increase slightly 
when the rice husk ash percentages increase. 
The permissible limit of hydraulic 
conductivity as per the CEA guidelines is that 
it should be less than 1×10-7cm/s. All the 
samples did comply with the standard. 

Table 5 Hydraulic Conductivity for Clay soil 
and RHA mix 

 

Clay soil & 
RHA mix 

Maximum 
Dry density 
(Mg/m3) 

Optimum 
Moisture 
Content (%) 

100% clay & 
0% RHA 

1.71 13.92 

97.5% clay & 
2.5% RHA 

1.69 14.23 

95% clay & 
5% RHA 

1.61 15.78 

92.5% clay & 
7.5% RHA 

1.87 16.13 

90% clay & 
10% RHA 

1.58 20.98 
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100% 
clay & 
0% RHA 

1.71 13.92 
 

1.38×10-8 

97.5% 
clay & 
2.5% 
RHA 

1.69 14.23 2.43×10-8 

95% clay 
& 5% 
RHA 

1.61 15.78 1.29×10-8 

92.5% 
clay & 
7.5% 
RHA 

1.87 16.13 3.27×10-8 

90% clay 
& 10% 
RHA 

1.58 20.98 9.26×10-8 
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4. CONCLUSION 

A tropical clay was treated with the ash of 
rice husk up to 10% to investigate its suitability 
to be used as a hydraulic barrier material in the 
waste containment applications. Allowable 
hydraulic conductivity stipulated by the 
Central Environmental Authority is that it 
should be less than 1×10-7 cm/s.  All the 
samples tested were found to have hydraulic 
conductivities less than 1×10-7 cm/s. This 
shows that the samples did comply with the 
Central Environmental Authority guidelines. 
It is interesting to note that a slight increase in 
hydraulic conductivity with the increase in 
RHA percentage. However, the addition of 
RHA tends to decrease the linear shrinkage 
values which indicates a decrease in cracking 
during wetting and drying cycles. The 
reduction in linear shrinkage with RHA is 
favourable in preventing desiccation cracking. 
Moreover, the more the increase in percentage 
of RHA the less the potential on shrinkage on 
drying. Thus, 90% clay and 10% RHA is the 
most promising combination for Sri Lankan 
waste containment applications. The results 
prove that the compacted tropical clay treated 
with RHA can be used effectively as a barrier 
material in waste containment applications.  
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In this study, the influence of slag replacement level and water-to-binder (w/b) ratio 
on the degree of reaction of slag and chloride binding was investigated. Slag was 
blended with OPC for four replacement levels (0%, 20%, 50% and 70%), two w/b 
ratios (0.3 and 0.5) and cured at the temperature of 20ºC. Paste samples were 
prepared and tested for the reaction degree at the age of 91 days and for chloride 
binding at 186-days. Thermogravimetric analysis (TGA) and selective dissolution 
were conducted to determine Ca(OH)2 content and slag reaction, respectively. 
Hydrated samples were immersed in NaCl solution of varied concentrations from 
0.1 to 3.0M and bound chloride at equilibrium was determined. From the results, it 
was found that slag reactivity increased with increasing w/b ratio and decreasing 
slag replacement level. Slag blends were found effective in chloride binding than 
OPC and 50% slag blends provided the highest values. For 50% slag blend with w/b 
ratio 0.5, bound chloride increased by about 47% than OPC at free chloride 
concentration 3.0M, whereas for w/b ratio 0.3, it was about 10%. It is inferred that 
chloride binding is relevant to the degree of reaction of slag and is also influenced 
by pore structure. 
 

1. INTRODUCTION 

Chloride ingress through pore solution to 
the embedded steel is responsible for 
corrosion induction in reinforced concrete 
structures exposed to seawater and deicer 
applied environment. Corrosion of steel 
causes the deterioration of structure and 
reduce load bearing capacity. As chloride ions 
ingress, some are bound physically due to 
adsorption mainly on the surface of C-S-H 
hydrate (Beaudoin et al., 1990) and some are 
bound chemically due to the reaction of 
chloride with aluminate ferrite monosulfate 
(AFm) phases to form Friedel’s salt (FS) 
(Csizmadia et al., 2001) and Kuzel’s salt (KS) 
(Mesbah et al., 2011) that are both 
immobilized. The more chlorides are bound 
the less free chlorides are available to cause 
corrosion by exceeding certain threshold 
concentration around steel bar. Ground 

granulated blast furnace slag (BFS) is a by-
product during iron and steel manufacture, 
has been known beneficial as a supplementary 
cementitious material for recycling, CO2 

reduction and high chloride resistance. High 
chloride resistance mainly comes from 
reduced chloride ingress due to refinement of 
pore structure from the appropriate use of slag 
(Ogirigbo and Black, 2017) and more chloride 
bound due to high surface area of hydration 
products and more alumina content (Ukpata 
et al., 2019). However, the slag blended in 
Portland cement may exhibit different 
reactivity and characteristics of hydration 
products due to significant difference in 
chemical compositions, fineness, and 
hydraulic activity, which plays a critical role in 
the chloride resistance of blended concrete. 
BFS shows latent hydraulic activity, activated 
by Ca(OH)2 produced from cement hydration 
to produce secondary calcium silicate 
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hydrates (C-A-S-H) with low Ca/Si ratio 
(Monteagudo et al., 2014). Considering 
positive aspects, high replacement ratios of 
slag in cement are defined in standards, for 
example, Japanese Industrial Standard JIS 
R5211(5-70%), European Standard ENV 197-1 
(36-95%). However, research about chloride 
resistance for high volume slag is still not 
enough. From previous research (Ukpata et 
al., 2019; Dhir et al., 1996) it was found that 
chloride binding increased with the increase of 
slag load, while other research (Zhang et al., 
2019) observed that chloride binding increased 
up to a certain percentage of slag load and 
further increase showed decreased values. In 
general, the use of low water-to-binder (w/b) 
ratio have high resistance to chloride ingress 
due to fine pore structure. On the other hand, 
for chloride binding, previous research 
provided inconsistent results of the influence 
of w/b ratio. Some observed (Zibara, 2001; 
Arya et al., 1990) significant increase, whereas 
other found only marginal increase 
(Tritthart, 1989) of chloride binding with the 
increase of w/b ratio. Moreover, there are 
fewer studies, focusing on the effect of low 
w/b ratio on chloride binding. 

 
Therefore, this study focuses on the 

chloride binding properties in the correlation 
of degree of reaction, considering the influence 
of slag replacement level, w/b ratio, and 
temperature, aiming to optimize the chloride 
resistance of slag blended cement concrete. 
The samples were exposed to external chloride 
concentration after preparation. 

2. EXPERIMENTAL PROGRAM  

2.1. Materials  

The cementitious materials used in 
this study are Ordinary Portland Cement 
(OPC) of JIS R5210 and ground granulated 
blast furnace slag (S). The slag was produced 
by Nippon Steel Corporation of Japan. Table 1 
gives chemical composition and physical 
properties of the OPC. For the slag, the density 
is 2.91 g/cm3 and the Blaine fineness is 4,070 
cm2/g.  Superplasticizer was used in the cases 
of low w/b ratio (0.3). 

 
 

2.2. Sample Preparation 

Eight series of mixtures were prepared 
considering two w/b ratios (0.3 and 0.5), four 
slag replacement levels by mass (0%, 20%, 50% 
and 70%) and cured for two ages (91 and 186 
days) at temperature 20°C. Nomenclatures 
and mixing proportions of different blended 
cement paste mixtures are provided in Table 2. 
Mixing was done with Hobart mixer, casted in 
plastic vials and stirred every 15 min for 1 hour 
to prevent bleeding. After that, the plastic vials 
sealed with parafilm and stored in sealed 
plastic boxes. They were stored in an 
environment control room with 20°C & 60% 
RH to the required curing ages.  After curing, 
external layer of the samples was discarded to 
avoid the influences of any possible leaching 
and carbonation. Remaining samples were 
then manually crushed to obtain particle size 
of about 5mm. Before thermogravimetric 
analysis (TGA) and selective dissolution, the 
crushed samples were immersed into 
isopropanol for 7 days to stop the hydration, 
changing isopropanol after one and three 
days. Samples were then placed in vacuum 
desiccator containing anhydrous silica gel and 
soda lime and dried continuously for 7 days to 
completely remove isopropanol. After drying, 
samples were again ground and sieved to get 
particle size of 63-150µm.  

 

 
Table 1 Chemical compositions and physical 

properties of OPC 

  Property Unit OPC  

 CaO % 64.12  

 SiO2 % 20.60  

 Al2O3 % 5.32  

 SO3 % 2.01  

 K2O % 0.32  

 TiO2 % -  

 Fe2O3 % 3.10  

 MgO % 0.96  

 Na2O % 0.36  

 MnO % -  

 Total % 96.79  

 Cl- % 0.023  

 LOI % 2.153  

 Density g/cm3 3.15  

 Blaine 
fineness 

cm2/g 3310  
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Table 2 Mix proportions of cement paste 
mixtures 

Mix 
Slag 
ratio 
(%) 

w/b 
ratio 

Mix 
Slag 
ratio 
(%) 

w/b 
ratio 

0.3OPC 0 

0.3 

  0.5OPC 0 

0.5 
0.3S20 20 0.5S20 20 

0.3S50 50 0.5S50 50 

0.3S70 70 0.5S70 70 

2.3. Test Methods 

2.3.1. Thermogravimetric analysis (TGA) 

TGA was performed using Thermo Plus 
EVO – TG. About 50 mg of ground sample 
with curing age 91 days were heated up to 
950°C at the rate of 10ºC/min. At the 
beginning, samples were degassed at 30ºC for 
one hour. While heating of the sample, N2 gas 
were purged to minimize sample carbonation. 
 

Initial mass of raw materials was 
determined using the modified method of 
anhydrous mass of blended cement paste 
(Wang et al., 2021), hence determined 
considering ignited weight of raw materials 
and blended cement paste. Eq. (1) was used to 
determine the initial mass of raw materials of 
the blended cement paste:  

 

𝑚𝑠
𝑟𝑎𝑤 =  

𝑚𝑏 (1 − 𝐿𝑂𝐼𝑏)

𝑆𝑝(1 − 𝐿𝑂𝐼𝑆) + 𝐶𝑝(1 − 𝐿𝑂𝐼𝐶) 
 (1) 

 
where, mb is the mass of blended cement paste 
at 40°C, Sp and Cp are the mass fraction of slag 
and cement in the blended cement paste. LOIb, 
LOIS and LOIC are the loss of ignition of the 
blended cement paste, untreated slag and 
unhydrated cement which were determined 
considering mass loss from 40°C to 950°C.  
 

Ca(OH)2 content can be used for the 
assessment of hydration of cement and latent 
hydraulic reaction of slag. In the blended 
cement, cement hydration produces Ca(OH)2, 
whereas slag reaction consumes. TGA is the 
extensively used feasible technique for the 
measurement of Ca(OH)2  content that is 
generally decomposes between 400°C to 500°C 
(Scrivener et al., 2016). For the quantification 

of decomposition of various components, the 
integration method was used. First differential 
thermogravimetric curve (DTG) of TG data 
shows the peak area of decomposition of 
different phases clearly. Quantification of 
mass losses can be determined by integrating 
the peak area of DTG curve with subtraction 
of area above secant between start and end 
point of decomposition that is considered as 
the area of mass loss due to presence of other 
phases in this range. Amount of decomposed 
Ca(OH)2, 𝑊𝐶𝐻 (% of initial mass of raw 
materials) of blended cement paste, can be 
determined using following Eq. (2): 

𝑊𝐶𝐻= 
𝑀𝐶𝐻

𝑀𝐻
[𝑚𝐶𝐻] (2) 

 

𝑚𝐶𝐻= (𝑚𝐶𝐻
𝑇 -𝑚𝐶𝐻

𝐴𝑆 ) (3) 

 
where, MCH is the molar mass of Ca(OH)2 
content (74.09 g/mol) and MH is the molar 
mass of H2O (18.02 g/mol); mCH is the loss of 
water from Ca(OH)2 (mg) that is determined 

by using the Eq. (3); 𝑚𝐶𝐻
𝑇  (mg) is the total area 

of the DTG curve calculated by integration 

and  𝑚𝐶𝐻
𝐴𝑆  (mg) is the area above secant 

calculated by measuring trapezoidal area 
between start and end of decomposition. 

2.3.2. Selective dissolution 

Selective dissolution is one of the direct 
methods to determine the degree of reaction of 
slag. The aim of this method is to dissolve the 
hydration products and unhydrated cement, 
keeping unreacted slag remained and 
measuring its weight. The method was carried 
out according to the procedure described by 
Luke and Glasser (1987) with some 
modifications. The solution was prepared 
with 125 ml, 0.05M EDTA and 125 ml, 0.1M 
Na2CO3 in a 500 ml conical flask. 6.25 ml 
triethanolamine and 6.25 ml distilled water 
were added in the solution and mixed 
properly. Then, pH of the solution was 
checked and adjusted to 11.6+0.1 by adding 
small quantities of 1.0M NaOH. About 0.25g of 
ground sample cured for 91 days was added 
in the solution, stirred with magnetic stirrer at 
1000 rpm for 3 hours and then filtered through 
a vacuum filter with filter paper. Before the 
filtration, the filter paper was dried at 105ºC 
until constant mass achieved, placed in a 
vacuum sealed plastic bag to avoid moisture 
absorption, and weighed immediately. Mass 
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of filter paper was determined by excluding 
the mass of the plastic bag. The stirrer and 
conical flask were carefully washed several 
times with deionized water to remove all 
residual materials. Subsequently, the residue 
in the filter paper was washed with 20 ml 
deionized water seven times. Thereafter, the 
filter paper with residue was carefully 
removed, dried in an oven at 105ºC and 
weighted with previous precaution of 
moisture absorption. Mass of the residue (Wur) 
was found out with subtraction the mass of 
filter paper from the mass of filter paper with 

residue. The reaction degree of slag  𝛼𝑆𝑙𝑎𝑔
𝑆𝐷  

were then calculated using the following 
formula in Eq. (4) with some corrections 
applied for dissolved unreacted slag and 
undissolved cement residue according to 
Escalante et al., (2001). 

𝛼𝑆𝑙𝑎𝑔
𝑆𝐷

= {1 −
𝑊𝑢𝑟 +

(𝑃𝑟𝑠)(𝑆𝑝)
100

(𝑊𝑠) −
(𝑃𝑟𝑐)(𝐶𝑝)

100
(𝑊𝑠)

(𝑊𝑠)(𝑆𝑝)
}

× 100 

 (4) 

where, Prs is the percentage of dissolved 
unreacted slag which was determined using 
the same procedure on above on untreated 
slag; Prc is the undissolved cement residue, of 
pure cement paste, cured under conditions 
like blended cement; Ws is the mass of the 
sample, considering initial mass of raw 
materials. Three measurements were taken for 
each series of samples to take average value 
with error bar.  

2.3.3. Chloride binding 

The equilibrium method developed by 
Luping and Nilsson (1993) was applied for 
chloride binding. Cement paste mixtures that 
had been crushed to about 5mm size after 
curing for 186 days (Section 2.2), were placed 
in a vacuum desiccator containing silica gel 
and soda lime, keeping dried for 3 days under 
low vacuum pressure. Afterward, the samples 
transferred to a glove box containing soda 
lime to remove CO2 from the air and kept at 
11% RH maintained by saturated lithium 
chloride for 14 days (Ukpata et al., 2019, 
Ogirigbo and Black 2017) at temperature about 
20°C. Only monolayer of water was found to 
be adsorbed on the C-S-H gel due to this kind 
of drying and compatible for the study of 
stoichiometry of C-S-H (Luping and 

Nilsson, 1993). After that samples were again 
ground and sieved to get uniform particle size 
of 150-300µm (Ukpata et al., 2019). For the 
initiation of chloride immersion, about 1g of 
dried ground sample was put into a glass 
bottle and dried in vacuum desiccator for 2 
hours. In order to obtain equilibrium isotherm 
different concentration of NaCl solution 
(0.1M, 0.3M, 0.5M, 0.7M, 1M, 2M and 3M) 
saturated with Ca(OH)2  (to prevent leaching) 
were prepared. The sample in the bottles were 
soaked with 4ml NaCl solution. The volume of 
solution was determined by considering 
density of solution at room temperature. Then 
the bottle was sealed with bottle lids and outer 
parafilm to prevent evaporation and stored in 
vacuum sealed plastic box at 20°C. 
Equilibrium of chloride concentration was 
confirmed by checking the free chloride 
concentration of 3.0M solution. After 
equilibrium, 1ml solution from the inside of 
the bottle was extracted and the chloride 
concentration of the solution was determined 
by using Auto Titrator COM-1700 with 0.01M 
AgNO3 and the chloride selective electrode. 
Bound chloride of the sample was determined 
by considering reduction of chloride 
concentration of the solution from the initial 
concentration, using the following formula of 
Eq. (5): 

Cb = 
𝑀𝑐𝑙𝑉    (𝐶𝑖 −𝐶𝑓  )

𝑊𝑠
      (5) 

Where, Cb is the bound chloride 
(mg/g of initial mass of raw materials), V is 
the volume of chloride solution (ml), Mcl is the 
molar mass of chloride (35.45g/mol), Ci is the 
initial chloride concentration (mol/l) and Cf is 
the free chloride concentration at equilibrium 
(mol/l). 

 
To obtain the chloride binding 

relationship that is isotherm for various 
concentration of NaCl solution, graph was 
plotted for bound chloride (Cb) against 
equilibrium free chloride concentration (Cf). 
Best fit chloride binding co-efficient (α and β) 
were determined considering Langmuir 
isotherm and Freundlich isotherm (Thomas et 
al., 2012) to fit experimental data of various 
samples. 

 

Langmuir Equation: Cb = 
𝛼𝐶𝑓  

(1+𝛽𝐶𝑓 )
        (6) 
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Freundlich Equation: Cb = α𝐶𝑓
𝛽

      (7) 

3. RESULTS AND DISCUSSIONS 

3.1. Reaction Degree of Slag 

3.1.1. Ca(OH)2 content 

TGA was conducted on unblended 
and blended cement paste mixtures before 
exposure to NaCl solution to identify the 
phases formed during hydration. Figure 1 

illustrated the DTG curve of ground samples, 
considering w/b ratio 0.5 and different slag 
proportions. Three main DTG peak were 
revealed for C-S-H/AFt/AFm (40°C to 250°C), 
Ca(OH)2 (400°C to 500°C) and CaCO3 (600°C 
to 700°C). These temperature ranges were 
consistent with previous studies for pure and 
slag blended cement pastes (Scrivener et al., 
2016). Intensities of DTG peak for Ca(OH)2  

 

 
Figure 1 DTG plot of different cement paste 

mixtures. CH; Ca(OH)2 , CC; CaCO3 

 
Figure 2 Ca(OH)2 amount of different 

cement paste mixtures  

content gradually decreased from unblended 
cement to blended cement with increasing slag 
proportion. Which indicated the less cement to 
produce and more slag to react for its latent 
hydraulic reactions. From the observation of 

CaCO3 peak and quantification, it was found 
that no reduction of Ca(OH)2 occurred caused 
by carbonation. Figure 2 shows that, Ca(OH)2 

content was higher for 0.5 w/b ratio than 0.3 
w/b ratio due to more available space for 
hydration. 

3.1.2. Degree of reaction of slag 
 

Residual mass of untreated slag, 
unhydrated cement, and cement paste after 
selective dissolution, are placed in the Table 3. 
From the obtained results and previous 
research data (Luke and Glasser, 1987; 
Escalante et al., 2001) it can be said that 
followed selective dissolution method is 
suitable in determining percentage of slag 
reaction in a reasonable level. Considering this 
mass residue corrections were done. 

 
The results of the degree of reaction of 

slag considering slag proportions and w/b 
ratios are presented in the bar diagram of 
Figure 3. 
 

Table 3 Residual mass percentage of raw 
materials and hydrated cement pastes 

Residual mass after dissolution (%)                                                                                                                         
[Considering initial mass of raw 

materials] 

Untreated               
slag 

Unhydrated      
cement 

0.5 
OPC  

0.3 
OPC 

93.72 6.99 8.25 8.36 

The standard deviation from the 
average of three results was always below 5% 
and, in most cases, it was around 2% which 
provided relatively high consistent data. The 
increase in the replacement level of cement by 
slag resulted in consistent decreased value 
regardless of w/b ratios. This was attributed 
to the decreased Ca(OH)2 content due to latent 
hydraulic activity of slag. It could also be 
relating to the properties of C-S-H gel 
produced from high slag ratio with low Ca/Si 
ratio. Low Ca/Si ratio produces foil type C-S-
H gels with higher tortuosity. It also causes 
reversed ion movement through inner product 
of slag due to formation of negative surface 
charge of C-S-H gel, hindering further reaction 
of slag at high ratio (Luan et al., 2012). For 0.5 
w/b ratio, the value of the reaction degree 
reduced from about 75% to 45% for slag ratio 
20% to 70%, whereas for 0.3 w/b ratio 
declination was around 60% to 30%. 
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Noticeable reduction of slag reactivity was 
observed in case of low w/b ratio for all slag 
ratios. Escalante et al., (2001) and Lumley et al., 
(1996) also pointed out the retarding effect of 
low w/b ratio in slag reactivity. This can be 
explained by the low porosity due to limited 
space for low w/b ratio, causing obstacles in 
ion movement for the reaction to produce 
hydration products (Lumley et al., 1996). This 
is also confirmed by the decreased Ca(OH)2 
content at low w/b ratio.  

 
Figure 3 Degree of reaction of slag in slag 

blended cement pastes  

3.2. Chloride Binding 

The chloride binding isotherm for the 
mixture of 50% slag proportion with w/b ratio 
0.3 is shown in Figure 4. The isotherm is non-
linear and fitted well with two non-linear 
“best-fit” isotherms. Langmuir isotherms 
provide reasonable fittings, but the chloride 
binding relation better followed Freundlich 
isotherm consistent with others (Ukpata et al., 
2019; Thomas et al., 2012; Ogirigbo and Black, 
2017).  This was true for all considered 
mixtures hence Freundlich isotherm was used 
to determine chloride binding isotherm. 

3.2.1. Influence of slag proportions, w/b ratios 
and external chloride concentrations 

The influence of slag proportions and 
external chloride concentrations on chloride 
binding for w/b ratios 0.5 and 0.3 are shown 
in Figure 5 and Figure 6, respectively. In 
general, addition of slag was beneficial in 
chloride binding than OPC irrespective of w/b 
ratio and free chloride concentration except 
70% slag blend in the case of w/b ratio 0.3. 
Slag replacement up to 50% provided gradual 
ascending of binding. On the other hand, 70% 
slag blend showed value slightly less than 20% 
in the case of w/b ratio 0.5 and even lower 

than OPC for w/b ratio 0.3. Despite the 
reduced degree of reaction shown in Section 
3.1, higher chloride binding with the addition 
of slag may be attributed to the physically and 
chemically bound chloride for its different 
composition. Because slag generally has 
higher alumina content than Portland cement, 
for slag blend up to 50%, more alumina is 
involved in the reaction with calcium and 
sulfate ions for the formation of AFm, leading 
to more AFm that is available to be converted  
to more Friedel’s salt (FS) by combining Cl-, in 
other words, more chemically bound chloride 
(Dhir et al., 1996). At the same time, C-A-S-H 
from slag reaction adsorb more Cl- physically 
due to higher surface area (Elakneswaran et 
al., 2009) and charge density (Florea and 
Brouwers 2014) than C-S-H from cement 
hydration product. Furthermore, C-A-S-H 
amount is higher in slag blends due to reaction 
of dissolved calcium hydroxide with silica and 
high alumina content (Elakneswaran et al., 
2009; Zhang et al., 2019). 

 

In comparison, at 70% slag blends the 
low values of chloride binding than 50% and 
20% correlated to the significantly low degree 

 

Figure 4 “Best-fit” chloride binding 
isotherm for 0.3S50 
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Figure 5 Chloride binding relationship for 
different slag proportions with w/b ratio 0.5 

 

Figure 6 Chloride binding relationship for 
different slag proportions with w/b ratio 0.3 

of reaction, which implies hence less 
hydration products. In addition, at high slag 
load, C-A-S-H surface become less positive or 
even negative for decreasing Ca/Si ratio 
(Jennings et al., 1981), which cause the 
reduction of Cl- adsorption. Meanwhile less 
SO4

2- is available from OPC in the blended 
cement, so the amount of AFm available for FS 
formation decreased (Zhang et al., 2019). 

 
w/b ratio showed noticeable effect in 

chloride binding. For w/b ratio 0.3, 20% and 
50% slag blends slightly increased chloride 
binding than OPC, whereas for w/b ratio 0.5, 
all slag blends provided significantly high 
value. At w/b ratio 0.5, bound chloride 
increased by 6.04 mg/g, 11.42 mg/g, 17.91 
mg/g and 15.72 mg/g for OPC, 20%, 50% and 
70% slag blends than the corresponding values 
at w/b 0.3, respectively for free chloride 
concentration 3.0M. It was attributed with 
remarkably high degree of reaction and the 
greater porosity which allow chloride ion for 
its movement and made it available for 
reaction with hydration products at high w/b 
ratio. 

 
In general, binding capacity increased 

with the increase of free chloride 
concentration in the pore solution for all slag 
proportions and w/b ratios. This agrees with 
earlier result obtained in several studies 
(Zibara, 2001; Ogirigbo and Black, 2017; 
Ukpata et al., 2019). Binding capacity 
significantly enhanced from chloride 
concentration 1.0M and above.  

4. CONCLUSIONS 

In this study, after investigating 

several factors, main conclusions are 

summarized as follows: 

• Degree of reaction of slag was found to be 
decreased with increasing slag ratio 
regardless of w/b ratio. This is because of 
the decreased Ca(OH)2 content and the 
properties of C-S-H gels with low Ca/Si 
ratio that hinder the movement of ions for 
slag reaction. In addition, low w/b ratio 
provided significantly low degree of 
reaction due to low porosity for product 
precipitation. 

• Remarkably, the addition of slag was 
beneficial for increasing chloride binding 
property and 50% slag blends provided 
the highest value that was attributed to the 
mechanisms of physically and chemically 
bound for high alumina content. 

• Low values of chloride binding at 70% 
slag blends and lower w/b ratio 
correlated to the low degree of reaction, 
dense pore structure and different 
properties of C-S-H with high slag load. 
Beneficial effect of chloride binding was 
not observed in case of low w/b ratio. So, 
chloride binding was strongly related to 
the degree of reaction, which is 
intrinsically related to the properties of 
hydration products. 
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Predicting the failure of cracked structural element when it is subjected to high 
amplitude cyclic loading is an essential task when considering the design of 
structural elements made of metals. The aim of the present research is to investigate 
the crack parameters, which are crack mouth opening displacement (CMOD) and 
J-integral of single edge notched bending (SENB) specimen of wrought iron. The 
research consists experimental, analytical and numerical work. In the study, first, 
the crack mouth opening displacement (CMOD) which is one of the important 
measurements in crack tip plastic behaviour analysis, is investigated 
experimentally and compared with numerical models. J-integral is calculated using 
ASTM E1820 method. For the experimental approach, after preparing the test 
specimens, tensile test is done under monotonic loading to find the mechanical 
properties of wrought iron. Then, three-point bending test is carried out under 
monotonic and low cyclic loading to find the CMOD with the help of clip gauges. 
The experimentally obtained CMOD and J-integral values are compared with 
values obtained by numerical simulation using ABAQUS software package. 
Results show that the numerical values are in good agreement with experimental 
data. Important conclusions are arrived based on the results.  
 

 

1. INTRODUCTION 

Cracks are common in members of old 
structures such as wrought iron bridges due to 
aging, fatigue and high loads etc. Stress 
concentration at the crack tip is a main reason 
for failure of cracked metallic structural 
members. Therefore, it is important to forecast 
the cracking related parameters of structural 
members made out of wrought iron.  

 
The fracture study within elastic 

region contains energy release rate theory and 
crack tip stress intensity factor theory. In the 
elastic-plastic range, J-integral and CMOD 
(crack mouth opening displacement) are 
important crack parameters.  

 
The J-integral proposed by Rice in the 

late 1960s symbolizes the birth of elastic-
plastic fracture mechanics theory and method. 
Now the J-integral is used as a principal 
parameter for characterizing fracture behavior 

of ductile materials, and the J-integral based 
fracture mechanics method has been 
extensively applied to structural integrity 
management, flaw assessment, material 
performance evaluation, and fitness for 
service analysis of various engineering 
structures (Zhu, 2015). 

 
Fracture mechanics parameters are 

generally obtained experimentally, but such 
experiments are costly (Henjica, et al. 2016). 
Therefore, finite element methods have been 
successfully used in fracture mechanics 
analysis.  

 
CMOD based J-integral calculation 

have been developed for SENB (single edge 
notched bend) specimens by current standards 
which are BS 7448, ISO 12135, and ASTM 
E1820. The main difference between the BS, 
ISO and ASTM standards for their calculation 
of J-integral is the value of the η (eta) factor. 
The development of this eta factor formula is 
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presented by Zhu et al (Zhu et al., 2008, Moora 
et al, 2017). 

 
Even though wrought iron is a widely 

used material in the 19th century, there are 
very limited studies on J-integral related crack 
parameters of wrought iron. Therefore, this 
research proceeds to investigate crack 
parameters, nonlinearity of specimen 
response and crack growth initiation of 
wrought iron.  

2. PAST STUDIES 

2.1. Fatigue  

A fatigue failure starts off with a small 
crack. Once the crack is initiated, stress 
concentrations become highly localized 
around the crack; thus the crack propagates. 
With time, the stress increases in magnitude 
and the crack tends to propagate more rapidly. 
Finally, when the remaining area cannot 
withstand the cyclic load the component fails 
instantly. Therefore, fatigue results a sudden 
unexpected failure (Rich et al., 2014). 

 

Figure 1 Stress concentration at notch 
 

2.2. Stress at Crack Tip 

Stress concentration factor (Kt) is used 
to quantify how the stress is concentrated in 
material. It is defined as the ratio of the highest 
stress in the element to the reference stress as 
shown in Equation (1). Reference stress (𝜎ref) is 
the total stress with in the element under the 
same loading condition without the stress 
raisers. 

𝐊𝐭 =
𝛔𝐦𝐚𝐱

𝛔𝐫𝐞𝐟
                                                           (1) 

       At the crack tip, Kt does not exist and 
instead the stress intensity factor (KI) is used. 
The critical value of KI is called fracture 
toughness (KIC).  Equation (2) is used to find KI 
and Equation (3) is used to find f(a/W) for a 
notched beam subjected to three-point 
bending loading (Donato 2006). 

𝐾𝐼= (
𝑃𝐼𝑆

𝐵×𝑊
3

2⁄
) × 𝑓 (

𝑎

𝑊
)                                        (2) 

Here, 
 

  𝑓 (
𝑎

𝑊
) = 𝑔 (

𝑎

𝑊
) (1.99 − (

𝑎

𝑊
) (1 −

𝑎

𝑊
)ℎ (

𝑎

𝑊
))    (3) 

 
and 

𝑔 (
𝑎

𝑊
) =

3×(
𝑎

𝑊
)

0.5

2×(1+
2𝑎

𝑊
)×(1−(

𝑎

𝑊
)

1.5
)
                                   (4) 

ℎ (
𝑎

𝑊
) = 2.15 − (

3.93×𝑎

𝑊
) + (

2.7×𝑎2

𝑊2 )                       (5) 

 

Here, PI is the applied load; S is the span 
between supports; B is the thickness; W is the 
width and a is crack length of the member. 

2.3. J-Integral 

 The J-integral concept is based on 
energy balance approach. It is equal to 
negative of the change in potential energy of 
deformation occurring during a small growth 
of a crack in a linear and non-linear elastic 
material (Rice 1986). To define the J-integral, 
take a line integral path that encloses in the 
crack tip such that initial and end points lie on 
the crack surface as shown in Figure 2. 

 
Figure 2 Arbitrary contour around crack 

 
 Then J-integral is defined as in Equation (6); 
 

𝐽 = ∫ [𝑊𝑆 𝑑𝑦 − 𝑇𝑖
𝜕𝑢𝑖

𝜕𝑥
𝑑𝛤]

.

𝛤
                                 (6) 

 
where, W is the strain energy density, 𝑇𝑖  is the 
stress vector, 𝑢𝑖 is the movement vector and d𝛤  
is the contour arch length. 

2.4. Numerical Calculation of J-Integral 

Numerical calculation of J-integral is 
based on the method of energy domain 
integral. A contour around the crack tip (in 
two dimensional) or surrounding each node 
along the crack front which is a line through 
thickness (in three dimensional) is estimated 
in the integral. Total value is calculated using 
Equation (7), 
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∑ 𝑊𝑝 
 
𝐺𝑝 (𝜉𝑝

𝑛𝑝

𝑃=1
, 𝜂𝑝)                                             (7) 

where, Wp is the Gauss weighting 
factor, np is the number of integration points 
and Gp is the integrand evaluated at each 
Gauss point. Which is calculated numerically 
by substituting the following expression in 
Equation (6).  

 

𝑊𝑆 =
1

2
[𝜎𝑥𝑥

𝜕𝑢𝑥

𝜕𝑥
+ 𝜎𝑥𝑦 (

𝜕𝑢𝑥

𝜕𝑦
+

𝜕𝑢𝑦

𝜕𝑥
)

𝜕𝑢𝑥

𝜕𝑥
+ 𝜎𝑦𝑦

𝜕𝑢𝑦

𝜕𝑦
]    (8) 

𝑑𝑦 =
𝜕𝑦

𝜕𝜂
𝑑𝜂                                                              (9) 

Equation of Stress vector and moment growth 
is given as, 

𝑇𝑖
𝜕𝑢𝑖

𝜕𝑥
= [(𝜎𝑥𝑥  𝑛1 + 𝜎𝑥𝑦  𝑛2)

𝜕𝑢𝑥

𝜕𝑥
+ (𝜎𝑥𝑦 𝑛1 +

                𝜎𝑦𝑦 𝑛2)
𝜕𝑢𝑦

𝜕𝑦
]                                                 (10) 

The contour differential is estimated as 
follows, 

𝑑𝛤 = √(
𝜕𝑢𝑥

𝜕𝑦
)2 + (

𝜕𝑢𝑦

𝜕𝑥
)2                                             (11) 

Similar calculation is performed for 
three dimensional analyses as a volume 
integral. J-integral is calculated by finding the 
value of different paths around the crack and 
averaging them. The value of the J-integral is 
independent of the path that is considered but 
this is done to determine any possible J-values 
variation in the vicinity and away from the 
crack tip or crack front (Henjica, et al. 2016). 

2.5. Experimental Estimation of J- Integral 

ASTM E1820 standard specifies that J-
integral is calculated by an addition of two 
components for a single edge notched three-
point bending specimen. They are the elastic 
component and the plastic component. The 
total J integral is described as,  

 

J= JElastic + JPlastic                                                             (12)  

and, is calculated numerically by substituting 

the following expression in Equation (6). 

The elastic component of J is expressed as, 

 

JElastic = K2(1-ν2)/E                                          (13) 
 
The plastic component of J is given as 
 

JPlastic = ηplAp/B(w-a)                                      (14) 
 

The displacement diagram obtained 

from a test is shown in Figure 4. 

 

Figure 4 Defining the area under load vs 
CMOD graph 

 
Here, Ap is the plastic work which 

means the area under the load vs CMOD 
graph. The value of ηpl (eta factor) given in 
ASTM E1820 is shown in Equation (15), 
 
ηpl = 3.667 -2.199(a/W) +0.437(a/W)2           (15) 
 
here, K - Stress intensity factor (Nmm-3/2), E -
Module of elasticity (MPa), ν - Poisson's ratio, 
w - specimen width(mm), a - crack width (mm) 
and B - specimen thickness (mm) (Zhu et al., 
2008). 

3. ANALYSIS PROCEDURE 

 

Figure 5 Methodology of the study 
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Aim of this study is to investigate the 
crack parameters (CMOD and J-integral) using 
experimental and numerical methods to 
represent the plastic behavior at the crack tip. 
Specimens are separately tested and 
experiments are validated using non-linear 
three-dimensional finite element models. 
Methodology is shown in Figure 5. 

3.1. Specimen Geometry and Material 

Figure 6 illustrates the geometry and 
dimensions of the specimen in three-point 
bending condition.  

Figure 6 Geometry of the specimen 
 

Table 1 Specimen dimensions 
 

Parameter Value (m) 

Specimen width - W 0.03 

Beam span - L 0.118 

Specimen Length - S 0.13 

Specimen thickness - B 0.0115 

Notch with depth - a 0.007 

 

3.2. Numerical Procedures 

Elastic-plastic finite element analysis 
was performed by the finite element software 
ABAQUS/CAE 6.14-1. The support condition 
of SENB test was one side pinned and the 
other side was a roller. A rigid plate was 
provided in the middle of the upper surface 
which was connected using tie connection 
with the model. Load was applied on plate as 
a point load. C3D8R (8-node linear brick) 
element was used in this study for meshing 
purpose. Finer mesh was provided around the 
notch to obtain accurate behaviour. 

 
  Minimum number of elements which 

are needed to get optimum result was found 
from the convergences test. The input material 

details for the model were obtained from 
tensile tests of wrought iron specimens 
(Table 2). Converted true stress effective 
plastic strain curve data was adopted to 
represent the nonlinearities of the material in 
the numerical model. The true stress – strain 
curve of the material is shown in Figure 7. The 
isotropic hardening material model can be 
used to get similar numerical results than the 
kinematic hardening material model (Zhu, 

2015). Therefore, the isotropic hardening 
material model was used in this analysis 
(ABAQUS, Version 6.14 User’s Manual, 2014).  
 

 
Figure 7 True stress-strain curve 

 
Table 2 Material properties 

 

Parameter Value 

Young’s module 192.6 GPa 

Passion’s ratio 0.3 

Yield strength 226 MPa 

Ultimate strength 353 MPa 

3.3. Experimental program 

 

Figure 8 Test set up  

 

After preparing the specimen with the 

notch, three point bending test was performed 

on two notched specimens to determine the 

stress limit. After getting stress limit, two 
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specimens were subjected to three point 

bending test (manual cyclic loading) under 

low cyclic fatigue loading. While doing the 

test, the clip gauge was connected with the 

notch of the specimen to measure the CMOD. 

Experiment set up of the test is shown in 

Figure 8 (Keetheswaran et al., 2019). 

4. RESULTS AND DISCUSSION 

 Under the monotonic loading 
condition, maximum deflection (stress limit) 
was obtained at 19.7 kN. The load of 18 kN was 
applied to third specimen and CMOD was 
measured at regular interval. Plastic work 
(area under load vs CMOD) was obtained for 
each load points of the first cycle. Using 
Equation 12, J-integral was calculated. 

 
 Fatigue load was applied as 0 to 18 kN 

(compression amplitude) to the finite element 
model. Von-misses stress distribution of a 
specimen and around crack tip area were 
observed which is shown in Figure 9. 
 

Figure 9 Stress distribution during test 
 

CMOD reading was taken by 

measuring the displacement between both 

side nodes which is at the crack opening side 

(knife edge of the specimen) for every load 

points.  

Figure 10 Experimental load vs CMOD 

graph 

Average J-integral value of some 

contours was taken directly from the model. 

Variation between the load and CMOD for 

static load is shown in Figures 10. 

Comparison of load vs CMOD graph 
was plotted using experiment and numerical 
results is shown in Figure 11. Maximum 6.5% 
standard deviation is observed for load of 
13.39 kN. 

Figure 11 Compared load vs CMOD curve 

The comparison of the load vs J-
integral curve for monotonic loading 
calculated using Equation 12, and the 
numerical curve is shown in Figure 12. 

Figure 12 Compared load vs J-integral curve 

 

Results shows that the numerical curve 
acquired is very close to the experimental 
curve. 

5. CONCLUSION 

Based on the experimental data 
presented and the numerical analysis 
performed, the following conclusions can be 
reached: 

• Analytical calculation of J-integral as 
specified in ASTM E1820 standard and 
CMOD values, which is measured in the 
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test show a similar correlation with the 
numerical result. 

• Wrought iron shows a ductile behavior in 
elastic and plastic regions for low cyclic 
loading. This was further verified by 
necking that was observed around the 
notch both in the specimen and in the 
finite element model.  

• Due to plastic deformations, fatigue cracks 
initiated around the V notch in the high 
stress zone in different directions and can 
be compared with the the high stress 
zones of the finite element model. 
However, cracks were not initiated from 
the tip of the notch as theoritically 
expected.  
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Due to rapid urbanization and economic growth, construction and demolition waste 
(CDW) generates increasingly in urban cities of developing countries and causes 
serious environmental, social, and economic problems. The topic of CDW recycling 
has been intensively studied in many countries. Among CDW, recycling of waste 
concrete is common and used for manufacturing recycled concrete aggregates (RC) 
as road base and subbase materials. Recycled clay brick aggregates (RCB), however, 
still lack civil engineering applications because of lower mechanical properties than 
RC. In this research, therefore, the mechanical properties such as compaction and 
California Bearing Ratio (CBR) of RC blended with RCB with different mixing 
proportions were investigated in the laboratory, aiming to examine the applicability 
of RCB for the roadbase construction. In the laboratory tests, blended aggregates 
with three maximum diameters (Dmax), 19, 25, and 37.5 mm, were used. Results 
showed that the maximum dry densities (MDD) from compaction tests gave linear 
relationships with the mixing proportion (f in %) for all graded aggregates and the 
particle breakage factor became bigger with increasing in f of RCB. The measured 
CBR as a function of f was dependent on the Dmax of graded aggregates: the CBR 
values of tested samples with Dmax = 25 and 37.5 mm decreased with increasing in f, 
on the other hand, of the measured CBR for Dmax = 19 mm became almost constant 
ranging from 127 to 175 % irrespective of in f. The tested results in this research can 
be used to examine the suitable mixing proportion of RCB to RC in road base and 
subbase construction.  
 

 

1. INTRODUCTION 

       Nowadays, cities and 
suburbs in developing countries are transiting 
into larger and densely populated. With rapid 
industrialization and population growth, 
large amounts of land are occupied for 
infrastructures such as roads, footpaths, 
parking lots in both urban and rural areas. 
These activities result in massive construction 
and demolition waste (CDW) disposal in 
landfills or illegal dumping on open side areas 
and cause the scarcity of natural resources as 
well. Illegal dumping of waste materials 
causes environmental pollution, land 

occupancy and deterioration of the 
surrounding landscape as well Mihai (2019). 
As an alternative to depositing construction 
waste in landfills, the use of waste aggregates 
creates a new dimension of recycling and 
reuse in the form of recycled aggregates, 
which need to be exploited. Recycled concrete 
aggregates (RC) are well-established recycled 
materials due to their quality control and 
strength properties. RC is mainly used in 
concrete making Zhao et al. (2020), Wagih et 
al. (2019), Tam et al. (2018), for footpath 
making Aatheesan et al. (2010), for soil 
stability Kianimehr et al. (2019), Iqbal et al. 
(2019) and the construction of the road base 
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and subbase materials Razzaghmanesh and 
Beecham (2018), Ellis et al. (2016), Cardoso et 
al. (2016), Vieira and Pereira (2015), Iqbal et al. 
(2019). However, recycled clay brick 
aggregates (RCB) are not quite popular in 
construction activities due to their low 
strength and fragile properties. Significantly 
few researchers reported the utilization of the 
RCB in the concrete making Wong et al. (2018), 
Cachim (2009), Yang et al. (2011) for 
brick/block making Poon et al. (2002) and the 
road base/subbase contrition Cardoso et al. 
(2016), Lockrey et al. (2016), Arulrajah et al. 
(2013) and for the road subgrade application 
Iqbal et al. (2020). Due to the availability point 
of view, RCB is quite adamant in developing 
countries (Iqbal et al., 2020). 

      
Therefore, the research objective was to 

promote the recycling of RCB by blending 
with superior quality material (i.e., RC) to 
improve and overcome the fragile and poor-
quality issue of RCB. The specific objectives 
were: (i) to investigate the mechanical 
properties such as compaction and California 
Bearing Ratio (CBR) for RC blended with 
different mixing proportion of RCB, and (ii) to 
evaluate the effects of the maximum diameter 
of recycled aggregates and the mixing 
proportion on the mechanical properties.  

2. MATERIALS AND METHODS 

2.1 Tested Materials 

 
The materials were taken from a CDW 

landfill site located at Thanh Tri, Hanoi of 
Vietnam. Two types of CDW, such as waste 
concrete and clay bricks, were used to prepare 
graded RC and RCB with three different 
maximum diameters (Dmax), 19, 25, and 37.5 
mm. To investigate the effect of mixing 
proportion of RCB, five mixing proportions of 
RCB to RC (f in %), 0 (i.e., RC 100%), 30, 50, 70, 
100 % (i.e., RCB 100%) were used for the 
laboratory tests. Figure 1 exemplified tested 
samples (Dmax = 19mm) and Figure 2 showed 
the particle size distributions used in this 
study. 

Basic physical and chemical properties of 
tested samples were evaluated using 
American Standard for Testing of Materials 
(ASTM) and Japan Industrial Standard (JIS) 
and summarized in Table 1. Both RC and RCB 
were cohesionless materials and did not show 

any plasticity. Specific gravity Gs of both 
samples were almost the same. The water 
absorption of RCB was higher than that of RC 
due to a more porous structure. LA value of 
RCB became 46% was comparatively higher 
than that of  RC. 

 

Figure 1 Tested samples (a) RCB 0% (RC 
100%), (b) RCB 100% and (c) RCB 50% 

 

Figure 2 Particle size distributions of 
tested samples with upper and lower 

limits of TCVN 8859 (2011)  

2.2 Compaction and CBR tests 
 
To evaluate the mechanical properties of 

the tested samples, compaction and California 
Bearing Ratio (CBR) tests were carried out. 
The compaction test was conducted by a 
modified Proctor method ASTMD1557-12e1 
(2012). The sample was packed by changing 
the initial moisture contents from air dry to 
fully saturated condition to determine the 
maximum dry density (MDD) and optimum 
moisture contents (OMC). The samples were 
placed into a mold having an internal 
diameter of 15 cm and a height of 12.5 cm, 60 
blows/layer with a 4.54 kg rammer from a 
drop height of 45.7 cm to attain 2.700 kJ/m3.  
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Table 1 Basic physical and chemical properties of RC and RCB 

 

Samples Gs WAD (%) Wabs (%) 
pH* EC* (mS/cm) LA (%) 

< 4.75 mm ≥ 4.75 mm 

RC 2.63 0.8 8.5 5.2 11.2 4.8 38 

RCB 2.64 0.3 14 13 10.7 0.0 46 

Gs: specific gravity, WAD: air-dried water content, Wabs: water absorption capacity, EC*: electrical conductivity, LA: Los 

Angeles abrasion. pH* in 1 mol KCI solution (S:L=1:2.5) and EC in distilled water (S:L=1:5) samples < 2mm were used. 

 

In the packing process particle of the 
material splits and breakdown into smaller 
fractions. The particle breakage factor (Bg) was 
evaluated by Marsal (1963) method after 
compaction for tested samples:  

 
              𝐵𝑔  =  ∑ ∆𝑊𝑘        (1) 

              ∆𝑊𝑘  =  ∆𝑊𝑘𝑖  −  ∆𝑊𝑘𝑓  (2) 

where ∆𝑊𝑘  is the difference between the 
percentages retained at the same sieve before 
(∆𝑊𝑘𝑖) and after (∆𝑊𝑘𝑓) compaction, Bg is the 

sum of the ∆𝑊𝑘 having the same sign as this 
difference could be either positive or negative. 
In addition, % increment/decrement of each 
particle size was calculated by sieving the 
tested samples after the compaction test to 
investigate the change of retained mass at each 
size fraction.  
 

The CBR test was performed by 
following ASTM D1883-16). Samples were 
packed into 5 layers at 3 differential 
compaction efforts at 10, 30 and 65 blows per 
layer to determine the CBR corresponding to 
the 98% degree of compaction (K=98) using 
compaction energies of 470, 1.400, and 3.050 
kJ/m3. The expansion/contraction of the 
soaked samples in the water was monitored 
for 96h with a dial gauge attached over the 
surcharge load. The excess water was 
removed after the soaking and then with the 
standard size plunger of 50 mm diameter, the 
sample was penetrated at the rate of 1.00 
mm/min up to 12.5 mm depths. Finally, CBR 
values were calculated at 2.5 and 5.0 mm 
penetration depths.   

3. RESULTS AND DISCUSSION  

3.1 Compaction Property  
 

Compaction curves of tested samples 
with three Dmax = 19, 25 and 37.5 mm were 

shown in Figure 3. Dry densities of the 
samples reduced with an increase in the 
addition of RCB to RC.  

 

 

Figure 3 Compaction curves of RC blended 
with RCB: (a) Dmax = 19 mm, (b) Dmax = 25 

mm, and (c) Dmax = 37.5 mm. Zero void 
curves corresponding to RCB 0% (RC 100%) 

and RCB 100% are also given 
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      Highest MDD was observed in the 
case of RC and the local minimum values were 
observed in the case of RC 100% (RCB 0%) in 
Dmax = 25 and 37.5mm (Figures  3b and 3c). On 
the other hand, all RC samples blended with 
RCB did not show any significant peak values 
(MDD) in the compaction curves and the 
measured dry densities became almost 
constant irrespective of water content. No 
significant peaks in compaction curves were 
reported by Iqbal et al. (2020) for RCB samples. 
However, Arulrajah et al. (2013) and Rahman 
et al. (2014) observed clear MDD values for 
RCB samples in the compaction curves. 

      The measured MDD values as a 

function of f were shown in Figure 4. It can be 

seen that the MDD of tested samples with 

Dmax= 19, 25, and 37.5 mm decrease with 

increasing of f and reached approximately 

1.65 g/cm3 at f = 100%. 

 
Figure 4 MDD vs. mixing proportion, f (%) 

 
3.2 Particle Breakage  

      The calculated Bg values from Eqs. (1) 

and (2) were summarized in Table 2 together 

with measured MDD and CBR. It can be 

clearly seen that the Bg values became bigger 

with increasing f of RCB. Figure 5 showed the 

% increment/decrement of each sieved 

fraction before and after the compaction. It can 

be found that the breakage mode did not vary 

depending on f, but the % of increment for 

RCB 0% (RC 100%) at the coarse fraction for 

each sample with Dmax= 19, 25, and 37.5 mm 

became smaller than those of RCB blended 

samples. This can be attributed to the low 

strength and fragile properties of RCB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 % increment and decrement of 

sieved fraction before and after the 

compaction test: (a) Dmax = 19 mm, (b) 

Dmax = 25 mm, and (c) Dmax = 37.5 mm 

3.3 California Bearing Ratio (CBR) 

CBR values at K = 98 of the tested 

samples (Table 2) were plotted against f with 

reported values in literature were shown in 

Figure 6. The measured CBR of tested samples 

with Dmax = 25 and 37.5 mm decreased with 

increasing of f. On the other hand, the 

measured CBR for Dmax = 19 mm became 

almost constant, ranging from 127 to 175 % 

irrespective of f and became a similar trend 

reported by Arulrajah et al. (2012). All RC 

blended with RCB showed that CBR > 100 % 

(exceeding a typical threshold value for the 

road base and subbase materials). 
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Table 2 MDD, particle breakage factor Bg, and CBR of RCB blended with RC aggregates at K = 98% at 

different mixing proportions 

Mixing 
proportion f (%) 

Dmax = 37.5 mm Dmax = 25 mm Dmax = 19 mm 

MDD 

 (g/㎝³) 
Bg (%) 

CBR (%) 

(K=98) 

MDD  

(g/㎝³) 
Bg (%) 

CBR (%) 

(K=98) 

MDD 

 (g/

㎝³) 
Bg (%) 

CBR (%) 

(K=98) 

RCB 0% 2.06 9.3 281 2.03 7.7 248 1.87 8.3 156 

RCB 30% 1.79 19.4 121 1.80 16.9 154 1.80 11.6 145 

RCB 50% 1.71 16.4 140 1.76 17.5 132 1.74 14.0 156 

RCB 70% 1.70 18.7 155 1.71 18.1 178 1.71 10.5 127 

RCB 100% 1.59 21.8 118 1.66 16.6 168 1.64 14.8 175 

 

 

Figure 6 CBR vs. mixing proportion, f (%). 

4. CONCLUSIONS 

Based on the experimental results and 

observations following conclusions can be 

found: (i)  MDD values reduced with 

increasing of the mixing proportion of RCB 

and were independent of the Dmax of 

samples, (ii) particle breakage after the 

compaction of RCB blended samples became 

high depending on the mixing proportion of 

RCB, and (iii) CBR as a function of f  were 

dependent of the Dmax of graded aggregates. 

Further studies are needed to clarify the role of 

particle breakage of RCB under the 

compaction, but the tested results in this 

research imply the effectiveness of RCB 

blending with RC as road base and subbase 

materials from the viewpoint of CBR (i.e., 

bearing capacity) in case of K=98 compaction.   
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Rubber wastage has become a huge concern to the environment with the rapid 
industrial development. As one of the solutions to the management of waste rubber, 
rubberized concrete has been suggested and many studies have been devoted to 
exploring the potential of rubberized concrete in the recent past. However, still the 
applications of rubberized concrete are hardly observed. The aim of this paper is to 
summarize the previous findings and to explore the potential of using rubberized 
concrete as a construction material. Application of rubber crumbs have been 
identified as alternatives to both fine and coarse aggregates. However, majority of 
the studies focus on the use of rubber crumbs to partially replace fine aggregates. 
Lower density of rubber has made the rubberized concrete lighter in weight 
compared to the conventional concrete making it possible to be used as light weight 
concrete. However, the drop of compressive strength has become a major 
disadvantage of rubberized concrete. Drop of compressive strength can be as high 
as 50% when the rubber content reach 15% of the fine aggregate. However, recent 
studies have discovered higher impact and energy absorption properties as a 
positive aspect of rubberized concrete. With that several new potential applications 
have been discovered such as bridge decks, road curbs, paving blocks and bunkers 
 

1. INTRODUCTION 

As a result of rapid development in all the 

industries in the world, severe environmental 

issues have arisen. Waste management has 

become a major challenge in today’s world. As 

a result, human attention on reusing & 

recycling has also increased in the recent past. 

Reuse of waste tire rubber in concrete is one of 

such invention that people paid attention on. 

Although there are several studies done to 

investigate the use of rubber in concrete, still 

the application of rubberized concrete is 

hardly noticed. The aim of this paper is to 

summarize the previous findings and to 

explore the potential of using rubberized 

concrete as a construction material. 

These amounts of rubber waste can be 
expected to increase further as the forecast of 
International Rubber Group of Companies 
(IRGC) which says that the total rubber 
consumption will increase annually at an 
average of 2.8% from 2017 to 2025 (Nuzaimah 
et al., 2018a). Further, in 2017 world total 
rubber consumption is 28.05 million tons 
(Nuzaimah et al., 2018). Parallel to high 
consumption, the amount of rubber waste also 
gets increased. 

1.1. Wastage of Tire Rubber 

Rubber has different polymer properties 
which provides huge benefit on application, 
where used in healthcare, sanitary, 
households, industrial, military, automotive, 
civil and outer space application. However, 
use of rubber in various industries makes the 
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production rate high thereby increasing the 
rubber wastage. More than 25 types of rubber 
available in difference forms such as natural 
rubber (NR), styrene butadiene rubber (SBR), 
nitrile ethylene-propylene-diene monomer 
rubber (EPDM) and excreta. (Mohammadi, 
Iman and Khabbaz, 2015). 

Previously research studies have proven 
that approximately 10 billion tires are 
discarded in one year globally and locally Sri 
Lanka discarded 3.2 million of tire rubber 
waste annually (Noimam et al., 2018).  
Focusing specifically to the tire wastage, 
approximate of 3.3 million tons, 2.5 million 
tons and 0.5 million tons were generated in 
USA, European union, and UK respectively 
(Nuzaimah et al., 2018), while Europe 
produced 355 million tires every year which 
ended up having 5.5 million tons stockpiles. 
There are four different rubber waste 
management methods. Recycled, reused, 
recovery and stockpiles practiced currently. 
The percentage amounts are shown in the 
Table 1.   

All these numbers represent the impact of 
the rubber wastage to the environment. With 
the polymer structure contain in the tire 
rubber waste, it may take generations to decay 
under normal dumping process. Therefore, it 
is important to focus on the process of rubber 
wastage, where rubber wastage also consider 
on being reused, recycled, recovery and 
stockpiled globally (Forrest, 2014). 

Table 1 Estimated percentage amount of 
rubber waste management methods 

Method  Estimated amount (%) 

Recycled  15% 

Reused  23% 

Recovery (energy) 60% 

Stockpiled  30% 

(Forrest, 2014) 
 

By considering the massive numbers in 
stockpiles and its impacts to the environment, 
industry concerns about reusing the tire 
rubber wastage without stockpiling them. 
Also, construction industry tends more 
towards the green concept, reusing and 
recycling of tire rubber wastage discussed.  

 

 

2. USE OF WASTE RUBBER AS FINE 
AGGREGATE IN CONCRETE  

Crumb rubber aggregates are produced 
by several methods, by the means of 
shredding, chipping, tearing etc. are some of 
the methods. Separation of the rubber particle 
can be done by grinding mechanically with 
ambient temperature and by the cryogenic 
process. However, tire  

rubber from trucks and cars required a 
different process for the separation because 
these influences the concrete properties 
(Sherwood, 1995). In crumb rubber market 
there are three types defined by the particle 
size.  

• Type 1 or grade A: 10-mesh coarse 
crumb rubber. 

• Type 2 or grade B: 14 – 20 mesh crumb 
rubber. 

• Type 3: 30 – mesh crumb rubber. 

 

During the last years, research studies 
have been carried out on using crumb rubber 
in concrete as an aggregate. Studies have used 
rubber crumbs to replace both coarse and fine 
aggregates. However, majority of the studies 
have focused on the use of rubberized concrete 
to partially replace fine aggregates. With 
properties of rubber such as low density, high 
resistance and high impact energy leads to use 
rubber crumbs as an aggregate in concrete.  

3. VARIATION OF CONCRETE 
PROPERTIES IN RUBBERIZED 
CONCRETE  

3.1. Variation in Slump  

Slump which is a measure of workability 
of the concrete. Mix is an important property 
of concrete. It is important to identify how the 
addition of rubber affect the workability of 
concrete. The studies revealed that, with the 
increase of rubber percentage in concrete mix 
slump value decreases (Antil et al., 2014).  
However, there is a increment in slump value 
up to 10% and thereafter slump value get 
decreases (Antil et al., 2014). The study 
concluded that, despite the decrease in 
measured slump, crumb content in the mix 
still produced a workable mix in comparison 
with the control mix.  However, study by 
Akinyele et al (2016) observed that all the 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

69



 
 

concrete sample slumps evenly, which can 
also be referred to as a true slump during the 
test period and this can be said that the entire 
sample have good consistency properties. 
Also, the study stated that if the concrete 
transported to a distance site, the water 
cement ratio will have to be increased in order 
to increase its slump and workability.  

Most of the studies revealed that there is 
effect on the properties of the rubberized 
concrete due to the variation of workability in 
the mixture. The Study by Antil et al (2014) 
stated that reduction in the density of the 
concrete or to actual changes in the yield value 
and the plastic viscosity of the mixture is due 
to the reduction of the workability. The factor 
of reduction of density is in parallel with the 
reduction of workability (Khatib, Zaher K and 
Bayomy, 1999). The concluded results from all 
the studies were, that the slump is reduced 
with the increment of rubber percentages in 
the mixture. Also the studies by Khalid et al 
(2016) and Khatib et al (1999) observed that the 
slump is almost zero at the 40% replacement 
of rubber.  

3.2. Variation in Density   

The density of concrete depends on the 
amount of air entrained, water-cement ratio 
and size of aggregate. With the increment of 
rubber content in concrete increase the air 
content which decrease the density of 
concrete. However, studies revealed that with 
25% of rubber content in the concrete mixture, 
the density decreases about 90% of the 
ordinary concrete. But, with an optimum 
value of 10-15% of rubber content the decrease 
on density can be reduced (Jusli et al., 2016). 
Literature concluded that rubberized concrete 
shows reduction in density of concrete when 
compared with control sample specimen. As a 
result of low density, rubberized concrete, 
shows potential towards in application as light 
weight concrete (Pham et al., 2020) 

Even though there are some concerns 
on mechanical properties such as, durability, 
toughness and compressive strength, studies 
proved that the properties like density, impact 
energy, resistance to fire and shrinkage 
properties have positive impact with 
rubberize concrete. Using 20% and 25% rubber 
in concrete shows positive impacts on 
shrinkage properties at water cement ratio 
0.45 and 0.40 respectively (Mohammadi et al.,  

2015). The investigation on the effect of 
carbonation and acid attack on rubberized 
concrete and the long term behavior by 
Thomas et al (2016), concluded that the 
rubberized concrete has a high resistance to 
the aggressive environment and can be 
implemented in the areas of  where there are 
chances of acid attack, the concrete shows high 
resistance to freeze-thaw,  chloride ion 
penetration, while the use of silica fume in 
rubberized concrete enables in to achieve high 
strength and high resistance to sulfate, acid 
and chloride environments. 

The studies on using waste materials 
as partial replacement for sand and coarse 
aggregate in concrete, used rubber crumbs in 
the specimens as partially replacing fine 
aggregate up to 20% by weight concluded that 
even though concrete specimens not strong as 
conventional concrete, the density is less 
where specimens were lighter and more 
flexible with better energy absorption 
(Sukontasukkul, Piti and Chaikaew, 2006). 

Standard institutes on constructions 
made recommendations on properties of 
lightweight concrete. According to American 
Concrete Institute (ACI) 213 (1999) lightweight 
concrete classified into three categories as low 
density concrete (LDC), moderate strength 
concrete (MSC), and structural lightweight 
concrete (SLWC) and recommended 
minimum of 7 N/mm2 strength in lightweight 
concrete, while British Standards 8110 (1997) 
recommended minimum of  15 N/mm2 
strength in reinforcement concrete. The study 
by Akinyele et al (2016) conclude that the 28 
days of compressive strength for the M16 
concrete mixture is higher than the 
recommended compressive strength of 15 
N/mm2 for reinforced lightweight concrete, 
where rubber crumbs replaced 16% of fine 
aggregate. Table 2 implies the classification of 
concrete based on compressive strength.  

Table 2 Classification of lightweight 
concrete based on compressive strength 

Class 
Compressive 

strength (N/mm2) 

Low strength  <20 

Moderate Strength  20 - 40 

High Strength  >40 

(Montero, 2014) 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

70 



 
 

Table 3 Recommended ranges of density for 
lightweight concrete 

Type of concrete  Density (kg/m3) 

Lightweight concrete  800 - 2000 

Normal-weight 
concrete  

2001 - 2600 

Heavy-weight 
concrete  

>2600 

  

(European Standards Specification, 

performance, production conformity, 2000) 

Research studies states that, it is obvious 
to see gradual decrease in the density with 
increment of rubber crumb replacement. But 
samples maintain an average density of 
between 2200 – 2500 kg/m3 which satisfied for 
the normal weight concrete (Najim and Hall, 
2010; Gerges, Issa and Fawaz, 2018). Therefore, 
studies concluded that there is no serious 
effect on the concrete density where the 
addition of rubber crumbs up to 16% of fine 
aggregate. Also, by the voids within the 
concrete interface and thus lead to the 
lightweight characteristics of the rubberized 
concrete (Akinyele et al., 2016). 

3.3. Variation in Compressive Strength  

It is clear from the studies done so far that 
the compressive strength reduces as the 
rubber is added to the concrete. The study by 
Akinyele et al (2016) noted a systematic 
reduction of ultimate strength in rubberized 
concrete and the reduction is making the mix 
not suitable when the rubber percentage go 
beyond 8% of the fine aggregate. Also Antil et 
al (2014) mentioned that the reduction of 
compressive strength with the increase of 
rubber percentage is linear. The drop of 
strength was observed to be 24% at the 10% of 
rubber content. The study by Jusli et al (2016) 
concluded that the strength of concrete was 
reduced by 50% with the rubber replacement 
of 14% in the mix. Also, the reduction of 
compressive strength can be avoided if the 
replacement of rubber does not exceed 20% of 
the total aggregate content (Senin  et al., 2017). 
By breaking the trend, the study by Al-Akhras 
et al (2004) mentioned an increment 
compressive strength with replacement of tire 
rubber ash. The numbers were 14%, 21%, 29% 
and 45% with respect to the 2.5%, 5%, 7.5% and 
10% respectively. 

The reason for decrease in compressive 
strength was specified as due to the presence 
of entrapped air (Kaloush, Kamil E and Way, 
George B and Zhu, 2005). Also strength 
reduced with higher rubber waste content and 
smaller rubber particle size (Skripkiunas et 
al.,2010) and the less strength in bonding 
between cement paste and the rubber crumbs 
are tends to make voids and spacing on the 
interface results the lower compressive 
strength.  

3.4. Variation in Tensile Strength  

Presence of rubber crumbs in concrete 
mixture allowed to make voids or spacing 
between the interface of the cement paste and 
rubber crumbs. These voids lead to the 
penetration of water when the concrete was 
wet, and this lose the strength of the concrete. 
When the rubber percentage in the sample 
increases, the percentage of having voids also 
increases. With more percentages of air voids, 
low density and compressive strength can be 
experienced from the concrete samples.  

With respective to the above discussions, 
having weak interfacial adhesive force 
between the cement paste and the rubber 
crumbs encourages micro voids which lead to 
weak tensile strength. Also, with increment of 
rubber percentages tensile strength reduced 
(Akinyele et al., 2016). The same conclusion 
was introduced by Farhan et al (2016) due to 
the inclusion of rubber crumb particles in 
cement stabilized aggregate mixture, the 
tensile strength reduced. However, the 
properties of mortar containing tire rubber ash 
improve the flexural strength when the tire 
rubber replaced fine aggregates up to 12%, 
27%, 32% and 43% when the tire rubber ash 
content with 2.5%, 5%, 7.5% and 10% 
respectively compared to the control mix 
mortar (Al-Akhras, Nabil M and Smadi, 2004). 

The study on stabilization of concrete 
using rubber tire waste by ul Haq et al (2018) 
concluded that the with up to 1% replacement, 
in each set, no changes on concrete 
characteristics would occur. By further 
increasing the rubber crumbs in the 
proportion, study concluded that considerable 
changes were observed. However, the flexural 
strength is reduced with the replacement of 
Rubber powder, but rubber fiber increases the 
flexural tensile strength. Also, by using any 
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coupling agent, severe loss in compressive 
strength could be avoided (Senin et al., 2017).  

3.5. Variation in Porosity  

Studies noted that application of crumb 
rubber as aggregate in concrete mix results to 
have looser bonding between rubber crumbs 
and cement. This leads to have voids in test 
specimen. Therefore, studies have concluded 
that addition of rubber crumb to cement 
matrix increases the porosity of the harden 
concrete specimen (Skripkiunas et al., 2010). 
Also, the study revealed that, with the 
variation of size of the rubber particles 
availability of pores are varied. With 30% 
replacement of ½ the particle size of rubber 
waste, the closed porosity of 13.02%, whereas 
samples with 1/10 the particle size of rubber 
waste, the closed porosity of 15.53% which is 7 
times higher compared to non-rubber 
concrete. Therefore, study concluded that with 
small rubber particles increases the porosity 
and frost resistance of harden concrete 
(Skripkiunas et al., 2010). 

The following conclusions were made 
with increment of rubber percentage, the 
porosity of concrete increases, the water 
penetration depth and the water absorption 
coefficient increases and concluded that the 
water absorption of rubberized concrete was 
higher than the control mix concrete several 
studies (Onuaguluchi, Obinna and Panesar, 
2014), (Najim, Khalid B and Hall, 2012) and 
(Thomas et al., 2016). However, Thomas et al 
(2016) stated that the permeability can be 
reduced by replacing cement with silica fume. 

 

4. IMPACT RESISTANCE OF 
RUBBERIZED CONCRETE 

The focus of using rubberized concrete is 
to study on its impact energy. The studies 
revealed that lower toughness of concrete 
higher the impact energy. Therefore, to 
achieve high strength, adding rubber concrete 
shows a positive result on increasing impact 
strength (Jusli et al., 2016). Study by Nehdi et 
al (2001)  stated that rubberized concrete 
shows 75% increment on abrasion resistance 
with 40% replacement of rubber. Also 
indicated that the durability of concrete much 
higher than the control samples. Since these 
properties carry a positive impact, the study 

by Senin et al (2017) stated that using 
structures with on surfaces which abrasive 
forces are applied and moving objects during 
services are recommended. Therefore, 
rubberized concrete recommended for 
construction pavement, floors, and concrete 
highways. Tunnels and dam spillways in 
hydraulic structures. Furthermore, conclusion 
of the study recommended rubberized 
concrete to be used for concrete bridge deck.  

Increase in the rubber content decreased 
the amount of abrasion whereas with 50% 
replacement, the amount of wear reduction 
was 18% compared to without rubber. Also 
concluded that abrasion resistance improved 
with addition of rubber content (de Oliveira 
Neto et al., 2016). However, the study by Pham 
et al (2020) mentioned that the dynamic 
increase factor of rubberized concrete is 
increased with lower rate than the ordinary 
concrete and the dynamic increase factor does 
not depend on the size of the rubber crumbs or 
content of the rubber. By the observations, 
energy absorption capacity get increase with 
the increase of rubber content but, study 
suggested that it is up to the replacement of 
10% rubber, where strength of rubberized 
concrete has a huge drop thereafter.  

 

5. POTENTIAL APPLICATION AND 
FUTURE TRENDS OF RUBBERIZED 
CONCRETE 

One of the important trends that was 
observed in rubberized concrete is reduction 
in elastic modulus with the increment of 
rubber percentage. Even though strength of 
concrete reduces with the reduction of elastic 
modulus, its toughness increases. Therefore, 
study by ul Haq et al (2018) recommended for 
controlling cracks. Hence it is found that 
distribution of mini expansion joints was 
occurred when the rubber crumbs were used 
as a replacement for the coarse aggregates. The 
study revealed that no visible cracks are 
produced when 25% of coarse aggregate is 
replaced with rubber crumbs in a slab panel. 
Further, the ductility and toughness were also 
noticed to be increased. Also, study mentioned 
that the flexural and tensile strength can be 
improved by making roller compacted 
rubberized concrete. Therefore, study 
recommended rubberized concrete for small 
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structures with non-bearing walls and road 
curbs (ul Haq et al., 2018). 

Studies have focused on the optimum 
amount of rubber replacement for the concrete 
mixture which is a deciding factor for all the 
properties of concrete mix, the study by 
Gerges et al (2018) revealed that keeping the 
highest proportion of 15% rubber, applications 
such as paving blocks and non-load bearing 
walls are suitable with rubberized concrete 
hence those applications carry less strength 
but need higher toughness, higher impact 
resistance and lower density.  

The studies mentioned that 
rubberized concrete is the perfect replacement 
for conventional light weight concrete where 
rubberized concrete satisfy most of the 
properties of light weight concrete. Having 
low density with higher thermal resistance 
and fire resistance can easily replace light 
weight concrete with positive impacts of 
improved durability, decreasing shrinkage 
cracking and saving lots of monitory values 
(Akinyele et al., 2016).  

The experimental results of the study 
by Murali et al (2014) specified that reduced 
the impact force up to 50% and extended the 
duration impact. As a result of reduction in the 
impact force, it transfers a lower force to 
structures in seismic active zones. With this 
property rubberized concrete is recommended 
for prospective structures like bunkers. Also, 
rubberized concrete to use as a cushion layer 
for bullet proof fiber reinforced concrete 
panels (Pham et al., 2020).  

Considering about the future trends, 
rubberized concrete is a sustainable 
construction material which can use millions 
of rubber waste as a construction material. 
With the improve properties of higher thermal 
conductivity and higher sound absorption 
with 36% increment than the conventional 
concrete, Rubberized concrete recommended 
for sustainable construction purposes with 
high durability and possessing similar 
qualities in light weight concrete 
(Sukontasukkul, Piti and Wiwatpattanapong, 
2009). 

The abrasion resistance of rubberized 
concrete, which defined as the capability of 
concrete to resist being worn by rubbing is 
high, Therefore the study recommended to use 

rubberized concrete for constructions such as 
concrete highway pavements, in dams and 
spillways where abrasive forces acting 
between surfaces and moving objects (Senin et 
al., 2017).  
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Concrete is widely used as a construction material due to its excellent mechanical 
properties, durability properties and ease of applicability. However, traditional 
aggregates are scarce while Construction and Demolition Waste (C & DW) are 
accumulating in construction sites without having a proper utilization. This paper 
presents the practical applicability of Recycled aggregates as fine and coarse 
materials as a substitution of traditional aggregate materials in producing concrete. 
The Recycled Fine Aggregates (RFA) and Recycled Coarse Aggregates (RCA) were 
substituted with different proportions in the mix design for Grade 25 concrete. The 
mechanical properties were evaluated by conducting compressive strength test, 
splitting tensile strength test. Durability performances were evaluated by 
performing drying shrinkage test, water absorption test and acid resistance test. C 
& DW are feasible to utilize as smaller proportions with individual fine aggregate 
substitution of 10% and individual coarse aggregate substitution of 10-20% and 
collective replacement as fine aggregates of 5% along with coarse aggregates of 10% 
with the change of water content according to the viable mechanical property 
specifications. The produced results show a sustainable solution for use of C & DW 
as substitutes for existing aggregate options.  
 

 

1. INTRODUCTION  

Rapid urbanization has led to 
intensified construction activities throughout 
the world. Rapid growth of construction 
industry is increased the demand of concrete 
which is one of the most widely used 
construction materials. Simultaneously, it rises 
the demand of aggregates which occupy 
around 75% of the concrete volume. (Wagih, et 
al., 2013) revealed that about 26.8 billion tons 
of aggregates are required worldwide to fulfill 
the construction aggregate demand per year. 
The construction aggregate materials are 
extracted directly from natural resources, 
consequently causing negative environmental 
impacts while reducing the natural resources.  

 
Minimize the use of natural recourse 

and associated environmental impact has been 
focused for sustainable construction industry. 
One of the most effective ways to combat this 

issue would be to substitute virgin 
construction materials with C & DW as 
aggregate without sacrificing the performance 
in concrete.  

 
Varying amount of C & DW are 

generating in different countries. For example, 
the European union generates demolition 
wastes about 850 million tons per year while 
USA produces 123 million tons of C & DW 
every year. (Malešev, et al., 2010). Egypt alone 
is generating 4 million tons of C & DW every 
year (Wagih, et al., 2013). In addition to that Sri 
Lanka alone produced 450,000 tons of C&DW 
in 2004 (Liyanage, et al., 2019). Though 
urbanization increases the demolishing of old 
infrastructures for sustainable construction 
concepts, in many developing countries, the 
waste management strategies for C & DW are 
limited to landfills.  
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To curtail this looming environmental 
issue, numerous researchers conducted 
studies on improvising the existing 
characteristics of concrete aggregates while 
revolutionizing the existing concrete materials 
by replacing different alternative aggregates 
and alternatives for cement (Gebremariam, et 
al., 2021). Thus, in the last three decades, 
research studies were focused on elevating 
sustainability in the concrete industry and its 
green initiatives using alternative materials. 
However, maintaining or enhancing the 
durability of an alternative concrete system is 
a significant challenge. As an innovative 
approach, concrete aggregates were 
substituted with different alternative 
aggregates such as industrial wastes (Zakaria 
& Cabrera, 1996), C & DW (Naidu & Pandey, 
2014). Therefore, adoption of C & DW as fine 
and coarse aggregates in concrete production 
promotes more sustainable development and 
the quality of construction while adhering to 
the strength, durability and other 
requirements of concrete products. This study 
aims to evaluate the applicability of C & DW 
substitution as both fine and coarse aggregates 
and to find the optimum percentages for 
substitution. Therefore, RFA substitution of 
0%,5%,10%,15% and RCA substitution of 
0%,10%,20%,30% were done and the 
mechanical and durability properties such as 
compressive strength, splitting tensile 
strength, drying shrinkage, water absorption 
and acid resistance of concrete were assessed 
to find the optimal substitution percentage. 
The study provides a sustainable approach to 
utilize C&DW in concrete production to 
reduce the environmental impact. 

2. LITERATURE REVIEW 

It has been revealed that alternative 
material such as, ashcrete, blast furnace slag, 
micro silica, aggregate replacement, 
papercrete of fibrous concrete, concrete debris, 
post-consumer glass powder, etc 
(Specifyconcrete, 2019) can be used as 
alternative binder materials to reduce the 
environmental pollution from concrete use. 
Different waste materials such as C & DW, 
waste plastic, waste glass, agricultural and 
industrial textile waste and rubber were used 
to check the applicability for coarse and fine 
aggregates in the concrete mix. (Kuruppu & 
Chandratilake, 2012). 

 

Among these materials, use of C & 
DW is a more feasible solution as it not only 
uses the waste as an alternative aggregate in 
concrete but also a waste recycling and reusing 
mechanism, promoting industrial symbiosis. 
Such that, using C & DW as an alternative 
aggregate reduces the environmental footprint 
and creates a sustainable solution. C & DW of 
a concrete structure includes finishing 
materials, wood plastic, steel and dirt attached 
to the concrete pieces (Monish, et al., 2012), 
(Kuosa, 2012). Concrete made of such recycled 
materials are called as recycled aggregate 
concrete and there are various improvement 
methods to enhance the properties of concrete 
such as self-healing, carbonation, admixture 
adding, sequential mixing, removal of mortar 
adhered to concrete, coating, and performance 
with chemicals etc (Tam, et al., 2021).  

 
Kuosa, 2012 expounded that C & DW 

can be used as either fine or coarse aggregate 
according to their particle size. The study 
further demonstrated that there are three 
C&DW processing techniques as wet process, 
dry process, and thermal process, that can be 
adapted to produce recycled aggregates. 
(Malešev, et al., 2010) studied on the change of 
properties of concrete with C & DW as 
aggregates and found that water absorption, 
abrasion loss, impurities, and harmful 
chemical substances increase while bulk 
density and specific gravity decrease. Kumar, 
2017 further justified the above results adding 
that soundness and impact value of recycled 
concrete aggregates are also high. 

  
Research work have been carried out 

to quantify the properties of recycled 
aggregate concrete. (Hansen & Marg, 1992) 
found that recycled concrete aggregates need 
14% additional water compared to traditional 
concrete to attain the required slump. 
However, for coarse aggregate substitution 
with C & DW the additional water 
requirement was 6%. Rao et al. 2007 supported 
the above findings while stating that if the 
C&DW replacement is more than 50%, 
approximately 5% additional water should be 
added to attain the required workability of 
concrete. The study further emphasized that 
C&DW also affect the strength of concrete due 
to the impact from the replacement ratio, 
water: cement ratio, moisture content of the 
aggregates and type of concrete used.  
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Wang, et al., 2020 showed that the 
durability of recycled coarse aggregate is less 
due to the increment of pore volume fraction 
by 8-10%. (Rao, et al., 2007) expounded that 
the shrinkage of concrete from C&DW can be 
twice as the traditional concrete. The study 
further showed that the water absorption of C 
& DW aggregates is high due to the higher 
porosity of the attached mortar in the recycled 
aggregate.  

 
However, the impact of C & DW 

substitution is different for fine and coarse 
aggregates. (Monish, et al., 2012) found that 
substitution of C & DW as fine aggregates 
consequently results in 90% of splitting tensile 
and flexural strength while 15% less cost than 
conventional concrete. Therefore, a 
substitution of 10% of Demolition waste 
aggregates (DWA) results with optimal 
results. (Sonawane & Pimplikar, 2013) stated 
that DWA as coarse aggregates have increased 
specific gravity, water absorption, crushing 
values and impact values while lower bulk 
density. (Malešev, et al., 2010) found that 
drying shrinkage, creep, and water absorption 
increase by 50% and compressive strength, 
flexural tensile strength, and modulus of 
elasticity each decrease by 25%, 10% and 45%.  

 
However, Yadav, et al 2018 retrieved 

that the properties of concrete used with C & 
DW changes drastically in sub-tropical 
climates.  

 
The existing studies have elaborated 

on different characteristic changes of concrete 
with respect to the addition of DWA yet in 
various climate conditions. Furthermore, there 
is a necessity to identify the optimal mix 
proportions of RFA and RCA when used 
simultaneously. Therefore, this study focused 
on exploring the variations in the concrete 
properties with the adoption of both recycled 
fine and coarse aggregates separately and 
simultaneously in a tropical climate as Sri 
Lanka.  

3. METHODOLOGY 

The study was conducted as five core 
segments: sample collection, testing of raw 
materials, sample preparation, testing fresh 
concrete and testing of hardened concrete.  

 

3.1. Sample Collection 

The C&DW samples were collected 
from the Construction Waste Management 
Centre (COWAM) in Galle, Sri Lanka. The C & 
DW samples were collected as two different 
aggregate types: recycled coarse aggregates 
(RCA), recycled fine aggregates (RFA). 
Natural fine aggregates/river sand (NFA) and 
natural coarse aggregate (NCA) were collected 
from the local market. 

3.2. Test for Raw Materials 

The collected raw C & DW and natural 
aggregates were sieved according to the 
specifications in ASTM C 136.  

 
The samples were then tested on the 

bulk density with accordance to the ASTM C-
29 to determine the proportions of the 
aggregates for the concrete mixtures.  

3.3. Sample Preparation 

The samples were prepared for Grade 25 
concrete with considering two water cement 
ratios: 0.55 and 0.65 to comparatively analyse 
the impact of water content on the property 
changes of varied aggregate additions. The 
Ordinary Portland Cement (OPC) weight was 
maintained at 325 kg at all substitution levels 
while the water weight for 0.55 W/C was 
maintained at 178 kg and for 0.65 W/C was 
maintained at 211 kg. Furthermore, the fine 
aggregate weight of the control mix for 0.55 
W/C was 895 kg and the coarse aggregate 
weight was 1094 kg. The fine aggregate weight 
of the control mix for 0.65 W/C was 872 kg and 
the coarse aggregate weight was 1087 kg.  

 
Table 1 Sample preparation 

 

W/C RCA RFA 

0.55 

0% 0%, 5%, 10%, 15% 

10% 0%, 5%, 10%, 15% 

20% 0%, 5%, 10%, 15% 

30% 0%, 5%, 10%, 15% 

0.65 

0% 0%, 5%, 10%, 15% 

10% 0%, 5%, 10%, 15% 

20% 0%, 5%, 10%, 15% 

30% 0%, 5%, 10%, 15% 

 
The concrete mixture was prepared 

with respect to designated aggregate ratios as 
0%, 5%, 10% and 15% Recycled Fine 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

78 



Aggregates (RFA) and 0%, 10%, 20%, 30% for 
Recycled Coarse Aggregates (RCA) 
respectively. Such that, both fine and coarse 
aggregates were replaced individually as well 
as simultaneously.  The aggregate 
replacement ratios are shown in Table 1. 

3.4. Test for Fresh Concrete 

The freshly batched concrete was tested 
for workability with the slump test according 
to ASTM C-143. 

3.5. Test for Hardened Concrete 

Hardened concrete was examined for 
its mechanical and durability properties with 
conducting multiple tests: compressive 
strength, splitting tensile strength, drying 
shrinkage, water absorption and acid 
resistance of concrete. Compressive strength 
was tested with the aid of the cube test 
according to the ASTM C-109 for average 
strength gain in 7 and 28 days while tensile 
strength was tested from the splitting tensile 
test according to ASTM C-496. Drying 
shrinkage test was performed with accordance 
to ASTM C-157/C 157M while water 
absorption test was performed with 
accordance to ASTM C 642-97 and acid 
resistance test was performed with relevance 
to ASTM C 1898-20.  

4. RESULTS AND DISCUSSION 

  

Figure 1 Particle size distribution of 
aggregates 

 
Particle size distribution of RCA, RFA, 

NCA and NFA are compared in Figure 1. The 
sieve analysis results for RFA and NFA are 

ranging from 4.75mm to 0.075mm. Whereas 
for NCA and RCA the sieve size ranging from 
19mm to 2.36mm. In fine aggregates, RFA 
were observed as finer than NFA while for 
coarse aggregates the obtained aggregate 
passing percentage is divergent yet shows 
similar variations 

 
Bulk densities of the considered 

aggregates are as shown in Table 2. The bulk 
density results demonstrate the steep 
difference of RCA and natural coarse 
aggregates with a bulk density variation of 
231.6 kgm-3. However, the RFA and natural 
sand bulk densities have an insignificant 
difference of 53 kgm-3.  

 
Table 2 Bulk Densities of the aggregates 

 

Aggregates Bulk Density 
kgm-3 

Natural Fine Aggregate 
(River sand) 

1418.00 

Natural Coarse Aggregate 1332.00 

Recycled Fine Aggregate 1471.00 

Recycled Coarse 
Aggregate 

1100.40 

 
The slump test results for W/C ratio 

of 0.55 and 0.65 are shown in Figures 2 and 3, 
respectively. The results show that the slump 
is reduced by about 5mm with the increment 
of RCA percentage from 0% to 30% and RFA 
from 0% to 15% for 0.55 W/C. The slump test 
comparison for different water contents 
indicate that the slump values are increased 
with the water content. The slump is reduced 
10mm with the increment of RCA percentage 
from 0% to 30% and RFA from 0% to 15% for 
0.65 W/C ratio. Affirming the findings of 
(Yang, et al., 2008)  that the slump of fresh 
concrete is dependent on the W/C ratio, water 
reducing admixture ratio, concrete grade, and 
volume of recycled aggregates However, the 
individual slump results reveal that there is no 
significant difference in the slump behaviour 
with respect to the RCA and RFA changes.  
Such that, the workability is drastically 
reduced with the increment of high RFA 
proportions in the concrete mix however, it 
can be well-adjusted with the increment of the 
water content.  
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Figure 2 Slump Test Results for W/C 
ratio of 0.55  

 

 
 

Figure 3 Slump Test Results for W/C 
ratio of 0.65 

 
The compressive test results for W/C 

ratio of 0.55 are shown in Figure 4 and for 
W/C ratio of 0.65 are shown in Figure 5. The 
results explicate that the different water 
contents have a profound impact towards the 
compressive strength of concrete. It was 
revealed that with the increment of the RCA 
and RFA percentages, the compressive 
strength is reduced. When RFA substitution is 
15% (maximum for this study) compressive 
strength drastically decreases by 15% for 30% 
RCA substitution. 

 
The maximum possible substitution 

for RCA is 25% as substitutions beyond that 
level reduce the compressive strength 
drastically (McNeil & Kang, 2013) while for 
RFA its 10% (Khatib, 2005). However, the 
result of the present study suggests that 
substitution of RFA proportion should be less 
than 10% while 20% for RCA to obtain optimal 
compressive strength results.  
 

 
 

Figure 4 Variation of Compressive 
Strength for W/C ratio of 0.55 

 

 
 

Figure 5 Variation of Compressive 
Strength for W/C ratio of 0.65 

 
The tensile test results for 0.55 W/C 

ratio and 0.65 W/C are shown in Figures 6 and 
7. The results reflect as the same pattern of the 
compressive strength, yet the tensile strength 
results have a less deviation than the 
compressive strength results. The variation in 
the 15% RFA substitution for 28-day tensile 
strength gain is substantially high due to the 
increment of fine particles in the concrete mix 
causing. Such that, the brittleness of the 
mixture is increased with the increment of 
higher proportion of RFA in the mix, causing 
decreased tensile strength gain. The results 
expounds that the tensile strength behaviour 
is similar in different water contents. The 
tensile strength results follow similar patterns 
in 7-day tests as the tensile strength deviation 
is mostly transpired with the settlement of 
concrete. Result shows considerable changes 
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for 15% RFA with a tensile strength reduction 
of 14%and for 10% RCA with a tensile strength 
reduction of 13%. The W/C increment results 
in an average tensile strength reduction of 8%. 
 

 
 

Figure 6 Variation of Tensile Strength 
for W/C ratio of 0.55 

 

 
 

Figure 7 Variation of Tensile Strength 
for W/C ratio of 0.65 

 
The Drying Shrinkage test results for 

0.55 W/C ratio is shown in Figure 8 and for 
0.65 W/C ratio is shown in Figure 9. The 
results show that the water content difference 
is less significant for the drying shrinkage. 
Therefore, both samples show similar patterns 
in terms of the increment in the drying 
shrinkage. The results illustrate that RCA 
substitution of 10%, 20%, and 30% 
significantly increases the drying shrinkage 
twice as 0% RCA after 7 days. The drying 
shrinkage variation patterns are similar for 
20% and 30% RCA with the considered water 
content changes. The drying shrinkage also 

increases with the substitution of RFA 
proportions. However, the drying shrinkage 
variations are less considerable compared to 
the variations due to RCA substitution. The 
drying shrinkage changes are slightly 
noticeable with the highwater content yet 
insignificant.  

 

 
 

Figure 8 Variation of Drying Shrinkage 
for W/C ratio of 0.55 

 

 
 
Figure 9 Variation of Drying Shrinkage 

for W/C ratio of 0.65  
 

The water absorption results for 0.55 
W/C ration and 0.65 W/C ratio are illustrated 
in Figures 10 and 11, respectively. The results 
demonstrate that, increasing RCA percentages 
over 10% causes higher water absorption 
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percentages in the 0.55 W/C ratio mix while 
increasing percentages over 15% causes higher 
water absorption rates in the 0.65 W/C ratio 
mixture. Therefore, with the increment in the 
RCA proportion the water content should be 
increased to maintain low water absorption 
percentage. RFA substitution causes critical 
increment of 5% for water absorption with 
higher substitution proportion over 10% RFA 
and for RFA percentages less than 10%, the 
water absorption increment is only 3%. 
Therefore, 10% substitution is optimal for the 
RFA substitution with increasing the water 
content to obtain lower water absorption 
percentage. The increment of W/C ratio from 
0.55 to 0.65 cause an average water absorption 
reduction of 5%. The 20% RCA is revealed to 
be critical as the water absorption is increased 
by 3 times with the substitution of RCA from 
20% to 30% for 0.65 W/C ratio. 

 

 
 
Figure 10 Variation of Water Absorption 

for W/C ratio of 0.55 
 

 
 
Figure 11 Variation of Water Absorption 

for W/C ratio of 0.65 
 

The acid resistance test results are 
shown in Figure 12 for 0.55 W/C and Figure 

13 for 0.65 W/C. The results illustrate that 
weight loss is increased with the increment of 
RFA and RCA proportions. The weight loss 
increment is found as 10% for the RFA change 
of 10% to 15%.  The weight loss is decreased by 
an average of 0.3%. 
 

 
 

Figure 12 Variation of Weight Loss for 
W/C ratio of 0.55 

 
 

Figure 13 Variation of Weight Loss for 
W/C ratio of 0.65 

 
The conducted tests revealed that the 

RFA has a critical point of 10% while RCA had 
a critical range of 10-15% in the variation of the 
mechanical properties with the substitution of 
construction demolition waste.  

5. CONCLUSIONS 

The study aimed to demonstrate the 
applicability of construction and demolition 
waste as a substitution of fine and coarse 
aggregates. The results show that RFA and 
RCA can be replaced separately up to 10 % and 
10% - 20%, respectively, without 
compromising mechanical properties 
noticeably. 5% RFA with 10% RCA is the 
optimum mixture proportion for RFA-RCA 
blended concrete mixture with minor 
mechanical properties variations.  However, 
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substitution recycled aggregate in concrete has 
not favourably affected the durability 
properties like water absorption, acid 
resistance, and drying shrinkage. The attached 
mortar in the recycled aggregate increases the 
porosity, which affects the durability 
properties. However, the increment of 
shrinkage of the recycled aggregate concrete is 
close to the recommended reduction level of 
commercially available shrinkage-reducing 
admixture. Therefore, recycled aggregate 
concrete can be approved for the application 
of internal structural elements which are not 
exposing to sever environment conditions, 
with further investigations. Moreover, 
mechanical and durability properties can be 
improved by changing the W/C ratio. The 
research findings contribute as a viable 
solution to the construction industry in terms 
of the positive economic and environmental 
impact. The findings also contribute to 
enhance the industrial symbiosis among 
construction, manufacturing, and waste 
management industries. 
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Precast concrete masonry units are a widely utilized construction material around 
the world. The blue water footprint of precast concrete masonry units is a 
quantifiable indicator for the built environment's long-term sustainability. The 
present study aims to assess the blue water footprint of precast masonry units 
from a cradle-to-gate approach, by adopting a mixed-method design. 
Experimental and secondary data were used to determine the embedded water 
content of precast concrete masonry units. Two major industrial establishments in 
Sri Lanka that produce precast concrete masonry units were subjected to a water 
audit. Facts on environmental impact of the manufacturing process were gathered 
using a semi-structured questionnaire. The Water Footprint Assessment Manual of 
the Water Footprint Network provided the theoretical framework for this research. 
The results revealed a blue water footprint of 2.96 per standard size precast 
concrete masonry unit. Water conservation measures are recommended in the 
preliminary impact assessment. 
 

 

1. INTRODUCTION  

 Every product or process related 
with mankind consumes water, either 
directly or indirectly, affecting the 
environmental balances in the long run. 
Water is an essential input for a wide range of 
industries operating worldwide. The 
construction industry uses freshwater (which 
is a scarce natural resource) for material 
extraction to construction and in the 
operational phase of the built environment. 
Around the world, the construction sector is 
flourishing and expected to rise by 57 precent 
globally (Robinson, 2019). Therefore, the 
construction industry is competitively 
incentivized to consider the use of sustainable 
construction materials as a result of the 
establishment of national and international 
sustainability compliance standards such as 
ISO14000, LEED, BREEAM, GREENSL, and 
others (Illankoon et al., 2013). Sustainable 
construction materials are produced 

responsibly without depleting resources, and 
they are used and eventually disposed of in 
an environmentally friendly manner (Song 
and Zhang, 2018). 

 
Several theories have been proposed 

to estimate the consumptive use of freshwater 
in products and processes, in previous 
studies. The Water Footprint Assessment 
Manual of the Water Footprint Network 
(2011) defines the water footprint of a 
product as the volume of freshwater used to 
produce the product, measured over the full 
supply chain and expressed in terms of water 
volume per unit of product. The total water 
footprint is subdivided into blue 
(consumptive use of water), green (water 
from precipitation) and grey (water for 
assimilation of pollutants) water footprints. 
The volumetric and impact oriented water 
footprint notions are contested, and water 
footprint accounting is a difficult undertaking 
in practice. (Berger and Finkbeiner, 2012). 
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Water resources are still being 

continued to overexploit in an unsustainable 
way by the industrial sector, according to 
Hoekstra, (2018). Overexploitation of 
freshwater by industries can lead to concerns 
with equitable access to water resources for 
basic human needs, as well water for 
environmental requirements, resulting in 
water governance conflicts. Remarkably, in a 
research in the United States, Blackhurst et al. 
(2010) found that 60% of water usage in the 
industrial sector is indirect. These indices, 
however, could be country-specific, as the 
United States is known for having high 
consumption rates in the literature.  

 
Reduced use and changed 

consumption patterns can help to ensure 
water sustainability (Ercin and Hoekstra, 
2014). Behavioural changes in water 
consumption, from the individual to the 
organization level, are unarguably important 
in preventing the depletion of water resource.  

 
While evaluating the impact along 

the product's supply chain, strategies to 
reduce water footprint should consider the 
impact on neighbouring environment. (Chico 
et al., 2013). Although water resources are 
interconnected on a global scale through 
numerous ways including the hydrological 
cycle, the geographical influence of water use 
along the product's supply chain is not trivial, 
since water can also be imported or exported 
as virtual water. 

 
Interestingly, Li et al. (2021), in their 

water footprint calculation model 
demonstrate that water footprint of the 
construction industry is mainly represented 
by the grey water footprint. This is an 
important finding as the grey water footprint 
signifies the impact to the assimilative 
capacity. Likewise Li et al. (2021) argued, 
Hoekstra (2018) also notes that the most 
prevalent construction materials; Portland 
cement, soda-lime float glass and unalloyed 
steel have comparatively higher grey water 
footprints. 

 
The rationale of the present study is 

that building materials account for embedded 
water. Efforts should be in place to reduce the 
embedded water content in building 
materials to accomplish sustainable 

development goals in holistic terms.  
 
Precast concrete masonry units are a 

popular building material used in domestic 
and high-rise buildings globally for load-
bearing and non-load-bearing applications. 
Only a few research have demonstrated how 
to examine the blue water footprint of 
concrete products experimentally. None of 
the research address the blue water footprint 
of precast concrete masonry block units of 
standard size, in particular Hosseinian & 
Ghahari (2021). Therefore the present study 
aims to assess the blue water footprint of 
precast masonry units from a cradle-to-gate 
approach. The blue water footprint of precast 
concrete masonry units provides a 
quantitative measurement for evaluating the 
sustainability of the built environment. 

2. METHODS 

2.1. Research Design  

The present study which aimed at 
determining blue water footprint of precast 
masonry units is an exploratory research 
which adopted a mixed method design (i.e. 
experimental method and expert interviews). 
Conducting a case study as the research 
strategy was employed because of the 
spatiotemporal nature of the water footprint 
concept.  

 

2.2. Scope and System Boundary   

 The scope of the study was to assess 
the blue water footprint of the precast 
concrete masonry units produced by two 
major industrial establishments in Sri Lanka, 
by using experimental method and secondary 
data, from a cradle-to-gate approach as 
defined in the system boundary, excluding 
the temporal variation of environmental 
conditions at the said production facilities, by 
adopting the theoretical framework provided 
by the Water Footprint Assessment Manual.  

 
The system boundary, delimitations 

and process steps are illustrated in Figure 01. 
Materials-energy flows were identified from a 
cradle-to-gate approach. Defining a system 
boundary and mapping the material-energy 
flows are indispensable to avoid double 
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counting and highly uncertain data.  
 

Due to infeasibilities and 
unavailability of reliable data, the 
determination of the water footprints of 
source material extraction by experimental 
methods was excluded and data were 
supplemented from the literature. 

 

 
 

Figure 1 System Boundary and Process 
Steps 

 
 

 
 

Figure 2 Study Area 
 

For the purpose of qualitatively 
evaluating the environmental impacts, a 
geographic scope was established. The two 
sites were located at Bemmulla suburb in 
Gampaha district and Pannala suburb in 
Kurunegala district (Figure 2). Delimitation of 
geographic boundary to neighbouring 
environmental hotspots was proposed to 
conveniently interpret the vulnerability of the 
geographical setting to water scarcity, where 
the production process takes place. 

 

2.3. Mix Design Parameters and Casting 

The manufacture’s mix proportion of input 
materials is shown in Table 1. 
 

Table 1 Mix Proportions of Input Materials 

Input Material 
Per Unit 

(kg) 
Volume 
Fraction 

Cement 0.5 3.0 

Coarse Aggregates 4.0 24.0 

Fine Aggregates 11.0 67.0 

Water 1.0 6.0 

 
 

The amount of mixing water was 
adjusted as per the moisture content of 
aggregates measure by laboratory methods. 
An electrically powered semi-automated 
machine (model NOAH QT6/15) was used to 
cast concrete masonry units by vibration-
compressed method. Manually operated 
water sprinklers were used in the curing 
process, without blanketing, as the typical 
approach employed by the producers. 

 

2.4. Water Footprint Calculation 

The direct and indirect consumptive 
use of blue water was measured 
volumetrically, in litres per product.  The 
specifications of the precast concrete masonry 
unit considered in the present study were the 
solid type, 16.5 kg and 190×100×390 mm. 

 
The data on electricity and fuel 

consumption, concrete mix design, monthly 
production and raw material supplies, and 
perceptions of the management executives (of 
the two business entities) on sustainability 
aspects of manufacturing process with special 
focus on water usage were collected by using 
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a semi-structured questionnaire. A water 
audit was conducted at the two sites and the 
water balance was computed. 

 
The wind-velocity at 0.5 meters above 

the dry concrete surface, and temperature 
and relative humidity at 1.5 meters above the 
concrete surface were measured as per the 
guidelines prescribed in the ACI308R-01:2008 
published by the American Concrete 
Institute, and by using a digital anemometer 
(model TL300), thermometer and hygrometer. 
The temperature of concrete was assumed to 
be equal to that of free water available on the 
surface of the concrete. Leaks or unattended 
water use was assumed to be null. The 
maximum evaporation rate was assumed to 
be lasted for an hour and the minimum 
evaporation was approaching zero. The 
nomograph for estimating the evaporation of 
the environment of the ACI308R-01:2008 was 
used to obtain the maximum potential rate of 
evaporation of the environment.  

 
The process water footprint was 

estimated for electricity consumption and 
supply chain related fuel consumption only. 
The water footprint of equivalent energy in TJ 
per month based on electricity consumption 
in kWh per month was calculated. 
Transportation related water footprint was 
calculated assuming 35 litres per 100 km fuel 
efficiency (UNHCR, 1989). Overhead and 
internal transport related water footprints 
were excluded. Secondary data used in the 
calculation are given in Table 2. 

 

Table 2 Water Footprint Secondary Data 

Input 
Material 

Blue WF Reference 

Cement 2.6 lkg-1 
Gerbens-Leenes 

et al., 2018 

Coarse 
Aggregates 

0.0028 lkg-1 
Netz and 

Sundin, 2015 

Fine 
Aggregates 

6000m3TJ-1 
Mekonnen et al., 

2015 

Water 0.33m3t-1 
Mekonnen et al., 

2015 

 
 

The stepwise-accumulative-approach 
was applied because of the usage of multiple 
input products (Ibáñez et al., 2017). The 
product water footprint was calculated from 
Eq. (1) according to the Water Footprint 

Assessment Manual. 
 

𝑊𝐹𝑂 = 𝑊𝐹𝑃 + ∑(
𝑊𝐹𝐼

𝑉⁄ )                   (1) 

 
Where, WFO Product is the blue 

water footprint of precast masonry unit; WFP 
is the process water footprint; WFI is the 
water footprint of each input product; V is the 
volume fraction of respective input product. 

 

2.5. Water Footprint Impact Assessment 

Two experts representing the 
academia and industry were interviewed for 
the preliminary impact assessment. The said 
two factories producing precast concrete 
masonry units were located at Bemmulla in 
Gampaha district and Pannala in Kurunegala 
district in Sri Lanka. Kurunegala district in 
the intermediate zone is more prone to 
drought (Fernando and Gunawardena, 2017). 
Therefore, from a water scarcity perspective 
and considering expert opinions, the factory 
located at Pannala (Maha Oya flood basin) in 
Kurunegala district was selected for the 
impact assessment. The chosen factory used 
groundwater extracted on-site in the 
production process.  

 
In this assessment, the freshwater 

demand by the population (i.e. for domestic, 
industrial, institutional and commercial 
purposes and agriculture, and as losses) and 
the production process of the precast concrete 
masonry units, and the environmental water 
requirements were comparatively assessed 
against the freshwater availability to meet all 
forms of demands. However, though the 
aggregates were sourced from a nearby 
quarry, the impact of input products was not 
evaluated. Assuming that the production 
process will be continued for the next decade; 
the population was forecasted for the year 
2030 to calculate the freshwater demand by 
the population.  

 
For the environmental water 

requirement, evapotranspiration was 
considered (Yang et al., 2005). Mean annual 
rainfall data were obtained from the 
Meteorological Department of Sri Lanka. The 
water stress index from Eq. (2) was used to 
characterize the affected area (Smakhtin, 
2004). 
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𝑖 = 𝑣

(𝑚 − 𝑒)⁄                                                (2) 

 
Where, i is the water stress index; v is the 

withdrawal amount; m is the mean annual 
rainfall; e is the environmental water 
requirement. 

3. RESULTS AND DISCUSSION   

The water footprints (WFs) of input 
products and processes of manufacturing a 
precast concrete masonry unit are 
summarised in Table 3. Figure 3 visualizes 
the percentage contribution of operational 
and supply chain related water footprints in 
the final product. The blue water footprint of 
the product is 2.96 litres per product or 0.18 
litres per kg (or 2227 kgm-3 x 0.18 lkg-1 = 401 
litres per m3).  
 

Table 3 WFs of Input Products and 
Processes 

Factor 
Litres per Unit 

OWF SCWF 

Evaporation Loss 0.026 - 

Direct Water Input 0.952 - 

Curing Related 0.062 - 

Cement Related - 1.240 

Aggregate Related - 0.042 

Electricity Related 0.550 - 

Transport Related  0.008 
  

Where:  OSWF – Operational Side WF 

 SCSWF – Supply Chain Side WF 

 
 
 
In comparison to other construction 

materials, the blue WF of precast concrete 
masonry units determined in this study has a 
lower value. Concrete roof tile has a WF up to 
21.4 litres per product, according to Octavia 
et al., (2017). The blue WF of brick is 
comparable to the blue WF obtained in the 
current study. Bricks have an embodied 
water content of roughly 710 litres per m3 (i.e. 
approximately 1.5 litres per product), 
according to Bardhan (2011), while Skouteris 
(2018) determined that a brick has a WF up to 
1.7 litres.  

 

 
 

 

Figure 3 Profile of Product’s Water Footprint 

 
However, the results of the present 

study contravene with the findings of 
Hosseinian & Nezamoleslami (2019), in 
which the water footprint of concrete 
production accounted for 0.967 litres per kg. 
Furthermore, Hosseinian & Ghahari (2021) 
showed that the water usage intensity in the 
production of concrete blocks is 4.212 m3 per 
tonne (i.e. about 255 litres per 16.5 kg weight 
of the product). Possible reasons for this 
discrepancy in water footprint values can be 
that the precast concrete masonry units 
considered in the present study use almost a 
dry concrete mix design and the 
spatiotemporal nature of the water footprint 
concept (i.e. Iran vs. Sri Lanka), as well as the 
differences in the system boundaries and 
delimitations. However, a low blue WF value 
does not always suggest that the product is 
simply made of sustainable materials. 
Because the associated environmental 
impacts could be substantially greater, 
including for grey WF, the product's WF 
could be significantly higher. Quarrying for 
aggregates and mining for limestone for 
cement manufacturing have the potential to 
have a considerable influence on 
hydrogeology, habitats and other ecosystem 
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services of the neighbouring environment. 
The consequence can be even more 
widespread. For example, greenhouse gases 
released by a cement production plant that 
contribute to global warming and climate 
change should be compared to regional and 
national baseline circumstances (Grey et al., 
2011).  

 
According to the mix design 

provided in Table 1, the direct consumptive 
water usage is 0.952 litres, as shown in 
Table 3. The direct consumptive water usage 
in the hydration process which is not 
immediately returning to the study area is 
independent from the environmental 
conditions of the production facility, as the 
water amount to be added is determined 
batch-wise, based on the mix design 
parameters and moisture content of the raw 
materials, in the concrete batching process. 
This figure (i.e. 0.952 litres), however, does 
not account for extra free water in capillary 
spaces or evaporation losses due to the heat 
generated by exothermic reactions during the 
hydration process. The water balance is - 5485 
litres per month. 

 
Figure 3 shows that the WF of cement 

accounts for 42% of the product's blue WF, 
which is the greatest. As a result, the supply 
chain related WF has surpassed the 
operational WF, implying that the impact of 
manufacturing precast concrete masonry 
units is more pervasive. Notably direct water 
use as an input (i.e. mixing water) account for 
34% of the product's blue WF. As a result, 
freshwater withdrawal may have an impact 
on the immediate neighbouring environment 
(public and natural environment). The 
energy-related water footprint accounts for 
19%. Furthermore, burning fossil fuels for 
electricity generation causes a slew of 
environmental problems. As a result, 
conserving energy through lowering the 
country's energy related water footprint may 
be helpful to the country's long-term 
economic and environmental sustainability. 

 
Estimated freshwater demand by the 

population is 97.03 mcm per year, whereas 
freshwater availability to the population 
estimated to 379.65 mcm per year. The 
environmental water requirement is 329.76 
mcm per year. Mean annual runoff for Maha 
Oya river basin is 2283.93 mcm per year. The 

water stress index is 0.2, equivalent to 
‘Slightly Exploited’ category (Smakhtin et al., 
2004). It is important to address the 
interrelationship among water-carbon-energy 
in assessing the overall impact (Thornback, 
2015). The concrete production process 
releases substances into the environment, 
causing eutrophication and acidification (Kim 
and Chae, 2018). As a result, environmentally 
sound manufacturing processes are necessary 
to limit GHG emission and the amount of 
water needed to absorb pollution. The use of 
structural materials efficiently and the 
execution of water conservation methods in 
the actual construction process are 
indispensable. Use of sustainable 
construction materials to reduce the overall 
embodied-energy content is vital (Song and 
Zhang, 2018). Keeping a proper record of 
consumptive water use is critical for assessing 
the resource stewardship (Mack-Vergara, 
2017), which was not available at the 
participating manufacturers in this study. 

 
Curing is an essential process in 

setting the concrete with desired properties 
such as strength. Curing prevents concrete 
from thermal cracking ensuring a desirable 
temperature under moistened environment. 
However, in this study, water added to 
production units during the curing process 
was assumed to be drained eventually, and 
evaporation losses were compensated by 
adding more water under dry weather 
conditions. A negative water balance of 5485 
litres per month may reflect the usage of extra 
water uncontrollably (e.g. garden hoses). 

 
According to the water stress index, 

Maha Oya flood basin where the said factory 
is located is slightly exploited. However, 
Kurunegala district covers only an 8% of 
Maha Oya watershed (CEA, 2020), and the 
very immediate environment (i.e. Pannala) is 
in a water deficit situation. Therefore the 
implementation of water conservation 
measures (e.g. curing by immersion or use of 
moistening cover) is recommended. 

 
The difficulty of conducting an in-

depth impact assessment was the study's 
principle shortcoming. There were no 
baseline environmental indicators in the 
literature that were applicable to the research 
location. Another aspect of limitations is that, 
because several types of precast products are 
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manufactured within the same factory 
premises and sources are shared, isolating the 
subsystem responsible for manufacturing 
precast concrete masonry units was a difficult 
task in terms of measuring specific water and 
energy consumption. For example, raw 
materials for many precast products were 
carried in the same truck, and return trips 
were also employed for other logistical 
purposes, complicating the estimate of 
transportation related water footprint. 
Developing precise scientific procedures for 
water footprint assessment, on the other 
hand, may necessitate the significant and 
continuous assistance from management and 
working employees. Importantly, the fuel 
economy of goods transporting vehicles is 
dependent on truckloads, therefore effective 
planning for all logistic operations is critical 
for reducing the water footprint associated 
with transportation. 

4. CONCLUSION 

The current study used a stepwise 
accumulative approach to determine the blue 
water footprint of precast concrete masonry 
units produced in Sri Lanka, according to the 
Water Footprint Assessment Manual. The 
typical size precast concrete masonry unit has 
a blue water footprint of 2.96 litres per 
product. The blue water footprint of the 
supply chain contributed more (i.e. 55%) to 
the product's blue water footprint than the 
operational water footprint (i.e. 45%). 
According to the impact assessment, the 
study area is experiencing a water shortage. 
The application of water conservation 
measures is emphasized by a negative water 
balance observable in the manufacturing 
process of the precast concrete masonry units. 
Conducting an in-depth impact assessment 
remains as future works. 
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In Sri Lanka, due to the recent development in the construction industry, the 
demand for construction materials is rising quickly. River sand is primarily used for 
civil engineering constructions and especially for masonry house unit construction. 
The over-exploitation of river sand to encounter the demand has led to various 
harmful consequences. Considering the environmental issue due to the scarcity of 
sand, there are several alternative materials consider as river sand replacements in 
masonry block production. Quarry dust is one of such materials consider as river 
sand alternative due to its beneficial characteristic such as better contribution to the 
strength of the cementitious material, better workability, lesser cement consumption 
and eco-friendly. In the present study, the quarry dust replacement levels of 0, 33, 
66, and 100 % of river sand are used for cement block production. The compressive 
strength, water absorption, sorption, and wet and dry resistance were tested for 
cement blocks after 28 days of curing. Test results show that, cement blocks with 
quarry shown better strength and durability characteristics.  
 

 

1. INTRODUCTION  

Cement sand block and fired clay bricks 
are major construction materials used for 
house construction in Sri Lanka. As shown in 
Figure 1, in Sri Lanka, 87% of the house units 
are constructed with cement blocks or fired 
clay bricks as wall materials. 

 

 
Figure 1 The material used for house units 

in Sri Lanka 

Natural sand or river sand is a major 
aggregate used for cement sand blocks, and it 
is contributed to 70% to 80% weight. River 
sand has been the furthermost generally used 
fine aggregate in Sri Lanka, and over-
exploitation of sand from river bed to 
encounter the demand has led to several 
destructive consequences. An excessive river 
sand consumption has very severe effects on 
the environment as follows; 

• Increased in the depth of the river bed 
• The water table is lowered 
• Aquatic lives are disappeared from 

freshwater 
 
The Geological Survey and Mines Bureau 

(GSMB) of Sri Lanka presently preserves 
records of all the licenses issued for sand 
mining and transportation. According to their 
records, the estimated annual sand supply is 
7.99 million meter cubes, which is far lower 
than the projected demand (Yogananth et al. 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

92 



 
 

2019). Considering the scarcity of sand, several 
research works have been carried out to 
explore the options of using alternative 
materials for river sand in the production of 
masonry blocks.  

 
There are extensive studies on using 

agricultural waste, industrial waste, or 
construction and demolition waste as fine 
aggregate for river sand replacement. The 
findings from these studies show that 
agricultural waste as sand replacement 
satisfied the minimum strength requirement, 
durability under extreme environmental 
conditions is the major issue. Especially, high 
water absorption rate and resistance against 
chemicals are limited to their use 
(Jeyasegaram & Sathiparan 2020). In the case 
of industrial waste or construction and 
demolition waste, the preparation of these 
materials to fine aggregates is involved energy 
consumption and cost (Sathiparan & De Zoysa 
2018; Dash et al. 2016). 

 
In recent years, there is an interest in using 

quarry dust as river sand replacement in 
construction materials. Quarry dust is 
produced from crushing stones or granite into 
small sand-sized particles to be used as 
construction aggregate (Nigussie et al. 2019; 
Cortes et al. 2008; Ding et al. 2016). Quarry 
dust has some advantages over river sand 
such as better contribution to the strength of 
the cementitious material, better workability, 
lesser cement consumption and eco-friendly. 

 
There are intensive published works of 

literature on quarry dust as a fine aggregate 
replacement for river sand in conventional 
concrete (Cortes et al. 2008; Ding et al. 2016; 
Goncalves et al. 2007; Li et al. 2009; Pilegis et 
al. 2016). However, the study on quarry dust 
as fine aggregate replacement for river sand in 
masonry block production is still limited. 
Therefore, this study was aimed at 
understanding the effect of the quarry dust on 
the compressive strength durability 
characteristics of masonry blocks.  

 
2. MATERIALS AND METHODS  

2.1. Materials Used 

In the present study, two types of fine 
aggregates; river sand and quarry dust were 
used (Figure 2(a)). The river sand extracted 

from Muthayankattu river bed, Northern 
province and quarry dust obtained from 
manufacturing plant situated in Divulapitiya, 
Western province in Sri Lanka were used. 
Ordinary Portland cement with bulk density 
and specific gravity of 1362 kg/m3 and 3.15, 
respectively, was used as the binder. The 
particle size distributions of cement and 
aggregates are presented in Figure 2(b). 

 

 
Figure 2 (a) Fine aggregates used and (b) 
particle size distribution of the materials 

 
 

Table 1 Characteristic of fine aggregates 

Properties 
River 
sand 

Quarry 
dust 

Density (kg/m³) 1680.5 1641.0 

Specific gravity 2.41 2.34 

Moisture (%) 1.7 3.5 

Water absorption (g/kg) 174 198 

Fineness 2.89 2.97 

Gravel (%) 3.8 5.5 

Sand (%) 95.6 89.1 

Silt + Clay (%) 0.6 5.4 

Cu 4.01 6.72 

Cc 1.10 1.12 

USCS classification SP  SW 

Cu: Uniformity coefficient, Cc: Coefficient of 
gradation, SP: Poorly graded sand, and SW: 
Well graded sand. 

 
The characteristics of river sand and 

quarry dust used in the present study are 
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summarized in Table 1. Quarry dust is a lesser 
density and specific density, but river sand has 
more sand particles compared to quarry dust. 
The effective sizes of river sand and quarry 
dust corresponding to 90% finer are 2.52 and 
3.31 mm, respectively, and that of 10% finer 
are 0.22 and 0.15 mm, respectively. 

 
2.2. Mix Design 

Workability is one of the vital parameters 
that disturbing the strength and durability of 
mortar. Sometimes, additional water may lead 
to bleed. Here, the water to cement ratio 
gradually increased by 0.5 and the slump 
value of the wet mix was observed in each 
stage. The procedure was conducted on all 
four types of mortar mix. For the selection of 
water to cement ratio to make sure of constant 
workability, the slump value was set as 
30±5 mm. 

 
Figure 3 presents the slump variation with 

the water to cement ratio. Results show that 
the workability of the fresh mix reduces with, 
increase in quarry dust content. To achieve the 
fixed slump value, fresh mix with quarry dust 
required more amount of water compared 
with fresh mix with river sand. As the quarry 
dust has a reasonable amount of dust that 
absorbed water and hence it is required more 
water to achieve a homogeneous mix. To 
achieve the 30±5 mm, the required water to 
cement ratio was equal to 1.35, 1.40, 1.45 and 
1.50 for mortar with 0, 33, 66 and 100% quarry 
dust content, respectively. 

 

 
Figure 3 Slump variation with water to 

cement ratio 

 
Table 2 presented the material mix 

proportion used for mortar and water to 
cement ratio to achieving the slump value of 
30±5 mm. When a higher content of quarry 
dust is used in the mortar, the amount of water 
required for proper mix was increased 
dramatically. 

 
Table 2 Mix proportion of material 

quantities 
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1 0 1.0 8.53 0.00 1.35 

2 33 1.0 5.69 2.78 1.40 

3 66 1.0 2.84 5.56 1.45 

4 100 1.0 0.00 8.33 1.50 

 
2.3. Specimen Preparation 

With the prepared wet mortar mixes of 
different compositions, cubes with 
dimensions 100×100×100 mm³ were cast to 
assess the variation of density, compressive 
strength, water absorption rate and sorptivity 
among the mixes. The cube casting outline is 
presented in Figure 4.  

 
Figure 4 Cube casting procedure 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

94 



 
 

2.4. Testing 

2.4.1. Compression test 
 
The compressive strength of the cube was 

assessed through a universal testing machine 
under a displacement-controlled method, 
according to ASTM-C109 (2020). Cement 
mortar cubes are 100×100×100 mm³ in size are 
placed between rigid steel plates (Figure 5). 
The loading technique is displacement-
controlled monotonic loading at a rate of 5 
mm/min. The applied force and displacement 
are measured by the testing machine load cell 
and stroke readings, respectively. For each 
mortar mix composition, six cubes were tested 
and the compressive strength (σc) of the 
cement mortar cube is calculated by the Eq (1): 

 
σc = P/A (1) 

 
where P is the maximum applied load; A is the 
area of the bed face. 
 

 

Figure 5 Testing of cubes for compression 
 
2.4.2. Water absorption test 

 
The water absorption tests were carried 

out for mortar cubes with different 
percentages of quarry dust. The mortar cubes 
were dried in a oven at 100°C for 24h. The 
weight of the mortar cube is then recorded as 
Wd. Then, the mortar cubes were submerged 
in water for 24 hours. After mortar cubes were 
removed from the water, the surface water is 
wiped off and the weights of the mortar cubes 
were recorded as WS. For each mortar mix 
composition, three cubes were used  and the 

water absorption of the mortar cube was 
computed by Eq. (2): 

 

             𝑆𝑊𝐴 =  
𝑊𝑠−𝑊𝑑

𝑊𝑑
× 100 (2) 

 
2.4.3. Sorptivity test 

 
The sorptivity is determined by the 

amount of the water absorbed by capillary 
rises. The mortar cubes after drying oven at a 
temperature of 70°C, the samples were placed 
in a recipient in contact with the level of water 
capable to submerge them less than 5mm 
height. The amount of water absorbed is 
measured by weighing the cubes before and 
after the capillary for the particular time 
interval. For each mortar mix composition, 
three cubes were used and sorptivity is 
calculated by the Eq. (3) (Sathiparan et al. 
2017);  

 

𝑆 =  
𝑖

√𝑡
− 𝐼0 (3) 

 
where S is the sorption rate measured in 
mm/min0.5. i is the water absorption, t is the 
elapsed time in minutes and I0 is the initial 
sorptivity rate. 

 

𝑖 =  
𝑊𝑐−𝑊0

𝐴𝜌
 (4) 

 
where W0 is the oven-dry weight of the mortar 
cube, Wc is the weight of a mortar cube after 
capillary suction, A is the area exposed to the 
water and ρ is the density of water. 

 
2.4.4. Wet and dry resistance test 

 
Tests were done according to the ASTM-

C138/C138M (2017) for the wet and dry cycle 
resistance test, the cubes were placed in the 
sequence of the water, lab atmosphere and 
oven at a temperature of +70°C for 12, 1, and 
11 hours, respectively. The cubes were tested 
after the 3rd, 6th, 9th and 12th cycles. For each 
mortar mix composition and each cycle, six 
cubes were tested. The compressive strength 
of the mortar cube was evaluated through a 
universal axial compression testing machine 
under a displacement-controlled method.  
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3. RESULTS AND DISCUSSION 

3.1. Density 

Figure 6 represents the wet and dry 
density variation of cubes. Wet density was 
measured after 24 hours fully submerged in 
water after 28 days of curing. The density of 
mortar was increased with quarry dust 
percentage. The dry density was increased by 
1.91 % when river sand was 100% replaced by 
quarry dust. Wet density has also shown a 
similar pattern of density variation. Due to the 
higher water retention ability of quarry dust, 
wet density is gradually increased with quarry 
dust. 

 

 
Figure 6 Density variation of the 

hardened mortar 
 

3.2. Compressive Strength 

Compressive strength is considered an 
important property of any mortar mix. Quarry 
dust has some favorable physical properties 
such as have a finer particle, well-graded 
particle size distribution, consisting of sharp 
edges which may provide enough stronger 
bond with cement molecules than river sand 
in a rounded shape (Thivya & Aarthi 2019). 
These physical properties of quarry dust could 
influence in compressive strength of mortar. 
The angular shape and texture of crushed 
stone may cause better interlocking between 
particles and reduce the voids in the hardened 
mortar, which could lead to an increase in the 
strength of mortar. Also, due to better water 
retention ability, water availability for the 
cement hydration reaction process to generate 
the calcium silicate hydrate (C-S-H) gel is 
continued for a longer period. So, it increases 
the compressive strength of mortar. Also, 
these finding indicate that the angular shape 

and rough surface texture of the quarry dust 
contributed to the compressive strength of the 
mix by aggregate interlock and improved 
bond between the cement gel and aggregate 
particles. Marek (1995) and Martins et al., 
(2016) also have been obtained the similar 
results. 

 
Figure 7 represents the compressive 

strength variation of cubes in dry and wet 
conditions. The compressive strength was 
lower for wet mortar specimens compare to 
dry conditions. The compressive strength was 
gradually increased with quarry dust 
percentage in each condition. For 100% river 
sand, compressive strength was reduced by 
29.19% in wet conditions. The compressive 
strength was reduced by 29.3, 34.0, 34.5 and 
33.5% in wet conditions compared with dry 
conditions for 0, 33, 66, 100% quarry dust 
replacement, respectively. It is shown that wet 
conditions adversely affect the compressive 
strength when quarry duat replaced river sand 
in the mortar.  

 

 
Figure 7 Strength variation of the hardened 

mortar 
 
3.3. Water Absorption Rate 

Figure 8 illustrates the water absorption rates 
of the mortar cubes with various river sand 
and quarry dust compositions.  
 

 
Figure 8 Water absorption rate variation 
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Results reveal that water absorption 

increases with the accumulation of quarry 
dust in the mix. As expected, the higher quarry 
dust content intensifies the water absorption. 
Mortar cubes with 100% quarry dust absorbed 
24% more water than cubes with 100% river 
sand. The recommended maximum water 
absorption rate for solid medium weight 
cement blocks according to ASTM-C90 (2016), 
is 240 kg/m³. Noticeably, even mixed 
composition with  100% quarry dust satisfied 
the standard requirement. An increase in 
water absorption with quarry dust 
replacement might be because of the high 
water absorption behavior of quarry dust 
powder (Kottukappalli Febin et al. 2019). 
 
3.4. Sorptivity 

Figure 9 represents the sorptivity 
variation of each mortar mix. It illustrates that 
after three hours of capillary sorption, the cube 
with 100% quarry sand as the replacement was 
become fully wet. The sorptivity coefficient of 
the cube is defined by the gradient of the line 
of best fit, and for any porous materials, the 
initial (sorption rate within first 5 min.) and 
subsequent (10 min to 2 hours) sorptivity 
coefficients are defined to check the durability. 
The initial sorptivity coefficients are 1.87, 2.09, 
2.53 and 2.27 mm/min0.5 for the cube with 0%, 
33%, 66%, 100% quarry dust replacement, 
respectively. It is shown that the cube with 
quarry dust absorbs the water at a faster rate 
at the beginning. The initial sorptivity 
coefficients are 0.94, 1.27, 1.58 and 1.45 
mm/min½ for cube with 0, 33, 66, 100% quarry 
dust replacement, respectively.  

 
Sorptivity is the transport of water in 

porous materials due to surface tension acting 
in capillaries. It is a function surface tension of 
the water, water absorption characteristic of 
raw materials and also the pore structure of 
the porous solid. As quarry dust have a higher 
water absorption characteristic contribute the 
higher sorptivity. However, as quarry dust is 
a well-graded one, for higher quarry dust 
content, cubes become well packed and 
therefore reduce the porosity. Due to this, 
there is a reduction in sorptivity for the 100% 
replacement level. 

 
Figure 9 (a) Mortar cubes after three hours 

of sorption (left to right: 0, 33, 66, 100%) and 
(b) sorption rate variation 

 
 
3.5. Wet and Dry Resistance 

Figure 10 shows the residual compressive 
strength to initial compressive strength with 
the number of wet and dry cycles. The 
compressive strength was gradually 
decreased with increases in the number of wet 
and dry cycles. The reduction of strength due 
to different thermal expansion of mortar mix 
causes microcracks to appear on the surface of 
cubes after few cycles passed. The repeated 
action of wet-dry developed the microcracks. 
Due to that water gradually enters into the 
cubes through the cracks which may reduce 
the overall compressive strength of the mortar 
specimen. So, the compressive strength of the 
mortar specimen was reduced with the 
number of cycles increased. 

 
After the 12th cycle, the compressive 

strength was reduced by 25.6%, 20.9%, 18.0% 
and 17.9% for mortar cubes with 0%, 33%, 
66%, 100% quarry dust, respectively. This 
shown that mortar cube with quarry dust 
performs well in wet and dry resistance.  
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Figure 10 Compressive strength variation 

with wet and dry cycles 
 

4. CONCLUSION 

The present study examined the 
compressive strength and durability 
characteristics of cement-sand mortar when 
river sand is substituted with quarry dust 
partially or fully. Findings from the 
experimental program are summarized below: 

(i) With the increase in the quarry dust 
content, a higher water/cement ratio 
was required for maintaining constant 
workability.  

(ii) The addition of quarry dust in the 
mortar tends to slightly increase 
densities. The higher increase in wet 
density was observed due to higher 
water absorption characteristics of 
quarry dust.  

(iii) The compressive strength of the mortar 
cubes improved with the addition of 
quarry dust. Although compressive 
strength reduction rate due to wet 
conditions increased with quarry dust, 
still compressive strength of mortar 
cubes with 100% quarry dust was higher 
than that of 100% river sand.  

(iv) The water absorption rate, initial and 
subsequent sorptivity values increased 
with the accumulation of quarry dust. 
This could be attributed to the water 
absorption characteristics of the quarry 
dust. 

(v) Wet and dry cycle resistance improved 
with quarry dust content in the mortar. 
Higher compressive strength was 
observed after wet and dry cycles for 
mortar cubes with quarry dust 
compared with that of river sand. 

The findings of this study emphasize that 
the replacement of quarry dust for river sand 
in cement mortar does provide higher 

compressive strength. However, the addition 
of quarry dust resulted in the loss of 
workability.  
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Pervious concrete is a unique type of concrete which has high porosity attained by 
a highly interconnected void content. Thereby, it permits water to pass through it 
and thus reducing the runoff and recharging groundwater levels. Understanding 
porosity distribution and characteristics is crucial in producing an optimized design 
of pervious concrete. Image analysis is a keen tool that significantly reduces the 
errors compared to the conventional analysis methods and provides a range of 
analysing techniques   Concrete cubes were cast, cores samples were obtained, and 
photographs of the painted surface were taken. Image was segmented into ten slices 
followed by binary conversion and by using MATLAB R2019a the porosity of each 
slice was calculated. Variation of porosity difference with the preceding layer was 
analysed for various mix designs. However, the values presented in the graphs were 
not neutralized to compare with other data sets and thus z-score values of the 
differences were computed and variation of porosity differences within slices was 
compared with other mix designs. This research suggests a cubic function as the 
most suitable polynomial model to efficiently adapt to the Z-scores distribution of 
the porosity difference along its vertical height. 

 

 

1. INTRODUCTION  

Industrial revolution was inimical on 

environment due to the anthropogenic 

activities done with the intention of upgrading 

their quality of life (Alvarez-Larrauri and 

Fogel, 2008).  

Most of the urban areas are being covered 

with building and the airproof concrete road.  

Because of the lack of water permeability and 

air permeability of the conventional concrete 

pavement, the rainwater is not filtered 

underground. Due to the absence of a 

persistent water supply to the soil, ecology is 

affected. Moreover, soil lacks heat and 

moisture exchange with the air the thereby 

temperature and humidity of the Earth’s 

surface in urban areas are high (Yang and 

Jiang, 2003). Subsequently, there was a need of 

understanding the significance of the 

environment and concept of sustainable 

development (Lucke and Nichols, 2015, 

Subramaniam et al., 2014, Subramaniam et al., 

2018). Thenceforth every field focused on 

improved ways to protect the environment. In 

construction field there arose the concept of 

Green Buildings which is a structure which 

employs several strategies, such as energy 

efficiency, water conservation, responsible use 

of materials and resources, and indoor air 

quality, to diminish the negative sustainability 

impacts of environment (Doan et al., 2017). 

Pervious concrete is considered as green 

concrete for various reasons including, usage 

of more environmental friendly cements with 

less carbon footprints, elimination of usage of 

fine aggregates, sand, usage of waste material 

such as fly ash and bottom ash as fillers, 

reduced material utilization, enhanced 
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permeability that promotes percolation of 

rainwater to recharge aquifers in urban spaces,  

reduced heat transfer makes it a good 

substitute for walls to cope with heat and 

energy losses related to indoor thermal 

comfort in buildings (Bhutta et al., 2013; Brown 

and Borst, 2015; Djerbi, 2018). 

Density of pervious concrete ranges from 

1500 – 2400 kg/m3, essentially determined by 

aggregate to cement ratio and compaction of 

fresh concrete (Bhutta et al., 2013; Carsana et 

al., 2013). Designed aggregate to cement ratio 

and elimination of fine aggregates, sand 

improves the porosity of the concrete (Shen et 

al., 2013). Aggregate size distribution and 

shape also affects the shape and pore size 

distribution. This will also modify the 

connectivity of pores and thereby the effective 

conductivity of the pervious concrete.                                                                                                                                     

Most of the studies analysed the porosity 

obtained from water replacement method 

which is also termed as Measured Porosity. 

However, those values depicted only a part of 

the total porosity in the pervious concrete that 

was a value inclusive of all accessible pores to 

the surface and exclusive of all pores that are 

disconnected from the surface. Mathematical 

models were developed to predict concrete 

performance based on the design parameters 

such as water to cement ratio, aggregate to 

cement ratio, compaction types (Ba et al., 2011; 

Lian et al., 2011). Due to the fact that the pore 

characteristics are not often considered in such 

models, there is a need of a new application. 

Image analysis is a potential tool that is being 

used primarily in the analysis of pore 

characteristics in concrete (Ba et al., 2011; Lyu 

et al., 2019). With the usage of this tool along 

with MATLAB the distribution of porosity in 

the pervious concrete designs with depth was 

analysed. Pervious concrete cubes were casted 

for multiple mix designs by varying the 

compaction types and A/C ratios and porosity 

distribution along the vertical profile was 

compared to optimize the mix design for 

several applications. 

2. METHODS AND MATERIALS 

2.1. Materials 

Pervious concrete mix comprises of 

Ordinary Portland cement (OPC), crushed 

stones as coarse aggregates and necessary 

amount of water. The specific gravity, 

fineness, and specific surface of the OPC used 

were 3.15, 10% and 320m2/kg respectively. 

The nominal value of aggregate size varied 

between 12mm to 25mm and had a specific 

gravity of 2.83. Entire quantity of coarse 

aggregates required were obtained at one 

purchase and retained at room temperature 

together with a controlled humidity. 

Particle Size Distribution (PSD) was 

determined using Image analysis. For this 

purpose, chosen aggregates were drenched in 

black colour oil paint and they were laid on 

white sheet. An image was taken from 350 

mm. The particles were then mixed and laid 

once more; the same procedure was rehashed 

ten times. Using the image analysis tool, 

ImageJTM obtained images were transformed 

to binary scale of black and white. The area of 

each black zone that matches to aggregates 

were computed. Then the diameter of 

equivalent circle of each black zone was 

computed and categorized into bins of 1 mm, 

from 5 mm - 30 mm. The cumulative area 

across 5 mm- 30 mm was plotted to represent 

the distribution of aggregates size. PSD of 

aggregates drawn for ten distinctive images 

taken for each sample was obtained is shown 

in Figure 1.  

 

Figure 1 Particle size distribution curve of 
aggregate used in this study 

 

The plot shows the distribution of 

aggregate size sampled from the aggregates 
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utilized in the experiment, sieved through 12 - 

25 mm sieves. The distribution ranges within 

12 – 25 mm and with a mean diameter (D50) of 

18.7 mm. 

2.2. Preparation of Samples 

A consistent protocol on concrete mixing 

and total standard duration that lasted for 20 

minutes was adopted in this current study. To 

obtain a measurable slump of zero (0-15mm) 

an ideal water to cement ratio of 0.28 was used 

during the study. Firstly, the drum mixer was 

thoroughly cleaned by water and dried to 

eliminate the influence of remaining water 

content. Before each mixing the moisture 

content of aggregates were measured to make 

sure that the initial moisture content was kept 

constant throughout all experiments. The 

value of measured moisture content ranged 

within 1.4% to 2.2%. Aggregates and cement 

were mixed for three minutes, and half of the 

quantified water was sprinkled onto the 

mixture on top of mixing. Subsequently after 

another three minutes of mixing the remaining 

water was sprinkled in the similar manner and 

kept mixing for another duration of six 

minutes. The mixture was left at rest for 

another three minutes during which the 

chunks and lumps of material on interior walls 

of drum were removed and dropped back into 

the mixer drum. In the end the mixture was 

again mixed for another five minutes then 

transferred to the concrete moulds in three 

layers followed by a slump test. A 2.5kg 

standard proctor rammer was used for the 

purpose of compaction according to the mix 

design. A total number of 15, 30, 45, 60 and 75 

blows were given to the concrete cubes in two 

different compaction energy types. 

Table 1 Details of ratio of the blows used in 
each compaction type 

Compaction 
type 

Ratio of the blows in each 
of three equal layers 

Type 01 1:2:2 
Type 02 1:1:1 

 

In first compaction type double the value 

of blows specified to first layer was given to 

second and third layers whereas the number of 

blows given to each of all three layers were 

equal in second compaction type. Moreover, 

different types of mix design were obtained by 

also varying the aggregate to cement (A/C) 

ratio. 2.5, 3.0, 3.5, 4.0, 5.0, 6.0 and 7.0 were the 

A/C ratios used throughout the study. A total 

number of 40 mix designs were done in 

compaction Type 01 and 40 mix designs were 

done in compaction Type 02. Six cubes were 

cast for each mix design summing up to a total 

of 960 cubes. All the cubes were cast following 

a standard cube dimension of 150 mm x 150 

mm x 150 mm.  

2.3. Testing Procedures 

The weight of every concrete mix in each 

cube was measured employing a digital 

balance with a least count of 1g. Slump of 

every design was also measured to make sure 

that it had been zero. Cubes were then left to 

dry for a duration of 24 hours at room 

temperature and then moved to water curing 

tank and cured for 28 days. The compressive 

strength of the cubes was measured using the 

universal compression testing machine of 

2000kN capacity. Further cylindrical cores of 

diameter 100mm and height 150mm were cut 

out from six cubes of each trial from the centre. 

Arrangements were then made to calculate the 

measured porosity by employing the water 

replacement method. For this purpose, a glass 

tank of dimensions 150mm x 150mm x 250mm 

(length x width x height) was set up and partly 

filled with water. The surface saturated core 

samples were immersed into the tank and 

difference in water levels were recorded and 

consequently the measured porosity was 

computed. Furthermore, to calculate the 

apparent porosity the volume of the samples 

was calculated from specific gravity and mass 

of solids. Hence the apparent porosity was 

calculated by the fraction of difference in entire 

volume and solid volume divided by the entire 

volume. In addition, actual porosity of the 

pervious concrete mixes was also computed 

utilizing the core cut samples ensuring that 

they are completely dry. The curved surface 

was then sprayed with black aerosol spray 

paint and dried, this covered all pores, paste 

and the aggregate surface of the core. 
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The samples were placed on revolving stage 

and rotated at a constant speed and panoramic 

image of the curved surface was obtained 

using Sony A-7-III camera with a 50mm /f 1.8 

prime lens from a stipulated distance of 300m, 

under normal lighting conditions and an ISO 

of 12800.  

2.4. Quality Control 

The entire lot of aggregates were obtained 

from a single purchase and stored in room 

temperature and at controlled humidity. 

Required cement was also obtained in one 

purchase from same brand and stored in a 

moist free place covered with polythene 

wrappers. The moisture content of aggregates 

was measured before each experiment to 

verify that initial moisture was same in all 

experiments. Good Laboratory practices were 

adhered over the course of the experiment. 

Before preparing each mix design the mixing 

drum was washed with water and dried in 

order to eliminate the dust and other particles 

that remained during the previous mixing. 

Over each mixing day another, three 

additional control cubes were casted to 

monitor the impact of other factors on 

concrete. Similar mixing methods were 

followed for the control cubes. The weight of 

the fresh concrete, dry concrete and 

compressive strength were computed for the 

control cubes. 

To eliminate errors related to colour 

threshold Cube was carefully sprayed with 

black spray paint which covered both 

concrete-aggregate cut surface and pore 

surface, and dried. Subsequently, the cement-

aggregate cut surface of the cores was painted 

with white paint with a brush. This helped in 

clear differentiation of pore surface from 

cement-aggregate cut surface. 

Rather than natural light, annular light 

was used to maintain the same light state for 

all cubes. Aperture was above f9 to decrease 

the blurring effect in pores when the camera is 

centred on the cut surface. ISO below 2000 was 

used to reduce the noise. All other camera 

settings were not modified throughout the 

study to maintain the same image 

characteristics. Camera should be fixed in 350-

millimeter distance from the centre of rotating 

stage and the elevation should be 75 

millimetres from the rotating stage. These 

precautions will minimize the image error and 

enhance the image quality. 

2.5. Data Analysis 

The images obtained were in colour it was 

first converted to grayscale in which only 

shades of grey are present. Grey colour 

consists red, green and blue components with 

equal intensity in RGB space, thus a single 

value is indicated relating to each pixel (Fisher 

et al., 1996). 

Images were then converted to binary 

format, to easily identify the portion of 

interests and examine using MATLAB, a 

software that includes image analysis tools. 

From the binary images obtained, the black 

pixel and white pixel represent pore surface 

and aggregate or binder cut surface 

respectively. Binary images uploaded to 

MATLAB are stacked in a two-dimensional 

matrix format containing numbers 0 and 255 

where 0 and 255 represents black and white 

colours respectively. Total porosity in 

MATLAB is computed by the ratio of total 

number of black pixels to entire number of 

pixels. Image was then split into ten equal 

layers horizontally and porosity was obtained 

for each slice. This was done by algorithms 

written in MATLAB. The data obtained was in 

a matrix format and was transferred to MS-

Excel and variations were plotted with depth. 

3. RESULTS AND DISCUSSION 

When the core samples of the concrete 

cube were dipped in the water tub, the water 

enters within pores of the core. If all the pores 

are completely filled with water, then replaced 

volume of water by the core samples of the 

concrete cube is equal to solid volume of the 

core. However, when some of the pores are not 

connected to the surface, thus water wouldn’t 

enter such inaccessible pores and are 

considered to be solids in the concrete and the 
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replaced water will be the sum of inaccessible 

pores and solids. Thereby in order to 

accurately analyse the variation of porosity, 

novel image analysis is employed. Here the 

core of the cube is separated, and the 

panoramic image of the curved surface is 

analysed. In this method all pores, including 

closed pores is taken into consideration. 

Thereby this value will represent the true 

porosity of pervious concrete. Porosity 

computed from water replaced method is 

termed as Measured Porosity whereas 

porosity computed from image analysis is 

Actual Porosity. 

In order to analyse the distribution of 

porosity in the vertical profile the image 

obtained was then split into 10 layers 

horizontally (the width of each layer was 15 

mm, whereas the total height of the image or 

the height of core sample was 150 mm) and 

porosity of each layer was computed. Figure 2 

shows the variation of porosity with depth 

from top and A/C ratios for pervious concrete 

samples cast with 30 blows of compaction. 

From the Figure 2, it could be observed 

that a layer on both the ends (top and bottom 

of the cube) has significantly higher porosity 

than the rest of the volume of cube which 

accounts for all cubes. However, there are 

certain fluctuations in the distribution of 

porosity values as we move along the vertical 

profile of the core samples of pervious concrete 

cubes. Hence the variation of porosity 

differences with respect to the preceding layer 

is computed. 

Figure 3 shows the variation of 

porosity difference within layers drawn 

against the depth of core sample of pervious 

concrete cubes casted with 45 blows of 

compaction for different A/C ratios. Each 

point in the graph depicts the value of 

increment or decrement of porosity with 

respect to its preceding slice. It is apparent 

from Figure 3 that the distribution of 

differences in porosity values takes a shape of 

an ‘S’ curve. The variation of porosity 

difference values at both ends of the curve 

shows a deviation for various A/C ratios. The 

points represented in the curve does not follow 

any gradual fashion and has step ups and step 

downs in porosity with depth.  However, a 

Figure 2 Porosity vs Depth graph for all aggregate to cement ratio designs with 30 blows compaction 

Figure 3 Difference in Porosity along the vertical profile vs Depth graph for all aggregate to 
cement ratio designs with 45 blows compaction 
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similar pattern observed in all mix designs 

pertaining to different compaction levels.  

 The coefficient of determination value, 

‘R squared’ is almost above 0.6 for all the 

curves which indicates that third order 

polynomial is a best fit for the curve. A third 

order polynomial curve is represented in 

equation 1.  

 

y = ax3 + bx2 + cx + d                                 (1) 

 

Where a, b, c and d in equation 1 are 

arbitrary constants obtained from the function 

fitted to the variation in porosity differences. 

Arbitrary constants a, b, c and d were obtained 

for all samples. However, there is no any 

distinctive relationship observed in the 

equation of the curves corresponding to their 

respective A/C ratios. 

Similar to Figure 3 the variation of differences 

in porosity with depth is analysed by varying 

the compaction type and the number of total 

blows given. This is depicted in Figure 4 

In this figure the variation of differences in 

porosity distribution is plotted for pervious 

concrete cubes casted with compaction types 

01 and 02 for 15, 30 and 45 blows for an A/C 

ratio of 2.5. Similar to Figure 3 this curve also 

takes up the shape of ‘S’. There is no linear 

relationship present with the increase in 

number of blows. However, the value of R2 

being greater than 0.6 endorses the fact that the 

variation fits best to third order polynomial of 

equation 1.  

It is apparent that from both A/C 

comparison and compaction comparison have 

different models which can’t be observed with 

the coefficient of the function. Thus, there is a 

need of a neutralized model which can be 

drawn to compare with other data sets 

accurately. Z-scores are used to standardize 

the data sets and enable comparison mortality 

pattern between different populations of data. 

Z-score allows comparison of observations 

from mean, when measured in standard 

Figure 4 Difference in Porosity along the vertical profile vs Depth graph for compaction Type 01 
and 02 corresponding to 15, 30 and 45 blows 

Figure 5 Z-score values of porosity differences of cubes for all A/C ratios and 15 blows of 
compaction in Type 02 with depth 
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deviation units (Wang et al., 2017). For this 

reason, Z-score values of the porosity 

differences within layers was obtained. The 

Figure 5 depicts the variation of Z-scores of 

porosity difference within layers with depth 

for all A/C ratios for concrete cube samples 

casted for 15 Blows of compaction Type 01. As 

the values are standardized, data sets with 

different standard deviation and mean   can be 

compared irrespective of the porosity 

parameters. 

The value of R2 being greater than 0.7 

which is a closer value to 1.0 emphasizes that 

each data point lies immediate to the predicted 

values. On that account, third order 

polynomial fits the best curve. The R2 value 

shows that the Z – score method performed 

well, and the different porosity samples were 

neutralized to compare easily. Moreover, the 

variation of Z-scores of porosity difference 

within layers for concrete cube samples casted 

with all compactions and all A/C ratios for 

both compaction Type 01 and 02 against depth 

is plotted as shown in Figure 6. 

Figure 6 shows that the compaction 

distribution doesn’t have impact in vertical 

porosity distribution. The values of arbitrary 

constants of curve fitting and R2 for Type 01, 

Type 02 and Type 01 + 02 are tabulated in 

table 2. 

Table 2 Values of coefficients a, b, c, d 
corresponding to equation compaction for 

types 

 Type 01 Type 02 Type 
01+02 

a 1.00E-05 1.00E-05 1.00E-05 
b -0.0029 -0.0028 -0.0028 

c 0.1903 0.1896 0.19 
d -3.7795 -3.7856 -3.7826 
R2 0.658 0.6707 0.6643 

The coefficients tabulated in Table 2, clearly 

indicated that there is no difference between 

both types. The compaction distribution type 

doesn’t have impact on the porosity 

distribution. Therefore, the function of the Z 

score value can be given as shown in 

equation 2. 

y =  1 × 10−5x3 −  0.0028x2

+ 0.19x − 3.7826 
(2) 

                                                             

The value of the coefficient of 

determination obtained from both compaction 

types are around 0.7. 

Thus, the third order polynomial function 

achieved is best fit to interpret the Z score of 

the distribution of porosity along the vertical 

profile. It is quite clear from the plot that the 

cubic curve can fit the data better as the model 

is consistent with the knowledge of data. 

4. CONCLUSION 

Most significant property of pervious 

concrete is porosity, which in turn influences 

the strength of the materials in construction. 

Throughout the study used a novel method 

using image analysis as a tool to compute the 

porosity values in each slice. This research 

analyses the variation in vertical distribution 

of porosity.  This variation of porosity along its 

vertical profile affects the distribution of 

strength and porosity. Thus, this study 

Figure 6 Z-score values of porosity differences of cubes for all A/C ratios and all compaction 
designs in both compaction distribution with depth 
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suggests a cubic function as a most appropriate 

polynomial model to effectively fit the 

distribution in Z-scores of porosity difference 

along its vertical height. 
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Pervious concrete improves the permeability of otherwise impermeable urban 
catchment and is potentially used as an alternative paving material. Porous nature 
of pervious concrete compromises the compressive strength. The unpredictability 
of the reduction in compressive strength depends on the characteristics of pore 
structure of concrete. Compaction is rarely used in pervious concrete, yet, it is 
essential in mass producing pervious concrete with uniform characteristics. This 
study analyses the impact of compaction energy on distribution of porosity. 
Pervious concrete samples were cast with different aggregate to cement ratios and 
different levels of compaction energy and two variations in compaction energy 
distribution in vertical profile. Three methods were used to quantify porosity; 
measured, actual and effective porosity. The relationships were developed between 
the porosities, and effective and actual porosities were observed to correlate with 
compressive strength of pervious concrete. The compaction energy and distribution 
of energy significantly affected the relationships developed between porosities and 
strength.  
 

 

 INTRODUCTION 

In the early period, clay was used as 

constructions materials (Vatan, 2017). Later, 

binders like gypsum and lime were 

introduced (Camões and Ferreira, 2010). Then, 

invention of cement contrived modern 

revolution in construction industry (Mabry, 

1998). The sustainable development concepts 

were established later to make the planet a 

better place for all (Pradhan et al., 2017). The 

green building concept was initiated in 

construction industry to achieve sustainable 

goals. In green structures, green materials are 

one of the most important criteria 

(Subramaniam et al., 2014; Subramaniam et al., 

2018; Lucke and Nichols, 2015). Green 

materials would typically have less impact on 

the environment than conventional materials 

(Adabre et al., 2020; Brodie, 2007; Kazemi and 

Hill, 2015). For economically sustainable 

constructions, there were many types of 

cement and concrete are introduced. Pervious 

concrete is also one such economical green 

material (Tennis et al., 2004; Chindaprasirt et 

al., 2008). 

Pervious concrete is a unique mixture of 

concrete which can capture rainwater and 

allow infiltrating to ground. It reduces the 

storm water runoff over concrete surface and 

helps rain water harvesting (Tennis et al., 2004; 

Chindaprasirt et al., 2008; Golroo and Tighe, 

2011). Absence of fine aggregates in pervious 

concrete increases its greenness of material. 

However, because of the porous structure, the 

strength of pervious concrete is compromised 

(Aamer Rafique Bhutta et al., 2013). The 

porosity varies with design parameters like 

aggregate to cement ratio, compaction and 

water to cement ratio (Shen et al., 2013). 
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Usually, the porosity of pervious concrete 

is measured by water replacement method 

(Deo and Neithalath, 2011; Liu et al., 2018). 

However, this method wouldn’t include 

inaccessible pores. Therefore, it cannot give 

the correct porosity for performance analysis. 

To implement in industry, the correct porosity 

should be indicated and its relationship with 

porosity should be determined. 

Image analysis is one of the potential tool 

to analyse the porosity and pore characteristics 

of pervious concrete (Ba et al., 2011; Lyu et al., 

2019). But it is not developed in economical 

way. When, the expensive methods were used 

for analysis, the study must be limited with 

few designs and samples. It will affect the 

uncertainty of the study. 

 MATERIAL AND METHODS 

2.1.  Material Selection 

In this study, Ordinary Portland Cement 

(OPC) and crushed aggregates were used as 

raw material and they were obtained from 

Local distributor in Northern Province, Sri 

Lanka. Required water was obtained through 

pipeline in Faculty of Engineering, University 

of Jaffna, Kilinochchi Premises, Sri Lanka and 

tested for WHO standard of materials in 

water.  

Particle size distribution of the aggregates 

which were used in this study were 

determined by image analysis method. The 

analysis was done using ImageJTM which is an 

open source software for processing and 

analysing scientific images. Specific amount of 

coarse aggregate samples was taken and 

soaked in black oil paint. Then they were 

allowed to dry in room temperature. After 

drying, those particles were spread on white 

sheet with known area. An image of arranged 

sample was taken by covering whole white 

sheet. Arranged particles were mixed 

together, rearranged on sheet and image was 

taken again. This procedure was repeated 10 

times and 10 different images were obtained. 

The images were cropped with complete 

white sheet and converted to binary scale in 

the software (Black and White). The binary 

images were processed and black zones of 

binary image were obtained from aggregate 

surface area as reference. The diameter of each 

white zone area was found and histogram was 

obtained. Through this process cumulative 

percentage of aggregates were found and 

particle size distribution curve was plotted 

which is shown in Figure 1. In this plot, 

particles were of sizes between 12 mm – 25 

mm diameter and mean diameter was 

18.7mm. 

2.2.  Mixing, Casting and Curing Details 

The allocated time limit for this consistent 

mixing process was 20 minutes in total for a 

batch. The optimum water cement ratio was 

used for all the cubes as 0.28 to maintain the 

requirement of zero slump for pervious 

concrete. As a first step, the aggregates were 

added with cement in surface dry condition 

inside the drum and started to mix. After 3 and 

a half minutes, half of the measured water was 

added and on the 6th minute, rest of the water 

also added to the mix. Then at 12th minute, 

mixing process was stopped and allowed for 

break. During that, the chunks and lumps of 

materials on interior wall of drum were 

removed and dropped in the concrete mixture. 

Again at 15th minute, drum was restarted and 

stopped after 5 minutes. After that, slump of 

the concrete mix was tested to ensure that was 

in zero slump and then transferred to the 

moulds in three layers. The compaction 

energy was given to each moulds according to 

our mix design by three layers using standard 

proctor Rammer (2.5kg) and it was equally 

distributed horizontally, to all three layers. In 

this experiment total number of 15, 30, 45, 60 

Figure 1 Particle size distribution curve of 
aggregate used in this study 
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and 75 blows were given in two different types 

for all the mix designs. 

For this study, aggregate to cement ratios 

of 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 6.0 and 7.0 were 

used for each total number of blows. By 

changing the A/C and number of blows, 40 

mix designs were cast in each type of 

compaction distribution. Totally, 80 mix 

designs were fabricated and 12 cubes were cast 

in each mix design. The compaction energy 

was distributed in two ways. For Type 1, 1:1:1 

and Type 2, 1:2:2 were given for each layer, 

with the total blows being the same as 

discussed above. In this study totally 960 

cubes were cast for analysing. Each cube was 

cast in the standard cubic mould with 150 mm 

× 150 mm × 150 mm of dimensions. Then, the 

weight of each cube was measured by using 

digital balance with 1 g least count. The slump 

value of each mix design was measured to 

ensure concrete mix maintained a zero slump 

(0 – 15 mm).  

Thereafter, the cubes were air dried for 24 

hours in room temperature and then they were 

removed from mould and transferred to 

curing tank. After 28 days of curing, 6 cubes in 

each design were tested for compressive 

strength and the core of the remaining 6 cubes 

were separated for porosity analysis in this 

experiment. The cores were dipped in water 

filled graduated glass tank which had Vernier 

calliper with a 0.05mm least count and of 150 

mm × 150 mm × 250 mm dimensions. Through 

this the measured porosity of each cube in core 

was measured from the volume of water 

displaced by solid of the concrete. Then the 

core samples were oven dried at 1040C for 24 

hours. The curved surface of core samples was 

sprayed with black aerosol spray paint and left 

to dry. It means black colour paint would 

cover all aggregates, pores and paste surface. 

Then paste and aggregate surfaces of curved 

face were carefully painted in white paint 

using brush to differentiate the pore and cut 

surface of paste-aggregate. The dried samples 

were then placed on revolving table which can 

be controlled by stepper motor. The image of 

curved surface was taken by using Sony A7 III 

camera with 50mm/ f 1.8 prime lens from a 

distance of 350mm in panoramic view while 

rotating the table.   

2.3.  Quality Control 

In this study, whole batch of crushed 

aggregate were obtained in one batch from 

distributor and stored in room temperature 

with controlled humidity. The whole batch 

cement was purchased as same brand in one 

purchase and stored in dry place after 

wrapped with polythene cover to avoid 

getting wet. To get efficient concrete the 

quality of aggregates was tested according to 

standard testing methods. During study the 

moisture content of aggregates was measured 

for each experiments to ensure aggregates 

were maintained at initial moisture content 

across all experiments. To maintain the 

quality, good laboratory practices were always 

followed carefully during the experiment 

process. After ensuring quality of raw 

materials they were mixed as each batch. 

Before starting the concrete mixing, the 

mixing drum was washed by water to 

eliminate dust and remaining particles on the 

wall from last experiments and dried. During 

experiments on every casting day, another 

three cubes were always cast for 3.5 A/C ratio 

and 0.28 W/C ratio with 30 blows, as control 

cubes. These control cubes were cast to 

monitor the impact of extraneous factors on 

the properties of concrete. In this study every 

time same mixing methods were used for both 

experimental cubes and control cubes. The 

weight of fresh concrete, dry concrete and 

compressive strength were monitored for the 

control cubes as well for each day of 

experiments. 

To maintain same light condition for all 

cubes during image acquisition, ring light was 

used instead of natural light. For obtaining 

good quality images the aperture was used 

above f 9 to reduce the blur effect of pores 

during camera focused in the cut surface and 

ISO below 2000 was used to reduce the noise 

during capture. To maintain same image 

quality for cast cubes all, other settings of 

camera had not been changed during whole 

study period. Each time camera was fixed at a 
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distance of 350mm from the centre of the 

rotating table. All these precautions were 

taken throughout the experiments to maintain 

the good and same quality image of each 

concrete cube in this study. 

2.4.  Data Analysis 

In this study all images were converted to 

binary scale of black (0) to white (255) and 

analysed using ImageJTM which is an open 

source software. In binary scale image, black 

pixels represent aggregate or binder cut 

surface and white pixels represent pore 

surface as shown in Figure 2. After obtaining 

binary image in ImageJTM, the images were 

scaled according to the pixel size of captured 

image. In image analysis, total number of 

white pixels as a fraction out of total number 

of pixels were represented as porosity of mix 

design. Subsequently, the picture was divided 

into 10 strips (from top to bottom) and the 

porosity of each strip was computed. From the 

10 strips, average porosity of middle 8 strips 

was calculated for all the cubes. This data was 

transferred to MS-Excel and all the obtained 

data were analysed according to the porosity. 

 

Figure 2 Captured and binary converted 
images of cube 1 with 3.5 A/c ratio and 30 

blows in Type 1 mix design 

 RESULTS AND DISCUSSION 

The compressive strength of each cube 

was obtained from compression test after 28 

days of curing. Measured porosity (MP) of 

each concrete was computed from water 

replacement method where the cores of 

samples were dipped in tank of water with 

known dimensions. In this study, if the water 

had entered into the pores it would have been 

directly implying that the displaced water 

volume was solid volume. However, some 

pores are not connected to the surface and the 

water would not enter. In such cases those 

pores would also be counted as solid particles 

of concrete and the displaced water volume 

will include unconnected pores and solids. 

When the images of the curved surface of cores 

were analysed on the other hand, all pores 

including closed (unconnected) pores, will be 

measured in image analysis method. The 

porosity computed from image analysis 

represents the Actual porosity (AP).  The pore 

area of the surface divided by the total area of 

the picture was AP.  

For all cubes, MP and AP values were 

computed and analyzed. According to 

Ryshkewitch’s experimental techniques the 

variation between AP and MP were compared 

with compressive strength using regression. 

For this analysis, Eq. 1 which was referred 

from Ryshkewitch’s study was used 

(Ryshkewitch E, 1953). The plots obtained 

from the model were exponential curves. 

σ =  σ0  × e−B×P                       (1) 

Where, σ is the strength of porous 

body in pervious concrete, σ0 is the strength of 

nonporous body of the same concrete and P is 

porosity of the concrete.  In this equation  σ0 

and B are the arbitrary constants which were 

obtained from regression. Eq. 1 indicated an 

exponential curve which was obtained from 

varying strength with AP and MP for all the 

concrete cubes. The obtained values of 

arbitrary constants are shown in Table 2. In 

addition to that R2 value of each regression is 

almost similar (approximately 0.67). 

Table 1 Arbitrary constant value obtained 
from curve fitting for AP and MP with 

strength for both types separately 

 𝛔𝟎(MPa) 𝐁 R2 

AP vs Strength 
for Type 1 

50.17 0.04973 0.6719 

MP vs Strength 
for Type 1 

40.13 0.05956 0.6501 

AP vs Strength 
for Type 2 

29.9 0.03615 0.7227 

MP vs Strength 
for Type 2 

23.59 0.03551 0.6593 

 

From obtained arbitrary constants, the curves 

of AP and MP with strength were plotted for 

Type 1 and Type 2 as shown in  Figure 3 which 

shows the variation of strength with AP and 

MP for all the pervious concrete mix designs.  
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Figure 3 Variations of Strength with 
porosity (AP and MP) for Type 1 and Type 2 

Mix designs 

For all concrete cubes including both Type 1 

and Type 2 designs, AP is higher than MP as 

expected from above discussion. Throughout 

the analysis both AP and MP gradually 

decreased with strength for all the mix 

designs. However, according to our data, 

strength of the concrete cubes decreased with 

A/C ratio for all the mix designs. In addition, 

AP and MP of pervious concrete increase with 

A/C ratio for a particular compaction of both 

types.  

In Figure 3, when considering Type 1 

and Type 2 compaction distribution, mix 

designs irrespective of porosity values, the 

strength value of Type 1 is higher than Type 2 

for all the concrete cubes. Therefore, it can be 

concluded that Type 1 (1:1:1 blows ratio for 3 

layers) compaction method is more suitable to 

produce pervious concrete, as porosity is one 

of the required parameter. In addition, the 

ratio between MP and AP were compared, it is 

a constant. Therefore, both MP and AP values 

affect performance of the pervious concrete.  

 

Figure 4 MP vs AP for all the concretes in 
Type 1 Mix designs 

The observation of Figure 4 is that the 

gradient of the linear relationship between MP 

and AP is not close or equal to 1. Therefore, 

both MP and AP are different indicators and it 

is evident that MP is not a correct indicator for 

comparison of compressive strength of 

pervious concrete with porosity for different 

mix designs. According to the above 

discussions AP is more appropriate a 

characteristic of pervious concrete which 

determined properties of pervious concrete 

accurately than MP. 

The converted images were equally divided 

into 10 layers horizontally according to the 

depth (the total height was 150 mm for core 

Figure 5 Porosity vs Depth of pervious concrete for 30 blows total compaction Type 1 mix 
design 
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sample, therefore width of each layer was 15 

mm) and the porosity of each strip was 

computed using ImageJTM. Figure 5 shows the 

variation of porosity with depth from top of 

casted pervious concrete cubes for 30 blows of 

total compaction of Type 1 for all A/C.  

According to Figure 5, the top and 

bottom strips had higher porosity than other 

strips. In addition, those 8 strips in the middle 

have approximately same porosity which 

indicates a uniform distribution of porosity 

with depth in the middle portions. 

Throughout the analysis it is apparent that 

there is a similar variation between porosity 

and depth for all the concrete cubes samples as 

shown in Figure 5. The constant porosity of 

middle 8 strips were computed and the 

average was referred to as Effective Porosity 

(EP). The authors attempted to analyse which 

of AP and EP represented the properties of 

pervious concrete, as EP represents 

approximately 80% of the sample. EP is 

therefore, expected to serve as a surrogate 

parameter for compressive strength of 

pervious concrete.  

For all mix designs, AP was higher 

than EP as expected and the variation between 

AP and EP is shown in Figure 6 including both 

type of compaction. 

 

 Figure 6 EP vs AP for all pervious concretes 
used in this experiment 

The relationship between EP and AP 

is linear as the R2 value of the fitted curve was 

very close to 1 (0.99) as shown in Figure 6. The 

gradient of the linear curve is almost equal to 

1 (0.9701). In this study, AP was almost equal 

to EP + 3.5% when considering all the mix 

designs. Simultaneously, the difference 

between AP and EP did not depend on the 

total number of compaction and types of 

compactions. EP can therefore be considered 

as surrogate parameter for AP. 

Variation of EP with AP was analysed 

for all the concretes of both Type 1 and Type 2 

separately and it is shown in Figure 7 and 

Figure 8, respectively. 

 

Figure 7 EP vs AP for all the concretes in 
Type 1 Mix design 

 

Figure 8 EP vs AP for all the concretes in 
Type 2 Mix design 

R2 values were almost the same for 

both types of compaction as shown in Figure 7 

and Figure 8. Yet, when the equations of both 

cases were compared, it shows significant 

variation in coefficients of both types. The 

gradient of both equations were 

approximately same while the cut-off-point 

value for both equations were different. It may 

occur during distribution of compaction 

energy of concrete cubes throughout vertical 

profile that in turn creates deviation between 

the values. This variation can be checked by 

using different type of compaction methods to 

the pervious concrete.   
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From the above analysis and discussions, both 

EP and AP values induced same performance 

for all the mix designs. Therefore, both EP and 

AP can be used for indicating the performance 

of pervious concrete but evaluating AP is 

convenient than EP. From these observations, 

AP is understood as the main indicator of 

porosity in pervious concrete for comparison 

of performance of the pervious concrete. In 

addition to that uncertainty of porosity value 

was porosity ± 9% which was observed in the 

analysis of all mix designs.  

 CONCLUSION 

Actual porosity (AP) and effective 

porosity (EP) are good indicators of pervious 

concrete, whereas measured porosity (MP) 

could not be considered as such. The 

distribution of compaction energy affects the 

distribution of porosity in the vertical profile 

of concrete. Furthermore, the type of 

compaction used affects the distribution of 

porosity in the vertical profile. The very high 

correlation of 0.99 was observed between AP 

and EP. AP and EP can be considered as the 

surrogate parameter for compressive strength, 

rather than MP.  
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One of the world’s worst natural disasters, causing more than 300,000 deaths 
affecting over 15 nations in two continents occurred on December 26th, 2004. The 
lack of preparedness to face such a crisis compounded this situation and the lessons 
learned from this phenomenon fueled the government and other local authorities to 
strengthen the legal and legitimate background to mitigate that type of devastations 
in future events. Since Tsunami is a low-frequency, high impact event which cause 
extensive damage and reverse years of development gains, some legislative and 
institutional arrangements were formed systematically. Consequently, time to time 
several guidelines were declared and published by relevant authorities related to 
Tsunami resilient buildings. As these available guidelines in the local context are 
declared by different authorities with different perspectives, this study focuses to 
amalgamate all the guidelines pertaining to Tsunami resilient buildings and present 
in a collective approach to support all the relevant stakeholders. To undertake the 
study, a comprehensive literature survey was carried out and the developed 
common guideline will be a user guide to all the relevant parties involving with the 
resilient buildings in Tsunami prone areas, particularly during the constructions in 
the coastal belt.             
 

1. INTRODUCTION 
 
 

The 2004 December 26 Sumatra–
Andaman earthquake was one of the most 
disastrous recorded earthquakes, due, in part, 
to its large magnitude, Mw between 9.1 and 9.3 
(Ammon et al. 2005; Park et al. 2005; Stein & 
Okal, 2005). The earthquake generated a 
tsunami, which propagated through the Indian 
Ocean and caused extreme inundation and 
destruction along the surroundings coasts 
(Poisson et al., 2008). The resulting death toll is 
estimated to be between 200 000 and 300 000 
and the most devastated country was 
Indonesia, as it lies near the subduction zone 
where the earthquake occurred, but the 
tsunami also severely struck Sri Lanka, where 
more than 30 000 people were killed (Liu et al., 
2005; Goff et al., 2006; Inoue et al., 2007).  

The lack of preparedness to face such a 
crisis compounded this situation (Shareef, 
2013) The 1st wave, which was less ferocious, 
instead of treating as a warning sign, sadly 
brought in a much larger crowd of curious 
onlookers to the beach to observe this unusual 
phenomenon resulting in much larger loss of 
lives by the most ferocious 2nd wave that 
followed 30 minutes later. The 3rd and 4th 
waves killed even more people who were either 
rescuing the drowned or salvaging valuables. 
People in the southern coast completely 
ignored the tsunami destruction that occurred 
in the eastern coast nearly 40 minutes before it 
hit the southern coast (Jamco, 2013).  

 
The tsunami waves that struck nearly 

2/3 of the Sri Lankan coastal belt resulted in 
35,320 confirmed deaths and 6,300 missing 
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people. The economic loss has been estimated 
at US$ 2.2 billion, disregarding the cost of social 
disorder. Nearly 516,100 were displaced of 
which 33% were below the poverty line. 98,000 
dwelling houses and 75% of the fishing fleet, 
which was the main livelihood of the coastal 
population, were damaged. More than 500 
tourism related business, which was the main 
source of income in this area was damaged. 
23,449 acres of agricultural lands were 
destroyed. 200 education institutes were 
damaged, and 450 others were used as 
temporary camps for Internally Displaced 
People (IDPs). The world’s worst train tragedy 
killing 1,260 passengers also happened on this 
tsunami day (Jayantha Ranatunga, 2005). 
 

Since, Sri Lanka was completely 
unprepared for the tsunami, the damage was 
extensive. It experiences periodic droughts, 
floods, landslides, and the occasional cyclone. 
But the nation had never experienced a 
tsunami, or indeed any other type of natural 
disaster of this scale and magnitude in recorded 
history. This devastation severely affected the 
buildings, causing structural failures. 
Consequently, from the lessons learned from 
Tsunami 2004, several authorities formed 
structural guidelines to follow to withstand in 
case of Tsunami. These guidelines have 
documented in different forms under different 
authorities, but not in a common format for 
easy reference. Therefore, in coastal area 
constructions, relevant stakeholders must 
follow all the relevant guidelines instead of 
following a single guideline pertaining to 
constructions in Tsunami prone areas.  
     

Thus, to overcome this disparity, this study 
focuses to develop a common guideline with all 
the available construction aspects in Tsunami 
prone cities of Sri Lankan coastal belt.  
   
2. METHODOLOGY 
 

This research consists with a 
comprehensive literature review on guidelines 
which are pertaining to the building 
constructions in Tsunami prone cities of Sri 
Lanka. Reviews are conducted on published 
guidelines in different authorities such as 
National Building Research Organization, 
National Housing Development Authority, 
Society of Structural Engineers Sri Lanka and 
the Coast Conservation Department. 

To ensure a complete capture of all relevant 
studies, cross-reference was undertaken for all 
the guidelines and to find the gap and detail of 
each literature, the collected data were sorted 
arranged and classified over the aspects of 
construction.  
 

Finally based on the findings, a 
common set of guidelines will be proposed to 
facilitate all the stakeholders in building 
constructions in Tsunami prone areas which 
can lead to a sustainable construction practice. 
These guidelines will be open for further 
developments and suggestions as this is based 
on four main guidelines formed by four 
different authorities. 
 
3. FINDINGS  
 
3.1. National Building Research Organization 

National Building Research 
Organisation is a leading research & 
development institution in the country and a 
reputed technical services provider in the fields 
of geotechnical engineering, landslide risk 
management, human settlements planning, 
environmental monitoring, building materials 
research, and engineering project management 
(NBRO, 2021). It has formed different 
guidelines for different hazard specifications 
like Landslides, Floods, High winds, 
Earthquakes and Tsunamis. Among these, 
since the study is based on the Tsunami related 
guidelines, following aspects are discussed.  
 
1. General Guidelines 
2. Basic Requirements for a Safe Structure 
3. Design and Construction 
4. Structure 
5. Exterior Structure 
 
3.2. National Housing Development 
Authority  

The National Housing Development 
Authority (NHDA) is the apex housing 
organization in Sri Lanka vested with the 
responsibility of planning and implementation 
of state interventions in the housing sector with 
following aspects. 
 
1. Guidelines on Planning Aspects 
2. Guidelines on Settlement Design 
3. Guidelines on Provision of Physical 

Infrastructure 
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3.3. Society of Structural Engineers Sri Lanka 

The Society of Structural Engineers Sri 
Lanka is a professional body for Practicing 
Engineers and academics active in the field of 
Structural Engineering in Sri Lanka. The 
following guidelines are declared by SSESL for 
buildings at risk from natural disasters.  
 
1. Single Storey Buildings 

• Siting of Building 

• Planning Aspects 

• Structural Elements 
 

2. Low and Multi-Storey Buildings 
 
3.4. Coast Conservation Department  

The Coast Conservation & Coastal 
Resource Management Department is the 
prime agency attend to balance the 
conservation objectives as combating Coastal 
Erosion with comprehensive approach to 
erosion control, ensuring development 
activities in good standards, promote & 
facilitate economic development based upon 
coastal resources with improvement of living 
standards of coastal communities and resource 
users with development needs of the country 
and the following aspects are considered in 
coastal conservation landscaping and Green 
belt protection.  
 
1. Guidelines for Planning and Designing 
2. Guidelines for Implementation 
3. Monitoring and Evaluation 
 
Table 1 Summary of Existing Guidelines  

Consequently, it depicts those different 
authorities have different definitions for their 

own guidelines but in similar forms. In 
accordance with Table 1, Coast Conservation 
Department (CCD) mainly focuses on the 
coastal landscape for coast conservation while 
NHDA considers about planning aspects, 
structural aspects, and physical infrastructure.  
 

 

Similarly, NBRO counts on general 
guidelines, planning aspects, structural 
aspects, and exterior structural aspects. SSESL 
considers general guidelines, planning aspects 
and structural guidelines including guidelines 
for low and multi-storey buildings. 
 

In Brief, both planning aspects and 
structural aspects are common for all most all 
the guidelines declared by these authorities 
and NBRO and SSESL specifically focuses on 
general guidelines that must be considered in 
construction in Tsunami prone cities. 
Moreover, exterior structural guidelines are 
unique for NBRO guidelines while the 
guidelines for physical infrastructure only 
declared by NHDA guidelines for housing 
development in coastal Sri Lanka. Also, there is 
a special focus on guidelines for low and multi-
story buildings by SSESL with essential 
requirements and desirable features of 
buildings.      
 

Hence, this study specially 
concentrates on the guidelines that are 
discussing about the Tsunami resilient 
buildings in Tsunami prone cities of Sri Lanka 
and introduce a general guideline under a 
common platform which presents all the 
applicable regulatory aspects declared by the 
relevant authorities.      
 
4. DISCUSSION  

 
With all the guidelines pertaining to 

building constructions in Tsunami prone cities, 
above guideline are prominent as they directly 
focus on Tsunami prone cities. As per the 
findings, all the prevailing guidelines are 
following somewhat similar aspects but in 
different forms. Accordingly, in the process of 
construction in coastal areas, all the prevailing 
guidelines must be referred to follow the 
available legislative requirements declared by 
relevant authorities.   
 

Guidelines declared by the Coast 
Conservation Department have all the 
standards and recommendations for the coastal 
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landscape and coastal vegetation including the 
plants and species to use as coast conservation 
mechanisms. Moreover, the Coast 
Conservation & Coastal Resource Management 
Department is the prime agency attend to 
balance the conservation objectives as 
combating Coastal Erosion with 
comprehensive approach to erosion control, 
ensuring development activities in good 
standards, promote & facilitate economic 
development based upon coastal resources 
with improvement of living standards of 
coastal communities and resource users with 
development needs of the country and the 
following aspects are considered in coastal 
conservation landscaping.  
 
i. Guidelines for Planning and Designing 

ii. Guidelines for Implementation 
iii. Monitoring and Evaluation   
 
Considering the National Building Research 
Organization (NBRO), National Housing 
Development Authority (NHDA) and Society 
of Structural Engineering (SSESL) Guidelines, 
they present more about the structural 
guidelines pertaining to building constructions 
in Tsunami prone areas.  So, with a 
comprehensive cross-analysis these guidelines 
can be categorised under similar aspects that 
are currently available in aforementioned 
authorities as follows. 
 
a) General guidelines 
b) Siting Requirements 
c) Planning Aspects 
d) Designing Aspects 
e) Structural Aspects 
f) Exterior Structural Aspects 
g) General provision of Physical 

Infrastructure 
 

4.1. General Guidelines 
 

1. Avoid Tsunami prone Areas 
Considering the magnitude of tsunami forces 
and the scale of devastation, it is best to avoid 
areas with risk of tsunami hazard. Where 
development is unavoidable within a tsunami 
prone area and permitted by the concerned 
authorities, the structures should be designed 
in such a way to minimize the damages from 
tsunami waves. 
 
 
 

2. Reduce Tsunami Risks 
a) Diminish the power of tsunami waves and 

slow down the currents reaching land by 
creating barriers such as specially designed 
forests, green belts, ditches, and slopes. 

b) Steer away the tsunami forces e.g., by 
strategically placing the structure, and by 
using angled walls, ditches, and paved 
surfaces. 

c) Block the water forces by providing rigid 
structures such as walls and dikes, terraced 
berms. 

3. Mitigate the Damages 
Damage to a house built within a tsunami 
prone area can be reduced by placing the house 
on the high side of the land and / or by raising 
the structure above tsunami inundation level 
by using stilts/ piers or hardened podiums. 
 
4.2. Siting Requirements 

 
1. Site Selection 
a) Buildings should be located to avoid the 

coastal reservation area and restricted 
zones (In selecting sites for housing 
development in the coastal belt, it is to be 
kept in mind that under no circumstances 
buildings should be constructed within the 
reservation area) 

b) Locations near rivers and waterways, 
lagoons and bays etc., connected to the sea 
and along which the tsunami waves could 
reach the land shall be avoided. 

c) Areas behind mounds or vegetation are 
preferred in order to provide natural 
shielding. 

d) The site should be such that the houses 
could be located on a high ground 
desirably well above the possible tsunami 
inundation level (3m above the Mean 
High-Water Line) 

e) If the ground is sloping towards the sea, 
locate the house on the higher side of the 
land. When siting on sufficiently high 
ground is not possible, the house may be 
constructed on stilts or on created high 
ground made up of thoroughly compacted 
earthen embankment. 

f) Ground should have suitable bearing 
stratum to construct stable foundations 
and the sub-soils must not be prone to 
failure in bearing capacity that may be 
caused by sudden rise in pore water 
pressure in the soil. 
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4.3. Planning Aspects 
 

a) Create a coastal vegetation belt to avoid 
and minimize the wave damages and 
damages from debris.  

b) Buffer Zone requirement (100 m landwards 
from the mean high-water line in the 
following districts – Killinochchi, Puttlam, 
Gampaha, Colombo, Kalutara, Galle, 
Matara, Hambantota and 200 m landwards 
from the mean high water line in the 
coastal belt within the Jaffna, Mullaitivu, 
Trincomalee, Batticaloa and Ampara 
Districts) 

c) The primary requirement in settlement 
planning is to ensure the proposed housing 
development is in an area demarcated for 
residential land use.  

d) If constructed on raised ground, 
embankments must be designed to 
streamline the flow of tsunami currents 
and all its sides shall be well protected 
against possible scour, erosion and being 
carried away by wave forces. 

e) House on stilts/columns have the 
advantage that the underside can be used 
for non-occupancy purposes such as a 
garage or space where human activities are 
minimal. 

f) If the house to be constructed on ground 
within reach of tsunami waves, provision 
shall be made to divert the water currents 
away from the house using barriers. 

g) It is desirable to provide an apron around 
the house to minimize erosion and 
undermining of foundations. 

h) Means of Evacuation: Evacuation paths 
and points should be considered when 
preparing layouts within the vulnerable 
areas. Evacuation paths should be opposite 
& perpendicular to the sea and clearly 
demarcated in the layout.  

 
4.4. Designing Aspects 

 
a) The aspect ratio of the building (length to 

width ratio of the building) should not be 
greater than 3. 

b) Shape and orientation: Circular or oval 
shaped plan are desirable, but it is usually 
not practical. Simple shapes such as square 
or rectangular plan may be adopted. Try as 
much as possible to orient the house with its 
shorter side facing the direction of tsunami 
waves. 

c) The design of tsunami resilient house shall 
be done on professional advice of a qualified 
engineer who should address various forces 
and expected conditions associated with 
tsunami currents and waves, water 
pressures, buoyancy, ground shaking due to 
earthquake or tremors, debris impact, scour, 
erosion, ground failure and fire. 

 
4.5. Structural Aspects 

 
4.5.1 Foundation 
a) Buildings can have shallow foundations on 

stiff sandy soil. 
b) When there is risk of scouring due to storm 

surge, a minimum depth of foundation 1 m 
below natural ground level should be 
provided in the coastal zone (NHDA) 

c) When there is risk of scouring due to storm 
surge, a minimum depth of foundation 1.5 
m below natural ground level should be 
provided in the coastal zone (SSESL) 

d) Where a building is constructed on stilts, the 
stilts should be properly braced in both the 
principal directions. This will provide 
stability to the complete building under 
lateral loads. Knee braces are preferable to 
full diagonal bracing so as not to obstruct 
the passage of floating debris during tidal 
surge/tsunami. 

e) The wall foundation should have a width of 
two and half times the thickness of wall (not 
less than 0.6m in any event). Footings 
should be constructed in stone or cement 
blocks, and not in brick work. 

f) The plinth height should not be less than 
0.45 m above natural ground level or as per 
topography requirement. 

g) The columns should be founded on pad 
footings. 
 

4.5.2. Floor 
Floor slab shall be designed to withstand 
warping and lifting under buoyant pressures. 
 
4.5.3.  Walls 
a) Use internal cross walls perpendicular to the 
walls facing the sea or the tsunami waves. 
b) All external walls or wall panels must be 

designed to resist the out of plane lateral 
pressure adequately. For this, the walls 
should be sufficiently buttressed by 
transverse walls. 

c) A small building enclosure with properly 
interconnected walls is ideal. Buildings 
having long walls should be avoided. 
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d) It is necessary to reinforce walls by means 
of at least one horizontal reinforced 
concrete band at lintel level. 

e) The thickness of the load bearing and/or 
external walls should not be less than 
200mm; other walls can be 100mm thick. If 
external walls are 100mm thick, they must 
be of solid cement blockwork or brickwork. 

f) Since tensile and shear strength are 
important for lateral resistance of masonry 
walls, use of mud or very lean mortars 
should be avoided. 

g) For achieving full strength of masonry, the 
usual bonds specified for masonry should 
be followed so that the vertical joints are 
broken properly from course to course. 

h) Concrete columns (200mm x 200mm) 
founded as pad footings must be provided 
at least at the four corners of the building. 
These columns should be connected by a 
continuous lintel beam. 

i) The free-standing wall height should not 
be greater than 3m. 

j) Wherever possible sea facing walls should 
be braced by cross walls, so that the length 
of unsupported wall does not exceed 3 m. 
 

4.5.4. Openings 
a) Openings should be avoided or minimized 

in walls facing the sea. 
b) Openings should be located away from the 

corners by a clear distance equal to at least 
25% of the height of opening or 600mm 
whichever is more. 

c) The total length of openings should not 
exceed 50% of the length of the wall 
between consecutive cross walls in single 
storey construction. 

d) The horizontal distance (pier width) 
between two openings should not be less 
than 50% of the height of the shorter 
opening or 600mm, whichever is more.  

e) Openings in the building will permit 
flooding and also weaken the wall. Hence 
large openings on the seaward side should 
be avoided. 

f) It is desirable to provide reinforced bands 
(horizontal) or ties (vertical) around the 
openings. 

g) The frames should be well anchored in the 
walls 
 

4.5.5.  Roof 
a) Light weight low-pitched roofs should be 

strongly held down to purlins, with 

fastenings spaced not exceeding 1.5m in 
both directions. 

b) Similarly, purlins should be tied to rafters, 
the rafters to the wall plate and the wall 
plate to the reinforcement coming up from 
the walls. 

c) Pitched roofs with slopes in the range of 22o 
to 30o i.e., pitch of 1/5 to 1/3.5 of span will 
reduce suction on roofs and facilitate quick 
drainage of rainwater. 

d) The wall plate should be held down by 10 
mm threaded bars cast into the roof beams 
at around 1.5 m centres; the bars should 
have an L-bend of around 100 mm. 

e) If cantilevers cannot be avoided, they 
should be well anchored to protect them. 

 
4.6. Exterior Structural Aspects 
a) To prevent exterior structures such as 

boundary walls, water towers from 
damage or collapsing which can also 
produce waterborne debris, they shall be 
structurally strengthened and anchored to 
stable foundations. 

b) Boundary walls- Brace in two directions 
with reinforced concrete columns and 
beams. 

c) Water Tanks- If elevated, construct on 
reinforced and braced concrete columns. 
Circular shape would be more suitable for 
ground tanks. 
 

4.7. General provision of Physical 
Infrastructure 
Apart from all the structural 

requirements, some general provisions of 
physical infrastructure have declared by the 
NHDA for services such as: 
1. Water Supply  
2. Electricity 

Power supply system 
Internal distribution system 
Lightning conductors 

3. Telecommunication 
4. Wastewater Disposal 

One Plot wastewater Disposal 
Onsite Wastewater Disposal 
Offsite Wastewater Treatment  
Identification of the location of septic 
tank  
Soakage pit 

5. Storm water disposal 
6. Solid waste disposal 

 
Aforementioned aspects related to physical 
infrastructure are not particularly related with 
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Tsunami resilient buildings, but these 
provisions must be contained within the 
general guideline which is for Tsunami 
resilient buildings in coastal cities of Sri Lanka.  
 
Thus, in the process of building constructions 
in Tsunami prone cities, all these seven (7) 
aspects must be considered to regulate 
buildings to withstand against Tsunami 
disasters in order to enhance the sustainability 
of the building.  
 
5. CONCLUSION  

 
Structures tend to be destroyed by 

tsunamis because of five general causes as, 
force of the water and high-velocity water flow, 
impact of debris, fire on floating debris, 
unexpected erosion and scour of foundations 
and waves' wind forces. Hence, by following a 
proper guideline to enhance the stability of a 
certain construction is highly necessary in 
Tsunami prone cities of Sri Lanka. To achieve 
this, following seven (7) aspects can be 
considered as a collective approach of all 
declared guidelines of Sri Lanka regarding the 
Tsunami resilient buildings.  

 
Figure 2 Main aspects of the common 

Guideline 
 

Rather than having several guidelines 
to refer for a particular construction purpose, 
one specific guideline with all the applicable 
aspects can strengthen the construction 
standardization and that will eventually 

expand the opportunities of the built 
environment to be more sustainable under the 
disaster resilient perspective.   
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The grade 35A concrete is being used for the majority of water retaining structures 
but the Availability of the fines and their percentage of M-Sand will divert the 
expected results. This study investigates the impact of fines percentage variation on 
fresh concrete performance and hardened concrete properties. Island-wide M-Sand 
samples have been tested for their properties to identify the variations in supplies. 
The properties of concrete have been tested by varying the fines percentage of 30%, 
40%, 50%, and 70% based on the size of particles by varying the 150µm passing 
percentage from 5-25% with 5% intervals.  It has been identified that reduction of 
performance of concrete with the increase in fine percentage. Fresh state properties 
were tested using slump test and hardened state properties were tested using 
compressive strength tests. The results were compared with the requirement for 
Grade 35A concrete performance. The results demonstrated that the compressive 
strength always satisfied the Grade 35 requirements for all the variations in M-Sand. 
But to maintain the workability within the requirements, it is recommended to 
control the fine content variations related to 150µm passing percentage to a 
maximum of 15%. Especially when a higher degree of partial replacement takes 
place such as 70%.  

 

1. INTRODUCTION  

Sand is a non-renewable resource over 
human timescales. Nowadays, the illegal 
activity rate related to mining have been 
increased. This increment in sand mining leads 
to serious threats to the environment as well as 
to the society. Increasing extraction of natural 
sand from river beds causes many problems, 
such as losing water retaining sand strata, 
deepening of river courses causing riverbank 
slides, loss of vegetation on the banks of rivers, 
exposing the intake wells of water supply 
schemes, disturbing aquatic life as well as 
affecting agriculture, etc. (Priyanka and Dilip, 
2012). 

 
In the need for alternative sand, there are 

several options available, but all the options 

are less performing compared to the river sand 
(RS). Due to the shortage of RS, many concrete 
producers have turned to using crushed rock 
fine (CRF) in the place of RS as fine aggregate 
for concrete. 

 
The processed CRF is called Manufactured 

sand (M-Sand) to distinguish it from natural 
sand and ordinary CRF. It is not only because 
of the easy access, but also the cost savings and 
reduced environmental impacts, that the M- 
sand has become popular.  

 
Even though it is becoming popular, the 

construction Industry does not trust the 
uniformity of the performance of M-Sand. (The 
annual supply of M-Sand is less than 3 MCM 
(Mega cubic meter). 18 MCM is still obtained 
from river beds) (Wijeratne, 2019). That's why 
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the industry still hesitates to use M-Sand in 
some applications. Water retaining structures 
are one such applications where a good 
guideline for M-sand is needed.  

 
Nowadays, M-Sand is used by National 

Water Supply and Drainage Board (NWSDB) 
as a partial replacement for river sand in their 
projects. But NWSDB still hesitates to use M-
Sand because of the variation in concrete 
performance even at the same replacement 
percentage. Such variations in concrete 
performance are directly associated with the 
variations in properties of M-Sand listed 
below. 

• Fine content is significantly higher in M-
Sand compared to natural sand. 

• M-Sand has angular shaped particles 
compared to the spherical particles that 
exist in natural sand. 

• Clay content variation is high. 
There is a significant variation in the 

above-mentioned properties of M-Sand 
replace with that is available in the industry. 
The variation of crusher type, source, and 
quality of the process, etc. are some major 
reasons for such variation in properties. 
Therefore, even with the same supplier, there 
is a possibility of change in the properties of M-
Sand, hence the change of performance in 
concrete. 

 
NWSDB has been facing the above 

problem for a long time. The performance of 
G35A concrete, which is used by NWSDB for 
water retaining structures, changed 
unexpectedly even with the same replacement 
percentage of M-Sand. 

 
If M-Sand is used without studying the 

properties, then it's difficult to control the 
performance of concrete, which not only 
slumps but also affects the compressive 
strength. But slump variations are more 
significant than strength variations. 
Sometimes it gives better results above the 
nominal expectations as well as worse for the 
same partial replacement. 

 
Several conditional limitations have 

been mentioned in BS8007 for cement types 
and water-cement ratios. Such as, when the 
water/cement ratio is 0.50, then for reinforced 
concrete, the cement content should not exceed 
400 kg per cubic meter of ordinary Portland 
cement. Hence, to maintain workability within 

the acceptable range, more water cannot be 
introduced. If so, the cement also needs to 
increase to maintain the same W/C ratio. But 
it is not possible due to the limitation of cement 
content. 

 
This study, is mainly focused on the 

impact of variations in fine content in M-Sand 
for the G35A concrete performance. It is 
expected to give a guideline concerning fine 
content variation in M-Sand to overcome the 
current problems faced by NWSDB regarding 
G-35A concrete. 

2. LITERATURE REVIEW 

Priyanka and Dilip (2012) studied the 
effect of the water-cement ratio on fresh and 
hardened properties of concrete with partial 
replacement of natural sand by M-Sand. It has 
been concluded that 60% replacement of 
natural sand by M-Sand would yield the 
maximum strength for concrete.  

 
The workability, strength, and durability 

of concrete with M-Sand as a replacement to 
natural sand in proportions of 0%, 5%, 10%, 
15%, 20%, and 25% have being studied (Halesh 
et al.  2017). It is concluded that the 
Replacement of 15% Natural River sand by M-
Sand yielded good compressive strength for 
M20 grade concrete.        

      
Another study has been conducted to 

determine the effect of fines content in sand 
and water/cement ratio on some properties of 
concrete (Yalley and Sam 2018). The Results 
concluded as a higher percentage of fines in the 
sand will require a higher amount of water to 
make the concrete workable which intends the 
result to in lower strength of concrete. 

 
Twubahimana and Mbereyaho (2013), 

have been investigated that the impact of clay 
particles on the compressive strength of 
concrete. In the conclusion, the study has 
shown that the content of impurities in 
aggregates should always be determined 
before use, and also the content of clay 
particles in aggregates should never be greater 
than 1%.  

 
Brandon (2012) showed that the 

Methylene Blue Value to clay content. It is 
necessary to generate the relationship between 
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MBV and standard clay minerals of known 
quantities. It is clearly shown that higher 
amounts of clay would yield a higher MBV.  

 
Li Beixing et al., (2010) have shown that the 

methylene blue Value (MBV) is an important 

index that reflects the quality of manufactured 

sand. The study has revealed that the concrete 

mixtures with a constant water-binder ratio, 

with the increase of MBV, the slump and 

slump flow of fresh concrete marked a slight 

reduction when the MBV was less than 1.1, but 

the workability was decreased dramatically 

when the MBV surpassed 1.45. The Study has 

advised that not to use M-Sand with MBV of 

greater than or equal to 1.45 for preparing 

high-performance concrete. 

3. METHODOLOGY 

3.1. Gathering Data on NWSDB Projects 

Several discussions were carried out with 
the NWSDB and gathered some data on 
projects which have used M-Sand as a partial 
replacement and identified current problems 
that arise when using M-Sand as a partial 
replacement of river sand.  

3.2. Sample Collection  

Obtained five M-Sand samples from 
different suppliers, mainly around the 
Colombo area, and studied the variation in 
properties of M-Sand. Samples were collected 
from the WAPCO, Sansira, CA crushers, CML, 
and Kurunegala M-Sand (from the NWSDB 
project). Dry sieve analysis, wet sieving, and 
methylene blue tests were carried out to study 
the variations of collected samples. By 
considering the reactive clay content variation 
the best sample was selected for further 
studies.  

3.3. Preparation of Trial Mixes 

Particles corresponding to the size range 
of 4.75, 2.36, 1.18, 0.6, 0.3, 0.15 mm sieved and 
separated, and those separated quantities were 
collected into separate bags. By using those 
separated quantities 150µm, passing 

percentage was varied, and partial 
replacement of M-Sand and 20 mixes were 
prepared to study the variation of fresh and 
hardened properties of G35A concrete.   

 
Four series of trials were conducted by 

varying the partial replacement percentage of 
M-Sand as shown in the Table 1. The partial 
replacement range was selected as 30% - 70 % 
and the 30% was selected. Because already 
NWSDB used this percentage of partial 
replacement. Therefore 30% was selected as 
the starting point and increased partial 
replacement into a considerably high 
percentage as 70%. Since 70% was unable to 
satisfy expected results, it was decided to not 
go beyond but trying with in the 30% - 70%. 

Table 1 Trial Plan 

150𝝁𝒎  
passing % 

M-Sand Partial Replacement % 

A(30) B(40) C(50) D(70) 

5 A5 B5 C5 D5 

10 A10 B10 C10 D10 

15 A15 B15 C15 D15 

20 A20 B20 C20 D20 

25 A25 B25 C25 D25 

3.4. The Mix Design 

The mix design that is currently using by 
NWSDB was selected to obtained satisfactory 
fresh and hardens properties of G-35A 
concrete. (Minimum compressive strength of 
trials should be 50 MPa and slump value 
should be 175±25mm). Cement 390 kg, W/C is 
0.45, 880 kg Fine aggregate RS, 20 mm Coarse 
aggregates 1075 kg and admixture sika plast 
2055 used 4.290 L (Note: 1 super plasticizing 
Sika plast -2055, 1.1 L per 100 kg of cement). 

3.5. Laboratory Test 

The Dry sieve analysis Test was carried 
while following British Standard Institution, 
1984 to identify the Particle size distribution. 
The wet sieve analysis test was to find out 
150𝜇𝑚 passing. The Methylene blue test has 
beien incorporated in limited states and 
European standards to determine whether 
aggregate fines contain clay minerals. In this 
study Methylene blue test was conducted 
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following the Holcim blue manual to 
determine the impact of reactive clay content 
in the sample. 

 
The slump test is used to assess the 

consistency of fresh concrete. It is used 
indirectly, as a means of checking that the 
correct amount of water has being added to the 
mix. The test was carried out against the BS EN 
12350-2 standards. 

 
The Compressive strength test was 

conducted by applying a compressive strength 
until the specimen was failed according to BS 
EN 12390.  

4. RESULTS AND DISCUSSION 

4.1. Summary of NWSDB Project Related to 
M-Sand 

Only the particle size distribution of M-
Sand is checked by NWSDB when it is selected 
for concreting and the frequency of testing is 
not at a satisfactory level. For lower-grade 
NWSDB has used up to 50% of partial 
replacement in M-Sand. But for G35A concrete 
the partial replacement has been limited to 
only 30%. Because even at the same partial 
replacement in M-Sand Slump losses has been 
the main issue most of the time.  

4.2.  Variation of Properties in Locally 
Available M-Sand 

4.2.1. Particle Size Distribution 

The Figure 1 shows that, M-Sand has a 
high amount of Fine content compared with 
River Sand and all the M-Sand samples 
representing different kinds of sources have 
satisfied the limits of BS 882:1992 particle size 
distribution.  

 
Normally it does not show a significant 

variation among the samples. The quality of 
M-Sand cannot be decided by considering only 
the particle size distribution curves. 
Furthermore, the Figure has shown that the 
particle size distribution of less than 600𝜇m has 
a significant variation from the curve 
representing river sand sample. All M-Sand 
samples have moved upward concerning the 

curve representing river sand.  It indicates that 
the fine content in M-Sand is higher than that 
of river sand. Thus, PSD curves obtained by 
the dry sieve analysis may not be enough to 
provide a good guide for the quality of M-
Sand. Therefore, when replacing MS over RS 
the best results cannot be provided by only 
considering the PSD curves. 

 

Figure 1 Particle size distribution curves 

 

4.2.2. Variation in 150 µm Passing Percentage 

The Figure 2 shows the variation in 
150µm passing percentage of obtained 
Samples. The wet sieving method was used in 
this case as wet sieving uses water to help 
separate and sieve particles that are clumping 
or sticking together. This is the best way of 
studying the fine content variation of material 
that contains a high amount of fines as some 
particles may seem to be solid and of the 
correct size. Even if the M-Sand samples are 
satisfied the BS882:1992 particle size 
distribution requirement for dry sieve 
analysis. 

 

Figure 2 Variation of 150µm passing 
percentage of M-Sand 
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When it comes to the wet sieve through 
the 150 𝜇m sieve some samples were out of the 
specified range. MS1 and MS 2 have exceeded 
the BS 882:1992 upper limits which have been 
specified as the 15% of maximum. There is a 
significant variation in 150 𝜇m passing 
percentage of M-Sand with values varied from 
7.5% to 16.2%. Furthermore, in the river sand 
sample, it was at_15%. Therefore, study should 
be needed for the variation in G35A concrete 
performance with the variation in 150µm 
passing percentage of M-Sand. It has carried 
out in the later stage of this study.  

4.2.3. Variation in Reactive Clay Content 

Except for the MS5 sample, all other 
samples are in the risky range of negative clay 
impact. If reactive clay is in the risky range, 
then it adversely affects the concrete 
performance. Normally clay coatings consist 
of clay particles that are held tightly to the 
aggregate surface because clay fines are bound 
to the aggregate by electrostatic forces it 
disrupts the aggregate – cement paste bond. If 
the bond between the cement paste and the 
coating is stronger than that bond between the 
coatings and aggregate a weak zone may 
develop at the coat–an aggregate face that 
reduces the concrete strength and durability. 

 

Figure 3 Total reactive clay variation in 
tested M-Sand sample 

 
If there is a significant amount of clay in a 

cement mixture, reduces the amount of water 
available for hydration reaction and thereby 
decreases its workability and also when there 
is clay it absorbs water and increases its 
volume. After the expulsion of water, it 
reduces its volume which causes to increase in 
the shrinkage of concrete. 

 
Results have clearly shown that there 

should be a better understanding of the 

variation of fine content and clay content of M-
Sand and the necessity of a guideline to M-
Sand replacement. For selecting the best 
sample, it was necessary to minimize the 
impact of reactive clay (Has to fix the reactive 
clay at a low value) for further studies related 
to the fine content variation in M-Sand verses 
G35A concrete performance. Therefore, the 
best source was selected by considering both 
MB value and availability around the Colombo 
area. Even though the MS5 sample has the 
lowest MB value, it was the sample obtained 
from the Kurunegala area. Hence MS4 sample 
was selected as the best sample for further 
studies. 

4.2.4. Fresh Properties of G35A Concrete 

According to the Figure 4, slump values 
are decreased with the increase in fine content. 
There is no that much difference in initial 
slump values compare to the control mix. 

 

Figure 4 Slump and retention for 30% 
partial replacement 

 

Significant slump losses were reported 
at 2hr retention corresponding to 20% and 25% 
Fine content. But those values also satisfied the 
NWSDB requirement of the slump which has 
specified as 175±25 mm. one hour slump 
values related to 5%, and 10% fine content 
variations have shown higher values than 
initial slump values. That could be an effect of 
admixture performance.  A low degree of 
partial replacement of M-Sand causes to lower 
the available amount of fine content in M-Sand 
which leads to reduce the water demand. Even 
an increase in fine content has tended to 
decrease the workability to some extent, has 
not reduced drastically over the specific 
limitation of BS 882: 1992. 

The figure 5 shows that, an increase in 
fine content caused to decrease in the slump 
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value. Even though the increase in fine content 
has shown a loss in initial slump values, it was 
in the required range of 175±25 mm. When 
consider the 1hr and 2hr retention values, only 
fine content up to 15% has satisfied the 
requirement. Except slump values related to 
5% and 10% variations of M-Sand, all other 
slump values of 2hr retention time are not 
satisfied the NWSDB requirements for the 
G35A concrete.  

Figure 5 Slump and retention for 40% 
partial replacement  

 

Figure 6 Slump and retention for 50% 
partial replacement 

                      The figure 6 shows that, the 
increase in fine content has reduced the 
workability of concrete. Even initial slump 
values have satisfied the NWSDB requirement 
for G35A concrete when it comes to the one-
hour retention time, variation up to 15% of fine 
content has only been able to satisfy the 
requirements. Hence when it deals with 50% 
replacement of M-Sand special attention 
should be there on the amount of fine content 
for the areas which need a longer retention 
time. 

Figure 7 Slump and retention for 70% 
partial replacement  

 

According to the Figure 7, all mixes are 
unable to satisfy the requirement of slump 
value for 2hr retention. It has shown a huge 
loss in the slump values after 2hrs. The Slump 
values for initial and after 1hr have satisfied 
the requirements only up to 15% of fine content 
variations.   

 
All together Overall results of Figures 

4, 5, 6, and 7 have shown a decrease in slump 
values with the increase in fine percentage in 
M-Sand which can be attributed to the fact that 
finer particles have a larger surface area which 
absorbs more water from concrete mix.  Some 
unexpected values in a slump that disturb the 
distinct pattern can be reported due to the 
variations in environmental conditions 
(temperature and humidity). 

 
According to Figure 8, slump values 

related to 30% and 40% replacement of M-Sand 
have shown higher values compares to the 70% 
replacement for any considered fine content. 
   

 

Figure 8 Comparison of initial slump  
 results 

   

It can be attributed to high water 
demand and accuracy of water absorption 
value of M-Sand. There is no proper method to 
measure the water absorption of M-Sand. It is 
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done using the stability of the standard cone 
described in BS812 (10) which is used for water 
absorption in natural sand. Sand depends 
largely on the cohesion between the particles 
due to moisture held on the surface of the sand 
and hence moisture content at the cone 
collapse is a reasonably good estimate for the 
SSD condition of sand. However, this is not the 
case for M-Sand. The Angular shape and rough 
surface texture of M-Sand rely more on the 
friction between the particles than the cohesion 
for the stability of the cone and are unlikely to 
have collapsed immediately after the 
exhaustion of surface water. Therefore, use of 
the same method to determine the water 
absorption of M-Sand can be led to record a 
lower water content value for M-Sand. Hence 
with the increase in M-Sand replacement 
percentage, error related to water absorption 
also increased.  It leads to lower the amount of 
water been used than the actual requirement 
which causes to loss of the slump value.  

 
On the other hand, when the specific 

surface area increases the requirement of 
cement quantity also increases to cover up the 
entire surface of aggregates. For a constant 
amount of cement content, it is unable to cover 
up the entire surface of aggregate when the 
specific area is increased. This would increase 
the friction between aggregate which lead to a 
decrease the workability. The more the specific 
surface area of aggregate, the more will be the 
requirement of water for the same degree of 
workability achievement. If it has to increase 
the water amount to maintain the same level of 
workability in case of constant w/c ratio, then 
the quantity of cement also wants to be 
increased. But in G35A concrete that is used for 
the construction of water retaining structures 
has limited the maximum cement content to 
400kg per cubic meter in the design to control 
the development of thermal cracks. Thus, a 
special care should be there to maintain the 
same level of workability without exceeding 
the maximum cement content specified. 
Therefore, it is important to study the fine 
content variation versus workability 
performance to identify the variation of 
workability with the fine content. It would 
help to make a guide to control the fine content 
of M-Sand that increases the quality of M-
Sand. A control should be needed for the 
higher degree of M-Sand replacement, such as 
70%. 

4.3. Hardened State Properties of G35A 
Concrete 

Figures 9, and 10, show that whatever the 

150𝜇m passing, in general, the compressive 

strength values are reduced with the increase 

in fine content. 

Figure 9 Comparison of 7-Day 
Compressive strength 

 

Figure 10 Comparison of 28-Day 
Compressive strength 

 

The highest strength value has been 
reported for the 50% partial replacement for 
the most cases in fine content variations. 
Cement paste in a concrete mixture is not just 
to fill the voids in the aggregates but also to 
provide paste films coating to the aggregate 
particles. An increase in fine content leads to 
an increase in the specific surface area of 
aggregate. As the amount of paste needed to 
provide paste film is directly proportional to 
the total specific surface area of the aggregate, 
a large specific surface area of the aggregate 
would lead to a larger paste demand. Hence 
for a given W/C ratio calculated cement 
content may not be enough, as it not concern 
with the increase in specific surface area of 
aggregate. Insufficient cement content because 
a poor bonding of aggregate which reduces the 
compressive strength. On the other hand, 
increasing the specific area of aggregate leads 
to a decrease the workability, and to make it is 
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workable again general practice is increasing 
the water amount in the concrete mixture. It 
results in the reduction in compressive 
strength after the evaporation of excess water 
from the concrete mix.  

5. CONCLUSION 

M-Sand is a good alternative for the 
natural sand if it is used after a good quality 
control process. There should be a good 
guideline when it deals with the G35A concrete 
which is used in water retaining structures as 
it limits the cement content to a maximum of    
400 kg per cubic meter. If properties of M-Sand 
can be controlled within a specific range then it 
does not show different results for the same 
partial replacements and uniformity in 
properties of M-Sand will always lead to the 
same level of concrete performance especially 
in a fresh state of concrete.  

 
In the study, it shows clearly that there 

is a significant variation in reactive clay content 
and the fine content of locally available M-
Sand. The Reactive clay content varied from 
0.72 to 1.71mg/g and fine content below 150
m passing percentage from 7.5% to 16.2%. All 
the obtained samples have satisfied the BS 882: 
1992 requirements for Particle Size 
distribution. All of them were within the 
limitations. Workability of G35A concrete has 
being decreased with the increase in fine 
content as well as partial replacement in M-
Sand. The compressive strength of concrete has 
decreased with the increase in fine content of 
M-Sand and 50% partial replacement has 
reported higher compressive strength values 
for most causes of fine content variations 
compare with other replacement percentages.  

As a guideline, even though an increase in fine 
content has led to a decrease the concrete 
workability, it has not to create that many 
problems for 30% replacement of M-Sand. 30% 
replacement of M-Sand has satisfied the G35A 
workability requirement for all the fine content 
variations. When it deals with a higher degree 
of partial replacement of M-Sand, a special 
attention should be there on the amount of fine 
content and it is better to limit the fine content 
to a maximum of 15% for such cases. 
 

It is not recommended a higher degree of 
partial replacement in M-Sand such as 70% for 

G35A concrete especially when it needs a 
period of retention time for working.  
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Sri Lankan Railways which is nearly 160 years old has 380 railway bridges over a 5m span. 
Nearly 99% of these railway bridges were constructed using wrought iron/mild steel/high 
strength steel bridges. High tensile strength bridges were introduced after 2004 and the 
coastal railway line hosts the majority of these bridges. Understanding material behavior 
and stress evaluation of these bridge members has become more urgent as there is some 
heavy structural deterioration and live load increase on these bridges. This study examines 
the material properties of high-strength steel bridge members at room temperature and 
the determination of member stress due to live load increment. Following ASTM E18-15 
hardness of the material was determined. A microscopic test was conducted following 
ASTM E3-01 and the average grain size was determined to be 25µm. Further, the vibration 
spectrum was analyzed to determine the maximum stress of the connecting plate. 
Vibration results were successfully validated through finite element simulation. The 
obtained results are useful for condition assessment of these bridges and preparing for 
maintenance strategy on these bridges. 
 

 

1. INTRODUCTION   

Metal bridges were introduced to Sri 
Lanka in the 19th century with the 
development of the railway network. Most of 
the metal bridges are still in operation even 
after 10-15 decades (Bandara et al., 2017). To 
achieve maximum speed and efficiency Sri 
Lankan railway has started operating heavy 
engines. Railway bridges are experiencing 
heavy cyclic loads due to the operation of 
heavy engines.  Most of the steel railway brides 
have started to deform and even cracks have 
formed in some of the bridge members. 

 
Fatigue is a major concern for a limited 

service life when it comes to steel railway 
bridges. Bridges require frequent monitoring 
and maintenance to increase the service period 
and sudden failures. Crack initiates in the 
members which are heavily exposed to cyclic 
loading. The crack starts to propagate with the 
cyclic load and the member fails when the 

crack reaches its critical point. 
 

The assessment of the remaining 
fatigue life of railway bridges for continuing 
services has become more important than ever, 
especially when making decisions regarding 
structure replacement and other major 
retrofits. It is necessary to make a reliable 
estimation of the number of load cycles 
required to propagate the crack from initial 
size to the final critical size. The fatigue crack 
growth prediction for the real structure is 
performed on the basis of relevant data, as for 
fatigue loads, crack propagation data, and 
structural geometry (Sang Tae Kim, 2006). 

 
The fatigue strength of the material is 

being determined using constant amplitude 
loading tests through stress or strain life 
curves. However, the majority of the 
engineering structures such as aerospace, 
railway, and bridge structures are subjected to 
random loading while in operation.  
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It has been determined that (Rolfe 
and Barson,1975; Stephens et al., 1976) it is 
not possible to predict fatigue crack growth 
accurately without a thorough knowledge of 
the load time history occurring in service. It 
is of great importance for engineers to 
predict fatigue crack growth under random 
loading.  
 

In this study, a railway bridge in a 

coastal railway line was visually inspected and 

defects were identified and recorded. This 

bridge consists of different types of steel 

members such as top chords, bottom chords, 

end bars, cross girders, rail bearers, vertical 

members, and diagonal bracings. Crack was 

identified in one of the rail bearers (Figure 1a) 

and connecting plate (Figure 1b) is being 

replaced periodically due to repeated loading. 

 
Figure 1a Crack in rail bearer 

 

 
Figure 1b Connecting plate 

 

Since the bridge is located in the coastal 

region of the country, corrosion is inevitable 

due to the salty environment. Many steel 

components of the bridge have started to 

corrode (Figure 2). In this study, the corrosion 

effects are not considered since it is in the 

starting stage, and the level of corrosion is not 

significant. 

 
Figure 2 Corroded steel components 

 
This paper aims to identify the critical 

members of the bridge when it’s under cyclic 

loading and validate the numerical model 

through the experimental results. It is expected 

to achieve by performing a vibration analysis 

on the bridge with live loads through the 

condition assessment. 

2. METHODOLOGY   

 The methodology followed in this study is 
summarized as follows, 

(i)  Literature review of coastal railway line   
bridges 

⚫ Published reports on the bridges 

⚫ Personal discussions with Srilankan 
Railway Personnel 

(ii) Conduct a field visit to assess current 
 condition of the bridge 

⚫ Measure current details and dimensions of 
the bridge members 

⚫ Inspect the types of locomotives in 
operation through this bridge and axel 
weight of each locomotive 

(iii)  Performing vibration analysis  

⚫ Analyze the vibration spectrum of selected 
connecting plates with live loads 

⚫ Determine the maximum stress of the 

connecting plate by obtaining the 

maximum velocity.  

Connecting plate 

Crack 

Rail bearer 
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(iv) Develop a numerical model of the bridge, 
determine the stresses on the connecting 
plate at the 1st cross girder and compare the 
numerical study with experimental results. 

3. MATERIAL PROPERTIES 

From the technical communication with the 
railway department, it was identified that 
structural steel S275 was used for the 
construction of the bridge. High strength 
structural steel has been used for the bridges 
constructed after 2004. Many bridges are 
constructed with S275 steel because of their 
high strength and toughness. Its mechanical 
properties make it particularly suited for 
structural applications.   

 
It is crucial for industrial construction to 

establish the fatigue strength of the material, in 
terms of stress and the number of cycles 
needed to fail, known as the S-N curve, for 
better design and to avoid unexpected failure 
in the material (Aldeeb & Abduelmula, 2018).  

 
The mechanical properties of S275 tested by 

(Sanjeeva et al., 2015) were used for this study 
as shown in Table 1. The chemical 
compositions of S275 were tested at Industrial 
Technology Institute (ITI), Sri Lanka. It is listed 
in Table 2. 

 
Table 1 Mechanical Properties of S275 

(Sanjeeva et al., 2015) 

Mechanical properties Value 

Yield strength (MPa) 275 

Ultimate tensile strength (MPa) 440 

Modulus of elasticity (GPa) 205 

 

Rockwell hardness tests were conducted in 
accordance with ASTM E18-15 at room 
temperature. 20x20mm test specimen was 
prepared with the thickness of 7mm and tested 
using an automatic Rockwell hardness testing 
machine as shown in Figure 3. Diamond ball 
indenter was used with the preliminary force 
of 100 kgf for the dwell time of 3s.  Both the test 
surface and the bottom surface were smooth 
and free from oxide scale, foreign matters, and 
lubricants. The average hardness of S275 is 
determined as, HRB 87.7. 

Table 2 Chemical composition of S275 
(Industrial technology institute) 

Elements Weight percentage 

Carbon 0.09 

Silicon 0.20 

Manganese 0.51 

Phosphorus 0.018 

Sulphur 0.014 

Chromium 0.13 

 

 

 
Figure 3 Specimen on Rockwell hardness 

testing machine 
 

Two S275 steel specimen were prepared in 
accordance with ASTM E3-01 to investigate the 
microstructure in the longitudinal and 
transverse direction. Specimens were held by 
hand against an abrasive charged rotating 
wheel of the Alpha-Beta Grinder/Polisher for 
manual grinding and polishing.  

 
The microstructure of the material in 

longitudinal and transverse directions are 
shown in Figures 4(a) and 4(b) respectively. 
The average grain size of 25 µm was 
determined using the mean linear intercept 
(MLI) method following ASTM E112-10. 

 

Indenter 

Specimen 
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(a) 

 

 
(b) 

Figure 4(a) longitudinal and (b) transverse 
direction 

4. VIBRATION ANALYSIS 

The bridge was instrumented with a 
triaxial accelerometer placed at selected places 
to measure the free vibration. Five cross 
girders (1st, 5th, 9th, 13th, and 17th) were 
selected and the triaxial accelerometer was 
placed in three selected points such as center 
point, 2m, and 4m from each of the selected 
cross girders on both sides (Seaside and 
landside) of the bridge. Figure 5 shows the 
triaxial accelerometer and it is placed in the rail 
bearer on the land side. 

 

Figure 5 Triaxial accelerometer placed in rail 
bearer 

 
A wireless triaxial accelerometer was 

placed in selected connecting places to observe 
its vibration when there is a load. Figure 6 
shows the vibration spectrum of the 
connecting plate located in the first cross girder 
when the M4 locomotive is passing the bridge. 

 

 
Figure 6 Vibration spectrum of the 

connecting plate at the 1st cross girder 
 

Bateman stated, Of the three motion 
parameters (displacement, velocity, and 
acceleration) describing a shock spectrum, 
velocity is the parameter of greatest interest 
from the viewpoint of damage potential. This 
is because the maximum stresses in a structure 
subjected to a dynamic load typically are due 
to the responses of the normal modes of the 
structure, that is, the responses at natural 
frequencies. At any given natural frequency, 
stress is proportional to the modal (relative) 
response velocity (Piersol & Paez, 2010). 
Maximum stress for any possible free vibration 
shape, when specified by the maximum 
velocity, does not depend upon frequency, but 
only on material properties and a beam cross-
sectional shape factor, h/η (Gaberson & 
Chalmers, 1969). 

 

 ρE
η

h
Vσ maxmax =      (1) 

Where, maxσ is the maximum modal stress in 

the structure, maxV is the maximum modal 

velocity of the structural response, E is young’s 

modulus of the structural material, ρ is mass 

density of the structural material, h is the 

maximum cross-sectional distance from 

neutral axis and radius of gyration η √𝐼/𝐴, 
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where I is the cross-sectional area moment of 

inertia about neutral axis and A is the cross-

sectional area. 

The maximum velocity recorded was 
0.72mm/s and 1st twelve maximum velocity 
values were considered for this analysis. 

5. NUMERICAL MODELING OF THE 
BRIDGE 

The selected bridge consisted of 
different types of members such as top chords, 
bottom chords, end bars, cross girders, rail 
bearers, vertical members, and diagonal 
bracings and the bridge was 96 m long. In this 
study, ends of the bridge were assumed as 
roller support and middle support was 
assumed as fixed support (Figure 7).  

 
(a) 

 
(b) 

Figure 7 (a) End support, (b) Middle support 
 

All rivet connections of cross girders 
with plate girders and bolt connections of 
bottom chord with cross girders were assumed 
as fully fixed. SOLIDWORKS software was 
used for the modeling and simulation of the 
bridge. 

5.1. Assign Loads 

M4 Locomotive was selected to 
evaluate the maximum stress on the bridge 
members. The total weight of the locomotive is 
98 Tons and it has 6 numbers of 16.33 Tons 
axles. In this study, the model was evaluated 
in 12 different loading combinations when the 
train is inside the bridge. 

 
Due to the dynamic effect of moving 

trains, the actual working load should be 
higher than the static load. Therefore, a 
dynamic factor of 1.2 (Ranaweera et al., 2002) 
was used to multiply the static load to get the 
service load. Figure 8 shows the maximum and 
minimum stress on the bridge among the 
loading combinations. 

 

 
(a) 

 

 
(b) 

 
Figure 8 (a) Maximum (b) Minimum stress 

on the bridge 
 

Maximum stress on the bridge was 
determined for each loading case and it is 
tabulated in Table 3. 
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Table 3 Maximum stress on the bridge 

Load Case Maximum Stress (MPa) 

1 3.2 

2 2.6 

3 2.4 

4 2.6 

5 3.4 

6 3.8 

7 2.7 

8 2.7 

9 2.4 

10 3.4 

11 2.8 

12 3.2 

 

The average stress on the connecting 
plate at the 1st cross girder for all loading cases 

are tabulated in Table 4. 

 

Table 4 Average stress on the connecting 
plate 

Load Case Average Stress (KPa) 

1 56.4 

2 37.2 

3 34.5 

4 32.5 

5 31.6 

6 31.4 

7 30.6 

8 29.4 

9 29.8 

10 28.5 

11 28.3 

12 24.5 

 

6. RESULTS 

From the vibration analysis, stresses 
on the connecting plate at the 1st cross girder 
were determined using Eq. (1) (Table 5) and 
the results were compared with the stress 
obtained from FE analysis. Comparison is 
shown in Figure 9. 

 
 

Table 5 Determined stress from vibration 
analysis 

Velocity (mm/s)  Stress (KPa) 

0.72 43.2 

0.62 37.2 

0.60 36 

0.60 36 

0.59 35.4 

0.57 34.2 

0.55 33 

0.52 31.2 

0.51 30.6 

0.50 30 

0.49 29.4 

0.49 29.4 

 

 

Figure 9 Comparison of vibration and FE 

analysis 

 

7. CONCLUSIONS 

Material properties of S275 have been 
tested successfully and the average 
microstructure of the material is 25 µm, the 
Average hardness of the material is HRB87.7, 
the Maximum stress obtained on the 
connecting plate on the 1st cross girder is 43.2 
KPa, and the chemical properties of the 
material are shown in Table 2. 

 
Finally, the results obtained from the finite 

element simulation (Table 4) are compared 
with the result obtained from vibration 
analysis using Eq. (1) (Table 5). The finite 
element simulation results show a good 
agreement with the experimental result 
(Figure 9). 
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The critical locations (connecting plate 

with maximum stress) were identified from 
the numerical study and the results will be 
taken into consideration for the life estimation 
of the critical members of the bridge. 
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Self-compacting concrete (SCC) portrays benefits such as no-vibrations required 
and less-labour hours compared to conventional concrete due to its abilities such as 
filling, passing and flowing.  The concrete demand, especially SCC increases with 
increase in new building construction in Sri Lanka. The increased concrete demand 
increases sand mining in Sri Lanka, thus makes natural sand scarce, which makes 
manufacturers to search for alternative materials. One of the alternatives is 
manufacturing sand (M-sand), which is a waste product from quarries. 
Replacement of natural-sand by manufacturing-sand will affect both workability 
and hardened properties of SCC. This experimental study targets to find the effect 
of manufacturing sand on both hardened and workability properties of SCC. Also, 
this study investigates the resistivity variation of different SCC mixes with varying 
manufacturing sand percentages. Three control SCC mix designs were prepared 
first, then natural sand was replaced by manufacturing sand with 25, 50, 75 and 100 
percentages. The variation of workability, hardened properties and resistivity of 
SCC were carefully recorded. Although M-sand generally reduces the workability 
values compared to natural sand, observed workability values are still well within 
acceptable range. Also increased compression strength values were observed for 
SCC with an M-sand percentage between 25 to 75%.    
 

 

1. INTRODUCTION  

Concrete is a widely used construction 
material, and its performance mainly depends 
on its strength and durability. The drawbacks 
of conventional concrete are energy 
requirement for its external compaction, the 
possibility of honeycombs and labour 
intensive. Self-compacting concrete (SCC) is 
introduced in the 1980s in Japan to address the 
above shortcomings of conventional concrete. 
Self-compacting concrete (SCC) has (i) filling 
ability: fills formwork without external 
vibrations, (ii) passing ability: passes through 
reinforcement without external forces and (iii) 
flowing ability: flows from one place to 
another. In addition, it should have 
segregation resistance which means remain a 
homogenous mixture throughout mixing and 
concrete placing.   

 
Ingredients of SCC are cement, sand, 

coarse aggregate and water, which is same as 
conventional concrete. In addition, the crucial 
ingredient in SCC is superplasticizer, and it 
should be used at appropriate quantity in the 
SCC mix to achieve desirable workability 
parameters. Natural sand sources such as river 
sand, pit sand, stream sand, sea sand and other 
sands are becoming scarce and significant 
consumption of the natural sand causes 
environmental degradation. Manufacturing 
sand, also known as M-sand, is considered an 
alternative to natural sand. The M-sand is a 
by-product from the quarries and can be 
considered waste material, thus using M-sand 
in SCC makes it greener. The M-sand is finer 
than natural sand, includes some percentage 
of dust particles as well; hence it requires more 
water in the concrete mix and influences the 
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workability of the SCC and hardened strength 
values. Therefore, this study investigates the 
fresh and hardened behaviour of SCC with 
varying manufacturing sand. This study also 
investigates the resistivity variation of SCC 
with varying manufacturing sand, which 
influences the durability of the concrete.   

2. LITERATURE REVIEW  

           Nanthagopalan & Santhanam (2011) 
studied the effect of paste composition and 
paste volume on the fresh and hardened 
concrete properties of SCC using M-sand. An 
experimental investigation conducted fresh 
and hardened tests on SCC. They have varied 
quantities of natural and manufacturing sand 
to achieve desired workability properties. 
Results have shown that a relatively higher 
volume of paste is necessary for SCC with M-
sand compared to river sand to achieve the 
required flow. The results of the J-ring test 
showed that, apart from paste volume, paste 
composition also affects SCC's ability to pass 
the aggregate characteristics. Finally, they 
concluded that the efficient use of M-sand in 
the development of SCC is feasible. 
            

Kalirajan & Vishnuram (2014) 
investigated the development of self-
compacting concrete using M-sand. The 
variation of fresh workability properties and 
the characteristic compressive strengths were 
investigated with varying M-sand. The results 
showed that adding fly ash as a partial 
replacement of cement increases the powder 
content of the mix, which contributes to the 
properties. With manufactured sand as a 100% 
replacement of natural sand as a fine 
aggregate, it achieves consistency and self-
compatibility without external vibration or 
compaction under its own weight. However, 
optimum percentage of M-sand is not 
determined in their study. 

 
           Johnsirani et al., (2013) investigated the 
self-compacting concrete (SCC) with fine 
aggregate replacement of quarry dust (0 %, 
25%, 50%, 75 %, 100 %) and mineral 
admixtures such as fly ash and silica fume & 
chemical admixtures such as super 
plasticizers. After each preparation of the mix, 
specimens of cubes and cylinders are cast and 
cured for 3, 7 and 28 days in water. SCC's 
hardened properties such as compressive 

strength and split tensile strength showed that 
the higher strength has been obtained for SCC 
25% quarry dust replacement.  
 
            Although number of researches 
devoted to study the behaviour of SCC with 
manufactured sand (M-sand) with partial 
replacement of cement content by fly ash, 
silica fume, and limestone fines, only few 
studies have been performed to find the 
complete behaviour of SCC such as 
workability, hardened properties and 
resistivity with varying manufacturing sand. 
Also, above research studies are limited to 
certain environmental conditions based on 
experimental location. Therefore, this study 
focused to determine the optimum percentage 
of M-sand to achieve better performance in 
SCC depending on our country's conditions. 

3. MEHODOLOGY 

3.1. Materials 

The specific gravity and water absorption 
of fine aggregates influence the behaviour of 
concrete. Therefore, those parameters were 
measured and reported in Table 1.  

Table 1 Properties of aggregates 

Property 

Fine aggregate 

Coarse 
aggregate 

River 
sand 

M 
sand 

Specific gravity 2.64 2.73 2.55 

Water absorption 0.8 % 2.2% 1.1% 

 
A grade 42.5 Ordinary Portland Cement 

(OPC) was chosen for the experimental study, 
while coarse aggregate with the size range of 5 
to 14 mm was chosen to ensure proper 
workability of the mix. Since it was performed 
at Faculty of Engineering in Kilinochchi, the 
temperature range was between 30 to 34 
degrees Celsius and the environment was 
almost dry throughout the practical. Before 
mixing, coarse aggregates surface was cleaned 
to eliminate coatings due to clay and soil 
impurities. Natural/ river sand was sieved 
through 4.75 mm sieve to eliminate any 
impurities such as muds, seeds or organic 
matters and used as fine aggregate in SCC mix. 
Castech admixture was used as 
superplasticizer to achieve the desired 
workability properties. Normal well water 
was used for mixing purpose. 
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(a) Slump flow (b)   J-ring 

(c)    V-funnel 

Figure 1 Workability tests  

3.2. Control Mix Design 

There are no standard methods available 

to predict the quantity of ingredients of SCC. 

Therefore, several trail mixes were performed 

to find the suitable three control design mixes, 

which satisfy all the requirements of SCC, 

such as filling, passing, flowing abilities and 

segregation resistance. Three control mixes 

chosen for this experimental study is shown in 

Table 2.  

Table 2 Control Mix design (for 1 m3) 

Note: Admixture is based on cement 
percentage 
 

After determining three control SCC mix 
designs, only natural sand was replaced by M-
sand with varying percentages of 25, 50, 75 
and 100. The quantities of other ingredients 
such as cement, coarse aggregate, 
superplasticizers and water were constant. 
After mixing concrete, fresh workability 
properties such as filling, passing and flowing 
ability were checked using V-funnel, L-box, J-
ring and slump flow tests according to 
EFNARC guidelines. 

3.3. Mixing Procedure 

Mixing of SCC should be consistence for 
all concrete mixes, hence common method was 
adapted for all mixes. Coarse aggregates were 
stored inside laboratory hence they were in 
dry state. If coarse aggregates are in surface 
saturated dry condition, then they don’t 
absorb any water from concrete mix. 
Therefore, the coarse aggregates are pre-
wetted by spraying water 24 hours before 
mixing of concrete. Then coarse aggregates 
and fine aggregates were placed into the 
concrete mixture and they were mixed for 
three minutes. Later cement was added to 
mixture and it was operated for another two 
minutes. Then 70% of the calculated water was 
placed into dry mix and concrete mixture was 
operated for another 3 minutes. Then 

remaining 30% of water with Castech 
admixture was placed into mix and mix was 
operated for another 10 minutes. The fresh 
property tests were performed immediately 
after mixing. Two tests were performed first. 
Then all concrete were placed into mixture 
again and it was operated for 1 minute and 
again tests were performed. After doing all 
fresh property tests, then six cubes and six 
cylinders were casted from each concrete mix.  

3.4. Fresh Properties 

 

 

 
 
 
 
 
 

 
 

 
 
 
 

 

 

 

 
 

 
 

Table 3 Fresh properties checking 

 
The workability test values of the SCC 

have to be checked before casting cubes. 
Figure 1 shows the workability tests such as 
the slump flow test, J-ring test, V-funnel test 
and L-box test respectively, which were 
performed to check the plastic behaviour of 
SCC. The tests were conducted three times for 
each mix and the average values were found. 
Results should be within an appropriate range 

Material Mix 1 Mix 2 Mix 3 

Cement (kg) 540 455 536 

Coarse 
aggregate (kg) 

900 777 826 

River sand (kg) 650 867 777 

Water (l) 176.0 177.7 179.1 

Admixture (%) 1.6 1.6 1.6 

Slump flow 
test (mm) 

Flow 
ability 

650  < Diameter < 
850  

V-funnel 
test (s) 

Filling 
ability 

6  < Time < 12 

L-box test 
Passing 
ability  

0.8 < Height 
difference ratio < 1 

J-ring test 
(mm) 

Height difference 
< 10 

(d)   L-box 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

142 



  

 

Figure 2 Compressive strength test 

given in EFNARC guidelines. Table 3 shows 
the requirements for workability test values 

according to EFNARC guidelines. 

3.5. Hardened Properties 

Concrete cubes of dimension 150 mm × 
150 mm × 150 mm and cylinders of dimension 
150 mm diameter × 300 mm height were 
casted without any external compaction. 
Totally 15 mixtures were performed from 3 
mix designs (5 per each mix design). In each 
mixture, 6 cubes and 6 cylinders were casted. 
While casting, the SCC was placed to the 
mould one feet height from the mould top to 
ensure proper packing. After 24 hours, the 
moulds were dismantled, and cube and 
cylinder specimens were immersed into water 
for seven and twenty-eight days for curing. 
After curing, specimens were taken out from 
the water, kept outside for one hour, surface 
was cleaned from water and tested using 
AUTOMAX compression machine for 
compressive strength. The load was applied 
with the loading rate of 0.6 MPa/s. Each three 
cubes and cylinders were checked for 7th and 
28th day compressive strengths as shown in 
Figure 2.   
 
 
 
 
 
   
 
 
 
 
 
 

3.6. Resistivity 

Durability is the key factor in building 
design. Resistivity is one of the key parameters 
used to measure the durability. In this research 
study, a Resipod resistivity meter was used to 
measure resistivity of cylinder specimens of 
SCC with an increasing percentage of M-sand. 
The Resipod as shown in Figure 3 is a fully 
integrated 4-point Wenner probe, used to 
perform resistivity measurements on concrete 
as a non-destructive test. 

 
Figure 3 Resistivity meter 

 
 
4. RESULTS AND DISCUSSIONS 

4.1. Fresh Properties 

M-sand has finer particles, even some 
percentage of dust compared to the natural 
sand. However, the water content is kept 
constant. Also, due to dust particles, concrete 
made of M-sand behave as stickier/cohesive 
compared to the natural sand. The slump flow 
value gradually reduces for three trial mixes 
with increasing M-sand percentages, as shown 
in Figure 4 due to the above-discussed reason. 
Although it reduces, the all observed slump 
flow values are between 650 to 850 mm, which 
is agreed according to EFNARC guidelines.  
   
 
 
 
 
 
 
 
 
 
 
 
 

 
In V-funnel tests, the time was 

measured for the filled concrete to come out of 
the funnel fully. This V-funnel time may 
depend on several factors, such as paste 
cohesion and particle inter-frictional forces, 
affected by particle size and surface condition. 
Here coarse aggregate size range is mostly 
between 5 to 14 mm. Figure 5 shows the V-
funnel variation of the SCC mix with 
increasing M-sand percentage. As seen in 
Figure 5, V-funnel time gradually increases 
with the percentage increment of M-sand. The 
increase is due to the sticky or cohesive 
behaviour of paste. Although V-funnel time 
increases, still observed values are less than 12 

Figure 4 Slump flow variation 
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seconds according to EFNARC guidelines, 
and hence all mixes can be considered as SCC. 
 

Figure 6 shows the variation of L-box 
test values with the increasing percentage of 
M-sand in the SCC mix. As seen in Figure 6, 
the L-box value gradually reduces with the 
increasing percentage of M-sand. The reason 
may be increased cohesiveness with the M-
sand percentage. However, all observed 
values are in the range of 0.8 to 1.0 as 
suggested in ENFARC guidelines. Hence all 
mixes can be considered as SCC mixes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7 shows the variation of J-ring 

with increasing M-sand percentage. As seen, J-
ring values are fluctuating. However, 
observed height difference values in J-ring are 
less than 10 mm, mostly for all SCC mixes, as 
suggested by ENFARC guidelines. There is no 
trend observed for J-ring values with 
increasing M-sand percentage. J-ring 
performance may be mostly dominated by 
shape and aggregate size compared to paste 
behaviour.   

 

 
Figure 7 J-Ring variation 

 

4.2. Hardened Properties 

Compressive strength is crucial hardened 
property of the concrete and it can be 
determined using cube and cylinder 
specimens. Both cube and cylinder values are 
available in Eurocodes and still used in 
construction industry. Therefore, both cube 
and cylinder values are determined in this 
experimental study after seven and 28 days of 
curing. All cube and cylinder values are listed 
in Table A.1 of Appendix A. As expected, the 
cube compressive strength values are higher 
than the cylinder values as shown in Figures 8 
to 10. Figure 8 showed the highest 
compressive strength is observed for SCC mix 
with M-sand percentage of 25% for both cube 
and cylinder specimens. However, SCC mixes 
with M-sand of 75 and 50% showed highest 
compressive strengths for mixes 2 and 3 
respectively. 
 

SCC mixes with M-sand percentage of 25 
to 75% showed enhanced performance in 
terms of compressive strengths. However 
compressive strength reduces again for the 
SCC mix with 100% M-sand. The M-sand has 
more finer particles compared to natural sand, 
hence using M-sand with natural sand fill 
voids and may increase the strength values. 
However, 100% M-sand, reduces the strength 
value due to too much of fine particles.    
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4.3. Resistivity 

As discussed earlier, resistivity is a 
measurement to ensure the durability of the 
structure. If concrete has higher resistivity, 
then durability will also increase. Figure 11 
shows the resistivity variation with increasing 
percentage of M-sand. As seen in Figure 11, 
resistivity of mix 1 is higher than mixes 2 and 
3 for seven and twenty-eight days. Also, 
resistivity increases with curing time as shown 
in Figure 11. Overall, the resistivity is reducing 
with the increase in M-sand percentage. 
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Figure 8 Compressive strength variation of Mix 01 for Cube and Cylinder   
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Figure 9 Compressive strength variation of Mix 02 for Cube and Cylinder   
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Figure 10 Compressive strength variation of Mix 03 for Cube and Cylinder   
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4.4. Cost Analysis 

Cost analysis was performed to check the 
financial feasibility of the SCC with 
manufacturing sand. The cost per MPa was 
calculated for all fifteen mixes using the 
following unit prices of ingredients as shown 
in Table 4. Figure 12 shows the cost per 
strength ratio variation with increasing M-
sand.  
 

As seen in Figure 12, all SCC mixtures 
showed less cost per strength after including 
M-sand compared to SCC with 100% natural 
sand. This showed using M-sand is more 
economic. However, SCC mix 1 showed less 
cost for M-sand percentage of 25, while SCC 
mix 2 showed less cost for M-sand percentage 
of 75. SCC mix 3 showed less cost for M-sand 
percentage of 50. Therefore, there is no 
optimum M-sand percentage and it’s varying 
between 25 to 75 M-sand percentages. Hence, 
form this study, the range of 25 to 75% M-sand 
is recommended to use with natural sand to 
achieve the economic concrete mix. 

 

Table 4 Materials cost values as per Sri 
Lankan market price 

Material Cost (LKR)/Unit 

Cement (kg) 19.0 

River sand (kg) 5.6 

M-sand (kg) 4.0 

Coarse aggregate (kg) 5.2 

Admixture (l) 400.0 

 
 
 

5. CONCLUSIONS 

Based on the experimental results of this 
investigation, the following conclusions could 
be drawn. 

• The use of M-sand as a replacement for 
river sand provides good stability and 
resistance to segregation for all SCC 
mixtures. 

• Due to the presence of high fine content, 
the M-sand has a significant influence on 
the water demand and the workability of 
mortar.  

• It was observed that cost to strength ratio 
varies for different mixes. However, cost 
to strength ratio is lesser for SCC with M-
sand with the range of 25 to 75 
percentages.  

• With a replacement of natural sand by M-
sand as 25%, 50%, 75% and 100% slump 
flow and L-box values gradually 
decrease, and the time taken to flow 
through V-funnel increases for all SCC 
mixtures. The reason may be cohesive 
behaviour of paste, which is also 
increasing with M-sand. 

• In overall, the resistivity for the SCC 
mixtures has been slightly decreased 
with an increasing percentage of M-sand 
for both 7 and 28 days.  
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Mix  

 

 
 

M-sand 

% 

7th day strength (MPa) 28th day strength (MPa) 

Cube Cylinder Cube Cylinder 

Avg Std 
value 

Avg Std 
value 

Avg Std 
value 

Avg Std 
value 

Mix-01 

00% 46.41 1.81 36.85 2.45 65.22 10.02 42.84 2.60 

25% 56.76 3.47 39.94 3.12 77.79 7.85 57.64 2.69 

50% 55.31 1.02 45.16 1.30 70.10 7.74 54.66 1.06 

75% 52.42 4.05 41.62 2.42 67.56 3.02 50.75 1.05 

100% 47.76 1.35 32.80 2.34 65.01 4.18 46.14 0.81 

Mix-02 

00% 34.28 1.25 28.22 0.23 39.08 2.45 34.48 1.35 

25% 36.10 1.62 34.61 2.14 50.26 1.80 45.21 0.43 

50% 44.57 1.25 33.77 2.59 54.00 3.68 42.59 2.11 

75% 44.27 1.63 35.13 0.99 57.46 1.65 37.74 2.05 

100% 32.39 2.49 28.86 1.69 47.85 1.48 34.45 1.99 

Mix-03 

00% 37.55 3.00 27.47 0.83 52.11 1.07 36.53 1.53 

25% 39.74 3.14 31.53 0.90 53.40 1.49 38.40 0.43 

50% 44.57 1.66 33.66 0.93 56.22 2.44 41.88 1.10 

75% 43.07 0.79 31.78 0.31 52.23 2.27 38.37 1.66 

100% 37.11 1.37 29.48 0.81 50.59 3.87 32.31 1.04 

Appendix A 

Table A.1 Compressive strength of specimens for 7 and 28 days 
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Self-compacting concrete (SCC) is introduced to the construction industry to fix the 
issues associated with conventional concrete, such as external vibrations and labour 
intensive. SCC does not require any external vibrations due to its filling, passing 
and flowing abilities with segregation resistance. The aggregate occupies almost 
more than 50-percentage of concrete mixes and dramatically influences the concrete 
behaviour. For SCC, in addition to compressive strength values, fresh properties 
such as filling, passing, and flowing abilities play a crucial role in proper 
compaction, hence durability. This study investigated the effect of the average 
diameter of coarse aggregates on the fresh and hardened properties of SCC using 
experimental results. The aggregates were classified into four groups 5-10, 10-14, 14-
18 and 18-20 mm, mixing them in different percentages and 10-mixes were 
prepared. The workability tests were performed three times per mix, while six cubes 
were cast for each mix to determine the compressive strength at seventh and 28-
days. Furthermore, image analysis has been carried out to find the average diameter 
of each mix. The results indicated that workability, filling ability, and passing ability 
reduce with average diameter increment, while no relationship was observed for 
compressive strength with average diameter.  
 

1. INTRODUCTION 

Concrete is a composite material made of 
cement, sand, coarse aggregate, and water, and 
its demand increases rapidly with massive 
ongoing reinforced structure projects 
worldwide. Heavy and dense reinforcement 
can generate problems during concrete 
pouring and compaction of conventional 
concrete. Hence mechanical vibrations are 
necessary to compact concrete properly and to 
eliminate air bubbles. To address the 
shortcomings of conventional concrete 
mentioned above, self-compacting concrete 
(SCC) is introduced to the construction 
industry. Self-compacting concrete was first 
developed in Japan in 1988 to achieve noise-
free construction sites with improved quality 
of concrete Okamura (1997).  

SCC has special abilities such as filling, 
passing and flowing, in addition to the 
segregation resistance. Filling ability means 
the SCC mix fills the formwork due to its own 
weight while passing ability means the mix 
moves through reinforcement without any 
applied external forces. Flowing ability means 
the mix flows from one place to another 
without any applied external forces. Since 
these abilities help the SCC mix to fill the 
formworks and passing thorough 
reinforcement, the quality depends only on 
SCC-mix itself and not depend on skill labours 
and shape and arrangement of reinforcement 
bars. Also, SCC mix reduces the time 
consumed for concreting and hence shortens 
the construction period of the building. 
Although SCC showed lot of positive 
advantages, it has some limitations as well, 
such as the production cost of the SCC is 
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higher compared to conventional concrete 
mixes, no globally accepted test standard for 
the preparation of SCC mix design and mix 
must be based on trial mixes. 

Similar to conventional concrete, SCC also 

has more than 50-percentage of coarse 

aggregates and hence the properties of 

aggregates influence the behaviour of SCC in 

terms of fresh and hardened properties. This 

research study has mainly focused on 

investigating the variation of fresh and 

hardened properties with the average 

diameter of the coarse aggregate. Eventually, 

this study will provide an engineering 

approach on the proper way to use the 

properties of the coarse aggregates on SCC, 

which will lead to the success of the 

construction needs and want with the limited 

resources and less amount and reduction of the 

time of the proposed construction as well.    

2. LITERATURE REVIEW 

This section summarises the research 
studies performed in SCC. Dinakar et al. 2013 
illustrated that the mix design method for self-
compacting concrete does not base on the 
strength similar to conventional concrete. 
Okamura & Ouchi (1998) reported that an 
equilibrium between the flowability and 
viscosity of paste or mortar could be used to 
achieve the self-compatibility of the concrete 
so that the increase of flowability is suitable to 
reduce the friction among aggregate particles 
in the concrete mixture. At the same time, it is 
necessary to have a proper viscosity to prevent 
segregation when the aggregate passes 
through the steel bars. Khaleel & Razak (2014) 
reported that the flowability could be 
increased by using a high range water reducer 
and increasing the viscosity either using a 
mineral admixture, using a viscosity 
modifying agent, or using both. Furthermore, 
reducing the volume of coarse aggregate in the 
mix can minimize the probability of collision 
between aggregate particles and thereby 
increasing the passing ability, flowing ability 
and stability of the mixture. Researchers have 
found that large amount of coarse aggregate 
would consume greater energy for flow ability. 

Krishna et al., (2010) investigated the 
impact of different sizes such as 20.0 mm, 16.0 
mm, 12.5 mm and 10.0 mm of coarse aggregate 

on the properties of self-compacting concrete. 
It has revealed that the tendency of the mixture 
to segregate increased as the size of coarse 
aggregate increased. Moreover, Krishna et al., 
(2010) has observed that H2/H1 ratio (blocking 
ratio) of SCC was higher while using 10 mm 
coarse aggregate than mixture made with 20 
mm aggregate and flowing ability of concrete 
made with 10 mm size of coarse aggregate was 
greater than the concrete made with 20 mm 
size of coarse aggregate. Furthermore, Krishna 
et al. (2010) has observed compressive 
strength, split tensile strength, and flexural 
strengths increased with the smaller size to the 
larger size of coarse aggregate and observed 
maximum at 20 mm size of coarse aggregate 
when compared to 16.0 mm, 12.5 mm, 10.0 mm 
size at all ages of concrete, i.e. seven days, 28, 
and 56 days.  

 
Khaleel et al., (2011) indicted that the 

T50 cm of mixtures with 20 mm maximum 
coarse aggregate was more than the T50 cm of 
mixes with 10 mm maximum size of coarse 
aggregate. Overall, the flowability of self-
compacting concrete decreased with the 
increase in the maximum size of coarse 
aggregate and using crushed aggregate with 
the same superplasticizer dosage and 
water/powder ratio. Also, Khaleel et al., 2011 
been reported that values of flexural strength, 
compressive strength, and modulus of 
elasticity of the mixes made with the 20 mm 
maximum size of coarse aggregate are lower 
than the values of the mixes made with the 10 
mm maximum size of coarse aggregate. 
Pandurangan et al., (2012) identified that the 
slump flow decreased by 28.57 % for low 
volume fly ash (LVF) self-compact concrete 
and 27.70 % for high volume fly ash (HVF) self-
compact concrete when increased the coarse 
aggregate size from 10 mm to 20 mm. At the 
same time, it has been mentioned that the 
flowability of the self-compact concrete 
mixture with low volume fly ash concrete with 
a coarse aggregate of 10 mm was much better 
than other mixtures used in this investigation. 
Coarse aggregate gradation is another 
important parameter on the self-compacting 
concrete behaviour. According to the size 
distribution of particles, an aggregate can be 
classified as poorly graded, well-graded, 
uniformly graded, open-graded, dense-graded 
and gap graded. Liu & Chen 2012 reported that 
the property of coarse aggregate grading 
significantly affects the workability 
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performance and hardened properties of self-
compact concrete, and the continuous grading 
of coarse aggregate with suitable size 
distribution should be selected. The maximum 
of coarse aggregate should be reduced. Hu & 
Wang (2011) observed that graded aggregate 
could significantly reduce viscosity and yield 
stress of concrete compared to a single-sized 
aggregate. Larger size aggregate typically 
produces lower viscosity and yield stress. 
Khaleel et al. 2011 reported that we could use 
a well-graded aggregate successfully 
producing economical self-compacting 
concrete with a well-graded aggregate source. 
Poorly graded aggregate can be used but more 
viscosity needs to avoid segregation problems.  

There are various types of coarse 
aggregate use to produce self-compacting 
concrete and those different types of coarse 
aggregates effect on the properties of self-
compacting concrete behavior. Khaleel et al., 
(2011) investigated about the impact of 
different types of coarse aggregate on the self-
compacting concrete behavior. They used 
uncrushed gravel, crushed gravel and crushed 
limestone to investigate the influence on the 
self-compacting concrete. They mentioned that 
normally crushed limestone often needs more 
mortar or paste than uncrushed gravel. And 
crushed aggregate inclined to minimize flow 
because of the interlocking of the angled 
particles. Moreover, Uysal (2012) also 
investigated that the influence of types of 
coarse aggregates on the hardened and fresh 
properties of self-compacting concrete by 
using 5 different types of (marble, basalt, 
limestone, dolomite and sandstone). The 
results elaborated that the highest compressive 
strengths have observed from the self-
compacting concrete mix prepared with basalt 
aggregate, while the lowest compressive 
strengths were recorded from the self-
compacting concrete mix prepared from 
limestone aggregates. Pandurangan et al., 
(2012) have also reported that the shape of the 
aggregate does not effect on the flowability of 
self-compacting concrete mixtures. However, 
they found that the use of elongated and flaky 
aggregates reduced the strength of self-
compacting concrete and generally vibrated 
concrete. Eventually most of researchers have 
illustrated, the coarse aggregate shape, size, 
grading have major influence on the fresh and 
hardened properties of SCC.  

Based on the literature, there are 
contradictory statements were observed about 
SCC behaviour variation with change in the 
coarse aggregate diameter. Also, the 
environmental conditions have lot of influence 
on the performance of SCC. No research study 
investigates the effect of coarse aggregate on 
SCC behaviour in Sri Lanka. Therefore, this 
study investigated the effect of coarse 
aggregates on SCC behaviour.   

3. METHODOLOGY  

3.1. Materials 

Cement - Grade 42.5 Ordinary Portland 
cement has been used in the study.  

Fine Aggregate – River sand was used for the 
experiments and it was sieved by 4.75 mm 
sieve to avoid impurities which can be 
negatively affect to the properties of SCC.   

Coarse Aggregate -The coarse aggregate 
chosen for this conventional concrete was free 
from much flaky, elongated particle and they 
were sieved according to the 5-12.5 mm, 12.5-
14mm, 14-20 mm sieve sizes. Tests such 
Aggregate impact value test, flakiness index 
test, specific gravity test, packing factor test 
shall be performed to make sure the quality of 
the aggregate is in proper range. Table 1 shows 
specific gravity and water absorption values of 
coarse aggregates which affects the water 
quantity and wet density of the SCC.  

Table 1 Specific gravity and water 
absorption of aggregate 

Coarse 
aggregate 

size 

Specific 
gravity 

Water 
absorption 

(%) 

5-10 mm 2.75 0.20 

10-12.5 mm 2.64 0.45 

12.5-14 mm 2.69 0.20 

14-20 mm 2.67 0.20 

Water - Water used for mixing and curing was 
potable water, which is free from any amounts 
of suspended solids, oils, acids, alkalis, 
dissolved salts, organic materials or other 
substances which may adversely affect the 
properties of the concrete, especially the 
setting, hardening, strength and durability.  
Admixtures- CASHTEC chemical admixture 
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was used as a water reducer admixture in this 
study.  

Furthermore, aggregate impact value 
is 15.22 %, flakiness index of 21 % and 0.459 of 
packing factor was observed in the selected 
aggregate sample for experiments. The 
packing factor can determine the total paste 
required to fill the voids between coarse 
particles. 

3.2. Mixing Procedure 

There are no standard methods 
available to determine the quantities of each 
ingredient for SCC Mix. Therefore, a number 
of trial mixes were prepared, and one mix 
design was chosen, which satisfied all 
workability tests. The mix proportions of the 
chosen SCC mix design (control mix design) is 
given in Table 2. Later the different sizes of 
coarse aggregates but with the same quantity 
was used in other mix designs. Since it was 
performed at Faculty of Engineering in 
Kilinochchi, the temperature range was 
between 30 to 34 degrees Celsius and the 
environment was almost dry throughout the 
practical. 

Table 2 Mix proportion for SCC (1 m3 of 
concrete mix) 

Cement 
(kg) 

Sand 
(kg) 

Coarse 
aggregates 

(kg) 

Water 
(kg) 

Admixture 

540 650 900 190.5 1.2% 

 

Table 3 Aggregate proportions of mixes 

Mix Aggregate proportions (%) 

5-10 
mm  

10-12.5 
mm 

12.5-14 
mm 

14-20 
mm 

Mix 01 100    

Mix 02  100   

Mix 03   100  

Mix 04    100 

Mix 05 80 20   

Mix 06 80  20  

Mix 07 80   20 

Mix 08 60 40   

Mix 09 60  40  

Mix 10 60   40 

Since the study was based on the 
influence of the coarse aggregate properties on 

SCC behaviour, different coarse aggregate 
sizes were used with several proportions. 
According to the mix design, effect of 
individual size ranges (5-10 mm, 10-12.5 mm, 
12.5-14 mm, 14-20 mm) as well as replacement 
of 20% and 40% of 10-12.5 mm, 12.5-14 mm and 
14-20 mm size aggregate with 5-10 mm 
aggregate were investigated. Coarse aggregate 
mix proportions are shown in Table 03. 

Here, fresh properties of single size 
aggregate (Mix 01-04) were investigated 
initially. Mix 01 (5-10 mm) showed good 
workability than the other three mixes. Then, 
other mixes were prepared using 80% and 60% 
of 5-10 mm aggregate to achieve good 
workability. 

Although sieve analysis interprets the 
size range of particles, it is not a proper method 
to identify the diameter of the coarse 
aggregate. Therefore, IMAGE-J software has 
been used to identify the average diameter of 
each mix. Figure 1 shows the aggregate 
placement to analyze the average diameter.  
The slump flow, V funnel, L box, and J ring 
test, as shown in Figure 2, have to be carried 
out according to the EFNARC guideline to 
determine the workability, filling ability, 
passing ability, and segregation resistance. The 
results are tabulated and discussed in the 
discussion section. 

• Inverted Slump Flow Test: A slump flow test 
is used to measure the flowing ability of the 
self-compacting concrete on a flat surface 
without obstruction. Six litters of self-
compacting concrete are needed to fill the 
slump cone with wastage. The slump flow 
value should be between 650 to 800 mm for the 
concrete mix to be considered SCC. 

• V-Funnel Test: The V-funnel test is used to 
measure the filling ability of self-compacting 
concrete and equipment designed in the shape 
of V. The V-shaped funnel is filled with twelve 

Figure 1 Aggregate placement 
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litters with wastage, and the time taken to flow 
through the funnel at the bottom of the 
equipment is measured. The total time for 
concrete to come out of the V-funnel should be 
between 8 to 12 seconds to be considered as 
SCC. 

• L-Box Test: The L box is a L shaped equipment 
that consists of vertical and horizontal 
rectangular boxes. The test is used to measure 
the passing ability of SCC to flow through tight 
obstructions without segregation or blocking. 
The vertical section is filled with SCC, and the 
bottom gate is lifted to allow the filled concrete 
in the verticle box to flow. After settle, the level 
of concrete at the end of the horizontal section 
is measured as the proportion of that 
remaining concrete in the vertical section. The 
ratio between the two readings should be 
between 0.8 to 1.0 for the concrete mix to be 
considered as SCC 

• J-Ring Test: J-ring test is used to measure the 
passing ability of the self-compacting concrete 
through an obstacle.  The slump cone is kept 
inside the J ring, and the slump cone is lifted 
after filling it by SCC. The height difference 
between the concrete level inside and outside 
the bars is measured, and it should be 10 mm 
for the concrete mix to be considered SCC.  

After ensuring the fresh properties of the 
SCC mix, concrete cubes shall be cast. Six cubes 
have been cast per mix to test the 7th day and 
28th-day compressive strengths. Eventually, 
the correlation between average diameter and 
fresh properties of SCC has been studied.  

4. RESULTS AND DISCUSSION 

4.1. Fresh Properties 

Table 4 Average diameters 

Mix Average diameter 
(mm) 

Mix 01 11.424 

Mix 02 13.626 

Mix 03 18.660 

Mix 04 21.631 

Mix 05 12.184 

Mix 06 12.364 

Mix 07 12.798 

Mix 08 12.556 

Mix 09 12.654 

Mix 10 12.873 

 

As discussed in methodology, average 
diameters of aggregate are obtained using 
image analysis using IMAGE-J software and 
values are listed in Table 04. The workability 
tests such as slump flow, V-funnel, J-ring and 
L-box tests were performed three times for 
each mix. Table 5 summarizes the obtained 
workability test values. 

 

 Figure 2 Workability tests 

 

Table 5 Fresh properties 

 

Slump 
(mm) 

V- 
funnel 

(s) 

J-ring 
(mm)  

L-box  

Mix 01 711 6.06 5.67 1.00 

Mix 02 648 16.27 19.33 0.80 

Mix 03 644 26.94 27.33 0.79 

Mix 04 642 45.84 34.5 0.77 

Mix 05 673 5.56 4.33 0.99 

Mix 06 663. 6.79 7.67 0.94 

Mix 07 650 7.18 14.67 0.81 

Mix 08 658 5.78 10.67 0.84 

Mix 09 651 7.04 12.67 0.82 

Mix 10 648 7.35 15.00 0.81 

Figures 3, 4, 5 and 6 show the variation 
of slump diameter, V-funnel time, J-ring height 
difference and L-box height ratio against 
average diameter, respectively. As seen in 
Figure 3, the slump flow diameter decreases 
with the increasing average diameter of 
aggregate. Also, the reduction rate is high, 
from 11.5 to 12.8 mm, which is very low. It can 
be interpreted that the flowability of self-
compacting concrete decreases with increasing 
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average diameter. The reason may be the 
particle weight increases with the average 
diameter of aggregates. Hence flowability of 
the SCC mix reduces. 

According to Figure 4, V-funnel time 
increases with an increasing average diameter 
of aggregate. It shows that the filling ability of 
self-compacting concrete is reduced with the 
increase of average diameter. The reason for 
the reduction in filling ability is inter frictional 
forces between aggregates. The frictional 
forces between particles also increase with the 
increasing average diameter of coarse 
aggregates.  

 

 

Figure 3 Slump diameter vs average 
diameter 

 

Figure 4 V-funnel time vs average diameter 

 

Figure 5 J-ring height difference vs average 
diameter 

 

 

Figure 6 L-box height ratio vs average 
diameter 

At the same time, Figures 5 and 6 
displayed the variation of passing ability of the 
SCC but using two different tests; J-ring and L-
box. Both tests showed that the passing ability 
of SCC reduces with increasing average 
diameter.  

Proper workability can be observed by 
using rounded shape aggregate. But it cannot 
be assured that there are only rounded shape 
particles in the chosen aggregates. When 
replacing large size of aggregates, there may 
have many shapes of aggregate and it can be 
influenced on the fresh properties. Since there 
is less amount of voids between larger size 
aggregate rather than smaller size particles, 
mixes which contains larger aggregate 
requires less cement paste.  Amount of cement 
paste contribute to the increase of workability. 
If there are more void spaces and less amount 
of cement paste around particles, paste may 
not able to cover aggregate property. It causes 
to occur contact between aggregate and 
generate internal friction between particles. 
Thus aggregate does not move freely and 
workability and filling ability could be 
reduced. Conversely, mixes with smaller 
aggregate have more void spaces between 
aggregates, paste can cover particles while 
presenting good workability and filling ability. 
Therefore, reduction in slump flow diameter 
and V funnel time could be observed with 
increase of coarse aggregate size due to 
reduction of workability and filling ability.  

 

Moreover, increase of coarse aggregate 
lead to blocking while passing through steel 
bars. Small coarse aggregates can easily flow 
across the bars compared with larger 
aggregate. Hence, J ring height difference and 
L box height ratio tends to reduce with 
increment of the coarse aggregate size and 
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passing ability is reduced. Besides, segregation 
has been observed with the increment of 
average diameter of individual size ranges 
(mix 03, mix 04). That could be affected to 
exceed some limits of the specific tests. Since 5-
10 mm size aggregate (mix 01) showed proper 
workability than other size ranges, which 
replaced 20% and 40% of aggregate with the 5-
10 mm size aggregate. 

4.2. Hardened Properties 

Table 06 elaborates the mean value of the 
7th day and 28th-day compressive strength 
results in each mix. In Figure 7, correlation 
between compressive strength and average 
diameter of coarse aggregate is interpreted. 

Table 6 Compressive strength 

Mix 7th day 
compressive 

strength 

28th day 
compressive 

strength 

Mix 01 50.98 59.99 

Mix 02 52.81 60.95 

Mix 03 63.44 69.82 

Mix 04 49.87 53.84 

Mix 05 49.76 63.29 

Mix 06 45.85 53.45 

Mix 07 48.85 53.34 

Mix 08 40.61 48.16 

Mix 09 35.20 41.38 

Mix10 54.08 59.05 

 

 

Figure 7 Strength vs average diameter  

The highest compressive strength can be 

obtained from mixes which contain 100% of 

12.5 – 14 mm coarse aggregate. At the same 

time, other mixes with single size aggregate 

present higher compressive strength values. 

Moreover, the lowest compressive strength 

value observed in mix 9 which comprised 60% 

of 5-14 mm and 40% of 12.5- 14 mm coarse 

aggregate. The investigations are still required 

to performed to understand the SCC 

behaviour with coarse aggregate sizing. 

5. CONCLUSION 

According to above study, following 
conclusions can be listed. 

• Filling ability of SCC decrease with the 
increment of average diameter. 

• The flowing ability of SCC decrease with 
the increment of the average diameter. 

• Passing ability of SCC decrease with the 
increment of the average diameter. 

• Segregation has occurred with the 
increment of the average diameter of 
coarse aggregate. 

• The highest compressive strength was 
observed from mix 03, which contains 
12.5-14 mm aggregates. 
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Understanding the strength reduction in steel members by corrosion is much 
significant in structural health monitoring systems of steel towers. Considering the 
economical and temporal constraints image processing technique can be used as an 
effective alternative. Study the effect of corroded surface data measurement using 
image based modelling and Finite Element Modelling (FEM) used to obtain the 
irregularity of corroded surface are significant. This paper purposes at learning of 
accuracy in using a single digital image of a corroded surface to predict the 
remaining strength. Results of tensile tests of prepared corroded members are 
compared with the results obtained using image processing Convolutional Neural 
Network (CNN). Results of non-linear FEM analyses are compared with 
experimental results of the corresponding actual corroded members. Ultimately 
parametric studies were conducted to investigate the effect of the corroded pit and 
pitting location. It was identified that minimum thickness prediction of member 
indicates a good correlation with 3D scanned data with showing Pearson Coefficient 
of Correlation (PCC) value of 0.85 and for residual strength prediction done using 
the FEM model showed critical load can be predicted with error level less than 6%.   
 

 

1. INTRODUCTION  

The serviceability and durability of steel 
structures can be extremely affected by the 
degradation of the cross section caused by 
corrosion (Appuhamy et al., 2011). Currently, 
many existing steel telecommunication towers 
show some form of deterioration, such as the 
corrosion of steel members due to 
environmental exposure. It decreases their 
structural carrying capacities and create 
fatigue cracks in steel members due to the 
much heavier wind loads that are indicated in 
the steel structural design and specifications. 
So the damage acquired due to above stated 
factors can cause increase to substantial 
problems in form of safety, health, 
environment, and life cycle costs. As a result, 
many steel telecommunication towers need 

significant strengthening and renovation 
works (Marcin et al., 2012). The retrofitting, 
strengthening, repair and maintenance of 
existing steel telecommunication towers 
which were already fabricated will take a 
progressively significant part of the future 
steel tower maintenance industry but it is very 
hard to retrofit or rebuild those aged or 
damaged steel towers at the same time. 
Therefore, it is essential to assess the residual 
strength capacities of those steel towers, in 
order to keep them in-service until they 
needed required retrofit or replacement in 
suitable time. There have been carried out 
some experimental studies and 
comprehensive investigations of the corroded 
surfaces to establish methods for assessing the 
residual strength capacities of corroded steel 
elements. Due to actual corroded surfaces are 
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diverse from each other only experimental 
approach is inadequate to develop a more 
consistent strength estimation method. 
Remote sensing image-based model CNN is a 
vital segment to obtain the surface 
measurements of the corroded structure very 
rapid and reliable way with compare with 
other methods (Chun et al., 2019). This study 
aims the effect of corroded surface data 
measurements extract using image-based 
modelling CNN and Finite Element Modelling 
used to obtain the irregularity of corroded 
surface and their present load carrying 
capacities. Ultimately, identify the effect of 
pitting corrosion and location of pit on 
residual strength of corroded steel tower 
members to establish an effective and accurate 
method.  

2. METHODOLOGY 

2.1. Experimental Analysis 

2.1.1. Corroded Test Specimens 

Corroded steel specimens used for 
this experiment were taken from the L angles 
of the severe corroded steel 
telecommunication tower of the Dialog Axiata 
PLC removed after the service period which is 
near to the Galle area. Two non-corroded 
specimens were used to obtain the material 
properties and corroded specimens were used 
to validate the FEM models. These steel 
specimens cut down smoothly from both sides 
of corroded steel plate and prepared according 
to the JIS No.5 as shown in Figure 1 and Figure 
2. The capacity of the testing machine is 
1000kN, which is enough for tensile tests 
conducted for this experiment. The loading 
speed is 50N/s to eliminate the dynamic 
failures.  

 
 

2.1.2. Corroded Surface Measurements and 
Material Properties 

The essential mechanical properties of the 
material, such as elastic modulus, yield stress, 
tensile strength and the elongation were 
obtained as shown in Table 1. The yield load, 
tensile load, breaking load and the elongation 
at the maximum load was recorded. In 
addition to that the attention was paid on the 
breaking section of the corroded member in 
order to identify any affiliation of the 
corrosion surface irregularity and the fracture 
line of the corroded surface. Measurements, 
experimental results and corrosion condition 
of the specimens are shown in Table 2. 

 
 
 

 

2.1.3. Ductile Fracture Criterion 

Fracture is a significant mode of failure 
in steel structures, and precise calculation of 
fracture is required to identify the ultimate 
behaviours. The Stress Modified Critical Strain 

Table 1 Measurement, experimental results 
and categorization of specimens 

Member tmin 
(mm) 

Experimental 
results 

Μ 
(tmin

/t0) Py(kN) Pb(kN) 

FT-2 2.9 40.6 50 0.58 

FT-3 1.1 37.2 41.25 0.22 

FT-4 3.78 45.2 60.5 0.75
6 

FT-5 3.15 41.6 50.8 0.63 

FT-6 0.95 29.2 36.7 0.19 

Table 2 Material Properties 

Specimen Elastic 
modulus 
(GPa) 

Yield 
stress 
(MPa) 

Tensile 
strength 
(MPa) 

Corrosion 
free 
 Plate 

207.2 387.2 538.4 

Figure 2 Prepared test specimens 

according to standard shape 

 

Figure 1 JIS No.5 specimen for tensile test 
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Model (SMCS) was adopted to identify the 
initiation of ductile fracture as a function of 
multiaxial plastic strains and stresses 
(Kavinde et al., 2008). In SMCS criterion, the 
critical plastic strain (ƐpCritical) was determined 
by the following expression: 
 

𝜀𝑝
𝐶𝑟𝑡𝑖𝑐𝑎𝑙 = 𝛼𝐸𝑥𝑝 (−1.5

𝜎𝑚

𝜎𝑒
) (1) 

 
Where, α is toughness index and the 

stress triaxiality T = (σm/σe), a ratio of the 
mean or hydrostatic stress (σm) and the 
effective or Von Mises stress (σe). The 
toughness index α is an important material 
characteristic and hence obtained from the 
tensile test carried out for the non-corroded 
specimen. 

2.2. Image Processing 

2.2.1.  k -means clustering algorithm 

In order to trace the critical regions 
among all the corroded ones on a steel surface, 
a threshold of 0.7 times the maximum value of 
Hue in the image has been empirically 
selected. The recognized critical areas after 
thresholding operation. Morphological 
operations like opening and closing were used 
to trace the critically dense regions. These 
processes lead to an increase in cluster 
tendency of the pixels. Standard k-means 
clustering algorithm was used to classify the 
centers of the dense regions, so that 
conventional steel corrosion inspection 
methods could be directly applied at these 
positions.  

 

The number of clusters to be formed was 
set equal to seven (k = 7) and centers of the 
cluster were identified, as shown in Figure 3. 
Although the location of cluster centers rely on 

the initial points chosen as centers, the 
locations identified serves the main purpose 
behind clustering the data. 

2.2.2. Corrosion Colour Model 

Corrosion level can be categorized into 3 
sections such as minor, moderate, and severe. 
According to those corrosion levels, there is a 
unique color range available. So, the color 
range can be implemented based on their 
relative thickness and relevant color in the 
range of 0.1 – 1. Scan thickness data values 
were used for this method. As shown in 
Figure 4 corrosion color range defined 
according to the significance of the corrosion 
level. 

 

 

 
Using k-mean clustering algorithm 

with predefined corroded thickness variation 
with color the reusable values with table was 
obtained. The color segmentation was done 
using k-mean clustering reapplying method 
with respect to the corrosion level which is 
shown in Figure 5. It is obvious that the 
corroded location can be easily detected rather 
than bias RGB image and severely corroded 
region can be clustered. The non-corroded 
white and red paint layers were identified in 
k-mean clustering method in red and pink 
colors respectively. 

Figure 3 Identification of most damaged 
regions 

Figure 4 Corrosion colour range 
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2.2.3. CNN architecture 

Neurons and weights as shown in 
Figure 6 has developed a four-layer feed 
forward CNN with fully connected layer to 
predict the corroded steel elements minimum 
thickness values. 

The neuron receives the signals xi wi 

where xi is the signal input by the ith back-
neuron and wi is the signal weight. Once the 
neuron receives all signals from the back 
neurons, it sums the weighted signals (𝜁 = Σ 
𝑥𝑖𝑤𝑖) and passes the sum to an activation 
function to obtain the output y =𝜎 (𝜁). For all 
hidden layers and output layers Rectilinear 
(ReLu) activation has been used because the 
output is a continuous value. 

The back-propagation algorithm 
requires the activation function to be 
continuous and differentiable. ReLu is 
expressed using Eq. (2): 

f (u) = max(u, 0)  (2) 
 

The selected part of the image was 

divided into small grids. Each grid is a sample 
of an original image which more grids usually 
provide more accurate representations of the 
original. The intensity of each pixel is variable. 
In a color image, color is usually represented 
by the three-component intensities. 

2.3. Analytical Model 

Abaqus CAE software was used to 

create models. For validation purpose 3D shell 

element and updated Lagrangian method 

based on incremental theory were used. For 

material properties nonlinear elastic-plastic 

material, Newton-Raphson flow rule and Von 

Mises yield criterion were applied. Minimum 

thickness values which were obtained from 

CNN model and gotten as a mapped field to 

the model and assigned those thicknesses with 

respect to coordinates. 

 

The analytical models with length and 

width dimensions of 225 mm x 45 mm were 

modeled with different corrosion conditions 

for different specimens as shown in Figure 7. 

Consider about the end conditions one edge of 

the member’s translation in X, Y and Z 

directions were fixed and only the Y and Z 

directions translations of the loading edge 

were fixed to compatible with the real 

experimental situation. The loading edge 

nodes coupled to a reference point and 

displacement applied to that point to achieve 

uniform loading condition. Then the uniform 

incremental displacements were applied to the 

reference point as shown in Figure 7. Yield 

stress σy = 387.2 MPa, elastic modulus E = 

207.2 GPa, Poisson’s ratio v = 0.293 were used 

for all analytical models which were used for 

validation. 

2.4. Effect of Pitting Corrosion 

After the thickness values which were 

assigned for the FEM model modified 

Figure 6 Developed CNN with fully 
connected layer 

Figure 7 Analytical model of corroded member 

Figure 5 Color segmented image using K-
mean clustering 
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according to remain thickness considering the 

corrosion level. For μ > 0.75 taken as minor 

corrosion and get the average value of the 

thickness which were classified as minor 

corrosion and assigned the average minor 

corrosion value to thickness less than this and 

thickness greater than average value assign 

the original value. For 0.75 > μ > 0.5 taken as 

moderate corrosion and get the average value 

of the thickness which were classified as 

moderate corrosion and assigned the average 

moderate corrosion value to thickness less 

than this and thickness greater than average 

value assigned as original thickness value. 

Severe corrosion level thicknesses were not 

modified because the pitting corrosion mostly 

depend on the minimum thickness values of 

the specimen and the investigation was based 

on the severe corrosion level. 

2.5.  Pitting Location 

  In this research effect of pitting 

location to the residual strength was also 

considered because not only the minimum 

thickness of the corroded plates but also the 

location of severe pit will affect the residual 

strength of corroded specimen. FT-3 specimen 

with severe corroded pit (μ < 0.5) of which 

diameter is 10mm used for this analysis. The 

pit was shifted horizontally in x direction and 

vertically in y direction in the parametric 

study to identify the effect of the location. The 

horizontal interval Δx and vertical interval Δy 

is 6mm and 2mm, respectively. For surface 

corrosion areas in the specimen were assigned 

average thicknesses values considering their 

corrosion level. 

3. RESULTS AND DISCUSSION 

Corroded pit depths were measured using 

trained CNN and validated the obtained 

thickness by using actual scan data. It showed 

a very good comparison between actual scan 

depth and thickness obtained from CNN with 

Pearson Coefficient of Correlation (PCC) of 

0.846 and average thickness accuracy as 93% 

as shown in Figure 8.   

 

Figure 8 Graph of predicted thickness vs 
actual thickness 

 

Since the CNN based method residual 

thicknesses were showed good correlation 

those were used in FEM modeling by using 

analytical mapped field. The comparison was 

done with the experimental failure load and 

the critical load value obtained from FEM 

analysis as shown in Table 3. 

Table 3 Comparison of the result 

 

The non-linear finite element analysis 

was conducted for the minor, moderate and 

severe corrosion specimens. Using CNN 

network minimum thickness values were 

obtained and assigned to the FEM model 

using mapped field with exact coordinates. 

Further, Figure 9 and Figure 10 show the 

ultimate stress distributions and the failure 

surfaces of FT-2 specimen with moderate 

corrosion level and FT-3 specimen with severe 

corrosion level. It can be seen that both 

experimental and analytical failure surfaces 

are in considerable agreement in both 

moderate and severe corrosion levels. 

 

Specimen 

number  

Experimental 

failure load  

(kN) 

 FEM  

analysis 

load 

(kN) 

Error 

(%)  

F2  48.1  50.05  3.95  

F3  41.25  43.83  6.25  

F4  60.5  61.8  2.14  

F5  50.8  53.26  4.74  

F6  36.7  38.16  4.08  
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Figure 9 Stress distribution and failure 

surface of FT-2 specimen at ultimate load 

 
 

Figure 10 Stress distribution and failure 
surface of FT-3 specimen at ultimate load 

 

Figure 11 shows the comparison between 

analytical and experimental load elongation 

curves for the specimen FT2, FT4, and FT6. It 

shows 97.86%, 95.26% and 93.75% minimum 

accuracy for minor, moderate and severe 

corrosion samples respectively. 

 

 

Figure 11 Comparison of load vs 
elongation curves of experimental and 

analytical models 

 

Figure 12 shows the comparison of 
original and thickness modified analytical 
models for severe corrosion specimens to 
identify the effect of pitting corrosion. It shows 
maximum of 5.17% deviation between these 
models which is negligible. 

 

Figure 12 Comparison of load vs 
elongation curves of original and 

modified FEM models 

 
Figure 13 and Figure 14 show the 

effect of horizontal and vertical pitting 
locations on the residual strength of corroded 
specimen, respectively. Here, Poriginal means 
the tensile strength when the corrosion pit is 
located at the original position. It can be 
observed that 12.8% maximum strength 
reduction when pit shifting along horizontal 
(x) direction. When corroded pit move along 
vertical (y) direction maximum strength 
increment of 16.9% is observed. The reason for 
this difference is that cracks initiate easily from 
the edge of the specimen if the pit is nearby the 
edge. 

 

Figure 13 Variation of tensile strength (P) 
along x direction 
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Figure 14 Variation of tensile strength (P) 
along x direction 

 
 

4. CONCLUSION AND FUTURE 
RESEARCH DIRECTIONS 

SHM applications generally use 
expensive 3D scanners. Instead of such devices 
these results indicate that the use of a single 
digital image and a CNN network are 
sufficient. Therefore, it is proved that 
structural performance of the actual corroded 
member can be model using a single digital 
image with satisfactory precision. A notable 
comparison between experimental and 
nonlinear FEM results can be identified for all 
three corrosion levels. Therefore, the 
developed numerical modeling technique can 
be applied to predict the accurate residual 
strength capacities of actual corroded tower 
members. 
 

There are less deviation between 
original FEM and thickness modified FEM 
models which indicates although the surface 
corrosion effect the residual strength, pitting 
corrosion is the governing criteria of the 
residual strength of the corroded steel 
members. Validated FEM models used for the 
parametric study and it investigate the effect 
of location of severe corroded pit on the 
residual strength, although effect of the pit 
location not considered as a governing factor 
for residual strength. Ultimately it seems that 
pitting location also effect the residual 
strength considerably which can be effectively 
used to predict the residual strength 
accurately which is useful in precautions take 
in structural safety. 
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Utilization and reuse of tyre waste in concrete leads to sustainable construction. This 
study investigated the mechanical and dynamic properties of concrete when reused 
tyre rubber particles and reused tyre steel fiber were included. Coarse aggregates 
were partially replaced by tyre rubber of particle sizes of 5mm, 10mm and 15mm by 
volume percentages of 5%, 7.5% and 10% and at the same time tyre steel fiber were 
added to the mixture by volume percentages of 0%, 0.25%, 0.5%, 0.75% and 1%. The 
results of mechanical properties showed that at 0.75% steel fiber content and 5% and 
7.5% rubber content, all the rubber particle sizes shows enhanced mechanical 
properties. By using these combinations dynamic tests were conducted and found 
that the mix combination with rubber particle size of 10mm, rubber content of 7.5% 
and steel content of 0.75% is the optimum mix combination which shows the best 
enhancement in both the mechanical and dynamic properties when compared with 
the conventional concrete. 

1. INTRODUCTION  

Sustainability of construction materials is 
a mandatory issue that started to be strongly 
felt when considering the environmental 
protection. Every year 1.6 billion amount of 
tyres are produced and 1 billion waste tyres 
are generated. Among this amount 100 million 
tyres are recycled for reuse purposes (Global 
Tyre Recycling Market Report - Edition 2021). 
Once the inclusion of Reused Tyre Steel Fiber 
(RTSF) and Reused Tyre Rubber (RTR) 
improve the structural performance of rubber 
concrete, it will ultimately induce the potential 
use of waste tyres in structural construction 
industry, solving the environmental problem 
that arise in the disposal of waste tyres and at 
the same time enhancing the properties of 
conventional concrete.  

 
It was found that the addition of RTR to 

the concrete increases its dynamic properties 
but decreases its mechanical properties (Pham 

et al. (2018), Aiello & Leuzzi (2010); and 
addition of RTSF to the concrete increases the 
mechanical properties of concrete (Mastali & 
Dalvand, 2016; Syaidathul et al., 2012, etc). 
Therefore, it is important to identify the 
mechanical properties of concrete when both 
RTSF and RTR are included. This study will 
investigate the mechanical properties and 
dynamic properties of concrete members with 
different mix combinations of RTSF and RTR. 

2. LITERATURE REVIEW 

Many researches have been done on 
investigating the mechanical and dynamic 
properties of the concrete by replacing the 
aggregates with different sizes and 
percentages of rubber. Some researches were 
done by partially or fully replacing the fine 
aggregates and some by partially or fully 
replacing the coarse aggregates. Aiello & 
Leuzzi (2010) investigated on the partial 
replacement of both the coarse and fine 
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aggregates in the concrete separately by RTR 
particles. For the coarse aggregates 
replacement; 25%, 50%, 75% by volume and 
and for fine aggregates replacement; 15%, 
30%, 50%, 75% by volume and control 
specimens were used for each case. 
Workability, unit weight, compressive and 
flexural strengths and post cracking properties 
were analyzed. Concluded that the reduction 
of compressive and flexural strength for the 
coarse aggregate replacement is higher than 
that for the fine aggregate replacement. Pham 
et al., (2018) investigated on the dynamic load 
behavior of rubber added concrete to get the 
advantage of energy absorption ability of 
rubberized concrete. For the specimen 
preparation; 0%, 5%, 10%, 15%, 20% volume 
replacement with RTR of maximum size of 
6mm were used for the coarse aggregate 
partial replacement. Three different kinds of 
specimens (control, rubberized concrete, and 
rubberized concrete with silica fume) were 
prepared. Damping ratio showed an 
increment of 62% for the rubberized concrete 
(average 7.7%) than the control specimen 
(average 4.75%). At the same time, seismic 
acceleration 27% lower than the control 
concrete. And concluded that, the addition of 
RTR increases the dynamic properties of 
concrete. The compressive strength was 
reduced by 46.88% for the maximum 
percentage of replacement. 

 
Many researches have been done on 

investigating the mechanical and dynamic 
properties of concrete by including different 
lengths and percentages of RTSF. Nasir (2009) 
investigated the effect of fiber length and fiber 
volumetric fraction on the compressive 
strength of concrete reinforced with steel fiber 
extracted from discarded tyres. The fiber 
length was selected as 20 mm, 40 mm and 60 
mm, while the volumetric fraction of steel 
which added to the concrete mixture was 
selected as 0%, 0.5%, 1% and 1.5%. From the 
results, 1.5% volumetric fraction with a fiber 
length of 40 mm was observed to give the 
highest compressive strength. Nasir (2009) 
also investigated the effect of fiber length and 
fiber volumetric fraction on the flexural 
strength of concrete reinforced with steel fiber 
extracted from discarded tyres. The fiber 
length was selected as 20 mm, 40 mm and 60 
mm, while the volumetric fraction which 
added to the concrete mixture was selected as 
0%, 0.5%, 1% and 1.5%. From the results 

obtained at each level of volumetric fraction, 
the longest length of the steel fiber (60 mm) 
was observed to give the highest flexural 
strength. Mastali & Dalvand (2016) also 
investigated the effect of volumetric fraction of 
RTSF (0%, 0.25%, 0.5%, 0.75%) on the 
compressive strength of concrete. A constant 
RTSF length of 40 mm was considered for all 
the cases.  The highest compressive strength 
was observed at a volume fraction of RTSF of 
0.75%. Mastali & Dalvand (2016) also 
investigated the effect of volumetric fraction of 
RTSF (0%, 0.25%, 0.5%, 0.75%) on the flexural 
strength of concrete. The highest flexural 
strength was achieved when the volumetric 
fraction of RTSF which added to the concrete 
mixture was 0.75% of the total volume. 
Syaidathul et al., (2012) also examined the 
effect of volumetric fraction of RTSF (0%, 0.2%, 
0.4%, 0.6%, 0.8%, 1%) and randomly 
distributed RTSF length varying between 
20mm and 100 mm on the compressive 
strength of concrete. Their results showed that 
the volumetric fraction of 0.4% of RTSF give 
the best results for compressive strength. 
Syaidathul et al., (2012) also examined the 
effect of volumetric fraction of RTSF (0%, 0.2%, 
0.4%, 0.6%, 0.8%, 1%) and randomly 
distributed fiber lengths varied between 20 
and 100 mm on flexural strength. From the 
results obtained it was observed that the 
volumetric fraction of 0.4% of RTSF give the 
best results for flexural strength. 

 
Ndayambaje (2018) had concluded that 

the compressive strength of concrete reduces 
with the increase of crumb rubber particles in 
concrete. Crumb particles are RTR particles 
lies between the size range of 0.075mm to 
4.75mm. That reduction was reported to be 
caused due to the weak bond between rubber 
particles and cement paste, as well as low 
modulus of elasticity of rubber compared to 
conventional aggregates. In that research, 
12.5% crumb rubber volume was taken as 
optimum rubber volume where the reduction 
in compressive strength was nearly not more 
than 20%. Incorporating of different 
percentages of RTSF in crumb rubber 12.5% 
mix resulted in an improved compressive 
strength where at 1.2% addition of RTSF of 
40mm length, the compressive strength 
reduced by 10.07%, which is almost 9% 
increment from concrete with RTR only. 
Rubber concrete with 1.2% volume of RTSF of 
40mm length performed better than other 
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Investigating the dynamic properties 
for that combinations 

Investigating mechanical properties 
(compressive and flexural strength) of 

concrete with different mix combinations 
of RTSF and RTR 

Optimum mix combinations in terms of 
mechanical properties 

Optimum mix combination in terms of 
both mechanical and dynamic properties 

mixtures in terms of compressive strength. 
Even so there are very limited number of 
researches done on investigating the combine 
effect of both RTR and RTSF on mechanical 
and dynamic properties of concrete. 

3. METHODOLOGY 

Figure 1 shows the flowchart illustrating 
the methodology in brief. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1 Methodology in brief 

3.1. Materials 

Materials used in the research; 

• Reused Tyre Rubber (RTR) 

• Reused Tyre Steel Fiber (RTSF)  

• Coarse aggregates (Max- 20mm) 

• River sand 

• Ordinary Portland Cement (OPC) 
 
RTR and RTSF are the materials which 

comes from shredding of tyres which is a tyre 
recycling process. RTR and RTSF were 
obtained from Samson Reclaim Rubber Ltd., 
Bogahagoda, Galle, Sri Lanka.  

 
Three particle sizes of rubber were used. 

As the coarse aggregates would be partially 
replaced by RTR, the particle sizes of RTR 
were selected as such the sizes lies within the 
size range of coarse aggregates (4.75mm - 
20mm).  

i. 5 mm Rubber – Particles which passes 
through 5.6mm sieve and retained on 

4.75mm sieve 
ii. 10 mm Rubber – Particles which 

passes through 11.2mm sieve and 
retained on 9.5mm sieve  

iii. 15 mm Rubber – Particles which 
passes through 16mm sieve and 
retained on 14mm sieve 
 

3.2. Mix Combinations 

Different mix combinations are due to 
three variables; 

• Size of the rubber particles– (5mm, 
10mm, 15mm) 

• Volume percentage of rubber that 
would replace coarse aggregates in 
the mixture– (5%, 7.5%, 10%) 

• Volume percentage of steel fibers 
from the total volume of the mixture 
that added to the mixture– (0%, 0.25%, 
0.5%, 0.75%, 1%).  

 

3.3. Experimental Procedure 

3.3.1. Material Properties 

Specific gravity tests were conducted 
using pycnometer method. For each and every 
material averaged value was taken after 
testing for three samples.  

 

3.3.2. Mechanical Properties 

Compressive and flexural strength test 
were conducted for all the mix combinations 
mentioned above. Grade 25 concrete was used. 
Optimum mix combinations were obtained in 
terms of mechanical properties and for those 
combinations dynamic properties were tested. 

3.3.3. Dynamic Properties 

Dynamic properties were tested using 
seismograph; beam specimen of dimension 
40mm x 40mm x 320mm was kept on two knife 
edges and an identical impact was given to the 
beam at each time and the vertical peak 
particle velocity at the middle of the beam was 
recorded via the geophone of the 
seismograph. The instrumental setup is shown 
from the below Figure 2. 
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Figure 2 Instrumental Setup 

4. RESULTS AND DISCUSSION 

4.1. Material Properties 

Following specific gravity values were 
gained for steel fiber, 5mm rubber, 10mm 
rubber and 15mm rubber as shown in the 
Table 1. 

Table 1 Specific gravity values for different 
materials 

Material Specific Gravity 

Steel Fiber 6.565 

5mm Rubber 1.101 

10mm Rubber 1.151 

15mm Rubber 1.180 

 

4.2. Mechanical Properties 

Compressive and flexural strength 
results at 28 days for different rubber particle 
sizes are shown by the below figures from 
Figure 3 to Figure 8.  

 
With the increase of steel fiber 

percentage, the compressive strength 
increases and reaches a maximum point and 
then decreases for all the rubber percentages 
of 5%, 7.5% and 10% as shown by the below 
graphs. For coarse aggregates replaced with 
5% and 7.5% rubber content, the compressive 
strength is maximum when the steel fiber 
content is around 0.5%. For coarse aggregates 
replaced with 10% rubber content, the 
compressive strength is maximum when the 
steel fiber content is around 0.75%. 

 
 
 
 

 
 

 

 

 

 

 

 

 

Figure 3 The graph of compressive strength 
vs steel % for 5mm rubber 

 

 

 

 

 

 

 

 

 

Figure 4 The graph of compressive strength 
vs steel % for 10mm rubber 

 

 

 

 

 

 

 

 

 

Figure 5 The graph of compressive strength 
vs steel % for 15mm rubber 
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Steel fiber can increase the compressive 
strength of concrete up to certain limit of fiber 
content due to confinement of the fiber 
reinforcement in concrete. With higher steel 
fiber content, workability of concrete is 
reduced and balling effect of steel fibers are 
observed after 0.75% steel fiber content. 
Concrete cannot be compacted properly due to 
lack of workability. The homogeneity of the 
concrete mixture gets reduced due to balling 
effect of the steel fibers. Hence higher steel 
fiber contents (above 0.75%) in concrete leads 
to decrease in compressive strength of 
concrete. Coarse aggregates replaced with 5% 
rubber content gives relatively high values of  
compressive strength compared to other 
rubber percentages; that means with the 
increase of rubber content the compressive 
strength has reduced.  
 

 

 

 

 

 

 

 

Figure 6 The graph of flexural strength vs 
steel % for 5mm rubber 

 

 

 

 

 

 

 

 

Figure 7 The graph of flexural strength vs 
steel % for 10mm rubber 

 

 

 

 

 

 

 

 

Figure 8 The graph of flexural strength vs 
steel % for 15mm rubber 

With the increase of steel fiber 
percentage, the flexural strength increases 
gradually for all the rubber percentages of 5%, 
7.5% and 10% as shown by the above graphs. 
For coarse aggregates replaced with 5%, the 
flexural strength values are greater when 
compared with the other two rubber 
percentages. For coarse aggregates replaced 
with 10% rubber content, the flexural strength 
is lesser when compared with other two 
rubber percentages. The reason for the 
reduction of flexural strength with the rubber 
percentage is the bonding strength; concrete-
rubber bonding strength is lower than the 
bonding strength of concrete-aggregate, 
therefore when increasing the rubber content, 
the bonding strength of a particular concrete 
surface is decreasing and ultimately resulting 
a lower flexural strength value. Steel fiber can 
increase the flexural strength of concrete due 
to the extra tension given by the fiber 
reinforcement in concrete. With higher steel 
fiber content, workability of concrete was 
reduced and balling effect of steel fibers were 
observed after 0.75% steel fiber content; even 
1% of steel fiber content is not workable 
enough and balling effect of the fibers also 
seen. Concrete cannot be compacted properly 
due to lack of workability. The homogeneity of 
the concrete mixture gets reduced due to 
balling effect of the steel fibers. Hence higher 
steel fiber contents (above 0.75%) in concrete is 
not suitable. Therefore, until the steel fiber 
content reach 1% only, the study was 
conducted.  
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Ultimately it has able to increase the 
flexural strength with the inclusion of RTSF, 
despite the reduction of flexural strength 
occur due to the inclusion of rubber. 

 
According to the above graphs from 

Figure 2 to Figure 7; when we consider any 
rubber particle size, both the compressive 
strength and flexural strength is optimum at a 
steel content of 0.75%; so the steel content of 
0.75% can be selected as the optimum steel 
content. And also when we consider any 
rubber particle size with the steel content of 
0.75%, both the compressive strength and 
flexural strength is optimum at rubber 
contents of 5% and 7.5%; so the rubber 
contents of 5% and 7.5% can be selected as the 
optimum rubber contents; but the rubber 
content of 7.5% is not optimum for the rubber 
particle size of 15mm and steel content of 
0.75%, because the compressive strength at 
this mix combination is way below than that of 
the control sample. 

4.3. Dynamic Properties 

Dynamic tests were performed using the 
seismograph for the optimum mix 
combinations obtained in terms of the 
mechanical properties. Below Table 2 shows 
those optimum mix combinations and 
respective vertical peak particle velocities. 

 
 

Table 2 The table of vertical peak particle 
velocities for optimum mix combinations  

Mix 
Rubber 
Particle 

Size 

Rubber 
% 

Steel 
% 

PPV 
(mm/s) 

Control - 0 0 51.56 

M1 5 5 0.75 54.68 

M2 5 7.5 0.75 49.71 

M3 10 5 0.75 48.88 

M4 10 7.5 0.75 48.30 

M5 15 5 0.75 48.70 

 
The vertical particle velocity vs time 

graphs obtained using the data from the 
seismograph for the control sample and for the 
mix combination M4 which had the lowest 
vertical peak particle velocity are shown in 
Figure 9 and Figure 10. 

 
 

 
 
 
 
 
 
 
 

 

Figure 9 The graph of particle velocity vs 
time for control sample 

  

 

 

 

 

 

 

Figure 10 The graph of particle velocity vs 
time for mix combination M4 

 
The PPV value has reduced with the 

increment of the rubber content or the rubber 
particle size. The vertical peak particle velocity 
of the control sample is 51.56mm/s. As shown 
by the Table 2, all the mix combinations other 
than Mix-1, shows vertical peak particle 
velocity values which are lesser than that of 
the control sample. So it is obvious that the mix 
combinations M2, M3, M4 and M5 shows 
enhanced dynamic properties with respect to 
the conventional concrete. Low peak particle 
velocity values mean that those mix 
combinations have shown high energy 
absorption capacities. Hence ultimately the 
inclusion of rubber and steel have increased 
the dynamical properties of concrete. Besides 
that, we can clearly see from the Table 2, that 
increasing the size of the rubber particles have 
reduced the vertical peak particle velocity and 
that the vertical peak velocity has reduced 
when increasing the percentage of rubber 
content. The minimum PPV is for the M4 mix 
combination. The mix combination M4 has the 
highest percentage reduction of vertical peak 
particle velocity of 6.32% with respect to the 
control sample. 
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5. CONCLUSIONS 

When considering all the rubber particle 
sizes of 5mm, 10mm and 15mm the steel 
content of 0.75% and the rubber content of 5% 
can be taken as the optimum content in terms 
of both the compressive strength and flexural 
strength. When the rubber content or rubber 
particle sizes are increasing, both the 
compressive and flexural strengths are 
decreasing. Therefore, when considering 
rubber particle sizes, 5mm rubber size is the 
optimum in terms of mechanical properties. 
But when considering dynamic properties, it is 
different. When the rubber content or rubber 
particle sizes are increasing, the dynamic 
properties are also increasing. The ultimate 
optimum mix proportion which gives best 
enhancement in mechanical properties as well 
as in dynamic properties when compared with 
the conventional concrete is the mix 
combination (M4), where coarse aggregates 
replaced by RTR particle size of 10mm, RTR 
content of 7.5% and RTSF content of 0.75% 
which added to the concrete mixture. 
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Strengthening and retrofitting becoming available options for those structures 
which are more economical to strengthen than to demolish. In recent years 
retrofitting technique was chosen over the whole element replacing approach when 
strengthening structural elements. Carbon Fiber Reinforced Polymer (CFRP), Glass 
Fiber Reinforced Polymer (GFRP) and Aramid Fiber Reinforced Polymer (AFRP) are 
commonly using retrofitting materials for existing Reinforced concrete (RC) 
structures. This paper presents an analytical study on the influence of polyethylene 
terephthalate fiber reinforced polymer (PET FRP) wrapping on flexural 
performance, such as flexural load capacity, flexural load increment of corroded 
elements. Finite element models are developed to simulate the behavior of full-scale 
reinforced concrete beams strengthened with PET sheets. (un-strengthened control 
beams under corroded and non-corroded conditions and strengthened beams with 
two different attaching methods. In everyday practice, there are many situations 
under which deteriorated structures are subjected to static loadings. Finite element 
models were developed to predict residual flexural capacities of RC and PET fiber 
retrofitted specimens. It was observed that considerable flexural capacity increment 
can be achieved by retrofitting concrete samples with PET fiber.  
  

 

1. INTRODUCTION 

Reinforced concrete deterioration 
generally can happen due to inadequate 
design conditions and aggressive 
environmental-conditions. Parallel to that, 
reinforcement corrosion has been recognized 
to a large amount, especially in coastal 
environments. Previous studies have proven 
that reinforcement corrosion decreases the 
beam strength capacities with the steel area 
reduction, bond degradation, etc. (Zhang et 
al., 2016) 

In past decades, structural engineers 
tried steel plate bonding using epoxy 
adhesives, steel plate bonding using bolts, 
and externally anchored stirrups from time to 
time. Due to handling and maintaining 
problems FRP technique was introduced. 

Most researchers have identified that FRP-
based materials provide reliable and cost-
effective improvement. In the U.S., ACI 
committee 440 has introduced design criteria 
for FRP retrofitting of RC members.  

Due to cases like complicated 
material and connection behaviors, simplified 
analysis tools cannot provide correct or 
accurate structural behavior predictions for 
FRP strengthened RC elements. To overcome 
these failure issues, the finite element model 
(FEM) was developed in this study to predict 
the behavior of retrofitted reinforced concrete 
beam elements. 

This paper presents the details of 
finite element analysis of damaged reinforced 
concrete members subjected to flexural 
loading under retrofitted and non-retrofitted 
conditions and provides the flexural capacity 
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of corrosion damaged reinforced concrete 
members under different corrosion levels 
with and without retrofitting. In addition to 
that, the relationship between crack width of 
a corroded beam and corrosion level of the 
corroded member was studied in order to 
predict the RC member's corrosion level by 
observing the crack width. 

2. LITERATURE REVIEW 

PET is typically used in construction 
as geotextile fabric in Sri Lanka in the form of 
thin nonwoven needle punched bi-axially 
sheets. PET has tensile strength over 600MPa, 
high fracture strain on the order of 15%, but 
very low elastic modulus smaller than 1/20th 
of steel. It is noted that the PET was first 
applied for seismic retrofit of RC columns in 
Japan. As shown in Figure 1, CF has much 
higher strength and elastic modulus than PET, 
but PET can develop much larger strain than 
CF. It is also shown in Figure 1 that the stress-
strain relationship of CF is linear while it is 
non-linear for PET (Choi et al., 2015). 

Figure 1 Stress-Strain relationship of CF vs 
PET (Choi et al., 2015) 

(Appuhamy et al., 2011) categorized 

the different corrosion conditions which can 

see in actual steel structures, into general types 

for better understanding of their remaining 

strength capacities considering their visual 

distinctiveness, amount of corrosion and their 

expected mechanical and ultimate behaviors. 

A relationship between nominal ultimate 

stress ratio and the minimum thickness ratio 

were obtained using the thicknesses of all 

scratched specimens and the remaining tensile 

strength capacities. According to that 

minimum thickness ratio (µ) is defined as; 

µ =
𝑡𝑚𝑖𝑛

𝑡𝑜

 

𝑡𝑚𝑖𝑛 = 𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠  

𝑡𝑜 = 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠 

3. METHODOLOGY 

Figure 2 shows the flowchart of the 
methodology of this study. 

Figure 2 General methodology 

The reduction of flexural capacity of 
retrofitted RC beam due to the corrosion was 
analyzed by ABAQUS software. RC beams 
with different levels of corrosion (µ=0.4, µ= 
0.8) were modeled as per the studies of 
(Appuhamy et al., 2011). In addition to that, 
specimen designing procedures to 
experimental testing were mentioned under 
this, and as a supportive experiment, the 
relationship between corrosion crack width 
and corrosion level was defined. 

 
3.1. Finite Element Modelling 

The study of (Gawil et al., 2020) was 
adopted to model the concrete behavior. 
Experimental material properties were used 
for reinforcement.  
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The study of (Takaya et al., 2013) was 
used when defining the corrosion rust 
properties. Pimanmas and Saleem, 2019 
experiment data was used for PET FRP sheet 
and adhesive properties, and Hashin's failure 
criteria were used to define PET FRP damage. 
Dynamic/Implicit in quasi-static analysis type 
was defined in ABAQUS/CAE as the analysis 
method. The reinforcement cage was 
assembled in a concrete beam and defined 
under embedded interaction, and the 
connection between the concrete surface and 
PET FRP sheet was defined under tie 
connection. For mesh sensitivity analyze  
mesh proportion was used. For maintain the 
static loading conditions, pinned boundary 
conditions, and incremental loading was 
applied. Corrosion pit size was defined and 
modeled using studies of (Appuhamy et al., 
2011). Minor corrosion (µ=0.8) and severe 
corrosion (µ=0.4) conditions levels were 
modeled. Figure 3 shows a U-strip retrofitted 
beam modelled by using FEM.  
 

 
Figure 3 Modelling of the retrofitted beam 

element 

3.2. Concrete Specimens 

 RC beam element size of 1500mm x 
200mm x 150mm casted using Table 1 design 
proportions. Cubes were cast to verify the 
strength of concrete and value were used to 
develop the model. To maintain the natural 
corrosion conditions, less than 500µA/cm2 
direct current intensity and 5% NaCl solution 
with copper cathodes used. U-strip wrapping 
and Bottom wrapping patterns were used 
with industrially using PET FRP sheets and 
epoxy adhesive. 

 
Figure 4 shows the reinforcement 

arrangement of the concrete specimen which 
were used for the flexural testing. Further the 
Figure 5 shows the cross section and the 
details of the reinforcement arrangement of 
the tested specimens.  

 

Figure 4 Reinforcement arrangement of 
1500mm flexural element 

Figure 5 Cross section of 1500mm beam 

 
Table 1 shows the mix proportion of 

Grade 25 concrete used with 0.5 W/C ratio to 
cast specimens in this study. Average 
compressive strength was obtained as 29.58 
MPa. 

 
Table 1 Mix proportion of concrete and 
mean compressive strength of Grade 25 

 
 

3.3. Crack width and Corrosion Level 
Relationship  

RC beam size of 
500mmx100mmx100mm casted using the mix 
proportion in Table 1. Same natural corrosion 
conditions were maintained. (Less than 
500µA/cm2 direct current intensity and 5% 
NaCl solution with copper cathodes) 

Material  Amount 
(kg/m3) 

Cement 325 

Sand 890 

Coarse aggregate 1050 

Water 195 

Stirrups and RF cage 25mm cover blocks 

Steel formwork Welded wire 

with brass 
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Corrosion level is defined as studies of 
(Appuhamy et al.,2011). Figure 6 and 7 show 
the cross section of 500mm beam and crack 
patterns of 500mm corroded beam samples, 
respectively. 

Figure 6 Cross section of 500mm beam 

Figure 7 Crack patterns of 500mm corroded 
beam samples 

4. RESULTS AND DISCUSSION 

4.1. Detailed Parametric Study 

Figure 8 Residual flexural load prediction 
for maximum corrosion starting location 

variation in minor corroded beams 

Detailed parametric study was done 
using the calibrated FEM results. The goal of 
the parametric study is to identify the 
sensitivity and variance of the numerical 
model by changing different parameters. The 
residual flexural capacity was investigated 
under different levels of corrosion and effect of 
the maximum corrosion pit location. The level 
of corrosion was taken as μ= 0.77, 0.82 and 0.91 

for minor corrosion and μ= 0.50, 0.60 and 0.70 
for moderate corrosions.  

 

Figure 9 Percentage reduction in flexural 
load capacity for minor corroded beams vs 
fractional length to the maximum corrosion 

starting from free end 

4.2. Finite Element Analysis 

Total nine models were developed 
using ABAQUS computer software. Corrosion 
conditions were modeled on the mid-span of 
main bars along 750mm length. Beam 
retrofitted using PET U-strips has the highest 
ultimate flexural capacity. It is 13.1% more 
than the control beam, and 7.9% than the beam 
retrofitted using PET bottom sheet.  

 

Figure 10 RC beams with PET retrofitting 
 

Minor corroded beam with PET-

bottom has the highest ultimate flexural 

capacity than minor corroded beam with PET 

U-strips. It is the increment of 1.76% and 7.1% 

of increment than the minor corroded non-

retrofitted beam. Figure 11 and 12 show Load 

against displacement of RC minor corroded 

beams with PET FRP retrofit and RC severe 

Beam without corrosion 
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corroded beams with PET FRP retrofit 

respectively. 

Figure 11 RC minor (µ=0.8) corroded beams 
with PET FRP retrofit 

The Severely corroded beam with 

PET-U-strip has the highest ultimate flexural 

capacity than the severely corroded beam with 

PET-bottom. It is an increment of 0.76% and 

6.8% of 

increment than the severely corroded non-

retrofitted beam.  

 

Figure 12 RC severe (µ=0.4) corroded beams 
with PET FRP retrofit 

4.3. Corrosion Level with Crack Width 
Variation 

In this study, minimum thickness 
ratio (µ) is the dependent variable and crack 
width is the independent variable. According 
to plotted data in Figure 13, R2=0.8345 for 
variation between crack width and minimum 
thickness ratio. It was observed that, there is a 
linear relationship between crack width and 
the minimum thickness ratio. 
 
 

𝜇 = −0.2337 ∗ 𝐶𝑟𝑎𝑐𝑘 𝑤𝑖𝑑𝑡ℎ + 0.9902 

 

Figure 13 Minimum thickness ratio vs Crack 
width 

According to analysis results and 
visualizations,  

• All of the retrofitted model beams 
using PET FRP bottoms were failed 
due to delamination of the PET FRP 
sheet.  

• The flexural load increment is 
relatively higher in PET FRP U-strips.  

• The flexural load increment is 
relatively lower than commercially 
using CFRP and GFRP. Relatively it is 
8-10 times lower.  

• The number of PET layers can be 
increased in PET U-strip retrofitted 
models for more flexural load 
increment without delamination 
failure. 

5. CONCLUSION 

According to the corrosion condition 
results, minor corrosion conditions reduced 
the flexural capacity by 5.9%, and the severe 
corrosion condition reduced the flexural 
capacity by 13.9%.  

 
Finite Element Modeling was used to 

determine the increment of flexural capacity of 
retrofitted RC beam elements with the impact 
of the corrosion damage component on the 
capacity for flexural critical RC beams. The 
damage parameter used was the main 
reinforcement bar. It can be concluded that the 
flexural capacity of both corroded and non-
corroded was increased with both PET-bottom 
and PET U-strip wrappings. It is not much 
higher than CFRP retrofitting, however it was 
a considerable percentage. Also, the flexural 
capacity was reduced due to corrosion. The 
parametric study concluded that the reduction 

Beam with Minor- corrosion Beam with Minor- corrosion 

PET FRP bottom 

Beam sever corroded PET 

FRP bottom 

Beam with Minor- corrosion PET UFRP strips 

Beam sever corroded 

Beam sever corroded PET 

UFRP strips 
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in flexural capacity changes with the corroded 
pit location, and also the flexural capacity of 
an RC beam varies with the corrosion 
condition. Based on the failure criteria of 
retrofitted beams, there is a possibility of 
increasing the number of layers of PET FRPs. 
Comparing the wrapping patterns of 
retrofitting, PET U-strips relatively performed 
well than PET-bottom. Its 13.2%, 5.2%, and 
6.8% orderly more than non-corroded, minor 
corroded, and severely corroded beams. 
However, PET-bottom has some higher value 
under minor corrosion conditions, but it is not 
much higher than PET U-strip value.  

 
The minimum thickness ratio with 

crack width relationship showed that a high 
proportion of variance explained in the 
regression model. In conclusion, it can predict 
the corrosion condition of a reinforcement bar 
embedded in the concrete by visually 
observing the crack width of the member. 
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Adverse environmental conditions are caused for the corrosion of embedded steel 
reinforcement which causes the reduction of structural performance in the context 
of flexural strength, compressive and shear strength etc. Structural performances 
are depended on loading type. There is a relationship between crack width and pit 
depth of the reinforcement bars. Retrofitting method are vastly spread. PET fibers 
are made by wastage. Finite element analysis has become a tool in analyzing of 
reinforced concrete structures with adequate modeling assumptions. Therefore, this 
study was conducted to investigate the dynamic behavior of concrete beams with 
retrofitting PET fibers while longitudinally reinforcement subjected to different 
level of corrosion. Bottom wrapping method used to evaluate the dynamic 
performance. Hysteresis curve was developed and maximum load and the 
displacement of that place was measured. Load incrimination percentage was 
determined. It was observed that energy absorption capacity can be improved by 
retrofitting using PET fiber.  
 

 

1. INTRODUCTION  

Concrete is widely used in the whole 
world as a structural material. Workability, 
Sustainability, Durability, Resource efficiency 
and Cost effectiveness, are properties of the 
concrete.  

There is a reaction in the steel during the 
corrosion process. Brown rust is made due to 
this chemical process. The connection 
between rebar and concrete is reduced due to 
this problem because expansion problem 
between rebar and concrete. Under this 
research retrofitting corroded reinforcement 
elements were focused mainly by using 
Recycled Polyethylene Terephthalate (PET) 
fibers enhance the performance of the 
concrete and check the dynamic behavior of 
the structure. Considering different corrosion 
levels of the structure. 

In present most of the reinforced concrete 
structure members in industry have been 
established. Some steel structures were 
corroded due to salinity. Especially coastal 
area is good environment for the corrosion of 
structures. It is complicated to carry out 
because of the demolishing operation other 
infrastructures getting damage. The slabs are 
corroded before the beam element due to lack 
of the good thickness of the element. Hence 
repairing of panels of slab is very important in 
infrastructure. Demolishing is not good 
method for the retrofit or repair as well it is 
not economical.  

Retrofit methods are vastly spread in the 
construction field. There are several types of 
materials that use for the retrofitting. PET 
fiber retrofitting method was not investigated 
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by the researches. PET fiber manufacturing 
cost is low compare with carbon and glass 
fibers. PET fiber sheets were used to retrofit 
the corroded samples. Dynamic behavior of 
PET sheets indicates, under dynamic load 
condition such as earthquake or earth slip. 
This type of dynamic load is demonstrated by 
using Actuator. 

There is a clear difference between static 
loads and dynamic loads. Behavior of the 
beam is differed according to the given 
loading type although RC structures under 
normal dead and imposed loads the objective 
of this research is, developing a Finite Element 
Model (FEM) for retrofitted RC beam 
elements to predict the Dynamic behavior of 
retrofitted elements under minor and severe 
corrosion condition. 

2. LITERATURE REVIEW 

2.1. Corrosion levels 

Structural performance of corrosion 

affected RC members depend on the corrosion 

level of the steel rebar inside the member 

(Appuhamy et al, 2011). Minimum thickness 

ratio was defined under this research. This 

ratio was developed considering the initial 

thickness and remaining thickness of the steel 

plate or bar. That relationship can be used to 

identify the corrosion level of the beam. In this 

study, 42 specimen cut out from a steel bridge 

girder of Ananai River in Kochi Prefecture on 

the shoreline of the Pacific Ocean, which had 

been used for about hundred years. Then the 

thicknesses of all scratched specimens were 

measured by using a laser displacement gauge 

and the tensile tests were performed in order 

to clarify their remaining strength capacities. 

Figure 1 shows the relationship between 
the nominal ultimate stress ratio and the 
minimum thickness ratio (µ), where is the 
nominal ultimate stress and it is the ultimate 
stress of corrosion-free plate. The minimum 
thickness ratio (µ) was defined as,  

  µ= tmin / t0 

tmin  = remaining thickness of the bar element   

t0     = initial thickness of the bar element      

                              

 Figure 1  Different corrosion levels 
(Appuhamy et al., 2011) 

 
There are three different types of 

corrosion levels were identified according to 
their severity of corrosion and they were 
classified accordingly as follows:   
µ > 0.75          : Minor Corrosion 
0.75 > µ > 0.5: Moderate Corrosion     
µ < 0.5            : Severe Corrosion 

2.2. Rate of Corrosion 

Considering corrosion conditions, the 
amount of corrosion which a RC beam or 
column member have undergone must be 
quantitatively measured. By measuring the 
weight after corrosion of a member can be 
taken the corrosion rate. A linear polarization 
resistance (LPR) could be used instead above 
method. This test icorr was introduced as 
current density parameter which reflects the 
rate of corrosion. Alonso et al. (1988) stated 
function of concrete resistivity. It is icorr. By 
using different binders such as sulphate 
resistance.  

Current corrosion and density were 
defined as following equation  

                   icorr = kcorr /  𝜌𝑒𝑓                               

 kcorr = 3×104 μA/cm2.kΩ-cm   

  𝜌ef = Concrete resistivity  

An idea of rate of corrosion could be 
taken from the above mentioned equation. But 
above mentioned technic was not used here. 
kcorr is a constant value and current density 
and concrete resistivity differ with the time 
throughout the beam sample. 
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2.3. Hysteresis Analysis for the Cyclic 
Loading 

Two story Frame structure was subjected 
to cyclic loading. The foundation of the frame 
was fixed and cyclic load was given in lateral 
direction. In this study, the interaction that has 
been used to link reinforcement (steel and FRP 
rod) with concrete was embedded region tie 
connection between beams columns. This part 
will present the output of the ABAQUS FEM 
models analysis in order to evaluate the effect 
of embedded FRP rod on reinforcing concrete 
frame. Subjected to dynamic loading; all 
considered models were subjected to cyclic 
displacement. Five different models were 
simulated based on actual specimen.  

In order to get an idea about hysteresis 
analysis for the cyclic loading, following figure 
2 shows the load-deflection curves of the 
frames with embedded CFRP rod and frames 
with embedded GFRP rod compared with a 
bare frame. In another hand, the hysteresis 
analysis for the cyclic loading for a frame with 
embedded CFRP rod was bigger than frame 
with embedded GFRP rod.  

Figure 2 Load-deflection curve for cyclic 
loading(Ahmed Abdulrahman et al.,2019) 

 

3. METHODOLOGY 

3.1. Experimental Approach 

In order to gain precise test results 
test specimens should be in enough type, 
length and size. In this research RC beams 
were selected as the structural member type 
of the test samples due to it help to illustrate 
the dynamic loading failure precisely and 
can see dynamic failure easily.  

Beam size was 150mm width, 200mm height 
and 1500mm length. In minor corrosion level 
there were 9 samples. At here only 6 
members were subjected to the retrofitting of 
PET fibers. Other three corroded beams were 
not retrofitted. And also there were another 
9 samples. 6 of them were retrofitted and 
other 3 samples were not retrofitted for 
severe corrosion conditions. Target 
compressive strength was 25 MPa for the 
casting concreate beams. In addition to 
100mm width, 100mm height and 500mm 
length, 22 samples were casted and subjected 
to corroded process. 
 

                   Table 1 Test specimens 

  
12 mm yield steel were used as main 

reinforcement and 6mm mild steel was used 

for shear links.25 mm cover blocks were used 

for these elements.  Figure 3 shows the 

reinforcement cage arrangement. As well 6 

welding points were welded for each cage 

because DC current supply was given during 

the process of corrosion. 

 

Figure 3 Reinforcement cage preparation 
and welding of wires 

 

 

Corrosion 

condition  

No. of beams required 

Corroded 

samples  

Control 

samples  

Minor 9  

3 Severe 9 
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3.1.1. Accelerate corrosion test method  

The specimens were subjected to 

corrosion. With the limited time for this 

research, the corrosion rate should be high. In 

that case, the acceleration corrosion was 

supposed to done. In this study, the 

acceleration corrosion has been proposed to be 

done by creating electrolyte cell between 

reinforced steel bar and the copper plate. 

Figure 4 Acceleration corrosion of small 
elements 

 The pool containing the NaCl 5% (w 
/w) up to the top of the surface of the element. 
To fill-up the circuit there should be a current 
/ voltage difference, therefore, proposed to 
supply the constant current through the 
elements as shown in figure 6. DC power 
supply unit was being used to control the 
current passing through the system. Here the 
RF was done the job as the anode and the 
copper plate was done the job as the cathode. 
The concentration of the NaCl was proposed 
to check periodically throughout the corrosion 
period. 

Then the NaCl concentration was 
monitored. After the certain corrosion 
intensity was achieved, the specimens were 
subjected to repairing. 

3.1.2. Monitoring the concentration of 
electrolyte in tanks 

The corrosion process was constantly 
monitored as the corrosion condition is a 
parameter in defining the results. The 
maintenance of a good chloride concentration 
in the electrolyte is important. The anticipated 
chloride ion concentration in the electrolyte 
was 50g/L and it was determined by the 
titration (Mohr’s method). 

This method determined the chloride 
ion concentration of electrolyte by titration 
with silver nitrate. As the AgNO-

3   solution 
was slowly added a precipitate of silver 
chloride forms as below, 

 Ag+ 
(aq) + Cl–

(aq) → AgCl(s)  

The end point of titration occurs when 

all the chloride ions were precipitated. Then 

additional silver ions react with the chromate 

ions of the indicator, potassium chromate to 

form a red-brown precipitate of silver 

chromate.  

Figure 5 Titration of NaCl solution 

(electrolyte) 

3.1.3. FRP material 

PET fiber sheets were used to retrofit 

corroded concrete samples. Table 2 shows the 

material properties of the fiber sheet. Master 

Brace epoxy resin was made to use as cohesive 

material by using 1 to 3 volume ratio 

according to the given instruction. It should 

keep about 45 minutes after mixing them. 

    Table 2  Properties of the FRP material 
 

Tensile 
strength 

(MPa) 

Elastic Modulus 
(GPa) 

Thickness 
(mm) 

58.1 7.1 1.2 

 

     Table 3 shows the tensile strength, 

compressive strength and flexural strength 

properties of epoxy resin respectively which 

was used for the paste the FRP material sheet.
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      Table 3 Properties of the epoxy resin 

epoxy 
Tensile 

strength 

(MPa) 

Compressiv

e strength 

(MPa) 

Flexural 

strength 

(MPa) 

Master 

Brace 

4500 

>17 >60 >35 

3.1.4.  Retrofitting    

 PET sheet was attached to the concrete 

surface using Master Brace 4500. Sheet was 

compressed on the surface to tie with resin. 

Figure 6 shows the retrofitting of concrete 

samples. 

 
            Figure 6 PET sheet retrofitting 
 
3.2. Finite Element Modelling Approach 

 The beam size as mentioned in the 

theoretical approach was modelled using the 

ABAQUS software. The initial model was the 

control beam. The parts of concrete beam, 

stirrups and reinforcement bars were made 

firstly. The materials were defined. Concrete 

damaged plasticity and tensile tests were used 

to feed the material properties to the model. 

Then the sections were made from the parts 

and the sections were assembled together to 

make a comprehensive RC beam. Interactions 

were interaction given between the different 

type of sections to act them as one single 

component. Figure 7 and 8 show the parts 

define to model the retrofitted beam in FEM. 

 

 

Figure 7 Bottom wrapping element 

Figure 8 Bar element corrosion pit 

4. RESULTS AND DISCUSSION 

4.1. Experimental Approach 

Crack width and Reinforcement pit 
depth were measured after some time 
period from beginning of the corrosion 
process. After that minimum thickness 
ratio was determined. After that a graph 
was created between minimum thickness 
ratio and crack width. 

According to above graph corrosion 
level of the beam element can be found 
when only known about crack width of the 
element.  

Figure 9 Relationship between crack 
width and minimum thickness ratio 

There is a relationship between crack width 
and minimum thickness ratio.  

µ = -0.253 * crack width + 1.0091 

 

 

 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

180 



 
 

4.2. Finite Modelling Approach 

After the model was set up, a job was 

created to do the numerical analyzing part. 

The results were visualized. The maximum 

principal strain developed due to the loading 

and fixed end boundary conditions was 

visualized as follows from the Finite Element 

results. 

 

   Figure 10 The visualization of maximum 

 principle strain 

 

Figure 11 Displacement and force 
relationship for control beam 

 

Figure 12 Displacement and force 
relationship for control beam bottom 

wrapping 
 
 
 
 

Figure 13 Displacement and Force 

relationship for minor corrosion beam 

(µ=0.8) 

 
Figure 14 Displacement and Force graph for 
minor corrosion bottom wrapping sample 

(µ=0.8) 
 

Table 4 shows the maximum loads and 
corresponding displacement of control, 
corroded and retrofitted samples which were 
obtained from the FEM modeling. 
 

Table 4  FEM data result comparison 
between control beams and retrofitting 

beams 

 
 
 

Model 

beam 

sample 

Maximum 

force (KN) 

Dis 

(mm) 

Load 

Increasing 

Percentage

(%) 

 Control 6.455 1.532 - 

 Minor  6.391 1.513 -  

 Severe         5.099 1.12 - 

Bottom wrapping 

 Control 6.888 2.531 6.7 

 Minor 6.708 2.36 4.96 

 Severe 5.341 1.465 4.74 
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Table 4 shows the numerical comparison 
between retrofitting and non- retrofitting 
beam samples. Maximum forces were high at 
every stage under the bottom wrapping. Once 
compare between control sample and bottom 
wrapping control sample, load increasing 
percentage was 6.7%. FEM model was created 
for minor condition by considering minimum 
thickness ratio (µ) as 0.8. Load increasing 
percentage was 4.96% and maximum force 
was gained under bottom wrapping. µ was 0.4 
for severe conditions and load increasing 
percentage was 4.75%. 

5. CONCLUSION 

Corrosion level of the beams could be 

found by considering relationship between 

crack width and minimum thickness ratio. 

According to the graph crack width value 

should be known to find corrosion level. Finite 

Element Modelling was used to determine the 

concrete strength capacity of PET FRP sheets 

under minor level and severe level conditions. 

There were three control models. Normal 

control, minor control and severe control. 

Maximum forces gained by each control 

beams were less when corrosion level was 

high. After retrofitting the beam samples 

maximum force was increased in some 

amount. Load increasing percentage were 

6.7%, 4.96% and 4.74% respectively after 

retrofitting. Based on the numerical values 

PET FRP sheet some effective. But the 

experimental data needed to validate each 

model to come final conclusion. 

Different wrapping methods can be 

used to find out effectiveness of the PET FRP 

sheet. Bottom wrapping method is used for 

this model series. In addition to U wrapping, 

fully wrapping and more layer wrapping 

methods can be used to obtain the strength 

capacity.  
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Concrete is one of the most commonly used materials in construction industry due 
to durability, high strength and versatility performance. However, production of 
conventional concrete is not sustainable due to green gas emission by cement 
production and high demand for virgin aggregates. This paper presents the 
development of concrete paving block with cement replacement by waste rice husk 
ash (RHA) and fine aggregates replacement with waste crumb rubber (CR).  

Paving blocks with Grade 30 were cast by replacing cement with 10% waste 
RHA and replacing fine aggregates with waste CR at four different percentages: 0%, 
5%, 10% and 15%. Density, compressive strength, flexural strength and splitting 
tensile strength of paving blocks were investigated according to the methodologies 
described in standards. It was found that density of paving blocks were decreased 
with the addition of waste rubber. At the age of 28 days, paving blocks with 5% 
waste CR at 10% waste RHA content, satisfied the minimum strength requirements 
specified for Class C roads in SLS. In addition, all the mixtures showed the breaking 
load greater than 2 kN, satisfying the minimum flexural strength requirement. 
Paving blocks with 10% waste CR at 10% waste RHA content showed 12.43% of 
splitting tensile strength improvement at the age of 28 days compared with control 
blocks.  

 

 

1. INTRODUCTION  

Recently, paving blocks have become an 
attractive engineering and economical 
construction element because of their high 
strength, resistance to movement, and 
resistance to breakage, high durability and 
aesthetically pleasing surfaces. These 
characteristics are caused in long pavement 
life, reduced maintenance cost, extended 
replacement cycle and conserving use of raw 
materials. In addition, paving blocks help to 
eliminate storm water runoff, conserve land, 
reduce energy requirement. Another benefit is 
it can be produced using local materials. 
Moreover, light coloured pavers help to 
reduce urban temperature and improve air 
quality than conventional asphalt. 

 
Nevertheless, several problems were 

created with the growth of paving block 

production due to the consumption of 
significant amount of natural resources every 
year. Sources of these natural resources are 
gradually depleting, which is a rising concern 
for the concrete industry.  Enormous 
environmental problems are occurred on 
riverbeds, lakes, other water bodies and 
mountains to meet the demand of fine and 
coarse aggregates for the production of cement 
blocks. The increasing demand for concrete 
paving blocks motivates to the greater 
production of cement, then significant amount 
of CO2 is emitted to the atmosphere. 1 kg of 
cement produced 0.81 – 1 kg of CO2, 
contributing to 5-7% of global CO2 emission 
(De Silva and Priyamali, 2020). Without an 
effort to reduce the demand of cement and 
natural aggregates, these negative impacts 
will cause large environmental distortion. 
Therefore, various researches have been 
conducted to investigate utilization of 
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different waste as alternatives for cement, fine 
and coarse aggregates. For example, waste 
marble (Gencel et al., 2012), waste tea ash 
(Djamaluddin et al., 2020), waste rice husk ash 
(De Silva and Priyamali, 2020) were used as 
cement replacement, and, ceramic tile 
polishing waste (Penteado et al., 2015), crumb 
rubber (Maria et al., 2015), tyre rubber waste 
(Bravo and Brito, 2012)  were used as fine 
aggregates replacements, and tryre rubber 
waste (Bravo and Brito, 2012) was used as 
coarse aggregates replacement. 

 
Rice husk is an agricultural by- product of 

paddy farming which is usually used as a fuel 
in brick manufacturing industry in Sri Lanka. 
It is the outer cover of the rice which is 
removed during the processing of rice. As an 
agricultural country, Sri Lanka produced 2, 
794,000 tons of paddy out of 579, 462, 722 tons 
of world annual paddy production in 2002 
(Gidde and Jivani, 2007). Husk to paddy ratio 
is 0.1 by weight and 279,400 tons of rice husk 
is produced by the rice milling industry. 
During the firing process, 80% of the total husk 
is converted as an organic volatile matter and 
remain of 20% converts in to ash (Jittin et al., 
2020). Waste RHA consists 80%-90% amount 
of silica content in the amorphous form, 
contributes to the development of strength by 
forming CSH gel (De Silva and Priyamali, 
2020). RHA obtained by various combustion 
methods  has been used for normal concrete 
(Alex et al., 2016), self-compacting concrete 
(Sandhu and Siddique, 2017), geopolymer 
concrete (Yaseri et al., 2019) and concrete 
paving blocks (De Silva and Priyamali, 
2020).On the other hand, with the economic 
development, waste crumb rubber become a 
major component of solid waste. Previous 
studies have utilized  waste tyre rubber  in 
three different forms: rubber chips (Bravo and 
De Brito, 2012), crumb rubber (Maria et al., 
2015; Mendis et al., 2017) and rubber 
powder/ash rubber (Al-Tayeb et al., 2013) as 
replacement for coarse aggregate, fine 
aggregates and cement, respectively. The cost 
of producing above three forms will be 
increased with decrease in particle size 
(Mendis et al., 2017). The particle size of waste 
rubber has responsible on the strength of 
rubberized concrete products.  

 
Among that many studies expressed great 

interest in the use of crumb rubber in concrete 
products as replacement for fine aggregates 

(Xu et al., 2015, Maria et al., 2015; Almaleeh et 
al., 2017; Mendis et al., 2017)). The major 
advantages of using crumb rubber in concrete 
are light weight products, increased 
toughness, desired ductility, elastic properties 
and energy absorption properties 
(Mohammed et al., 2017).  

 
Waste RHA and waste rubber are 

caused enormous environmental issues due to 
uncontrolled disposed into landfills and 
contaminating with surface water bodies. 
Therefore attempts have been taken by 
previous researches to utilise these wastes in 
various applications. 

 
According to previous studies on waste 

added concrete paving blocks, there is no 

comprehensive study on effect of waste RHA 

and waste rubber replacement on concrete 

paving blocks. The current study is leading to 

eco- friendly paving blocks by adding wastes. 

The aim of current study is to investigate the 

mechanical properties and failure modes of 

concrete paving blocks made by using waste 

RHA and waste crumb rubber.  

2. METHODOLOGY 

 

 

 

 

 

 

 

 

 

 

 

 

 

The activity flow plan of this study is 

shown in Figure 1. Physical properties of raw 

Material collection 

Test for raw materials 
(Sieve analysis, Specific gravity, Bulk density) 

Casting of concrete paving blocks and curing  

Laboratory experiments for concrete paving 
blocks (Density, compressive strength,  flexural 

strength and splitting tensile strength) 

Experimental data analysis and comparing the 
results with conventional paving blocks standards 

Figure 1 Activity flow chart 
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materials were investigated. Grade M30 was 

selected because of its greater usage in 

building premises, domestic drives, 

monument premises, which belongs to non-

traffic strength class. Concrete paving blocks 

having the size of 200mm×100mm×60mm 

were cast by replacing cement with 10% waste 

RHA and replacing fine aggregates with waste 

CR at four different replacement levels:  0%, 

5%, 10% and 15% (by weight). Strength tests 

were performed for cured paving blocks. The 

properties of paving blocks were compared 

with the required limits specified in standards. 

2.1. Raw Materials Used 

 Waste rice husk ash (RHA) 
Waste RHA, a residual ash generated 

from a rice husk fuelled brick kiln was 
collected and used as a replacement for 
cement in mixture in its natural state without 
any pre- processing. 

 Waste crumb rubber (CR) 
Waste CR generated from the rubber 

slipper production process was collected and 
were crushed into the sizes ranging of 0-4 mm 
in order to replace river sand in concrete 
paving blocks. 

 Cement 
Ordinary Portland Cement was used as 

a binding material, which belongs to a 
strength class of 42.5 kN. 

 Fine aggregate 
River sand, having particle size less than 

4.75 mm, was used as fine aggregate. 

 Coarse aggregate 
Aggregates, which pass 10mm sieve, 

were used as coarse aggregate. 

 Water 
Clean drinking water, supplied by the 

National Water Supply and Drainage Board 

was used.  

2.2. Paving Block Casting 

In this current study, paving blocks were 

cast based on M30 strength class (compressive 

strength- 30Nmm-2). The mix proportion for 

M30 paving blocks is shown in Table 1. 

 

Cement, waste RHA, waste rubber 

particles, fine aggregates and coarse 

aggregates were dry mixed using concrete 

mixer about 3 minutes. After that water was 

added into the mixture and mixing was 

continued about 7 minutes until the mixture 

become homogeneous. Thereafter the 

prepared concrete mixture was poured into 

the mould and subjected to the machine 

vibration for 30 seconds.  

 

Then mould was filled again and 

compacted by providing 30 seconds machine 

vibration, as mentioned in (Penteado et al., 

2016). The excess concrete was removed and 

the paving block plate was transferred to the 

horizontal surface. Blocks were demolded 

after 24 hours hardening time. Then specimens 

were cured in water for the required time 

period before testing. 

2.3. Raw Material Testing 

 Sieve analysis test 
Sieve analysis test of raw materials was 

performed according to ASTM C136 (2011). 

 Specific gravity test 
Specific gravity test was conducted 

according to ASTM D 854-14 (2014). 

 Bulk density test 
Bulk density test was performed for 

waste RHA and waste CR according to ASTM 

C-29 (2007). 

Table 1 Material proportions for paving blocks 

Mixture Cement 
(kg/m3) 

Fine 
aggregate 
(kg/m3) 

Coarse 
aggregate 
(kg/m3) 

Waste 
RHA 
(kg/m3) 

Waste  
CR(kg/m3) 

Water 
(kg/m3) 

0%WRHA0%CR 466.6 754.4 885.6 - - 233.3 

10%WRHA0%CR 419.9 754.4 885.6 46.7 - 233.3 

10%WRHA5%CR 419.9 716.7 885.6 46.7 37.7 233.3 

10%WRHA10%CR 419.9 679.0 885.6 46.7 75.4 233.3 

10%WRHA15%CR 419.9 641.2 885.6 46.7 113.2 233.3 
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2.4. Paving Block Testing 

 Density test 
Density test was conducted for paving 

blocks according to ASTM C67-16 to 

determine the unit mass of paving blocks 

using Equation (1). 

Density =
Mass of paving block

volume of block
                      (1) 

 Compressive strength test 
Compressive strength test was 

performed as methodology described in 
ASTM C140 (2008) for determining the 
strength of paving blocks at the age of 7, 28 
and 56 days. The compressive strength was 
determined using Equation (2). 

 Compressive strength =
Maximum applied load

Area of top surface
   

(2) 
 

 Flexural strength test 
The flexural strength test was 

conducted according to the IS15658 (2006) for 

concrete paving blocks at the age of 28 and 56 

days under the three points loading condition. 

The flexural strength was determined using 

Equation (3). 

                      f =  
1.5Fl

bd2                               (3) 

 
Where, F = measured load at failure, l = 
distance between the supporting rollers, b, d = 
longer and shorter dimensions of the 
specimen, respectively. 

 Splitting tensile test 
Splitting tensile strength test was 

performed along the longest splitting section 

of the specimen, parallel and symmetrical to 

the edges, according to the is15658 (2006) for 

the blocks at the age of 28 and 56 days. 

Equation (4) was used to determine the 

splitting tensile strength. 

                                  T =
0.637kp

s
                        (4) 

k = is correction factor (=0.87 for 60 mm thick 

blocks), p = measured load at failure (N), s = 

area of the failure plane (mm2) (i.e. l×t), l = the 

mean of two measured failure lengths (mm), t 

= paving block thickness (mm). 

3. RESULTS AND DISCUSSION 

3.1. Properties of Raw Materials 

 Particle size distribution 
The particle size distribution of raw 

materials is shown in Figure 2. It has been 

observed that waste RHA and waste crumb 

rubber (CR) are well-graded materials. The 

fineness (percentage passing on sieve no. 200) 

of cement and waste RHA were 72% and 11%, 

respectively, indicating that the waste RHA 

was coarser than cement. The fineness of river 

sand and CR were 2% and 0.2%, respectively, 

indicating that the CR was coarser than river 

sand. The fineness modulus of CR and river 

sand were found to be 2.36, 2.17, respectively. 

However, these values are slightly lower than  

previously reported values: for CR  4.86 

(Almaleeh et al., 2017), and for river sand 3.15 

(Mendis et al., 2017), respectively. 

 Specific gravity 
Specific gravity of cement and waste 

RHA were 2.96 and 2.07, respectively, similar 
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to the values found in previous studies for 
cement (i.e. 3.07  (De Silva and Priyamali, 
2020), 3.12 (Abbas et al., 2017) and for waste 
RHA (i.e. 1.99 (De Silva and Priyamali, 2020), 
2.07 (De Silva and Surangi, 2017)). In this 
current study, specific gravity values of river 
sand, waste CR and coarse aggregate were 
2.59, 0.63 and 2.66, respectively, similar to the 
previously reported values for river sand 2.6 
(Mendis et al., 2017), for waste rubber 0.51-1.2 
(Mohammed et al., 2017) and for coarse 
aggregate 2.45 (Mendis et al., 2017). 

 
The lesser specific gravity of waste 

RHA and waste CR as compared with respect 
to the cement and river sand, respectively will 
result to produce a lightweight concrete 
paving blocks.  

 Bulk density 
Bulk density of waste RHA and waste 

CR were 301.6 kgm-3 and 527.0  kgm-3, 
respectively, similar to the values obtained in 
a previous study for waste rubber 524-1273 
(Mohammed et al., 2017).  

3.2. Properties of Paving Blocks 

 Density  
The density of produced block 

specimens is presented in Figure 3. The 
replacement of cement with waste RHA by 
10% shows 0.31% and 0.68% density reduction 
compared with conventional paving block at 
age of 7 days and 28 days, respectively. 
Reduced density of paving blocks with the 
cement replacement by waste RHA, compared 
to the conventional block has reported 
previously in (De Silva and Priyamali, 2020).  

 
The fine aggregate replacement with 

waste rubber at 5%, 10%, 15% with 10% waste 
rice husk ash show 6.8%, 7.04%, 7.35% density 
reduction at age of 7 days and 5.89%, 
8.94%,9.48% density reduction at age of 28 
days compared with the conventional block. 
This is due to the  
fact that waste RHA and waste CR have lower 
specific gravity than the natural aggregates in 
the mixture. Reduced density of paving blocks 
with an increase in the waste rubber content 
has been observed in (Antil et al., 2014).  

 
In addition, with the addition of waste 

rubber waste RHA into the mixture, more 
lumps were formed and particles were 
randomly placed in the matrix. It was 

observed that density of paving blocks at 28 
days showed higher density values compared 
with at the age of 7 days, perhaps due to the 
formation of more CSH gel, and made a dense 
structure. Due to a reduction of handling cost 
and load on subgrade structures, lightweight 
paving block can be identified as a beneficial 
construction element in the road construction 
industry.  

 

 

Figure 3  Average density of paving blocks 

 Compressive strength 
The waste RHA and waste CR had a 

significant effect on the 
compressive strength of M30 paving blocks at 
7, 28 and 56 days as shown in Figure 4. With 
addition of 10% waste RHA showed 42.93 
MPa, 46.92MPa and 47.99MPa compressive 
strength values at age of 7, 28 and 56 days, 
respectively. This study showed that addition 
of waste RHA has time dependent effect on 
compressive strength. 

 
The compressive strength increment 

in waste RHA added blocks than conventional 
blocks can be correlated with the highly 
reactive amorphous silica in waste RHA that 
might have reacted with calcium hydrate in 
the mixture and formed calcium silicate 
hydrate (CSH) gel. However, the further 
increase of waste RHA has not been 
recommended because of 
formation of long needle kind morphology 
ettringite and some lump particles that were 
randomly connected in the mixture (De Silva 
and Priyamali, 2020). With increasing the 
content of waste rubber in concrete mixture, 
the compressive strength was reduced 
aligning with that observed previously in 
(Maria et al., 2015).  
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In the current study, compressive 

strength of the block with 10% waste rice husk 
ash and 5% waste CR at was 29.56MPa, 
31.56MPa and 31.96MPa at the age of 7, 28 and 
56 days, respectively, indicating 2.7%, 23.7% 
and, 47.3%, strength improvement compared 
with control block, respectively. Further 
addition of waste CR beyond 10% tends to 
reduce the compressive strength rapidly 
[Figure 4]. Although the improved 
compressive strength was achieved with RHA 
addition, this would be impaired by the CR 
addition into the mixture.  

 
Due to the fact that waste RHA 

particle have higher demand of water and 
water scarcity in the mixture, rubber particles 
formed lumps in the mixture and randomly 
connected. When the compressive strength 
was applied to the specimen, these lumps can 
easily break and reduced the strength of the 
specimen. However, 5% replacement of CR at 
10% waste RHA content satisfied the 
minimum strength requirements specified for 
Class C roads in SLS 2011 (2011), normal 
loads in BS EN 1338 (2003) and non-traffic 
category in IS:15658 (2006), at 28 and 56 days 
of curing period. 

 

Figure 4 Compressive strength of paving 
blocks 

Failure mode under compressive 
force indicates that elastic property of rubber 
has significant effect on cracking patterns as 
shown in Figure 5. Cracks were initiated at the 
top surface of the paving block which has been 
made without adding rubber (Figure 5a). With 
the addition of waste rubber, cracks have been 
transferred to edges instead of top surfaces. 

 

 

 

 

 

 

 

 

Figure 5 Modes of failure at compressive 
forces 

 

 Flexural strength 
The flexural strength of paving blocks 

at the age of 28 and 56 days are shown in 
Figure 5. The flexural strength of paving 
blocks with 10% waste RHA was 6.86MPa and 
7.99MPa at the age of 28 and 56 days, 
respectively. The flexural strength was further 
decreased with increasing the waste CR 
content (Figure 6). For example, at the age of 
28 days, when increasing the waste rubber 
content by 5%, - 15%, the flexural strength 
reduced from 6.77MPa to 4.95MPa. For the 5%-
15% CR content, flexural strength at 56 days 
was in the range of  6.26MPa-5.21MPa.  

 
It seems that, the flexural strength of 

M30 paving block made by adding waste RHA 
and waste CR did not achieve significant 
strength improvements with curing, although 
strength improvement was well clear with 
adding waste RHA for the paving blocks of 
M15 and M30 in previous studies (De Silva 
and Priyamali, 2020).  However, beyond 5% 
replacement level of waste CR impaired the 
effect on addition of waste RHA, and leading 
to a reduction in the flexural strength 
significantly. 

 
However, according to the results 

obtained in the current study, all the mixtures 
of paving blocks met the limits of minimum 
breaking load (i.e. greater than 2-5 kN for non-
traffic requirements) specified in IS15658 
(2006), although satisfying the minimum 
flexural strength has been specified as an 
opional requirements in the standards. Blocks 
were subjected to random vibration 
compaction about 30 s at twice. Therefore the -
particles might be connected tightly within the 
mixture, achieving required  flexural strength 
values specified in standards.  
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Figure 6 Flexural strength of paving blocks 

While conducting the flexural 
strength test, it was found that significant 
changes on failure modes when increasing the 
waste rubber content, compared with control 
specimen as shown in Figure 7. When 
applying the force at failure point 
0%RHA0%CR block (Figure 7(a)) and 
10%RHA0%CR block (Figure 7(b)) failed 
suddenly and separated into two pieces along 
the midway, where load was applied. Waste 
rubber added paving blocks did not separate 
into two pieces at their failure point, and only 
cracks were formed, providing prior notice 
before fail the block completely.  
 
 

 

 

 

 

 

 

 

Figure 7 Failure modes after conducting 
flexural strength test 

 

 Splitting tensile strength 
The average splitting tensile strength 

found the age of 28 and 56 days are shown in 
Figure 8. The splitting tensile strength of M30 
paving blocks made by adding waste RHA 
and waste CR has not shown a well clear 
trend. According to the data obtained from 
current study, splitting tensile strength of 10% 

waste RHA 0% CR block was 2.19MPa, 
indicating a 29.58% strength increment at age 
of 28 days, compared with conventional block. 
However, with increasing the waste rubber 
content by 5%, 10%, 15%, showed decreased 
splitting tensile strength at 28 days decreases.  

 
Moreover, 10%RHA5%CR specimen 

showed splitting tensile strength 
improvement at age of 56 days than 28 days. 
The reason for this strength improvement 
might be the formation of CSH gel as a result 
of the pozzolanic reaction between calcite and 
silica in waste RHA, in the later stage. 
However, this strength improvement of 
adding waste RHA was impaired by the 
addition of waste CR 10%. The most of 
standards (i.e. SLS 2011, IS15658 2006, ASTM 
C936 2015), did not specify a limit for splitting 
tensile strength for no traffic requirements. 

  

 

Figure 8 Splitting tensile strength of paving 

blocks 

 

 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 9 Failure modes after conducting 
splitting tensile test 
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Figure 9 shows failure patterns of control 
blocks (Figure 9(a)) and waste added paving 
blocks (Figures 9(b)). Paving blocks without 
rubber tends to break in to two pieces along 
the longest splitting section, indicating a 
sudden failure. Due to elasticity property of 
the waste rubber added paving blocks, less 
amount of cracks were formed with increases 
of rubber content, as shown in Figures 9 (b). 

4. CONCLUSIONS 

Effect of waste rice husk ash (RHA) 
and waste crumb rubber (CR) as cement and 
fine aggregate replacements, respectively in 
paving blocks has been investigated based on 
mechanical properties.  

 
With the addition of waste rubber, the 

density of paving blocks were decreased due 
to lower specific gravity of waste RHA than 
the cement and lower specific gravity of CR 
than fine aggregates. Paving blocks at 28 days 
showed higher density values compared with 
that at the age of 7 days, indicating the 
densifying of the matrix of the paving block 
due to formation of CSH gel.  Adding waste 
RHA and waste CR into mixture produced a 
lightweight paving block, which is a beneficial 
construction element in the road, due to low 
cost in handling and less load on sub-grades. 

 
In the current study, compressive 

strength of the blocks with 10% waste RHA 
and 5% waste CR at the age of 7, 28 and 56 
days, showed 2.7%, 23.7% and, 47.3%, strength 
improvement compared with the control 
block, respectively. Further addition of waste 
CR beyond that level impaired the strength 
improvement due to addition of waste RHA, 
indicating the randomly connected rubber 
particles in the matrix as a result of water 
scarcity in the mixture. 10%WRHA5%CR 
mixture at the age of 28 and 56 days satisfied 
the minimum strength requirements specified 
for Class C roads and non-traffic roads 
category in standards.  

 
The flexural strength was further 

decreased with increasing the waste CR 
content. However, for all replacement levels, 
paving blocks met the limits of minimum 
breaking load (i.e. greater than 2-5 kN for non-
traffic roads) specified in IS15658 (2006), 
indicating the cement and fine aggregates can 

be partially replaced with the waste RHA and 
waste CR to enhance the flexural strength 
properties.  The splitting tensile strength was 
improved by 12.43% at the age of 28 days for 
10%WRHA10%CR block, compared with the 
control block (0% RHA and 0% CR), showing 
the optimum level of waste CR which can be 
used as partial replacement of fine aggregates. 

 
Failure mode under compressive, 

flexural and splitting tensile forces indicates 
that the elastic property of rubber has 
significant effect on cracking patterns. It was 
observed that, with the addition of waste CR 
in paving blocks, number of cracks was 
reduced. Addition of waste CR was increased 
the elastic property of paving blocks. 

 
Concrete paving blocks, produced by 

replacing cement and fine aggregates with 

waste RHA and waste CR contributes to the 

sustainability with waste management and 

feasible solution for enormous environmental 

issues due to meet the demand for natural 

aggregates and higher CO2 emission.  
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There are many ongoing and recently completed large-scale construction projects in 
Sri Lanka such as highway, railway, tunnels and high-rise buildings. In addition to 
that due to the increasing demand to the land, there are constructions happening 
adjacent to the existing buildings. These results in increasing the complains from 
house owners regarding the damages to their houses due to adjacent construction 
projects. In large scale projects pre-construction condition survey is carried out and 
hence, the damages due to construction can be clearly identified, unfortunately it is 
not practicing in the small scale projects. The most reason for the damages are the 
foundation settlement due to unsupported excavation, excessive loading on soft 
soils and the ground vibration induced by the activities such as rock blasting, rock 
boring, pile driving and ground compaction. By clearly examine the crack pattern 
and the background details the cause of the cracking can be identified.  
 

 

1. INTRODUCTION  

In Sri Lanka, masonry is the most 
common structural form for the low-rise 
constructions especially for the dwellings. 
There are different types of masonry buildings 
in Sri Lanka. Earlier most of the houses are 
constructed using unburnt clay bricks due to 
its availability. Then burnt clay bricks were 
used as the masonry unit. At present, cement 
blocks are much popular since they are more 
economical. There are unreinforced, 
reinforced and confined masonry buildings as 
well as masonry infill walls of the reinforced 
concrete frame structure. Due to low tension 
(Page, 2019), flexural and shear strength, 
masonry walls or sometimes entire buildings 
undergo distress due to external forces such as 
shear forces due to settlement in ground and 
horizontal forces induced by the ground 
vibration.  

 
In recent past there were large scale 

construction projects carrying out in Sri Lanka, 
such as railway, expressway, tunnels, and 

high-rise buildings. Most of these 
constructions involve rock coring for pile 
construction, rock blasting and ground 
compaction (Dowling & Snider, 2004) that 
create ground vibration (Svinkin, 2004) which 
adversely impact on the surrounding 
buildings specially the masonry buildings 
those having low ductility. In addition to these 
large-scale projects, due to the limitation in 
land extents and the high land value, currently 
majority of the new constructions extend to 
the boundary of the land. This has created a 
trending problem. Most of the existing small 
buildings such as houses are having shallow 
foundations. If the ground profile is having 
weak soil layers, they undergo settlements 
(Almherigh, 2014) due to excessive loading 
from the adjacent construction or the impacts 
from deep excavations.  

 
At present, in large scale projects, the 

condition of the adjacent structures is assessed 
and recorded before and after the 
construction. Then the damages occurred due 
to construction can be clearly distinguished. 
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However, in the small-scale construction that 
type of practice is not still established. Hence, 
it is very challenging task to identify the 
damages that are occurred exactly due to the 
adjoining construction.  

 
2. LITERETURE REVIEW 

2.1. Defects in Masonry Buildings 

Most of the cracks in masonry walls 
are occurred due to ground settlement or 
vibration effect. Expansion, shrinkage or 
thermal movements (Dias, 2002) can also be 
affected for the masonry cracks especially near 
openings or walls under roof slabs (Erico 
Thimaz, 2014).  

The low quality of the blocks, mortar 
and the poor workmanship are also impact on 
the durability as well as resistance to the 
external impacts (Mendis, et al., 2014).  

2.2. Impact from Adjacent Construction 

Rock blasting, rock boring and ground 

compaction induce ground vibration that can 

damage the adjacent masonry structures. 

Excavation without proper supporting and 

excessive loading on loose soils create ground 

settlement. These ground settlements results 

in differential settlement of adjacent buildings 

having shallow foundation. Vibration impact 

is higher in hard lateritic soil conditions (Waka 

Kotahi NZ Transport Agency, 2021) while the 

settlement effect is higher in clayey soils 

(Chummar, 1984).  

Pre-construction condition survey of 
the adjacent structures to any type of project is 
very essential and important to differentiate 
the damages occurred due to particular 
construction. 

2.3. Repair Methods 

There are three major methods for 
repairing masonry cracking, specified in Erico 
Thimaz, 2014. 

• Raking and Re-pointing 

• Re-construction of selected areas 

• Resin Injection 

Raking and re-pointing is using only for 
the hairline cracks to get the previous aesthetic 

appearance. By using polymer modified 
cement mortar, or flexible sealant the re 
appearing of the cracks can be limited.  

If the damaged area is large, it can be 
reconstructed. However, by introducing 
reinforced concrete elements or masonry with 
a wire mesh prior to plastering, the proper 
bonding of previous wall to the new portion of 
the wall can be assured. 

Resin injection is usually applied to 
the cracks in masonry units and the mortar 
joints. This is quite costly method but the 
performance is higher than the conventional 
methods. 

3. METHODOLOGY 

Distressed and cracked masonry 
buildings due to different construction 
projects such as railway, expressway and 
high-rise buildings and the adjacent 
construction were observed. The nature of the 
new construction, details of the damaged 
houses such as year built, type of masonry and 
the location, pattern and the widths of the 
cracks in the masonry walls were studied. For 
the railway and expressway project, pre-
construction condition assessment reports 
were available and hence the actual impact 
from the construction could be clearly 
identified. 

4. CASE STUDY 

4.1. Details of the Construction Projects 

Matara- Kataragama Railway 
extension project is the first railway project 
carried out in Sri Lanka after getting the 
freedom from the Britain. The 27km long 1st 
phase from Matara to Beliatta is completed 
recently. This consisted of bridges and tunnels 
as well. Rock blasting, excavation and soil 
compaction are the main construction 
activities carried out during the construction. 
In this type of project even after the 
completion of the construction a reasonable 
vibration is transmitted once the trains are 
operating (Figure1(a) (SLRF Staff, 2019). Many 
houses located near the railway track that are 
damaged and the compensation was paid 
based on the difference in the pre-construction 
condition survey and the post construction 
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condition assessment reports. 
 

The Southern expressway segment 
from Matara to Mattala was recently 
completed. This construction includes rock 
blasting, soil compaction (Figure 1(b)), beam 
construction etc. Most of the houses located 
near the construction site are single storeyed 
having constructed with brick masonry. 
Compensation was paid for the houses that are 
damaged due to construction activities based 
on the pre-construction and the post 
construction condition assessment reports.  

The third case is a construction of two 
storey house in Baththaramulla where the 
adjacent two storey house is damaged due to 
vibration induced during the construction. It is 
identified that the soil is hard lateritic soil and 
hence it is believed that the damages are 
caused due to the vibration (Figure 1(c)).  

 
The fourth case is a construction of 40 

storey apartment building at Rajagiriya. 
Unsupported excavation (Figure1(d)) has 
caused damaged to a nearby two-storey 
building. It was found that there is an old 
garbage fill at the rear side of the house.  

 
 

There are other two cases where 
existing two storey houses were distressed 
due to adjacent construction. The first case is a 
construction of a two-storey building at 
Peliyagoda area. The area where these houses 
are located is a marshy land having very weak 
soil condition. The other case is a construction 
of four storey building at Thalapathpitiya. The 

top soil condition is lateritic and later it was 
identified that there were loose soil layers 
below the foundation level. Since both the 
existing and new foundations are shallow 
foundations, the additional pressure induced 
on the ground due to new construction is 
caused the settlement in both structures. 
 

4.2. Details of the Damaged Houses  

The details of the masonry walls in the 
damaged houses are summarized in the Table 
1. One house was made of unburnt clay bricks 
(UCB) with clay plaster and there was another 
house made of wire cut bricks (WCB). The 
other houses were made of burnt clay bricks 
(BCB), cement blocks (CB) and sometimes a 
combination of walls that are made of BCB and 
CB.  

Table 1 Details of the Damaged Houses 

House 
Ref. 

Wall Wall 
Thk. 
(mm) 

Crack 
Ref. 

2(a) BCB 225 3(a) 

2(b) UCB 225 3(b) 

2(c) BCB  225 3(c) 

2(d) WCB 113 3(d) 

2(e) BCB, CB 113 3(e) 

2(f) CB 100 3(f)  

 
House in Figure 2(a) is a single storey 

masonry building located in 40m distance 
from Matara-Beliatta railway line. The house 
is made of 225mm thick burnt clay bricks 
before 30 years. There were no cracks recorded 
in the pre-construction condition survey. 

 

House in Figure 2(b) is a two-storey 

house that is damaged due to vibration 
induced by the rock blasting and ground 
compaction. The age of this house is around 50 
years. Prior to start the construction there were 
no cracks appeared in this building. But after 
the construction, there were many large cracks 
appeared in the walls. 

House in Figure 2(c) is a two-storey 
house having age of 26 years once it is 
distressed. It is only 3 years after full repairing 
and upgrading it’s aesthetic appearance. The 
ground is consisted of hard lateritic soil. The 
residents of the house complained that they 
felt vibration during the construction at 
adjacent house. 

Figure 1 Construction Activities that has 
Caused Damages to Existing Structures 

(a) (b) 

(c) (d) 
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House in Figure 2(d) is a two-storey 

house that is damaged due to an unsupported 
excavation behind the house for the 
construction of a high-rise building. Most of 
the cracks were concentrated in the rear side of 
the house. Since there is a reinforced concrete 
framework, the cracks were not much severe 
and it was in a repairable level. 

The damaged house in Figure 2(e) is a 

two-storey building. It is indicted in DH in 
the figure and the adjoining new 
construction is marked as NC. The ground 

floor of the damaged house has been 
constructed before 10years using burnt clay 
bricks and the upper floor is before 8 years 
using cement blocks. The foundation is located 
very close to the finished ground level. 
However, it was kept without any distress 
until the adjacent two storey construction was 
carried out. 

The construction of the house in 
Figure 2(f) has been started before 18 years and 
completed within 8 years. The damaged house 
is indicted as DH in the figure and the 
adjoining new construction is marked as NC.  

 

The damaged house is made of 
cement blocks and the distress has been 
started with the progression of the adjacent 4 

storey construction. Even though the soil 
condition seemed to be good the new 
construction is tilted and the existing house 
has undergone differential settlement causing 
cracks in the walls. After conducting a 
geotechnical investigation, it was identified 
that there were weak soil layers underneath 
that has compressed due to the additional load 
of the new 4 storey construction. 

4.3. Details of the Damages  

There were 3 vertical and 2 horizontal 
minor cracks in house in Figure 2(a). The 3mm 
- 5mm vertical cracks span from roof to the 
floor. Horizontal cracks are located between 
door and window. All these cracks were 
recorded as new cracks when compared with 
the pre-construction condition assessment 
report. 

There were 37 new cracks appeared in 
house in Figure 2(b) and out of them 24 are 
vertical, 7 are diagonal and 6 are horizontal. 
The cracks widths vary from hairline to 3mm 
and some walls are moved more than 10mm 
apart at the joints. As per the pre-construction 
condition assessment, no previous damages 
were recorded for this house.  

Numerous hairline cracks and the 
separation of door, window frames from the 
wall in both ground floor and upper floor was 
observed in the house in Figure 2(c). All cracks 
seemed to be newly appeared. 

There were small diagonal cracks and 
large vertical cracks appeared in the masonry 
infill walls at the rear side of the house in 
Figure 2(d) which is located closer to the 
unsupported excavation.  

There were 9 cracks in the ground 
floor walls and 7 cracks in the upper floor of 
the house in Figure 2(e). There was a severe 
crack in the ground wall which is 
perpendicular to the adjoining boundary.  It 
was observed that the cracks in ground floor 
are slightly developing when the loading from 
the adjacent construction is increased.  

Figure 2 Damaged Houses due to Adjacent 
Construction 

(a) (b) 

(c) (d) 

(e) 

DH NC 

(f) 

DH 

NC 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

195



 

 
 

There were 18 cracks in the ground floor and 
one crack in the upper floor of the house in 
Figure 2(f). Most of the cracks are observed in 
the blind wall that is adjacent to the new 
construction and majority of the rest of the 
cracks were located near the openings. There 
was no previous record for the comparison. 
However, as mentioned by the owner of the 
damaged house, the cracks have been started 
to appear when the adjacent building is 
constructed up to two floors and then the 
cracks are developed with progression of the 
construction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5. DISCUSSION 

In house in Figure 2(d), all the defects 
are concentrated at the rear side of the 
building, where the foundation settlement is 
assumed to be occurred. Further there were 
tension cracks appeared at the ground behind 
this house. The compressible soil cannot self-
retain and hence it has failed causing damages 
to the nearby house.  Since the wall is an infill 
wall enclosed by a beam column framework, it 
exhibits diagonal cracks. In houses in Figures 
2(e) and 2(f), the columns and wall 

foundations at the blind wall are settled and 
similar crack pattern was observed in the walls 
perpendicular to the boundary. In the parallel 
wall horizontal cracks were observed and near 
the columns, diagonal or vertical cracks were 
observed. From those observations it is clear 
that the reason for the cracks in these 3 
buildings are due to the ground settlement 
(Prasad, n.d.)  

Figure 4 Masonry Cracks due to Differential 
Settlement of Foundation (Erico Thimaz, 

2014) 

In the houses in Figures 2(a), 2(b) and 
2(c), cracks have spread in walls throughout 
the houses. At the openings, joints and the 
locations where the roof load is transferred 
through the walls, the cracks are more likely to 
occur. Vibration induces horizontal forces that 
cause distress of the masonry walls. Hence the 
cracks occur due to the combination of vertical 
compression and in-plane horizontal loads 
(Mendis, et al., 2019). The type of masonry and 
the size of the openings are also affecting the 
dynamic response of the masonry resulting 
the severity differences in the cracks. (Khan & 
Sooriyaarachchi, 2009). That is the reason for 
concentrating the cracks near openings in all 
cases from Figures 2(a) to 2(c) and presence of 
wider cracks of house in Figure 2(b). The 
cracks in the wall joints seems to be occurred 
due to not having proper connection among 
walls.  

6. CONCLUSIONS 

It is very important to carry out a 
proper pre-construction condition survey in 
order to clearly identify the new defects due to 
construction and the propagation of existing 
cracks.  

(e) (f) 

(a) 

(c) (d) 

(b) 

Figure 3 Sample Cracks in Each House 
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Cracks due to differential settlement 
of the foundation and the vibration effect can 
be differentiate by closely studying the pattern 
of cracks. 

Not only the external factors but also 
the quality of the construction matter for the 
level of damage to the masonry buildings. 

Using proper earth supporting system 
and monitoring ground water can control the 
settlement due to excavation Proper soil 
investigation prior to design and construct the 
foundation can avoid differential settlement in 
existing foundation, due to excessive loading 
caused by the adjacent construction. Vibration 
impact can be reduced by controlling 
machinery by reducing the vibration  (Zapfe & 
Newmark, 2014) and installing vibration cut-
off trenches. 

The smaller cracks can be repaired by 
cutting a “v” groove at filling with a flexible 
sealant. But if the damage is severe the better 
option is to demolish the damaged area of the 
wall and reconstructing with ensuring the 
proper bond to the existing wall.  
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Addition of Recycled Polyethylene Terephthalate (PET) fibers in concrete 

became an attractive solution for the environment pollution by plastics. 

However, with the time behavior of PET fiber-concrete is varying because of 

the degradation of fibers due to the alkalinity of the mixture. In this study 

accelerated fiber degradation in different environments such as Nitric acid 

(HNO3), Sodium Hydroxide (NaOH) and Sulfuric acid (H2SO4) were studied 

in different temperatures and concentrations. Degradation levels of fibers in 

cement mortar and isolated fibers were identified using ImageJ software. 

Lower acidic concentration doesn’t cause fiber degradation in lower and 

higher temperatures. Remarkable degradation level occurred in Nitric acid 

of 13M concentration at 80˚C, measured as 10.8% of initial mass. Miner 

degradation of fibers were unable to identify by image processing methods.  

 

1. INTRODUCTION 

Recycled PET fibers are produced by 
recycling PET bottles which is one of major 
cause for the environmental pollution. As a 
solution for the environmental pollution by 
PET bottles, PET fiber-concrete was 
introduced. Addition of fibers also enhance 
some properties of normal concrete. Different 
studies have been conducted on enhancement 
of mechanical properties of PET fiber-concrete 
and there are also some studies based on 
applications of PET fiber-concrete. 
Enhancement of mechanical properties have 
studied with different variation such as 
content of PET fiber, shape of PET fiber, 
water-cement ratio and cement type etc. 
Compressive strength of PET fiber-concrete 
increase with the volumetric fiber content 
maximum up to 1% of the total volume of 
mixture. Study conducted by Sandaruwani 
et.al. (2016) revealed that in the concrete with 
fiber content more than 1%, compressive 
strength decreases significantly. Also, in the 
study by Fraternali et al., (2011) it was 
identified that the compressive strength is 

higher in concrete with straight PET fiber than 
that with crimped PET fiber. Compressive 
and tensile strengths of PET fiber concrete 
varies with w/c ratio and the optimum w/c 
ratio is identified as 0.3 in the study by 
Rathnayaka et al., (2018). 

 
Even though PET fiber reinforced 

concrete has been very attractive in civil 
engineering applications, long term 
performance of fibers is varying due to 
alkaline environment of the concrete (Pelisser 
et al., 2012). Degradation of fiber is a main 
reason to reduce bonding characteristics of 
PET fiber with cement mortar. Main reasons to 
weak bonds are degradation of fibers itself and 
increase voids of the mixture and formation of 
voids between fiber and cement mortar. Even 
though degradation is a long time process 
there are possible methods of accelerating the 
process. In this study acceleration of PET fiber 
degradation in concrete mortar with Nitric 
(HNO3) and Sulfuric (H2SO4) acids and 
Sodium Hydroxide (NaOH) solutions have 
studied in different concentrations and 
temperatures. To identify behavior of PET 
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fibers and bonding characteristics of PET 
fibers in cement mortar mix, the ImageJ 1.53c 
software was used. 

2. BACKGROUND 

PET is one of the most used plastic 
material all over the world in day today life. 
PET has many more applications such as water 
bottles and containers for carbonated soft 
drinks, cosmetic jars, microwave containers, 
mesh fabrics in printing, woven belt and filter 
clothes. Main advantages of PET are higher 
strength and stiffness, lightweight to use in 
transportation, act as a barrier for moisture, 
electrical insulation and safe for food and 
beverage. Among the all applications the most 
common application is PET bottles. 

 
PET bottle consumption in the word is 

very high. With a continuous growth for over 
50 years, the global production of plastics rises 
from 204 million tons in 2002 to 299 million 
tons in 2013 and still increasing (Chavan and 
Rao, 2016). As a modern solution for the 
environmental pollution and to enhance some 
lagging properties of normal concrete PET 
fiber-concrete became popular among 
researchers. Different studies have conducted 
to identify mechanical properties of PET fiber-
concrete with variations of fiber amount, 
cement matrix, fiber geometry, water cement 
ratio, cement types etc.  

 

Strength parameters of PET fiber 
reinforced concrete vary only up to certain 
volume fraction. Straight fibers are not 
providing more split tensile and flexural 
strengths than crimped and “O” shaped fibers. 
Shear strength of PET fiber-concrete 
specimens are higher than normal concrete 
specimens (Chavan and Rao, 2016). However, 
when considering the compressive strength, 
optimum volumetric content of PET fiber is 
1%. Nevertheless, when considering bending 
strength, it is 1.5% (Sandaruwani et al., 2016). 
Compressive strength and initial cracking 
strength of concrete with 1% PET fiber, 
decreases with the diameter of fibers 
However, there is a reduction of compressive 
strength of PET fiber-concrete compared with 
normal concrete. But the results gained from 
w/c ratio of 0.3 is the optimum for particular 
study. However, workability is increased with 

w/c ratio as usual and decreases with fiber 
content (Rathnayaka et al., 2018). Considering 
compressive, flexural and tensile strength of 
PET fiber-concrete and workability of mix in 
blended cement, 1% of PET fiber is the 
optimum same as OPC. Containing of PET 
fiber leads to bridging action and cause more 
flexural and tensile strength. But, the 
increment of fiber content more than 1% 
causes decrement of compressive strength 
even though increase the flexural and tensile 
capacity (Prasanthan T. et al., 2019). 

2.1. Long Term Performance of PET Ffiber 

Cementitious composites are highly 
alkaline. Concrete mixture is highly alkaline 
and that affects the composite of PET fibers. 
The degradation of PET fiber in alkaline 
environment is a time depended process. 
However due to this degradation, long term 
performance of PET fiber-concrete is getting 
reduced. Degradation occurs due to de-
polymerization reaction, which split the 
polymer chain in to two groups of aromatic 
ring and the aliphatic ester (Rostami R. et al., 
2020). Acidic media is also harmful for the 
long term performance of fibers. Nitric media 
is more critical due to following reactions. PET 
is first hydrolyzed in Nitric acid. The resulting 
Ethylene Glycol simultaneously oxide to 
Oxalic acid. In this case Nitric acid reduce to 
form Nitric oxide (NO) which can be 
converted back into Nitric acid by oxidation 
(Yoshioka T. et. al, 1998). 

2.2. Bonding Characteristics of PET Fiber in 
Cement Mortar 

Fiber incorporation in the cement mortar 
increases the flexural strength and bending 
strength. Also the fibers have no influence on 
the toughness of the cement mortar up to 
initial crack, since those do not affect the both 
ultimate strength and elasticity modulus. 
Furthermore, PET fibers incorporation does 
not significantly change the magnitude of the 
compressive strength of PET fiber-mortar 
(Oliveira and Castro-gomes, 2011). 

 
Addition of PET fibers 2% by volume of 

the mixture is effective when used without 
expansive agent in means of bending test and 
a negative trend has been detected when 
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Calcium Oxide (CaO) is added to the mixture. 
(Corinaldesi and Nardinocchi , 2016). After 
one day of curing, the flexural strengths 
achieved is comparable to that obtained 
without Calcium Oxide, but at an increasing 
curing time a drop of strength has been 
detected independently of the amount of 
Calcium Oxide added to the mixture 
(Corinaldesi and Nardinocchi , 2016). This 
revealed that the degradation of PET fibers in 
alkaline environment is more significant. 

3. METHODOLOGY 

To identify PET fiber degradation in 
different environments, PET fibers were 
immersed in selected acidic and basic 
solutions. Mass variation of each samples 
were measured by electronic scale having a 
least count of 1×0-4g. The pH variations of 
solutions were measured by HQ 40D portable 
pH meter. PET fiber cement mortar sample 
were casted 75mm×75mm×75mm in size, 
using 1% fiber volumetric percentage from 
the total volume of the mixture. The cement to 
sand content was taken as 1:3 and 
water/cement (w/c) ratio was kept as 0.5. The 
fine aggregate was naturally passed sand in 
sieve of 2.8mm. Recycled PET fibers were 
used having a length of 50mm and a diameter 
of 0.25mm. A commercially available 
Ordinary Portland Cement (OPC) was used 
conforms to SLS 107:2015 of strength class 
42.5N. Both normal and crimped PET fibers 
were used to cast samples to identify effect of 
fiber geometry on bonding characteristics of 
PET fiber mixed cement mortar. Required 
temperature for the process was provided by 
a Matest digital temperature control 
laboratory water bath. Electric oven was used 
for drying the samples before measure the dry 
weight. 

3.1. Sulfuric media 

PET fiber samples were immersed in 
3%, 6% and 9% H2SO4 at room temperature 
and mass loss of each sample was measured. 
Initial mass of the PET fiber samples was 
measured and dry mass of each sample was 
taken after oven drying the sample at 65ºC 
for 3 hours. 

3.2. Sodium Hydroxide Media 

Degradation of PET fiber in NaOH 
environment at room temperature was 
checked by preparing a solution of pH 12.6. 
Experiment was done by same procedure 
described in 3.1. 

3.3. Nitric Media 

Degradation of PET fibers in HNO3 
media at room temperature was observed in 
5M, 10M and 15M solutions. Casted mortar 
samples were immersed in 13M HNO3 at 80ºC 
for 72 hours. To provide required temperature 
water bath was used. 

3.4. Application of ImageJ Software 

  Captured images by iPhone X, 
mounted in a fixed height of 100mm were 
analyzed by ImageJ 1.53c. Area reduction of 
each sample was taken by measuring initial 
and final areas of PET fibers in each sample by 
the software using threshold adjustment and 
tracing tool.  

 
4. RESULTS AND DISCUSSIONS 

4.1. Immersed Samples in Room 
Temperature 

Degradation of fibers immersed in 
H2SO4 and NaOH solutions after 63 days were 
insignificant as shown in Table 1.  

Table 1 Mass reduction percentages 

Sulfuric 
Concentration (%) 

Mass 
reduction (%) 

3 0.255 

6 0.648 

9 0.650 

Sodium hydroxide 
solution  

Mass 
reduction (%) 

pH 12.6 0.126 

Immersed samples in 10M Nitric 
solution showed a great mass loss of 2.7% 
while 0.1% in 5M and 0.2% in 15M solutions as 
shown in Table 2 and illustrated in Figure 1. 

4.2 Immersed Samples in Elevated 
Temperature  

  In order to identify optimum 
temperature for degradation of fibers in Nitric 
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media, fibers were immersed in 13M HNO3 
solution at 80˚C for 72 hours, according to the 
study by Yoshioka, Okayama and Okuwaki, 
1998). Test results showed a significant 

degradation of fibers as shown in Figure 2. 
Degradation of PET fibers due to Nitric 
hydrolysis can be visually observed by the 
color difference of original and treated fibers. 

 

Table 2 Mass reduction percentage with 
Nitric concentration 

Nitric 
Concentration 

(Moldm-3) 

Mass reduction 
 ( %) 

5 0.1 

10 2.7 

15 0.2 

 

4.2. PET Fiber Mortar Degradation 

Cement sample was degraded 
immediately after immersed in 13M HNO3 

before observe the PET fiber degradation as 
shown in Figure 3. The results were same for 
the HNO3 concentrations of 5M, 2M and 1M. 

The 0.5M and 0.25M concentration were not 
strong enough to degrade either PET fibers or 

mortar mixture in both temperatures in 80ºC 
and 95ºC. Degradation levels of PET fiber 
samples immersed at 80˚C & 95˚C 
temperatures for 72 hours in 13M, 0.5M & 
0.25M concentration were not significant as 

shown in Figure 4 & 5. 
 

 

4.3. ImageJ Analysis 

Area reduction of PET fibers in each 
sample were measured to identify any 
degradation of isolated PET fibers immersed 
in acid and the PET fibers in cement mortar 
samples. It was done by ImageJ 1.53c software 
by capturing images in each scenario. Images 

were captured by an iPhone X phone camera 
mounted in a fix height of 100mm. Area 
reduction of surface PET fibers in mortar 

Figure 1 Mass reduction of fiber in Nitric 
acid with time 

a   b 
  

Figure 2 (a) Original PET fiber and (b) 
Treated PET fiber in Nitric acid 

Figure 3 Immersed sample in 13M Nitric 
acid 

 

Figure 4 Mass reduction of fibres with Nitric 
concentration at 80˚C 

Figure 5 Mass reduction with Nitric 
concentration at 95˚C 
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sample immersed in 0.5M HNO3 is 2×10-3mm2   
which was identified by calculating the 
difference between initial surface area and the 
final surface area after the treatment. Area 
measurements were taken by the software. 
Area reduction of fibers immersed in 0.25M 
HNO3 is 1×10-3mm2. For both samples 
treatments was done for 72 hours at 80ºC. Area 
reduction of PET fibers immersed at 95ºC in 
0.5M HNO3 is 0.48mm2 and 0.32mm2 in fibers 
immersed in 0.25M HNO3 as shown in Table 3.  
The images taken during area measurement 
process of immersed sample in 0.5M Nitric 
acid and 0.25M Nitric acid are shown in 
Figures 6 and 7. Input images of initial surface 
of mortar sample, input images of treated 
surface of the sample and selection of specific 
fibers to analyze areas by the software for each 
concentration of Nitric acid are also shown in 
Figures 6 and 7. While measuring the areas by 
software, if the edges of PET fiber are sharp 
and clear auto selection can be used by tracing 
tool. This method was used in area 
measurements of isolated PET fibers 
immersed in Nitric acid. For the PET fibers in 
cement mortar sample auto selection cannot 
be used because of the background is cement 
mortar and image is not much clear as images 
of isolated PET fibers. Required manual area 
selection was done by adjusting color 
threshold values of the input image for the 
software. 

Table 3 Area reduction of PET fiber 

Fiber type 
& 

Temperature 
(ºC) 

      HNO3 

Concentration 
   (Moldm-3) 

    Area 
Reduction 
   (mm2) 

Surface PET 
fibers 
(80 ºC) 

         0.5   2×10-3 

        0.25   1×10-3 

Isolated PET 
fibers 
(95 ºC) 

        0.5    0.32 

        0.25    0.48 

 

CONCLUSIONS 

Addition of PET fibers to cementitious 
materials and mechanical property variation 
have studied vastly in previous researches. 
But problem of using PET fibers in such 
application is fibers tend to degrade with the 
time. Degradation process of PET fiber is a 
long term process. To observe a considerable 
degradation in cement media it takes least 

 

About 150 days. These degradation varies 
according to the application and environment 
of the cement matrix. Main reason for the fiber 
degradation in cement is alkalinity 
environment. In this study different situations 
which accelerate PET fiber degradations were 
studies because degradation is to be studies 
within a limited time. Degradation was 
studied in Sulfuric media and Sodium 
Hydroxide media in room temperature. Then 
degradation was studied in Nitric media for 
different concentration at 80ºC and 95ºC. From 
the studies carried out throughout the 
research followings can be concluded.  

• According to the results of this study 
degradation of PET fibers in 
concentrations of 3% to 9% H2SO4 acid 

Figure 7 Analysing 0.25M sample by ImageJ 
software 

Figure 6 Analysing 0.5M sample by ImageJ 
software 
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environment and NaOH environment 
of pH 12.6 is negligible.  

• 13M HNO3 at 80ºC allows 
degradation of PET fibers having a 
mass loss of 10.8% of initial mass. But 
lower concentrations of the acid don’t 
affect the fiber degradation in lower 
 and higher temperatures as well. 
(80ºC and above temperatures up to 
95ºC) 

• Area reduction of PET fibers in 0.5M 
and 0.25M HNO3 at 80ºC and 95ºC is 
less than 1% of initial weight which is 
negligible.  

• Area reduction of PET fibers in 0.5M 
and 0.25M HNO3 at 95ºC is less than 
1% of initial weight which is 
negligible.  

• Bonding characteristics of fibers can’t 
observe in higher concentrations of 
HNO3 because mortar reaction with 
acid is faster than the fiber 
degradation. Mortar reaction occurs 
due to Calcium Hydroxide (CaOH2) in 
mortar sample reacts immediately 
with the acid.  

It is recommended to conduct further 
studies by considering fiber degradation 
methods that doesn’t react the components in 
cement mixture. Minor variations need to be 
observed by sensitive methods such as 
Scanning Electron Microscopy (SEM) and 
Fourier-Transform Infrared Spectroscopy 
(FTIR).  
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Landfill is the most common method of municipal solid waste disposal in most of 
the countries. Landfill capping is a containment technology that forms a barrier 
between the contaminated media and the surface. Since the first sanitary landfill in 
Sri Lanka at Dompe being in operation now the suitable capping medium will be a 
dire requirement in future. Therefore, the study attempts to seek whether sandy soil 
stabilized with fly ash would be a suitable material for the hydraulic barrier material 
in the cover system.  The two materials were mixed with varying proportions of 
sand: fly ash in percentage wise 100:0, 95:5, 90:10 and 85:15. Investigations were 
made on the hydraulic conductivity and physical properties of the mix. Laboratory 
tests of sieve analysis, Atterberg limits, specific gravity, standard Proctor 
compaction and falling head permeability tests were conducted. The results showed 
that 10% and 15% fly ash blends have hydraulic conductivities of 1.44x10-7cm/s  and 
4.86X10-7cm/s  respectively.  Both the blends did comply with the Central 
Environmental Authority, Sri Lanka guidelines and therefore are suitable materials 
to be used in hydraulic barrier layer of a cover system in landfill capping. 
 

 

1. INTRODUCTION 

In the last few decades with rapid 
industrialization waste percentages have 
increased significantly which has paved the 
way to increase in landfill volume and area. In 
Sri Lanka according to the data shown in 
Hikkaduwa et al., (2015) more than 50% of the 
waste composition is bio degradable. The bio 
degradable substances with other non-bio 
degradable substances react and emit toxic 
gases, odor, water contamination and 
radiation etc. which impacts the environment 
and the creatures living in it .Sanitary landfills 
have been the most common and safest 
solution for these problems which had already 
adopted in developed countries and also in 
most developing countries (Aziz et al. 2016). 

In sanitary landfills waste is isolated 
from the environment and landfill capping 
separates the contaminated waste with surface 

and also prevents the infiltration of water 
through the dump which causes to create 
contaminated leachate (Goonewardena et al., 
2012). Unlike a liner, cover acts as a hydraulic 
barrier against infiltrating outside water only, 
it is not required to act as a barrier against 
leakage of leachate outlets under combined 
advection and diffusion (Qian et al., 2002). 

The hydraulic conductivity of cover 
material should be less than 1x10-5cm/s 
according to CEA (Central Environmental 
Authority of Sri Lanka) standard guidelines in 
Sri Lanka (www.cea.lk, 2011). 

Conventionally sand, silt, laterite soil, 
and clay are used as covering materials for the 
capping system (Aziz et al., 2016). Since the 
first sanitary landfill in Sri Lanka at Dompe 
being in operation now the suitable capping 
medium will be a dire requirement in future. 

Fly ash is vastly available in Sri Lanka which 
is emitted from coal power plants 
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(Priyadharshana et al., 2015). The fly ash has 
good self-cementing nature according to  
Muhunthan et al., (2004) and Ahamed (2014). 
Hence it is investigated whether the sand 
stabilized with fly ash to improve the 
properties and retard the hydraulic 
conductivity could be an ideal capping 
material. Therefore, the main objective of this 
study is to determine the physical properties 
of fly ash and sand and evaluating the 
hydraulic conductivity and engineering 
properties of various proportions of fly ash 
and sandy soil to assess whether the blends 
would comply with the Central 
Environmental Authority guidelines for 
capping material.   

1.1 Components of a Landfill Cover System 
and Their Respective Functions 

Landfill covers always serve as a 
barrier between the landfill and the 
atmosphere. It guards the atmosphere from 
emission of toxic gases and odours from the 
wastes it contains and also prevents 
infiltration of precipitation into the wastes. 
Figure 1 shows a cross section of a landfill and 
Figure 2 shows a typical cross section of a final 
cover system. 

 

 

Figure 1 Cross section of landfill and its 
components (Nanda and Berruti, 2012) 

• Vegetation layer and Surface Layer 

The most commonly used material is 
fertile topsoil. Such vegetated top soil 
helps to minimize erosion and promote 
transpiration water back to atmosphere. 
(Sharma and Reddy, 2004). 

• Protection Layer 

The protection layer minimizes frost 
penetration into the compacted soil layer 
and protects the geomembrane from 

accidental intrusion, burrowing animals 
and other deleterious effects (Qian et al., 
2002). 

• Drainage Layer 

Water that penetrates through the 
cover should be removed from the cover 
system using a drainage layer. A drainage 
layer reduces the head of water on the 
barrier layer, thus minimizing infiltration, 
reduce and control the pore water 
pressure at the interface to the underlying 
barrier layer and thus improve slope 
stability (Qian et al., 2002).  

• Hydraulic Barrier Layer 

This is to minimize percolation of 
water through a cover system by directly 
blocking water and by indirectly 
promoting drainage or storage water in 
the overlying layers. The hydraulic barrier 
for municipal solid waste landfills is 
normally made up of geomembranes, 
compacted soil or geosynthetic clay liner 
(Qian et al., 2002). The proposed material 
was to use as this hydraulic barrier layer. 

 

Figure 2 Typical Layers of Final Cover 
System (Othman, 2016) 

1.2 Design guidelines of a landfill cap in 
Sri Lanka as per the Central 
Environmental Authority, Sri Lanka 
(www.cea.lk, 2011). 

• The final cap should be with a soil 
layer of 60 cm in minimum and a 
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maximum hydraulic conductivity of 
1x10-5cm/s. 

• The slope design should not be 
steeper than 3 horizontal to 1 vertical. 

• It should consist of a drainage system 
in order to control cover eroding. 

• The height of the lift must consider the 
scenery of the facility, the stability and 
safe operations. 

• A concrete benchmark should be 
installed for landfills above 6m from 
the natural surface. 

• A plantation layer can be applied in 
order to prevent erosion. 

2.  MATERIALS & METHODOLOGY  

2.1 Materials  

The soil used in this study was 
obtained from the deposits in the river banks 
of Kelani River. Fly ash was sourced from 
Lakvijaya coal power plant in Norochollai Sri 
Lanka. Category of fly ash is Class C. The 
Chemical composition of fly ash is given in 
Table 1. 

Table 1 Chemical composition of fly ash 
(Gimhan et al., 2017) 

Materials Percentage % 

SiO2 52.03 

Al2O3 32.31 

Fe2O3 7.04 

CaO 5.55 

MgO 1.30 

SO3 0.07 

K2O 0.68 

Na2O 1.00 

Cl - 

 

2.2 Methodology  

Two materials were mixed with varying 
proportions by weight and the proportions are 
presented in Table 2. The virgin sandy soil and 
blends were subjected to sieve analysis, 
specific gravity, Atterberg limits, standard 
Proctor compaction and falling head 
permeability tests. 

 

 

Table 2 Material Mix Proportions  

Proportion Fly ash (%) Sandy soil (%) 

1 0 100 

2 5 95 

3 10 90 

4 15 85 

 

According to BS1377: PART 2: 1990 
sieve analysis was conducted for fly ash (Class 
C) sample and soil separately. The specific 
gravity is found according to BS: 1377-Part 2, 
1990 using pycnometer method. Atterberg 
limit tests were conducted as per the BS 1377-
2:1990.  The standard Proctor compaction test 
is conducted according to ASTM 698 in order 
to find the maximum dry density and 
optimum moisture content. The samples with 
highest dry density are then subjected to 
falling head permeability test according to BS 
1377:1990 (PART 2) standards.  

 

3.  RESULTS & DISCUSSION  

The Figures 3 and 4 shows the particle 
size distribution of fly ash and soil 
respectively. As per the United States 
Department of Agriculture (USDA) textural 
classification prism it is found that the soil is 
classified as sandy loam.  

 

Figure 3 Particle size distribution of fly ash 

 

Figure 4 Particle size distribution of sandy 
soil 
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Table 3 Proportions of different sizes  

Soil type and 
Range 

Sandy soil 
(%) 

Fly ash 
(%) 

Gravel >5mm 0 0 

Sand 5mm-
0.075mm 

73 60.4 

Silt 0.075mm-
0.002mm 

18 25.6 

Clay < 
0.002mm 

9 14 

 

The Table 4 shows the specific gravity of fly 
ash and sandy soil. 

. 

Table 4 The specific gravity values 

Material Value 

Sandy soil 2.57 

Fly ash (Class C) 2.25 

 

The Table 5 shows the liquid limit, 
plastic limit and plasticity index of soil. 
According to United States Environmental 
authority the ideal liquid limit and plastic limit 
for cover should be more than 30% and 15% 
hence the soil used is ideal for cover soil. 
However, as per the CEA guidelines no such 
requirement is stated. 

Table 5 The Atterberg limits of sandy soil 

Atterberg Limits Percentage % 

Plastic limit 27.5% 

Liquid limit 49.04% 

Plasticity index 21.54% 

 

The Table 6 and Figure 5 demonstrate 
the optimum moisture content and maximum 
dry density of soil stabilized with fly ash in 
different ratios. It can be seen that the 
maximum dry density increases with the 
increase in fly ash content. The reason for the 
increase in dry density is fly ash particle are 
filling the voids in between the sand particles. 
It’s proven that the fly ash is a good admixture 
and the cementious nature it possesses due to 
abundance of calcium makes the bonding 
stronger. As per the USEPA guidelines the 
maximum dry density for landfill covers 
should be more than 1500kg/m3. It can be seen 
that all the samples did comply with the 
requirement. However, it must be noted that 

the CEA does not impose of such a 
requirement. 

 

Figure 5 Variation of maximum dry density 
and water content 

 

Table 6 Maximum dry density and 
Optimum moisture contents of samples 

Material Maximum 
dry density 

(kg/m3) 

Optimum 
moisture 

content (%) 

0% fly ash 
+  soil 

1502.1 26.7 

5% fly ash 
+  soil 

1525.5 22.9 

10% fly ash 
+  soil 

1550 24.5 

15% fly ash 
+  soil 

1555.1 26.7 

 

The Table 7 shows the hydraulic 
conductivity of samples. The permeability test 
is conducted only for the samples with higher 
dry densities. 

 

Table 7 Hydraulic conductivities of soil 
blends 

Materials Hydraulic 
conductivity cm/s 

15% fly ash + clay 
soil 

4.86×10-7 

10% fly ash + clay 
soil 

1.44×10-7 

Clay 4.8×10-4 

Design value as 
per the  CEA 

1×10-5 
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4.   CONCLUSION  

  According to CEA guidelines, the 
maximum design value for hydraulic 
conductivity is 1×10-5m/s. The 15% and 10% 
fly ash stabilized sample showed less than the 
maximum value stipulated by CEA. The 15% 
fly ash stabilized sample showed a hydraulic 
conductivity of 4.86×10-9m/s and 10% fly ash 
stabilized sample is 1.44×10-9m/s respectively. 
Hence both samples are suitable to be used in 
landfill capping as per the CEA guidelines. 
According to the standards of USEPA (United 
States Environmental Protection Authority) 
the  hydraulic conductivity should be ≤ 1×10-5 
cm/s (Qian et al., 2002). The hydraulic 
conductivity values obtained are less than the 
requirement of USEPA. Hence this satisfies the 
USEPA guidelines as well. Therefore, the 
research demonstrates that the fly ash 
stabilized sandy soil is a possible material to 
be used in a hydraulic barrier material in 
landfill cover systems. 
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The aim of this study is to determine the influence of coconut coir fibre on the 
mechanical strength of interlocking concrete paving blocks. The research was carried 
out fabricating paving blocks with dimensions of 200mm×100mcm×100mm, mixed 
with coconut fibre by 0%, 0.1%, 0.2%, and 0.3% weight. The tests conducted were the 
compressive strength test, water absorption test, and the unpolished slip/ skid 
resistance test. ACI-American Concrete Institute M30 mix design was used for 
fabricating concrete paving blocks. The compressive strength of the control sample 
was 29.8MPa.  All the fibre incorporated samples did exhibit a higher compressive 
strength than the control sample. The addition of 0.1% coconut coir fibre resulted in 
the highest compressive strength of 35.91MPa. All the fibre mixed samples achieved 
class 3 requirements of roads as per the SLS guidelines. The control sample as well 
as the fibre incorporated samples did comply with the standards of water absorption 
and slip/skid resistance values. The optimum fibre content was identified to be 0.1% 
(by the weight of fine aggregate) as the best-performed sample in consideration of 
all test results for Class 3 roads of Sri Lanka. 
 

1. INTRODUCTION  

  The block pavement is a very popular 

and common landscaping system at present 

that includes a variety of applications, such as 

roads, driveways, areas of public utilities, 

patio, parking etc. (Koli Nishikant, 2016). As 

Sri Lanka continues to develop and urbanize 

at a rapid rate, the need of cement paving 

blocks becomes an essential part of town and 

city development and expansion (Erandi et al., 

2013).  The reasons for asphalt replacement by 

concrete paving blocks are because they are 

easy to install, do not require heavy 

equipment, can be mass-produced, and are 

easy to maintain and reinstalled (Mudiyono 

and Sudarno, 2019). 

The use of coconut fibre in a 

reinforced concrete mixture to increase its 

strength is widely researched (Mudiyono and 

Sudarno, 2019). The introduction of fibres is a 

solution to develop concrete with enhanced 

compressive Strength and split tensile 

strength, which is a new form of binder that 

could combine Portland cement in bonding 

with cement (Uday and Ajitha, 2017). Sri 

Lanka, as a tropical country has an abundant 

supply of coconut coir fibre. Therefore, the 

research seeks to assess the utilization of 

coconut coir fibre to increase the properties of 

paving blocks and to assess whether these 

would comply with the local authority 

guidelines. To accomplish this the following 

objectives were fulfilled. 

(i) To assess the optimal amount of the 

coconut coir fibre to improve the 

properties of paving blocks 
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(ii) To assess whether the coconut coir 

concrete paving blocks would comply 

with the specifications of Sri Lankan 

Standard (SLS) 1425 Part-1, 2011.  

1.1. Specification required for concrete 
paving block according to the Sri 
Lankan standard (SLS) 1425 PART 1: 
2011 

The specifications of SLS standards 

requirements for concrete paving blocks (Sri 

Lanka Standard 1425 PART 1, 2011) are as 

follows:   

• Slip and Skid resistance (USVR):  ≥ 55 

• Abrasion resistance:  ≤ 20mm 

• Absorption of cold water (%):  ≤ 6 

Table 1 shows the minimum strength 

requirements with thickness of blocks as per 

the SLS Standards. 

Table 1 Minimum Strength Requirement with 

Thickness of Blocks (SLS :2011) 

 

2. METHODOLOGY  

2.1.  Materials 

• OPC-Ordinary Portland cement: The 

cement as the binding material used in all 

concrete mixtures was Ordinary Portland 

Cement (OPC) complying with SLS 

107:2015, which belongs to the strength 

class 42.5N. 

• Coarse Aggregate: Nominal size of 20mm 

metal is used as coarse aggregate. 

• Fine Aggregate: 2mm - 425microns 

sieved natural sand (river sand) 

• Admixture: Natural Coir fibre obtained 

from Hayleys Fibre manufacturer; Galle 

was used. The length of fibre was 

between 20mm- 40mm and the diameter 

was around 0.3mm. 

2.2. Fabrication of paving blocks 

Rectangular blocks of dimensions 

200mm x 100mm x 100mm were cast using 

plywood moulds. The block dimensions were 

selected as per the SLS:2011 standards. After 

24 hours, blocks were demoulded and were 

cured in water until tested. The mix 

proportions of grade 30were used in 

accordance with ACI mix design method. 

The moisture content of sand is 0.37% and 

absorption are 1.0063%. the moisture content 

of the metal is 0.13% and absorption of metal 

is 1.0047% (ACI Committee 211, Reapproved 

in 2009). 

Table 2 Material Proportions 

2.3. Test Methods   

The compressive strength, unpolished 

slip resistance value, water absorption, were 

determined. For each value, triplicates were 

tested, and the average value was obtained. 

According to BS EN 12390-4, compressive 

strength of cast concrete paving blocks is 

measured after 7, 14 and 28 days. Three 

specimens were checked for each proportion 

for those days. The compressive strength was 

calculated by dividing the maximum load at 
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the failure by the loaded surface area of the 

block. The final values of the compressive 

strength obtained were multiplied by a 

correction factor according to the Sri Lanka 

Standard (1425 part 1: 2011). 

According to the Sri Lankan standard 

for paving blocks 1425 PART 1: 2011, the 

absorption of water was measured after 28 

days.  

The resistance of slip and skid test for 

paved blocks were carried out in accordance 

with the Sri Lanka Standard 1425 Part 1: 2011. 

These measurements of the specimen were 

performed using a pendulum test apparatus 

on the upper surface. Three specimens were 

taken from each proportion and the average 

results were obtained. The measurements 

were taken after 28 days. 

3. RESULTS AND DISCUSSION 

3.1. Compressive Strength  

The result of compressive strength on 

concrete paving blocks at age 28 days are 

given in Table 3 and the comparison with SLS 

standard specifications (strength classes 

explained in SLSL 1425 PART: 2011) is given 

in Figure 1.  

Figure 1 Compressive strength of concrete 

paving blocks at 28 days with SLS:2011 

comparison 

From the result of paving blocks’ 

compressive strength at the age of 28 days 

(Figure 1) we can see that there is an increase 

in strength from 29.79 MPa to 35.91 MPa with 

the addition of 0.1% coconut fibre (by the 

weight of sand). However, with further 

additions of coconut fibre the compressive 

strength was found to decrease. 

3.2. Water Absorption 

Table 3 Compressive strength of concrete 

paving blocks at 28days 

 

Table 4 and Figure 2 represent the 

water absorption of paving blocks against 

samples. The samples did exhibit a very low 

water absorption percentages with a range 

from 0.28% to 1.38%. All the samples were 

found to comply with the SLS:2011 

specifications.   

 

Sample ID 

Compressive 

Strength of 

Specimens 

(MPa) 

Average 

Compressi

ve Strength 

(MPa) 

Sample 1 

(control 

sample) 

28.13 

29.79 30.92 

30.32 

Sample 2 

 

35.12 

35.91 37.13 

35.48 

Sample 3 

34.31 

33.91 32.22 

35.18 

Sample 4 

29.48 

32.17 35.64 

31.39 

Sample 5 

27.21 

31.05 36.12 

29.84 
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Table 4 Water absorption test results 

3.3. Unpolished Slip and Skid resistance  

 

Table 5 and Figure 3 represents the 

unpolished slip/skip resistance values against 

samples. All the values of samples were found 

to be higher than the SLS requirement. A 

variation with the increment of coir 

percentage was not observable. Hence can be 

concluded that the effect of coconut coir on 

slip resistance is insignificant. 

  

Table 5 Unpolished slip and skid resistance 

values 

Sample ID 
Mean value 

(USRV) 

Sample 1 (CS) 80 

Sample 2 80 

Sample 3 85 

Sample 4 82 

Sample 5 80 

 

4. CONCLUSION 

The purpose of this study is to 

determine the influence of coconut coir fibre 

on the mechanical strength of interlocking 

concrete paving blocks and to assess whether 

the so produced blocks would comply with 

the SLS specifications of interlocking concrete 

paving blocks. The following are the 

conclusions drawn from the study: 

   

All coconut fibre mixed samples 

achieved a higher compressive strength than 

the control sample. 0.1% fibre content sample 

(sample 2) gave the highest compressive 

strength of 35.91Mpa for M 30 concrete mix. 

Therefore, it can be seen that 30MPa strength 

is increased to 35.91 by using 0.1% (by the 

weight of sand) coconut fibres  for ACI 

Sample ID 

Water 

Absorption of 

a specimen (%) 

Average Water 

Absorption 

(%) 

Sample 1 

(control 

sample) 

0.53 

0.66 0.76 

0.68 

Sample 2 

 

0.26 

0.28 0.22 

0.35 

Sample 3 

0.44 

0.55 0.69 

0.52 

Sample 4 

0.56 

0.47 0.37 

0.48 

Sample 5 

0.66 

1.38 2.16 

1.32 

Figure 3 Unpolished slip/skid resistance values with 

the SLS:2011 Standard  

Figure 2 Water absorption test results 

with the SLS:2011 Standard 
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standard mix ratios for concrete paving blocks.  

According to Sri Lanka standards; 1425 Part 

1:2011 -Specifications for concrete paving 

blocks Part I: Requirements – The minimum 

average compressive strength for strength 

classes 1, 2, 4 and 4 should be 50 MPa, 40 MPa, 

30MPa and 15MPa respectively. By 

considering the compressive strength test 

results all the samples fulfilled the strength 

class 3 roads and 4 (footpaths).  

As per the SLS guidelines, water 

absorption percentage should be less than or 

equal to 6%. All the samples did comply with 

the water absorption requirement. 

The requirement of SLS for slip / skid 

resistance is that it should be higher than 

50USVR. All the values of samples were found 

to be higher than the SLS requirement. A 

distinct variation with the increment of coir 

percentage was not observable. Hence it can 

be concluded that the effect of coconut coir on 

slip resistance is insignificant 

Considering the above facts, 0.1% of 

coconut fibre used as an admixture can be 

considered as the best performing ratio of AIC 

M 30 concrete paving blocks mix proportion.   
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Sustainable practices in construction industry have become a necessity in recent 
times, especially in view of the climate emergency. Using earthen materials is one 
more prominent solution. Using earthen materials is limited to flooring or walling 
systems, although slabs accounts for 60-70% of embodied energy consumption of 
conventional building. This paper discusses the development of a singly-curved 
earthen slab system using mud-concrete technology by exploring the construction 
sequence with a prototype of a 1mx 1m slab having a thickness of 100 mm at the 
apex. The construction cost of the proposed slab system was compared with that of 
a conventional reinforced concrete slab system, resulting in a 40% reduction in 
labour and material cost. A load test confirmed the structure could withstand the 
design loading of 2kN/m2. 

 

1. INTRODUCTION  

Many novel construction techniques and 
practices involving earthen materials have 
been introduced in recent times to achieve 
sustainability in construction industry. 
Although there are many new techniques, 
most of them are limited to applications in 
walls—e.g. rammed earth walls (Walker et al., 
2005), CSEB block walls (Maïni, 2005), mud-
concrete blocks and walls (Arooz, 
2019)(Udawattha et al., 2016a)— or flooring—
e.g. mud-concrete flooring (Galabada and 
Halwatura, 2019). However, when the 
embodied energy of building elements are 
considered, slab systems contribute to 60%-
70% of the total (Foraboschi et al., 2014). If an 
earthen slab system is to be developed, it will 
be a significant step towards a fully earthen 
structure. 

 
Conventional reinforced concrete slab 

system relies on tensile strength provided by 

the reinforcing steel element. However, 
earthen materials have low tensile capacity 
when compared with reinforcing steel. Thus, 
to develop a suitable slab system with earthen 
material, either a reinforcing material should 
be used or a compression-only structural form 
should be selected. The latter approach is 
adopted here. 

 
Catalan vaulting is one such slab system 

using a compression-only structural form. 
Catalan vaulting system (also known as 
timbrel vaulting or Guastavino vaulting) is a 
construction technique mastered by Romans 
and widely used in gothic architectures which 
uses thin tiles to build a compression-only 
shell structure (Jayasinghe et al., 2019; López 
López et al., 2014). The use of thin tiles in a 
vaulting system in Sri Lanka has several 
drawbacks including production and 
transportation of thin tiles, quality issues in 
local binding agents, higher labour cost, etc. 
(Jayasinghe et al., 2019). 
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Mud-concrete is a novel development to 
the traditional walling techniques. This 
method is used as an in-situ cast walling 
system (Arooz et al., 2017). In-situ casting 
systems are labor-intensive and time-
consuming (Löfgren and Kutti, 2001). 
However, the use of sustainable materials 
makes these systems cost-effective.   

 
This paper discusses the possibility of 

using mud-concrete in construction of a singly 
curved slab system, as a sustainable and a cost-
effective solution.  

2. OBJECTIVES 

The work presented in this paper is 
primarily aimed towards developing an 
earthen slab system using mud-concrete. 
Thus, the main objectives of this research are 
to; 

• determine an appropriate 
compression-only shell geometry for 
an earthen slab system 

• develop a construction process and 
construction of a scaled prototype of 
the proposed slab system 

• assess the construction cost for the 
proposed slab system and compare 
with that of a conventional reinforced 
concrete slab system 

3. SHELL GEOMETRY 

The geometry of the compression-only 
slab system is as given in Figure 1, where the 
profile is a barrel vault having a length of 3.0 
m and a rise of 300 mm, and the minimum 
vault thickness of 100 mm is at the apex. This 
is following the Catalan vault of  same 
geometry proposed by (Jayasinghe et al., 
2019)).  

As an initial trial, a scaled down 
prototype of 1.0 m span will be studied in the 
remainder of the paper. The scaled down 
prototype is of a 100 mm rise but has the same 
minimum vault thickness of 100 mm, 
considering the maximum particle size of the 
mud-concrete mix. 

4. STRUCTURAL ANALYSIS 

Analysis of this structural form using 
graphic static has already been done c Here, 
analysis of the structural form using a Finite 
Element Model is presented. Commercially 
available ANSYS software package was used 
for this.  Following BS-EN-1991-1, an impose 
load of 2kN/m2 is applied on top of the slab. 

 
The maximum (compression) and 

minimum (tension) stresses were identified as 
0.065kN/m2 (near the supports) and 
0.015kN/m2 (near mid-section), respectively 
(see figure 2). With the distribution of stress 
tensors observed in the results, it was 
identified that crack formation would begin at 
the centre plane of the bottom surface of the 
slab system (see figure 3).   

Figure 1 Cross-section of the proposed slab 
system 

Figure 2 Stress distribution of the slab 
system when the 2kN/m2 applied on top of 

the surface 

Figure 3 Vector representation of stress 
distribution 
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5. CONSTRUCTION 

For the construction, a 1.0 m width of 
vault section was selected. 

5.1. Formwork 

Formwork was designed based on the 
deflection of the formwork material and the 
deflection under the self-weight of the poured 
concrete omit the deformations underside of 
the slab.  Thus, with the calculation formwork 
spacing of 330 mm was chosen. The joists were 
cut into arch profile to get the corrected shape 
of the formwork (see Figure (i)). The top 
surface was formed with 5mm thick plywood 
board (see Figure 4 (ii)).  

5.2. Construction of Wall Segments and 
Fixing of Formwork 

Two, 1m heigh wall segments were cast 
1m apart. For each wall segment, small duct 
pipes were placed near slab level to provide 
spacing for the tie rods. Two supporting rods 
were used to align the formwork in place 
before supporting with props and fixing in 
place (see figure 5).   

5.3. Fixing Supports and Sideboards 

Bamboo props at a 450mm spacing were 
used to support the formwork. 400 mm heigh 
sideboards were fixed and levelled, so the 
mixture could be poured to achieve the 
desired floor level. Thereafter, a thick paste of 
grease and oil was applied over the curved 
formwork and sideboards, as a release agent. 

5.4. Placement of Tie Rods 

Two tie rods (6mm in diameter) were 
placed to resist the horizontal thrust 
generated. To resist the punching load failure 
at the wall-tie connection, a 50 mm x 50 mm x 
4 mm angle sections were used, and ties were 
fixed to the wall with nuts and bolts as shown 
in Figure 6. 

5.5. Preparation of the Mud-Concrete 
Mixture 

An air-dried soil sample was sieved to 
obtain the suitable particle size for the mud-
concrete mixture. The required particle sizes of 
the soil for the mud-concrete mix is as follows; 

• Gravel: particles pass from 19mm 
(3/4”) and retained in 4.75mm (No.4) 
sieve 

• Sand: particles pass from 4.75mm 
(No.4) and retained in 0.425mm 
(No.40) 

• Fine: particles pass from 0.425mm 
(No.40) 

The mud-concrete mix design for the 
proposed slab system was borrowed from 
Arooz (2019). The weight batched mix is as 
follows: 

• Gravel (extracted from the soil) - 45% 

• Sand (extracted from the soil) - 50% 

     (i)    (ii) 

Figure 4 (i) Skeleton of the formwork and 
(ii) completed formwork 

Figure 5 Formwork placement using 
supporting rods on the wall sections 

Figure 6 Placement of tie rods by 
nut and bolt method  
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• Fine (extracted from the soil) - 5% 

• Water - 20% 

• Cement - 4% 
To achieve self-compacting concrete 

properties, water content is to be kept at 20% 
of the dry mix (Arooz, 2019). Additionally, a 
water-reducing admixture was added (1% by 
weight of cementitious materials) to achieve 
adequate workability.  

Gravel, sand and cement were first mixed 
thoroughly with half of the water requirement. 
Then the remaining water and fine particles 
were added, along with the water reducing 
admixture. Mixture was thoroughly mixed to 
obtain a consistent fluid mud-concrete.  

5.6. Pouring the Mud-Concrete into the 
Formwork and Levelling the Surface 

The prepared mud-concrete mixture is 
then poured on top of the formwork. Initially, 
an equal quantity of mixture was poured at the 
near supports, and compacted with a tamping 
rod. This is to ensure that the stresses 
generated during the construction are at a 
minimum (see Figure 7).  

Also, the tie rods were sequentially 
tightened as the filling continued, increasing 
the horizontal thrust. After filling the edges, 

the mud-concrete mixture was poured into the 
mid-section of the formwork (see Figure 8i) 
and levelled the surface (see Figure 8ii). 

5.7. Curing and Removal of Formwork 

Wet gunny bags were placed on top of the 
finished surface when the surface was 
hardened enough.  Sideboards were removed 
after 24 hours and curing was carried out for 
21 days, using wet gunny bags and spraying. 
Figure 9 shows the slab system after 24 hours 
of casting. 

 
After curing, the structure was kept dry 

for another 7 days. As the initial step in the 
formwork removal process, all the props were 
loosened and formwork was decentered 
carefully without applying sudden or 
asymmetric loads.  The completed slab system 
and bottom face of the slab system are shown 
in Figures 10 and 11, respectively. 

Figure 7 Mud-concrete mixture poured at 
the edge of the structure 

     (i)    (ii) 

Figure 8 (i) Mud-concrete mixture poured on 
top of the formwork and (ii) final finished 

surface 

Figure 9 Slab system 24 hours after casting 
ready to be curing 

Figure 11 The bottom face of the slab system 

Figure 10 Completed singly curved slab 
system 
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5.8. Prototype Load Testing 

For easy identification of crack formation, 
one side of the vault was painted in white. 
loading was gradually applied over the 
surface to identify whether it satisfy the design 
criteria. Cement blocks, each weighing 
approximately 13.6kg, were used for loading. 
Each cement block was carefully placed on the 
slab surface to cover the whole area and 
gradually increased the loading by stacking 
cement blocks in layers.  

 
Initial crack was observed after stacking 

45 blocks: three layers of cement blocks, each 
layer consisting of 15 blocks. This corresponds 
to a uniformly distributed load of 6.08 kN/m2 
(see Figures 12i and 12ii). The crack was 
observed at the bottom mid-span of the vault, 
where the thickness is minimum. With the 
loading direction, the crack pattern was 
identified as a tensile crack. 

6. COST COMPARISON 

For three different slab systems, total cost 
and embodied energy were calculated. The 

three different structural forms are, (i) 
conventional reinforced concrete slab; (ii) 
singly-curved earthen slab system; (iii) singly 
curved mass concrete slab. Total cost was 
calculated to build the above slab systems for 
1m x 1m footprint area. All the rates were 
calculated from the Building Schedule of Rates 
(BSR-2019/2020) in accordance with CIDA 
regulations in Sri Lanka. Table 1 shows the 
cost comparison of the three slab systems. The 
labour cost constitutes that for the 
construction as well as the material 
preparation: e.g., drying and sieving of soil. 

 

Table 1 Cost comparison of three different 
slab systems 

 

R.C.C. 
slab 

system 

Singly-
curved 
earthe
n slab 
system 

Singly-
curved 

concrete 
slab 

system 

 
Amount 

(LKR) 
Amount 

(LKR) 
Amount 

(LKR) 

Materials    

Filling 
material 

6424.97 1646.88 6424.97 

Reinforceme
nt 

3321.74 580.00 580.00 

Raw 
material 
Preparation 
& Sieving 

N/A 680.00 N/A 

Formwork 3024.66 3562.85 3562.85 

Labour cost 2064.52 2419.72 1599.52 

Total cost 
per sq.m 

14835.88 8889.45 12167.34 

Cost 
reduction 

0% 40% 18% 

 
Production and construction stage were 

considered for embodied energy calculations 
(Gibbons and Orr, 2020)(Udawattha et al., 
2016b). 25km and 50km distance to source 
were assumed for soil and cement 
transportation, respectively, considering local 
conditions. (Fay and Raniga, 2000; Jayasinghe, 
2011).  These may vary based on where the 
construction was done: Soil was obtained from 

(i) 

(ii) 

Figure 12 (i) Initial crack was observed 
when 45 blocks were placed on top of the 
slab system (ii) Initial tension crack at the 

mid-section 
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immediate vicinity with no transportation cost 
for the prototype build discussed in the paper. 

 

Table 2 Embodied energy calculations for 
three different slab systems 

  Embodied 
Energy in 

MJ 

R.C.C. slab system 

Material 
 

Reinforced concrete slab 6570.00 

Formwork material 
 

Plywood 1184.28 

Total EE 7754.28 

Singly-curved earthen slab system 

Material 
 

Soil 183.75 

Cement 1170.00 

Transport 10.00 

Formwork material 
 

Plywood board (15mm) 1777.93 

Plywood board (4mm) 26.57 

Total EE 3168.24 

Singly-curved concrete slab system 

Material 
 

Concrete 1:2:4 3993.60 

Formwork material 
 

Plywood board (15mm) 1422.84 

Plywood board (4mm) 26.57 

Total EE 5443.01 

7. DISCUSSION 

Around 46% of the total cost of the singly 
curved earthen slab system is spent on the 
formwork system. Plywood formwork was 
considered for the prototype design due to the 
ease of construction. However, a steel 
formwork may be ideal for modular 
construction, considering reusability. 

Tie rods were used to resist the horizontal 
thrust. With proper arrangement of rooms in a 
dwelling unit or a building, the requirement of 
tie rods can be partially omitted. This is by 
way of horizontal thrusts being resisted by 
walls buttressing other interior walls. 

8. FUTURE WORKS 

This paper presents work in an ongoing 
project on developing an earthen slab system. 
The current paper focuses only on the 
construction sequence of the singly-curved 
earthen slab system using mud-concrete.  
Further research should need to be conducted 
to identify the behavior of the proposed slab 
system under dynamic loading and with an 
actual scale model (3mx3m vault section). 
Also, with the minimum thickness at apex 
being relaxed, the slab geometry may be 
optimized to match the loading requirement. 
To prevent disproportionate collapse, the slab 
shall fail before the walls failing due to 
horizontal thrust. Another important aspect to 
be studied is the ductility of the proposed slab 
system, and if the steel tie-rods add any 
ductility to the system. 

9. CONCLUSIONS 

In conclusion; 

• Mud-concrete would be an 
appropriate construction material that 
can be used to develop a compression 
only shell slab system. 

• Nearly 40% of cost reduction and 59% 
reduction for embodied energy could 
be expected, compared with 
conventional reinforced concrete slab 
systems having identical footprint 
areas. 

• A maximum tensile stress of 
0.015kN/m2 at the bottom face of the 
slab system was identified when 
2kN/m2 load was applied over the top 
surface.  
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Ground vibration induced due to heavy machineries and various construction 
techniques such as pile driving, quarry blasting etc., is a significant issue for 
dwellers living nearby. Most of constructions are being carried out across rural 
areas during infrastructure developments. The effect of construction vibrations on 
Unreinforced Masonry Buildings (URM) are comparatively high due to low 
strength of brickwork. Energy waves generated by constructions are propagated to 
surrounding area, giving rise to Peak Particle Velocity (PPV). Propagation of 
vibration and impact on structure depend on factors such as soil condition, soil- 
structure interaction, vibration source etc. The best approach to assess impact of 
vibrations on masonry buildings is Finite Element Modelling (FEM) without 
damaging structures. Basically, this research is focused on analyzing impacts on 
adjacent unreinforced masonry buildings due to ground vibrations, using FEM and 
to identify threshold limits and controlling factors of construction vibrations that 
can be resisted by URM buildings. With this research, it was revealed that, applying 
a concrete footing instead of a rubble footing, vibration thresholds can be slightly 
increased. Via applying a concrete footing and a concrete frame, instead of only the 
rubble footing, vibration thresholds can be further increased. 

1. INTRODUCTION  

In constructions, due to heavy 

machineries and construction techniques such 

as pile driving, quarry blasting, dynamic 

compaction, etc., a huge amount of ground 

vibration is induced and adjacent buildings are 

affected (Tripathy et al., 2016). When 

propagated waves reach nearby buildings, it 

will cause severe or minor damages, with 

respect to the wave strength of the induced 

ground vibration. It is a greater disturbance to 

the strength and durability of the structure, 

located nearby the construction site. The 

influence of vibrations due to constructions is a 

major concern and there are several complaints 

from the residents living nearby. Effect for rural 

residential buildings which are made out of 

unreinforced masonry are comparatively high, 

since the rigidity of those buildings are very 

low.  

Numerical assessment of ground 

vibrations is a modern technique which is 

massively used worldwide. Finite Element 

Modelling (FEM) is a method that can be 

effectively used to analyze the effect of ground 

vibrations on nearby buildings, while 

providing vibrations as input loads for the 

analysis (Gou et al., 2020). Prior to model the 

structure via FEM, material properties and 

section properties should be exactly recognized 

in purpose of obtaining the accurate building 

response of the structure.  Problems in 

modelling of masonry structures are high 

degree of variation in material properties of 

masonry and different types of construction 

methodologies involved which are known as 

bond patterns. 

The bond strength between masonry 

unit and mortar is affected by several factors 

such as type of the mortar, surface texture, 

water absorption rate of the brick, curing 
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method, workmanship etc. (Singh and Munjal, 

2017). 

With several construction techniques 

in designing buildings such as adding a 

concrete frame, footing improvement, applying 

an infilled trench etc., impacts to rural 

residential buildings can be reduced. Reducing 

the effect of ground vibrations to nearby 

residential buildings is a major concern and 

there is a necessity of effectively controlling 

vibration related damages in URM buildings, 

since almost all the rural residences are URM 

buildings. As an approach, assessment of the 

building response due to vibrations is essential. 

Without doing any damage to buildings, the 

best way to assess impact of ground vibrations 

is identified as FEM.  

Masonry is described as orthotropic 

and heterogeneous, resulting more complexity 

in FEM analysis (Aref and Dolatshahi, 2013).  

Past literature offers two modelling approaches 

based on the accuracy of the analysis. 

Simplified micro modelling is highly 

preferable, since it provides some flexibility in 

modelling and considerable amount of 

accuracy in analysis (Abdulla et al., 2017). With 

the aid of FEM, this research is proceeding to 

reach that necessity via developing a model of 

a masonry building with certain techniques 

and to identify threshold limit and controlling 

factors of ground vibrations. 

 

2. METHODOLOGY  

Figure 1 shows the workflow of the 

research. Basically, this research is based on 

identifying of construction vibration 

characteristics, modelling of URM models with 

ABAQUS CAE 2017 version, Analyzing the 

model against vibrations, identifying threshold 

limits and controlling factors of vibrations. 

 

2.1 Identification of Vibration Characteristics 

Identification of vibration 

characteristics due to constructions was done 

via referring to previously published standard 

journal articles and research papers. Affecting 

factors on vibration characteristics such as the 

vibration source, soil type, etc. were identified 

as shown in Figure 2 and responses against 

several vibrations were also identified. 

 

2.2 Modelling of the Masonry Building 

Modelling of the masonry building 

was a major task in this research. Depending on 

the accuracy of numerical models, accuracy of 

results will be varied. 

2.2.1 Mesh and Geometry 

Numerical modelling was carried out 

mainly focusing on finite element analysis; 

simplified micro modelling approach. Here, the 

masonry structure was modelled with elements 

of expanded brick units. Therefore, the mortar 

thickness was already added to the brick size.  

As the mesh size of the model, 100 mm 

hexahedral mesh was assigned to expanded 

brick elements and concrete elements, 

considering the accuracy and the simulating 

time as well. 

 

Figure 2 Factors affecting construction 
vibrations 

Figure 1 Workflow diagram 
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2.2.2 Assigned Material Properties  

For the masonry building, reliable 

material properties were selected, referring to 

past literature. Previous research data were 

extracted from the research paper 

“Experimental and numerical analyses of 

unreinforced masonry wall components and 

building” (Choudhury et al., 2020) to develop 

the small masonry building model. Assigned 

material properties for expanded masonry 

units and concrete are shown in Table 1. 

  

Table 1 Assigned Material Properties 

Elastic modulus of masonry 1870 MPa 

Density of masonry 1732 kgm-3 

Poisson’s ratio of masonry 0.17 

Cracking stress of masonry 3 MPa 

Elastic modulus of concrete 200000 MPa 

Density of concrete 2400 kgm-3 

Poisson’s ratio of concrete 0.22 

 

The masonry building was modelled 

according to dimensions which were decided 

considering actual door and window opening 

dimensions of a typical residential building as 

shown in Figure 3. 

 

 

 

 

 

 

 

 

 

 

2.2.3 Interactions between Elements 

In order to define interactions between 

elements of the model, friction coefficient value 

has been assigned as 0.65. Since the number of 

elements are a higher value in this model, 

without defining surfaces and instead of 

applying surface to surface contacts, general 

contact was used to apply interactions between 

elements.  

 

2.2.4 Boundary Conditions and Loading 

Conditions  

The FE model with provided boundary 

conditions and loading conditions is shown in 

Figure 4. Horizontal displacement of 20 mm 

was applied at the top beam level.  

Slab load and parapet wall load was applied as 

an initial vertical stress of 0.06 MPa. The bottom 

of the building is in fixed condition. 

  

2.3 Validation of the Model 

For the validation of the model, reliable 

data for numerical simulation of the masonry 

building model were extracted from previous 

research papers. Then, model results were 

compared with previous data which were 

obtained from past literature. For the masonry 

building model, load-displacement curves 

were obtained at the node where the load was 

applied.  

Then, the obtained load-displacement 

curve was compared with the curve which was 

obtained in previous researches. Considering 

the error percentage between two curves and it 

was identified that the error percentage values 

are within the allowable limit of 20%. 

Therefore, the model was considered as a 

validated model. Validation was done referring 

to a previous study (Choudhury et al., 2020) as 

shown in Figure 5. 

Figure 4 FE model of the masonry building 

Figure 3 Dimensions for masonry building 
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                Applying different vibration levels to 

the model, threshold values of vibrations for 

the masonry structures were obtained via 

simulating the model time to time. Then after 

that, the controlling factors of ground 

vibrations were analyzed. As the controlling 

factors of ground vibrations, several methods 

were considered depending on the data 

obtained from past literature such as footing 

improvement, introducing a concrete frame to 

the masonry building.  

Therefore, according to the explained 

methodology, the modelling of the 

unreinforced masonry building was carried out 

under several steps while increasing the 

rigidity and the strength of the building as 

shown in Figure 6. 

 

3. RESULTS AND DISCUSSION 

3.1 Modifying the Building and Analysis 

Against Ground Vibrations 

Simulations were done while 

modifying the URM building, to strengthen the 

building and to control the effect from 

construction vibrations. An element of the 

masonry model was identified as the control 

point of the model which gives the maximum 

stress is shown in Figure 7. 

 

 

 

 

 

  

 

 

When carrying out the footing 

improvement in modelling, material properties 

for rubble were found referring to past 

literature as shown in Table 2. 

Table 2 Material properties for rubble 
masonry 

Elastic modulus (MPa) 871 

Density (kg/m3) 2100 

Poisson’s ratio 0.17 

 

• Plasticity properties for masonry 

For modelling, plasticity data were 

specially considered to identify the velocity at 

the initial cracking stress. Because, the initial 

crack occurs in masonry will be happened 

according to its material properties as shown in 

Figure 8, which is extracted from a research 

thesis done by Garip Onder Ozen. 

Figure 8 Stress- strain diagram for masonry 

Applied plasticity properties for the 

model are shown in Table 3. 

Figure 5 Obtained load-displacement curves 
for model validation 

Modelling of URM 
building with a rubble 

footing

Modelling of URM 
building with a concrete 

footing

Modelling of the 
reinforced building with 

concrete footing

Figure 6 Modelling and strengthening 
procedure of the masonry building 

Figure 7 Element which the maximum stress 
occurs 
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Table 3 Plasticity properties for masonry 

Yield stress (MPa) Plastic strain (mm) 

1.51 0 

2.24 0.0006 

3.24 0.001 

3.61 0.0012 

3.07 0.004 

2.5 0.0075 

 

According to Singh et al., 2016, 0.8 

times the ultimate stress represents the failure 

stress. After the ultimate stress a sudden drop 

in stress with small increments can be occurred.  

Therefore, after obtaining ultimate 

stress, peak particle velocity values were again 

changed time to time and tried to identify the 

velocity that the failure stress will be occurred. 

Then after that, the masonry building 

was modified with a concrete frame. In order to 

further validate that model, displacement vs 

time curve was obtained for two points of the 

model with the full concrete frame. Those two 

points were marked in Figure 9.  

At those two points displacement 

values should be same, when considered about 

the behavior against the applied loading. From 

the past literature, for an experiment for a 

similar building type, the displacement at the 

upper level was 0.05 mm. For the simulated 

model, displacements were reached to 0.05 mm 

too. Obtained displacement curves for two 

nodes were shown in Figure 10. 

 

 

 

Figure 10 Displacement curves for two nodes 

PPVs and stresses at the control point 

for considered three scenarios for footing 

improvement and introducing a concrete frame 

are shown in Figure 11. 

According to obtained results from 

numerical simulations, in a URM building with 

a rubble footing, the PPV which the initial crack 

occurs equals to 295 mm/s. In the URM 

building with concrete footing, the PPV which 

initial crack in masonry occurs at 300 mm/s. 

Then, after modifying the masonry building 

with a full concrete frame, the PPV which initial 

crack occurs equals to 375 mm/s.  

 

Finally, those obtained PPV values for 

considered scenarios were normalized 

considering the RMS velocity. The RMS value 

is generally most useful because, it is directly 

related to the energy content of the vibration 

profile and thus the destructive capability of 

the vibration. RMS can be calculated using the 

Equation 1.  

Figure 11 Stresses at control point with applied 
PPVs 

Figure 9 Considered nodes for 
displacement curves 
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RMS =  √∑
v2

n

n
i=1           (1)  

For a pure sinusoidal wave form, the RMS 

value can be directly taken as 0.707 times the 

peak particle velocity. 

PPV and RMS values obtained for considered 

three scenarios when the initial crack occurs are 

summarized in Table 4. 

Table 4 PPV and RMS values at initial crack 

Building type 

PPV 

value 

(mm/s) 

RMS 

velocity 

(mm/s) 

URM building 

with the rubble 

footing 

 

295 

 

208.6 

URM building 

with the concrete 

footing 

 

300 

 

212.1 

Reinforced 

building with the 

concrete footing 

 

375 

 

265.1 

 

 

4. CONCLUSIONS 

It was revealed that, applying a 

concrete footing instead of a rubble footing, 

vibration thresholds can be slightly increased. 

Via applying a concrete footing and with 

concrete frame, instead of only the rubble 

footing, vibration thresholds can be further 

increased. At the worst case scenario which is 

having the lowest strength of construction and 

thus a lower threshold limit, i.e. URM building 

with the rubble footing, threshold vibration is 

208.6 mm/s RMS which is directly related to 

the energy content of the vibration profile and 

thus the destructive capability of the vibration.  

With the concrete footing in URM building, the 

RMS velocity that the crack occurs can be 

increased by 1.7%, when compared with the 

worst case scenario. Then, with construction of 

the masonry building with concrete footing 

and the concrete frame, the RMS velocity that 

the crack occurs can be increased by 27%. 
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Demolition of a building can be defined as dismantling, destroying or removal by a 
pre-planned and controlled manner.  Ultimate target of a demolition project is to 
complete the project by time and within the estimated budget by protecting the safety 
of life and property. History of building demolition may be tracked back to several 
thousand years. With the development of science and technology, new techniques are 
being innovated and introduced to building demolition industry. Lesser time 
consuming and sustainable methods are becoming more popular despite their cost. 
Due to increasing demand for buildable land space with urban development, building 
demolition activities are being increased. In the absence of proper guidelines or 
regulatory mechanisms to monitor building demolition activities, catastrophic 
incidents might occur. This review study attempts to fulfil the scarcity of literature and 
awareness on building demolition. Comparison has been done on four standards 
adopted globally. Standards and guidelines on building demolition referred in this 
study are British Standard, Hong Kong Guideline, Australian guidelines, and Indian 
Standard. Building demolition approaches, techniques, methods, risk management and 
planning are addressed in this paper. All four documents attempt to give informative 
guidance and recommendation for building demolition activities. Important areas to 
be included and addressed, in preparing local guidelines on building demolition, have 
been concluded in this paper. 

 

 
1. INTRODUCTION 

Demolition can be defined as “dismantling, 
razing, destroying or wracking any building or 
structure or any part thereof by pre-planned and 
controlled manner.”  (Patel Pranav, Jayeshkumar 
Pitroda, J.J.Bhavsar, April 2015.) In other words, 
demolition is an activity in which the construction 
process is reversed. It would be misleading to use 
the word demolition since nowadays building 
elements are dismantled in a way that materials can 
be reused or recycled (Arham Abdullah, Chimay J. 
Anumba, Elma Durmisevic, 2003). 

 
Generally, several numbers of techniques 

are used for building demolition. With the rapid 
development of Science & Technology in the recent 
past, new techniques and machinery are being 
introduced to the building demolition industry. 
Building demolition method depends on several 
factors such as location, type of building, debris 

disposal method, etc. Building Demolition in dense 
urban areas has a higher safety risk and impact on 
the adjacent property also. It is also important to 
minimize pollution during building demolition 
(Jing Zhu, Wenzhong Zheng, Lesley H Sneed, 
Chonghao Xu & Yiqiang Sun, 2019). Time-saving 
methods are more expensive than the slower ones. 
 “It's a popular misconception that demolition is 
nothing more than knocking down a structure and 
hauling the debris to a landfill. That assumption is 
wrong on many counts, especially: First, the process 
of planning for and completing a demolition project 
is far more thorough and complex than a simple 
knockdown. Second, demolition contractors are 
master of recovering valuable materials and 
minimizing the need for disposal.” 
(V.Bhuvaneswari, R.B Karthick, R.M Manojkumar, 
Dr.K. Muthukumar, Dec-2017). 
 

On the other hand, demolition activities 
involve high risk and hazardous environments in 
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which required special experience and knowledge 
on the work, especially for the contractor. 

2. RATIONALE FOR THE STUDY 

In line with global development, demand 
for buildable land spaces is being increased 
especially in urban areas. Therefore, not only 
obsolete structures, but structures also which are 
functionally acceptable are being demolished in 
order to cater the space demand.  
 

Also due to the policies and taxes 
implemented in renovation and maintain need to be 
changed in order to promote demolition over other 
alternatives, as an example in the United Kingdom, 
Value added tax (VAT) in new construction is zero, 
but the tax cost of renovation and maintenance is 
20%, which promotes the demolition rather than 
keeping the building (André Thomsen , Frank 
Schultmann & Niklaus Kohler, 2011).  
 

However, it was observed neither proper 
standards nor regularized bodies to monitor 
demolition activities have been implemented in Sri 
Lanka. Demolition activities are considered as a 
development activity, which is included as a 
preliminary activity of a construction project. 
Common practice is to complete the demolition 
activity with lesser time and cost. Therefore, 
demolition activities are carried out mostly without 
professional involvement. Unfortunate incidents 
might occur as a result of this, such as Seven 
fatalities caused due to the Partial Collapse of a 
warehouse in Grandpass, Colombo 14 in February 
2018 that had taken place without following proper 
safety standards. Figure 1 & Figure 2 shows 
examples of general practices followed in building 
demolition sites in Sri Lanka. Figure 2 (a) shows the 
google location of the building which is a highly 
dense area of pettah, Colombo. Figure 2 (b) shows 
the same building prior to demolition and it can be 
seen that adjacent buildings are packed closely with 
this building. Poor safety measures during the 
molition of the same building can be observed in 
figure 2 (c). Proper regulations and guidelines are 
required in the field of building demolition to 
ensure the safety of life and property. This paper 
reviews the globally available codes and practices 
and compares the available literature and grasps 
the vital factors to be included in guidelines in Sri 
Lanka and identify challenges to implement 
regulation system.   
 

 
 
 

Figure 1 Demolition site carried out without 
following proper standards 

 

 

 

(b)  

Building prior 
to demolition 
located in a 
congested area 

Located in a 
highly 
congested area 
of Colombo 
City 

(a) 

Building elements are not 
stable during the demolition 
activity  

No screen covers or 
precautionary measures 
taken for safety  

Figure 2 (a) Google location of two stoyed 
building; (b) Building before demolition; 

(c) Poor safety measures at site 
 
 

(c)  
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3. GLOBALLY AVAILABLE CODES 
AND PRACTICES 

Many countries around the world have 
adopted their own codes and practices used in 
the field of building demolition. Some have been 
published as guidelines which are freely 
available literature for the general public in the 
aim of improving the knowledge and awareness 
in the field of demolition industry. However 
legal implications have been introduced with 
codes in order to regularise proper demolition 
practices. In the study of exploring codes and 
guideline documents, following codes were 
found and selected to present in this paper. 

1. BS 6187: 2011 Code of practice for full 
and partial demolition 

2. Code of practice for building demolition 
by Building Department of Hong Kong 

3. Demolition work code of practice – safe 
work Australia 

4. IS 4130 Demolition of Buildings – code 
safety  

 
British Standards elaborates both full 

and partial demolition approaches. It also 
covers important sections such as safety, 
maintaining structural stability, managing 
deliberate structural collapse etc.  (British 
Standards, 2011). In Western Europe, 
demolition rates generally vary between 0.05% 
and 0.10% (Thomsen, A.,& van der Flier, K, 
2011). Demolition in the United Kingdom is 
likely to be following sustainable approaches 
unlike in the past, landfills are becoming 
gradually more expensive and in all likelihood 
disposal of recyclable materials will be banned. 
Selective demolition is being encouraged and 
new innovations in the demolition industry are 
becoming more sophisticated and specialised 
(Charles J. Kibert, Abdol R. Chini, 2000).  
 
In the code of practice used in Hong Kong for 
building demolition, it has been given 
illustrative technical support and intended to 
give guidelines for engineering practice and safe 
procedures for various demolition methods and 
to provide guidance on the compliance with 
relevant requirements of the Buildings 
Ordinance and its subsidiary regulations 
(Buildings Department, 2004).  
 

Australian code of practice gives a 
practical guide to achieving the standards of 
health, safety and welfare required under the 
WHS Act and the Work Health and Safety 

Regulations (the WHS Regulations) giving 
practical guidance to persons conducting a 
business or undertaking on how to manage the 
health and safety risks associated with the 
demolition work. The guidance in the code 
refers to all types of building demolition works 
(Safe Work Australia, 2012).  

 
 Due to the increased amount of waste 

produced in the construction and demolition 
industry reuse and recycling of demolition 
waste has been put at the top of the agenda in 
the construction industry in Australia. (Pun, 
Sung Kin, Liu, Chunlu and Langston, Craig, 
2006). 

 
Stage by stage removal of the building 

fittings and fixtures and then the demolition of 
the building using large plants and equipment 
such as bulldozers, cranes, and excavators are 
the most common method of demolition used in 
Australia. This method is mostly used for 
commercial and industrial buildings. Explosives 
are used rarely and in large scale demolition 
projects. It requires special expertise in the 
technique. Using of Soundless Chemical 
Demolition Agents is becoming popular due to 
lesser vibrations, noise, and water (John A. et.al. 
2003). In order to recover large amount of 
materials demolition of residential buildings is 
often conducted by manual methods using hand 
tools. (Charles J. Kibert, Abdol R. Chini, 2000). 

 
Indian standard lays down the safety 

requirements for carrying out the demolition/ 
dismantling of all types of buildings safely. For 
example, residential building (Load bearing 
structure, multi-storeyed framed structures), 
public buildings and factories. It covers the 
planning, precautionary measures, sequence of 
demolition operations and demolition of steel 
structures etc. (Bureau of Indian standards, 
1991). 

4. DEMOLITION APPROACH  

 
4.1. Demolition Options 

There can be several approaches to 
demolish a building depending on the 
requirement. Appropriate option needs to be 
ascertained by executing options assessment. 
One, or a combination of, the following 
approaches could be selected (British Standards, 
2011): 
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1. Complete demolition with potential 
reuse of site (possibly by others). 

2. Complete demolition and rebuild. 
3. Partial demolition and building some 

new replacement facilities. 
4. Structural refurbishment. 
5. Structural refurbishment whilst not in 

use. 
6. Structural refurbishment whilst in use. 

Above options can be elaborate in a form of 
diagram as shown in Figure 3.  

Figure 3 Demolition Options 
 
4.2. Selection Approach  

When selecting an approach to 
demolition activities number of factors need to 
be taken in to account.  

A summary of the factors considered in 
British standards are given below: 

1. Health and safety 
2. Structural characteristics of the 

building 
3. Location /Site constrains 
4. Cost of demolition 
5. Time/Duration 
6. Waste disposal method 
7. Environmental requirements and 

regulations 
8. Client’s requirement  
9. Other legislative requirements 
10. Identify disruption to nearby 

business, community and nearby 
structures 

11. Service line disruptions 
 

However, it has to be kept in mind that 
health and safety is the overriding concern in the 
selection process. The current demolition 
techniques selection process is done based on 
the experience, skill and knowledge of the 
demolition engineer or contractor. It is an 
unstructured method with room for errors and 
inconsistencies (C. J. Anumba , A. Abdullah & 
K. Ruikar, 2008). There is a need for systematic 
and structured framework that could improve 
the decision-making process when selecting the 
building demolition technique.  

5. BUILDING DEMOLITION 
TECHNIQUES 

Before decades ago, demolition was 
mostly done using labour intensive methods. 
Lessons learned from previous failures and 
mistakes were driven to discover newer 
accurate methods for demolition. Also, the 
environmental protection and safety of life and 
property became more prominent with time. 
However, efforts made in research and new 
practices, new methods and technology were 
brought into the industry of demolition. Most 
commonly used methods in building demolition 
are labour intensive manual methods, 
mechanical methods, pulling, using non-
explosive demolition agents and using 
explosives etc.  

 
Mechanical demolition has a higher cost 

since labour costs are the dominant component 
of project input costs (Pun et al., 2006). 

 
In recent years use of non-explosive 

demolition techniques are becoming popular 
due to its ability of remove structures with less 
vibration. 
(Hayashi et al., 1994) 
 

Also, demolition techniques are 
selected based on the highest benefit/cost ratio 
in a way that benefit of each expenditure is 
maximized (C. J. Anumba , A. Abdullah & K. 
Ruikar, 2008). 
 

In line with the global trend of 
sustainable development, using 
environmentally friendly techniques in 
construction industry is being encouraged. 
Recycling of demolition waste has become 
popular globally as a solution for the depletion 
of natural resources and solution for increased 
waste generated (Loughborough University, 
2011) & (Lyubov Manukhina and Irina Ivanova, 
2017).  

 
In the United Kingdom 40% of 

demolition waste is recycled and used for low 
grade applications such as fill and hard-core 
(R.J.Collins, 1994). There are several types of 
Recycled concrete aggregates which are used in 
hydraulic works such as filling material for river 
embankment protection and road construction 
applications such as for subbase materials.  
Crushed masonry is used basically for soil filling 
and the creation of unhardened parking areas 

Demolition 
options

Complete 
Demolition 

Partial 
Demolition 

Reuse
Rebuildin

g

Structural 
Refurbishment

Whilst in 
use

Whilst 
not in use

Demolition 
of collapsed 

buildings
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(J.Vyncke, E.Rousseau, 1994). Developments 
have been done to reuse recycled aggregates for 
concrete however, standards are not yet fixed. 
These products have to compete with traditional 
ones along with proper standards in order to 
ensure quality (Nicolai et al., 1994). 

 
 However, increased transport costs 

reduce the tendency of recycling considerably, 
as recycling requires longer transport distances 
than disposal. (Michael et al., 2011) 
 

6. RISK MANAGEMENT AND 
CONTROL 

 In the British standards, risk 
management and control have not been given as 
a separate section under a single topic. Instead, 
it has been described in several sections (ex. 
section 9, 10, 11, 12, 13, and 15) under the 
following topics: 

1. The risk in Identifying structural 
hazards 

2. Health hazards 
3. Health and safety of people on or off site 
4. Protection of people and the 

environment 
5. Safe working spaces and exclusion 

zones 
6. Avoidance of unplanned structural 

collapses    
      
Identification of structural hazards is 

categorized into two major sections as Structural 
condition and identifying structural forms & 
features. Measures to mitigate health and safety 
hazards are given in other Sections in 
descriptive ways.  (British Standards, 2011).  

 
  Hong Kong code addresses safety, as 
precautionary measures section giving 
illustrative description on hoarding & covered 
walkways, scaffolding & screen covers, catch 
fan, temporary supports, protection of 
properties, protection of traffic, special safety 
considerations, environmental precautions, 
debris & waste handling, inspection & 
maintenance and post-demolition precautions.  
(Buildings Department, 2004). 
 

Australian code also has two separate 
sections for the risk managing process and 
controlling risk in demolition work.  (Safe Work 
Australia, 2012). 

 
Indian standard gives two separate 

sections as precautions before starting 
demolition and protection to the public.  
(Bureau of Indian standards, 1991). 

 
Studying the above codes, it can be 

concluded that health and safety play major 
roles in building demolition industry. 
                                                
7. PLANNING THE DEMOLITION 

ACTIVITY 

Before planning a demolition activity 
following factors need to be identified and 
studied as shown in Figure 4: 

Figure 4 Demolition planning considerations 
 

During the planning stage, a proper 
understanding of the above areas need to be 
considered. Thereafter relevant demolition 
procedures and safety measures need to be 
taken (British Standards, 2011). All available 
building plans need to be reviewed prior to 
starting operations, also must be aware that 
original drawings might not be compatible with 
actual building. A special investigation needs to 
be carried out when the nature of the 
construction is uncertain such as fire damaged 
buildings and old buildings. Safe areas need to 
be identified if heavy machinery or debris 
accumulation is intendant to be allowed 
(Department of Labour New Zealand, 1994). 
 

By means of structural survey and 
building survey, a demolition plan and stability 
report need to be prepared as per the guidelines 
in the Hong Kong code of demolition. Specialist 
on the subject need to handle the materials with 
care, also in the presence of hazardous materials 
such as asbestos, petroleum and radioactive 
materials. Another aspect that needs to pay 
attention to during planning stage is utilities. 
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Common utility, termination of utility and 
maintenance of certain utility during demolition 
activity might be required. Therefore, proper 
understanding and managing of utility need to 
be considered during planning of demolition 
activity (Shweta O. Rathi and P.V. Khandve, 
2014). 
 

8. METHODS OF DEMOLITION 

The method of demolition solely depends 
on the factors described in item 4.2. Structural 
demolition can be categorized as below: (Arham 
Abdullah, Chimay J. Anumba, Elma 
Durmisevic, 2003) 

1. Progressive demolition 
2. Deliberate collapse mechanism and 
3. Deconstruction 

 
8.1. Progressive Demolition 

Progressive demolition can be defined 
as, controlled removal of the building or 
structure maintaining the residual stability of 
the remaining structure. For demolition of 
buildings located in confined areas and 
restricted areas, progressive demolition would 
be the most suitable option for demolition.  

 
8.2. Deliberate Collapse Mechanism 

In the deliberate collapse mechanism, 
key structural elements are removed to cause 
complete or partial collapse of the structure. 
Total damage of deliberate collapse is 
disproportionate to the original cause. 
Therefore, this method is usually used in 
bridges and isolated sites where sufficient space 
is available. Sufficient knowledge of the 
structure is mandatory for the structural 
engineer to avoid progressive collapses (Marin 
Lupoae, Carmen Bucur, 2009). Demolition of 
deliberate collapse mechanism is mostly used 
when using explosives and also this can be 
applied while using wire rope pulling 
techniques. 

 
8.3. Deconstruction 

Deconstruction is often defined as 
dismantling or reverse order of construction. It 
is also known as the top-down method where 
demolition continues from roof to the ground. 
Materials can be reused and recycled by this 
method effectively than the other methods. 

 

Apart from Indian standards, all three 
other codes describe the above methods. All 
four codes discussed in this paper have been 
described demolition of special strictures.  

 
This study continuing to identify 

suitable demolition practices for Sri Lanka. It is 
important to fill the gaps and corners of the 
current system of building demolition in local 
context. In the absence of responsible authority 
for monitoring demolition procedures, 
contractors are executing demolition projects as 
per their judgement and experience. In view of 
encouraging proper practices and awareness in 
building demolition, proper guidelines need to 
be prepared considering local context.   
 

9. CONCLUSIONS 

By comparing the codes and guidelines 
used by other countries it can be seen that 
common areas addressed in the documents are 
planning, precautionary measures, health safety 
and risk management, debris and waste 
handling, methods of demolition and 
demolition of special structures. All documents 
attempt to give informative guidance and 
recommendations for demolition activities. 
However, those codes are constrained in its 
ability to specify exact process and procedures 
regarding individual demolition methods since 
demolition activities on each case are specific 
and those codes highlighted that execution of its 
provision is entrusted to appropriately qualified 
and competent person. In that case there is no 
academic route to qualifications as there with 
building and construction. When the local 
condition is considered the need for 
categorization of demolition contractors is 
lacking and also qualifications of the person 
who prepares the demolition plan and stability 
report need to be defined. Sharing experience 
between demolition contractors might be useful 
in order to enhance the demolition process as 
well as to prevent unexpected accidents. It 
would be useful to passing on the knowledge 
rather than repeating the mistakes. Knowledge 
sharing need to be done in individual and 
corporate levels. Importance of method 
statement before commencement of demolition 
activities might be useful as an evidence in case 
of legal requirement. This method statement can 
be lengthy or simple document depending on 
the complexity of the demolition project. 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

233



 

 

Structural stability is also ensured by the 
stability report as per Hong Kong code of 
practise. Therefore, in the author’s opinion 
preparation of demolition plan and stability 
report would help to ensure the structural 
stability and safety throughout the demolition 
process.  

 
When the local condition is considered, 

it can be seen that the very few competent 
structural engineers engaged in building 
demolition. Machine operators plays major role 
during the demolition based on their 
experience. Unlike in construction sites, minor 
safety precautions are taken in demolition sites, 
endangering the site personals. In order to 
prevent damages to lives and property due to 
unplanned collapse during demolition, proper 
regulations need to be introduced.  

REFERENCES 

André Thomsen , Frank Schultmann & Niklaus 
Kohler. (2011). Deconstruction,demolition and 
destruction. Building Research & Information, 
39:4, 327-332. 

Arham Abdullah, Chimay J. Anumba, Elma 
Durmisevic. (2003). Decision Tools For 
Demolition Techniques Selection. Deconstruction 
and Material Reuse . 

British Standards. (2011). Code of Practice for Full 
and Partial Demolition. BSI Standards 
Publication. 

Buildings Department. (2004). Code of Practice for 
Demolition of Buildings- Hong Kong. Buildings 
Department. 

Bureau of Indian standards. (1991). Indian 
Standard-Demolition of Buildings Code of Safety IS 
4130-1991. New Delhi. 

C. J. Anumba , A. Abdullah & K. Ruikar. (2008). 
An Integrated System for Demolition 
Techniques. Architectural Engineering and Design 
Management, 4:2,130-148. 

Charles J. Kibert, Abdol R. Chini. (2000). 
Overview of Deconstruction in Selected Countries. 
University of Florida. 

Chunlu Liu, Sung-Kin Pun & Craig Langston,. 
(2005). A preliminary study on building 
demolition engineering and management. World 

Transactions on Engineering and Technology 
Education. 

Department of Labour New Zealand. (1994). 
Approved Code of Practice for Demolition. 
Wellington: Occupational Safety and Health 
Service. 

Kleemann, F. et. al. (2016). A method for 
determining buildings’ material. Building 
Research & Information, 44:1, 51-62, DOI: 
10.1080/09613218.2014.979029. 

Hayashi, H. et. al. (1994). Non Explosive 
Demolition Agents in Japan. Demolition and 
Reuse of Concrete and Masonary Proceedings of the 
Third International RILEM Symposium, 268-279, 
ISBN 0 419 184007. 

J.Vyncke and E.Rousseau. (1994). Recycling of 
Construction and Demolition Waste in Belgium: 
Actual Situation and Future Evolution. 
Demolition and Reuse of Concrete and Masonary 
Proceedings of the Third International RILEM 
Symposium, 61-74, ISBN 0 419 184007. 

Jing Zhu, et. al. (2019). Green Demolition of 
Reinforced Concrete Structures: Review of 
Research Findings . Global Journal of Reseaarches 
in Engineering: Civil and Structura Engineering , 
Vol.19 . 

John A. Gambatese, P.E. and M.Asce. (2003). 
Controlled Concrete Demolition Using 
Expansive Cracking. Journal of Construction 
Engineering and Management, 129(1): 98-104. 

Loughborough University. (2011). Safe, Healthy 
and Sustainable a Doctoral Thesis. (p. 212). 
United Kingdom: Terence Richard Quarmby. 

Lyubov Manukhina and Irina Ivanova. (2017). 
Management of construction and demolition 
wastes as secondary building resources. IOP 
Conference Series: Earth and Environmental 
Science. 

M.Nicolai, et. al. (1994). Development of 
Intergrated Waste Management Strategies for 
Demolition Waste . Demolition and Reuse of 
Concrete and Masonary Proceedings of the Third 
International RILEM Symposium, 537-545, ISBN 0 
419 184007. 

Marin Lupoae and Carmen Bucur. (2009). 
Building Demolition - Positive Aspect of 
Progressive Collapse. MTA Review. 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

234 



  

Michael Hiete , et. al. (2011). Matching 
Construction and Demolition Waste Supply to 
Recycling Demand: a Regional Management 
Chain Model. Building Research & Information, 
39:4, 333-351, 
DOI:10.1080/09613218.2011.576849. 

Patel pranav, Jayeshkumar Pitroda and 
J.J.Bhavsar. (April 2015.). Demolition : Methods 
and Comparison. Umrakh, Bardoli: S.N. Patel 
Institute of Technology & Research Centre. 

Pun, et. al. (2006). Case Study of Demolition 
Costs of Residential Buildings. Construction 
management and, vol. 24, no. 9, pp. 967-976. 

R.J.Collins. (1994). Reuse of Demolition Waste 
Materials in Relation to Specifications in the UK. 
Demolition and Reuse of Concrete and Masonary 
Proceedings of the Third International RILEM 
Symposium, 51-59 & ISBN 0 419 18400. 

Safe Work Australia. (2012). Demolition Work 
Code of Practice- Australia. ISBN 978-0-642-78415-
5. 

Shweta O. Rathi and P.V. Khandve. (2014). 
Demolition of Buildings – An Overview. 
International Journal of Advance Engineering and 
Research Development (IJAERD), 2348-4470. 

Thomsen, A., and van der Flier, K. (2011). 
Understanding Obsolescence: A Conceptual 
Model for Buildings. Building Research and 
Information, 39, 352–362. 

V.Bhuvaneswari, et. al. (Dec-2017). Study of 
Safety in Demolition of Buildings. International 
Research Journal of Engineering and Technology 
(IRJET), IV(12). 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

235



 
 

 

Proceedings of the 8th International Symposium on  

 Advances in Civil and Environmental Engineering 
Practices for Sustainable Development 

  
ACEPS - 2021 

Improved design proposal for the Sri Lankan highway bridge 
parapet walls 

E.R.D.L Edirimanna1, T.M. Bandula Heva2 
 
1Engineering Design and Project Management Consultants (Pvt) Ltd, Kandy, SRI LANKA 
2Department of Civil and Environmental Engineering, Faculty of Engineering, University of Ruhuna, Hapugala, Galle, 
SRI LANKA 

 

A R T I C L E  I N F O  
 

A B S T R A C T  

Available online 07 October 2021 
 
 
 
 
 
 
 
 
 
 
 
Keywords: 
Parapet wall 
Bridge design 
Highway Bridge 
 

The parapet wall is an essential structural element for a highway bridge considering 
the road traffic safety. Further, it has an aesthetic importance to a bridge. The 
reinforced concrete parapet walls are popular in Sri Lankan highway bridges. The 
cross sections of all the reinforced concrete bridge elements including parapet walls 
should obey the minimum reinforcement quantity as per the provisions of BS 5400 
part 4:1990. Additionally, the design of parapet wall should comply with the BS 
6779-2:1991, which is specially prepared for the parapet wall design. Considering 
the safety of bridges as well as traffic, this standard specifies some limitations for 
the provision of reinforcement quantity. However, based on the current geometry 
of the highway parapet walls in Sri Lanka, if it obeys the minimum reinforcement 
requirement as per BS 5400 part 4:1990, it automatically violates some limitations in 
BS 6779-2:1991. Therefore, the main aim of this study is to determine a new 
geometry for the Sri Lankan highway parapet walls which comply with the 
requirements of the above two standards. For this purpose, a series of parapet walls 
are designed by changing its dimensions and for the each of these designs, the BS 
standards requirements are assessed. 
 

1. INTRO1DUCTION   

The Reinforced concrete parapet is a 
safety barrier system, constructed in 
bridges/viaducts to resist impact load 
resulting from vehicle collision and prevent 
overturning / falling off the bridge. The 
reinforced concrete parapet walls are popular 
in Sri Lankan highway bridges and Figure 1 
shows a parapet wall under construction. 
There are several guidelines and standards 
available to designs the parapet systems. The 
British standards BS 6779-2:1991 is specially 
prepared to design highway vehicle 
containment parapets for concrete 
construction. The parapet containment levels 
which resist penetration from several impact 
characteristics, design method and design 
loading values are specified in this standard. 
In addition to BS 6779-2:1991 the standard BS 

5400-4:1990 and BS 5400-2:2006 are used for 
the design of reinforced concrete components 
of the bridges.  
 

This paper presents the preliminary 
design results of reinforced concrete parapet 
wall according to the BS 6779-2:1991 and BS 
5400-4:1990. It also highlights the violation of 
certain limit specified in BS 6779-2:1991. In this 
research, the bending resistance variation 
against various parapet wall thickness is 
obtained through a parametric study. The 
range of parapet wall thickness that would not 
violate the above-mentioned limitations are 
clearly demarcated on a graph. The output of 
this graph can be effectively used by the 
Highway engineers to improve the geometry 
of the existing parapet wall to obey the 
requirements specified in BS 6779-2:1991, BS 
5400-4:1990 and BS 5400-2:2006. 
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Figure 1 Highway parapet wall (Central 
express way project section II - From 

Mirigama to Kurunegala) 

2. RESEARCH SIGNIFICANCE  

Numbers of design approaches are 
available in the published literature and 
design guidelines. In order to evaluate the 
flexural resistance of a barrier due to these 
impact loads, AASHTO-LRFD Bridge Design 
Specifications specify triangular yield line 
pattern within the barrier height AASHTO. 
(2017). Most of these guidelines have been 
suggested the failure pattern to calculate 
flexural capacity based upon the yield-line 
theory. However, the British standards does 
not specify the failure pattern mechanism and 
hence the design for bending resistance shall 
be determined from the first principles.  
 

 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

3. IMPLEMENTATION OF DESIGN 
PROCEDURE GIVEN IN BS 6779-2:1991 
[2] INTO SRI LANKAN BRIDGE 
PARAPET WALL 

3.1. Level of Containment 

The BS 6779-2:1991 standard defines 

mainly two impact characteristics for the 

structural design of bridge parapet walls. They 

are “high level of containment” and “Normal 

level of containment”. The former is used for 

only in extremely high-risk situations and the 

latter is suitable for general use situations. 

As per this standard, under the Normal 

level of containment, the bridge parapet wall 

requires to resist the penetration from the 

following vehicle impact characteristics: 

• Vehicle – Saloon car 

• Mass – 1500 Kg 

• Height of centre of gravity – 600 mm 

• Angle of impact – 20 

• Speed – 113 km/h 

3.2. Design Method and Design Loading 
Values 

The design of parapet wall mainly 

consists of two parts: One is the design of 

parapet panel and the other is the design of the 

main structure to which the parapet wall is 

directly fixed (say anchorage) 

The limit state design principles are 

applied in the design of both the parapet panel 

and the anchorage. Since the anchorage is 

directly combined with the main structure of 

the bridge, it is designed for the ultimate limit 

state (ULS) loadings. The corresponding 

partial load factors for ULS loadings are listed 

in BS 5400-4:1990. However, it is important to 

limit the parapet panel strength only enough 

to resist the penetration at the level of 

containment intended BS 6779-2:1991. It is 

accepted the vertical panel of the parapet wall 

sustains damage during the impact BS 6779-

2:1991. In this regard, the failure mode is to 

produce by yielding the tension steel in the 

front face (Vehicle impact side) of the parapet 

panel. In order to achieve this effect, it is 

essential the tensile reinforcement of the 

parapet panel to achieve the ultimate limit 

state stresses under equivalent static design 

force. The BS 6779-2:1991 specifies specific 

loads and material factors for the parapet 

vertical wall design, so that it can achieve the 

required mode of failure. The load factors for 

the design of parapet and anchorage are 

presented in the Table 01. 
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Table 1 Values for loading and load factors   
( ϒfL, ϒf3 , ϒm) 

 

• Material – M 

• Concrete – C 

• Reinforcement - R 

• Load factor – Qk 

• Material factor – ϒm 

• Inaccurate assessment of the effects of 
loading factor - ϒf3  

• Ultimate moment of resistance at the 
parapet base – R* 

• Coexistent shear force- F* 

• Length of the panel – L 

• BM – Panel nominal bending moment 
(The bending moment to be resisted 
which is produced by applying 
transversely a horizontal, continuous, 
uniformly distributed nominal load to 
the top of the panel.) 

• SF – Panel nominal Shear force. (The 
nominal shear force to be resisted by 
any transverse section of a panel.) 
 

3.3. Design Resistance Values (R*) and 
Verification of Design Suitability of 
Panel and Anchorage 

The design bending resistance of a 
parapet wall panel section is determined from 
the first principles, in which, all the 
reinforcement that contribute to the bending 
resistance is taken into account. The BS 6779-
2:1991 standard specifies the design load effect 
as “S*” and the design resistance as “R*”. As 
per this standard, the parapet panel and 
anchorage should obey the following 
requirements for a satisfactory design. 

  
a) 𝑅 ∗≥ 𝑆 ∗ 
b) In addition, for bending 

resistance of the lower third of 
the design height of the parapet 
wall: 
1. Generally, 𝑅 ∗< 1.4𝑆 ∗  
2. At least one section   

                                                𝑅 ∗< 1.1𝑆 ∗ 

3.4. Design of Reinforced Concrete 
Components 

The concrete components are designed under 
the provisions of BS 5400-4:1990. 

 

3.4.1. Design for bending 

The notations for the parameters used for 
the design are listed as follows: 

Member thickness (mm) = t 
Concrete cover (mm) = c 
Effective depth (mm) = d 
Bar Diameter (mm) = ∅ 
Tensile strength of steel (Nmm-2) = 𝑓𝑦 
Compressive strength of concrete 
(Nmm-2)          

= 𝑓𝑐𝑢 

Ultimate resistance moment 
(Nmm) 

= 𝑀𝑢  

Lever arm (mm2) = z 
Steel requirement (mm2) = 𝐴𝑆 
Minimum steel requirement (mm2) = 𝐴𝑠,𝑚𝑖𝑛  
Gross cross-sectional area (mm2) = 𝐴𝑐 
Partial safety factor for strength =ϒm 

 

The effective depth,   

         (1) 

From the clause 5.3.2.3, BS 5400-4:1990 (1), 

         (2) 

The lever arm z in equation (2) may be 

calculated from the equation, clause 5.3.2.3 BS 

5400-4:1990 [1].     

         (3) 

 

From (2) and (3), 

     
          (4) 

 

But, 

Once determining z from above equation (4), 

As can be calculated from (2) as follows, 

         (5) 

Element 
(Qk) 

ϒfL ϒf3 M ϒm 
BM  SF 

Parapet 

wall 

50kN 

over 

1m 

80L 1 1 

C 1 

R 0.8 

Anchora

ge  
R* F* 1.6 1 

C BS 5400 

2:2006 R 

𝑑 = 𝑡 − 𝑐 − ∅/2 

𝑀𝑢 = 0.87𝑓𝑦𝐴𝑆z 

𝑧 =  (1 −
1.1𝑓𝑦𝐴𝑠

𝑓𝑐𝑢𝑏𝑑
) 𝑑 

𝑧 = 0.5𝑑 [1 + (1 −
5𝑀

𝑓𝑐𝑢𝑏𝑑2
)

1
2

] 

𝑧 ≤ 0.9𝑑 

𝐴𝑆 =
𝑀

0.87𝑓𝑦𝑧
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However, the bending moment at the 

corresponding location of the structure should 

be within the ultimate moment capacity of the 

section, which is given by the equation (6) (See 

below) of the clause 5.3.2.3 BS 5400-4:1990. 

         (6) 

Further, the required longitudinal steel for the 

bending (As) should be more than the 

minimum steel requirement (As,min) 

         (7) 

The required minimum area of secondary 

reinforcement should be more than the 

minimum steel requirement (As,min) 

         (8) 

The area of the tension/compression 

reinforcement should not exceed 4% of the 

gross cross-sectional area of the concrete. 

         (9) 

3.4.2. Design for Shear 

The notations for the parameters used for the 

design are listed as follows: 

Shear force due to ultimate load = V 
Breadth of the section  = b 
Ultimate shear stress in concrete =𝑣𝑐 

The shear stress at any cross section should be 

calculated, clause 5.3.3.1 BS 5400-4:1990.     

                     (10) 

 

But,  

 

Allowable shear stress, 

       (11) 

The depth factor 𝜀𝑠 can be calculated, 

       (12)                          

or 0.7 whichever is greater                                                    

The ultimate shear stress in the concrete can be 

calculated using the  

  (13) 

 

The allowable shear stress in equation (11) can 

be calculated using equation (12) & (13) 

 

3.4.3 Additional Design Requirements  

According to the BS 6779-2:1991, the 

section to be designed should obey the 

following requirement to limit the 

dislodgement of concrete under impact.  

a.) all external faces shall be reinforced at 
centers not exceeding200mm × 
150mm; 

b.) the cover to all external faces shall not 
exceed70mm; 

c.) in the front face the area of secondary 
reinforcement shall be not less 
than50% of the area of the main 
reinforcement;  

d.) the area of reinforcement in the outer 
face, both vertical and horizontal, 
shall be not less than50% of that in the 
front face;  

e.) the horizontal reinforcement shall be 
continuous around the ends of the 
panels and shall enclose the vertical 
reinforcement.  

4. FINITE ELEMENT MODELLING 

The parapet wall is modelled and 

analysed using SAP2000 commercial software 

with intention to obtain more accurate output. 

4.1. Model Geometry and Boundary 

The standard parapet wall geometry 

used in Sri Lankan highway bridges is shown 

in figure-2. The table-2 of BS 6779-2:1991 limits 

the parapet wall panel lengths between 1.5 m 

to 3.5 m. Thus, the parapet wall length was 

considered as 3m in this research. Considering 

the convenience of finite element modelling, 

the parapet wall cross section was idealised to 

an easy shape as shown in figure 2. The Shell 

elements with 50mm x 50mm mesh size was 

used to model the idealised parapet wall. Since 

𝑀𝑢 = 0.15𝑓𝑐𝑢b𝑑2  

𝐴𝑠,𝑚𝑖𝑛 > 0.15 % 𝑏𝑑 

𝐴𝑠,𝑚𝑖𝑛 > 0.12 % 𝑏𝑑 

𝐴𝑠,𝑚𝑎𝑥  < 4 % 𝐴𝑐  

𝑣 =
𝑉

𝑏𝑑
 

𝑣 < 0.75√𝑓𝑐𝑢 𝑜𝑟 4.75𝑁/𝑚𝑚2 

𝜀𝑠𝑣𝑐  

𝜀𝑠 = (500/𝑑)1/4 

𝑣𝑐 =
0.27

𝛾𝑚
 [

100𝐴𝑆

𝑏𝑤𝑑
]

1

3
𝑓𝑐𝑢 

1

3 
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Figure 3 Idealized structure 

Figure 2 Actual structure (sectional view) 

Figure 4 Bending moment M22 

the parapet panel is directly connected to the 

cantilevered deck slab, fix boundary 

conditions were applied at the parapet wall 

bottom to observe the required simulation. 

Normal level of containment, without shear 

transfer provision between panels was applied 

in the design. Therefore, the both ends of the 

FE model were assigned free boundary 

condition to simulate the situation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2. Load Application 

The normal containment level (50 kN 
load) is applied as a line load over 1.0 m at the 
top corner of the parapet wall as per the 
guidance in the table – 2 of BS 6779-2:1991. The 
design load was separately applied at two 
different locations on parapet wall. 

Location I: Load is applied at the centre of the 
parapet panel.  

Location II: Load is applied at the corner of the 
parapet panel. 

5. ANALYSIS AND RESULTS 

The developed FE model was 

analysed under linear static mode. The output 

corresponds to each of above-mentioned 

location were carefully examined. 

The most severe output was observed 

correspond to the load application at location 

II and this output was used for the 

reinforcement design. 

5.1. Finite Element Results (SAP2000) 

The Vertical Bending Moment is the governing 

effect for the design and the corresponding FE 

results are shown in the Figure 4. 

 

 

 

 

 

 

5.2. Design for the Vertical Bending 
Moment (BS 5400 - 4) 

The Reinforcement design for the vertical 

bending moment is done at the parapet base 

and at the lower third height of the parapet 

separately. The minimum reinforcement 

requirement is governed at lower third height 

of the parapet wall. The summary of the 

calculation is shown in Table2. 
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Table 2: Summary of the Reinforcement 
design for vertical bending 

 
Parapet 
Base 

Parapet 
1/3 
Height 

Bending moment (BM) 
ULS (kNm/m) 

40 30 

Diameter (Φ) (mm) 12 10 

Provide spacing (mm) 150 150 

Thickness (t) (mm) 450 320 

Cover (mm) 35 35 

Characteristic strength 
of steel ( fy ) 

460 460 

Characteristic strength 
of concrete (fcu) 

40 40 

Effective depth (d) (mm) 399 270 

Check z ≤ 0.95d   0.95d 0.95d 

z (mm) 379 257 

Area of the required 
steel (As) from equation-
5 (mm2/m) 

264 282 

Area of the steel 

minimum required 

(As,min) (mm2/m) 
599 405 

As-provide mm2/m 754 524 

Provided arrangement 12T150 10T150 

 

5.3. Design for the Shear  

Table 3: Summary of the Design check for 
the Shear Force. 

  Parapet 1/3 
Height 

Shear Force (ULS) kN/m 80 

Depth of the section (h) (mm) 320 

Effective depth (d) (mm) 270 

Shear stress (v) (Nmm-2) 0.30 

fcu   ( Nmm-2) 40 

0.75 (fcu)1/2 or 4.75 (Nmm-2) 4.74 

Check v < 0.75(fcu)1/2 OK 

Depth factor (εs) 1.17 

As-provide mm2/m 524 

ϒm 1.25 

ULS shear stress (vc)(Nmm-2) 0.43 

εsvc Nmm-2 0.50 

v'=εsvc mm2/m 0.50 

Check v' < 0.75(fcu)1/2 OK 

Check v < v' OK 

Shear reinforcement  No Need 

In order to find out the shear 

reinforcement requirement, it is required to 

carry out a design check and the 

corresponding shear calculation summary is 

presented in Table 3. 

6. CHECK FOR THE REQUIREMENT 
GIVEN IN THE BS 6779-2:1991. 

The bending resistance was 

determined from the first principle and the 

reinforcement at both faces (near face and far 

face) were considered in this evaluation. The 

stress-strain curve of concrete and steel is 

simplified for ϒm values in figure 5 and figure 

6 respectively 

 

Figure 5 Stress strain curve for concrete 

 

Figure 6 Stress strain curve for tension 
reinforcement (ϒm = 0.8) 

6.1. Calculation of the Bending Resistance 
from First Principle.  

From Eq(1) 

Effective depth for tension reinforcement,  

d1 = 270 

Effective depth for tension reinforcement,  

d2 = 50 

Assume NA depth (X) = 22 mm 
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Figure 7 Doubly reinforced parapet wall at 
failure. 

 

Table 4 Stress, strain values and moment 
resistance at the ultimate failure 

  Item  
 Concrete RF (d2) RF (d1)  

depth from 
outer surface 
(mm) 

22 50 248 

Strain 0.0035 0.00442 0.003928 

RF yield -  No Yes 

Stress 
(N/mm2) 

26.8 554.8 575 

Area (mm2) 22090 524 524 

Force (kN) 592.0 290.5 301.1 

Moment about 
point “O” 
(kNm) 

7 7 75 

 

 

 

 

Total tension force                  = T1 + T2  

           = 592 kN 

   

Total compression force         = C1 

           = 592 kN  

Hence                T       = C 

ULS Moment capacity         = 88 kNm  

6.2. Examination of Observed Results with 
the BS 6779-2:1991 Requirements  

The bending resistance at various 

depth of the parapet wall section were 

determined. The applied bending moment at 

same depths were also obtained from the FE 

analysis. With the view of clear explanation, 

both of these bending resistance values and the 

applied bending moments are marked on 

parapet wall cross section as shown in Figure 

8. 

 

 

 

 

 

 

 

Since the bending resistance at base 

(R*=128kNm) is higher than the bending 

moment corresponding location (S*=40kNm), 

it satisfies the BS 6779-2:1991 requirement, 

which is R*>S*. 

However, the BS6779-2:1991 requirement “R* 

< 1.4 S*” at the lower third of the parapet wall 

design height was not satisfying. Not only 

that, but also the same BS standard 

requirement of “R*< 1.1S* at least one section” 

is not satisfying. 

7. PARAMETRIC STUDY FOR THE 
INNOVATIVE DESIGN. 

The existing parapet wall section 

could not meet some BS 6779-2:1991 

requirements as explained in the previous 

chapter. 

In order to meet theses BS standard 

requirements, a parametric study was carried 

out considering the geometry (parapet wall 

thickness) as a variable. The bending 

resistance of the parapet wall for various wall 

thickness was evaluated. The bending 

resistance vs wall thickness is plotted in a 

graph as shown in Figure 9. The bending 

resistance limits given in BS standard limits 

are marked in the same figure. The existing 

parapet wall section could not meet some BS 

6779-2:1991 requirements as explained in the 

previous chapter. In order to meet theses BS 

standard requirements, a parametric study 

was carried out considering the geometry 

(parapet wall thickness) as a variable. The 

Figure 8 Applied bending moment and 
corresponding bending resistance 
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bending resistance of the parapet wall for 

various wall thickness was evaluated. The 

bending resistance vs wall thickness is plotted 

in a graph as shown in Figure 9. The bending 

resistance limits given in BS standard limits 

are marked in the same figure.  

The existing parapet wall section 

could not meet some BS 6779-2:1991 

requirements as explained in the previous 

chapter. 

In order to meet theses BS standard 

requirements, a parametric study was carried 

out considering the geometry (parapet wall 

thickness) as a variable. The bending 

resistance of the parapet wall for various wall 

thickness was evaluated. The bending 

resistance vs wall thickness is plotted in a 

graph as shown in Figure 9. The bending 

resistance limits given in BS standard limits 

are marked in the same figure.  

The existing parapet wall section 

could not meet some BS 6779-2:1991 

requirements as explained in the previous 

chapter. 

In order to meet theses BS standard 

requirements, a parametric study was carried 

out considering the geometry (parapet wall 

thickness) as a variable. The bending 

resistance of the parapet wall for various wall 

thickness was evaluated. The bending 

resistance vs wall thickness is plotted in a 

graph as shown in Figure 9. The bending 

resistance limits given in BS standard limits 

are marked in the same figure.  

The existing parapet wall section 

could not meet some BS 6779-2:1991 

requirements as explained in the previous 

chapter. 

In order to meet theses BS standard 

requirements, a parametric study was carried 

out considering the geometry (parapet wall 

thickness) as a variable. The bending 

resistance of the parapet wall for various wall 

thickness was evaluated. The bending 

resistance vs wall thickness is plotted in a 

graph as shown in Figure 9. The bending 

resistance limits given in BS standard limits 

are marked in the same figure.  

Based on the parametric study, it was 

observed that the parapet wall thickness range 

from 130mm to 175mm can be used without 

violating the BS 6779-2:1991 standard limits. 

Therefore, the modified parapet wall thickness 

in the new design proposal is shown in the 

figure 10. 

 

Figure 10 New geometry for the parapet wall 
(All dimensions are in millimetres) 

8. CONCLUSIONS 

The bridge parapet wall which is used 

in Sir Lankan highway bridges was designed 

as per BS 6779-2:1991 and BS 5400-4:1990. The 

structural analysis was done with SAP2000 

commercial software and the flexural capacity 

of the parapet wall was determined with the 

first principle. It was observed that this 

parapet wall design violates some design 

limits in BS6779-2:1991. A parametric study 

was carried out to obtain a suitable cross 

section thickness for the parapet wall which is 

complying with the BS6779-2:1991 

requirements. A new parapet wall geometry 

with a suitable cross section thickness was 

proposed.  

Figure 9 standard requirements and parapet 
thickness at lower third height. 
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Tall buildings with various configurations have been constructed all over the 
world due to high demand for dwelling units. However, this configuration will 
have an effect on dynamic performance of the building, which will be felt to 
occupants. In order to ensure the occupants comfort, effect of building 
configuration on dynamic performance of the building need to be investigated. 
This paper presents effect of building configuration on story drift of tall building 
subjected to wind loads. For the study, The FEM model of tall building have been 
simulated in ETABS computer application for three different building 
configurations:  rectangular, square, and taper.  All possible load combinations 
according to Euro code in serviceable limit state (SLS) which are associated with 
wind load were considered for the analysis.   It was found that story drift of 
tapered building configuration was about 50% lower than squared building 
configuration in both X and Y direction of  load cases SLS 3 to SLS 8, and at about 
85% lower than rectangular building configuration in Y direction  of load case SLS 
7, SLS 8, at about 75% lower than rectangular building configuration in Y direction  
of load case SLS 3, SLS 4  and at about 20% lower than rectangular building 
configuration in X direction of load case SLS 5, SLS 6, indicating that tapered 
building configuration was effective on reducing the story drift, making it comfort 
to occupants. 
 

 

1. INTRODUCTION 

Population growth caused to scarcity 
of land in urban setting. Construction of tall 
building is most viable solution for the scarcity 
of land in urban area. Overall design concept 
of tall buildings highly challengeable to the 
design Engineers due to lateral loads such as 
wind and seismic.  

 

Structural defects in tall building was 
considered under ultimate limit state (ULS), 
and serviceability limit state (SLS). The 
strength of the structural members was 
explored under ULS while serviceability 
problems such as deflection, story drift, 
vibrations which associated with wind and 

seismic loads were explored in SLS. However 
most of the structural defects were related with 
SLS condition rather than ULS was not well 
established in the literature (Honfi et al., 2012). 

Huang et al., (2015) found that tall 
building become more vulnerable to wind than 
to earthquake effects due to taller and slender. 
Wind loads were considered predominant 
lateral loads in tall buildings rather than 
earthquake loads (Kim et al., 2015), also wind 
load on tall building structure may cause 
discomforts to the building occupants (Zhang 
et al., 2009). Therefore, in tall building it is 
important to control the wind-induced 
responses.  

 

The configuration of building plays 
vital role for stabilize the building structures. 
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The important aspects on configuration of a 
building was considered as overall geometry, 
structural system and load path. The 
configuration of building was not considered 
only for the structural efficiency in tall 
building design also was considered the 
aesthetic of building (Julistiono, 2017).  

 

The structural system plays an 
important role in providing the dynamic load 
resistance of tall buildings (Halis Gunel and 
Emre Ilgin, 2007). (Kalehsar and Khodaie, 
2018) investigated a new structural system to 
control the wind induced vibrations in tall 
building was a combination of external tube 
structure and a core structure consists of two 
lower and upper parts. The exterior core 
structures are isolated from each other at the 
upper part. Also, it found that, if the system is 
a self-control structural system, it could be 
effectively reduced the wind induced 
vibrations of tall buildings and improves 
occupant comfort during strong wind 
excitation.  

Many previous studies focused on 
vibrations in tall building with respect to wind 
load under serviceable conditions. However, 
none of study was focused on story drift with 
respect to wind loads in SLS conditions. 

 

Excessive story drift leads to 
premature failure in tall buildings (Lin et al., 
2019). Although story drift due to seismic load 
has been well established in the literature, 
there is lack of study on story drift due to wind 
loads.  

 

The main objective of present study was to 
identify the effect of building configuration on 
story drift due to the wind load in order to 
improve occupant comfort. In the present 
study, a tall building with three different 
building configurations were simulated in 
ETABS and story drift was investigated with 
respect to wind load in all three tall building 
configurations. The results of story drift were 
compared with all three configurations.   

2. METHODOLOGY 

2.1.   Finite Element Model (FEM)   

Tall building models with 20 stories 

was used for the study as shown in Figure 1. 

ETABS was used to simulate the prototype tall 

building. Finite element model (FEM) of 

concrete braced frame structure are classified 

in to three different configurations.  

(i) Rectangular building: 

This building model had overall 

heights of 75m consisted of 20 stories and floor 

area of 600 square meters (20m x 30m) 

(ii) Square building: 

 This model had overall heights of 75m 

consisted of 20 stories and floor area of 625 

square meters (25m x 25m) 

(iii) Tapered building: 

This model had overall heights of 75m 

consisted of 20 stories and floor area 625m 

square meters (25m x25m) in ground floor and 

225 square meters (15m X15m) in top floor 

(20th Story). 

Floor height of each story except 

ground floor is 3.5 m in all three rectangular, 

square, and tapered models. Height form the 

ground to 1st floor of all three model is 6.0 m.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1 FEM of prototype tall building; (a) 
3D Model and (b) Plan view 

All three models have rigid diaphragm 

floors and all story slabs are flat slab except 1st 

story slab. The support conditions of all three 

model were assigned as pined. The rectangular 

model consists of 35 columns, 58 beams. The 

square model consists of 36 columns, 60 

beams. The taper model consists of 36 

columns, 60 beams. Each type of structural 

member has the same dimensions in all three 

Model 1:  
Rectangular  
building 

Model 2:  
Square 
building 

Model 3:  
Tapered 
building 

(a) 

(b) 
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models. The columns, beams, and slabs consist 

of rectangular sections. 

 

 

2.2. Loading Patterns 

  Load patterns of both gravity (Dead 
and Live) and lateral (Wind) loads were 
applied in all three models as shown in Table 
1. The self-weight of the structure 
automatically generated by the software 
according to self-weight multiplier by 1. 

 

Wind load 

The wind load had automatically generated by 
the software according to Eurocode 1 2005 in 
all three models both X and Y direction of the 
building, as shown in Figure 2.  

 
Figure 2 Direction of wind load; (a) Wind 
force in X direction (b) Wind force in Y 
Direction 

 

 Table 2 shows the pre-defined 
factors which are associated with the wind  

 

 

 

 

 

load for tall building design. These factors 
were assigned in to ETABS model based on 
Eurocode EN 1991, considering basic wind 
speed 20 ms-1 the wind load was automatically 
generated by ETABS according to assigned 
values. 

 

Table 2 Pre-defined wind load factors in each 
direction used in ETABS models 

 

 

Loading patterns Type Self-weight multiplier  Loading option 

Self-weight (SW) Dead 1 Auto  

Imposed load /Live load  Live 0 Manually assigned  

Superimposed dead load (SDL) Dead 0 Manually assigned  

Wall dead load (Wall D) Dead 0 Manually assigned  

Wind load in X dirn  (WLX) Wind 0 Auto 

Wind load in Y dirn (WLY) Wind 0 Auto 

Notional load for SW X dirn (NHLXSW) Notional 0 Auto  

Notional load for SW Y dirn (NHLYSW) Notional 0 Auto 

Notional load for wall D X dirn (NHLXWall D) Notional 0 Auto 

Notional load for wall D Ydirn (NHLYWall D) Notional 0 Auto 

Wind 
Loading 

Factor 
X direction Y direction 

 
Loading 
Method 

Diaphragms Diaphragms 

Exposure 
Width Type 

From 
Diaphragms 

From 
Diaphragms 

Angle 0 90 

Cp, wind 0.8 0.8 

Cp,lee 0.5 0.5 

Top Story Story20 Story20 

Bottom 
Story 

Base Base 

Include 
Parapet 

No No 

Vb /ms-1 20 20 

Terrain 
Category 

II II 

Co(z) 1 1 

k1 1 1 

CsCd 1 1 

Table 1 Applied loading patterns 
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Where; 

Cp wind : windward factor 

Cp lee : leeward factor 

Vb : basic wind velocity in ms-1 

Co(Z) : orography factor 

k1 : turbulence factor. 

CsCd : structural factor 

 

2.3 Load Combinations 

  Three different load combinations 
were defined for the serviceability limit states 
in Eurocode EN 1990, are characteristic, 
frequent, and quasi-permanent. The 
characteristic combination was considered in 
FEM and it is normally used for irreversible 

limit states. In irreversible limit state, the 

deflection remains same even after   removed 
the applied loads and in reversible limit state 
deflection will not remain when loads are 
removed.

Characteristic combination   

∑j ≥ 1 Gk,j + Qk,1 + ∑i > 1 ψ0,i Gk,j ………………( 1) 

 

Where;  

Gk,j  : Characteristic value of permanent action j 

Qk,1 : Characteristic value of the leading 
variable action 1 

Gk,j   : Characteristic value of the 
accompanying variable action i 

ψ0,i    : Factor for combination value of a 
variable action 

   

  The design load combination of Eq 
2 and Eq 3 was derived based on characteristic 
load combinations of Eq1 by considering the 
value of ψ0 for imposed load in buildings, and 
wind load was 0.7, and 0.6 respectively. 

 

1.0 GK + 1.0 QK  + 0.6WK ………..………...( 2) 

1.0 GK + 0.7 QK + 1.0 WK ………..………...(3) 

1.0 GK + 1.0 WK    

 

Where; 

GK; Self Weight + SDL 

QK; Imposed load 

 WK; Wind load 

   The combinations of actions in 
serviceability limit state (SLS) associated with 
wind load was arranged based on Eq 2 and Eq 
3 are listed in Table 3. The same load factors 
were used in the combination of SLS 1, SLS 2, 
SLS 3, and SLS 4 while changing only the 
direction of applied wind force. Similar 
method was considered for the load 
combinations SLS 5, SLS 6, SLS 7, and SLS 8. 

  The parameter of story 
displacement was examined on all three 
models by using ETABS software under 
serviceable limit state load combinations as 
SLS 1, SLS 2, SLS 3, SLS 4, SLS 5, SLS 6, SLS 7, 

and SLS 8, which are associate with wind force 
in all four angles as 0o, 90o, 180o, and 270o. In 
the model the English letter X, and Y 
represents the angle as X = 0o, -X = 180o, Y= 
90o, and -Y= 270o. 

3. RESULTS AND DISCUSSION 

The story drift of all three rectangular, 
square, and tapered building configurations 
were obtained from ETABS analysis.  

The maximum story displacement of 
rectangular, square, and taper building 
configuration is 36.69 mm, 44.87 mm, and 
23.21mm, respectively, where wind forces 
were applied in X direction at the angle of 0 
degree under load combination of SLS 1 as 
shown in Figure 3a.  

When the wind forces were applied in 
X direction at the angle of 180 degree under 
load combination of SLS 2, the maximum story 
displacement of rectangular, square, and taper 
building configuration was found to be 36.69 
mm, 44.87 mm, and 17.99mm, respectively as 
shown in Figure 3b. 

The Figure 3 exhibits the story 
displacement square model was higher than 
the other two models in both combination of 
SLS 1, and SLS 2 and also it was found that 
same value of story displacement of 
rectangular and square model in both load 
combination of SLS 1 & SLS 2. However, the 
story displacement of taper model 
configuration was not same value in load 
combination SLS 1 and SLS 2. The maximum 
story displacement of taper model was higher 
in SLS 1 than SLS 2 when wind load was 
applied in X direction. 
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Table 3 Combination of Actions in SLS 

 

Figure 3 Story displacement at load combination (a) SLS1 & (b) SLS2 

Figure 4 Story displacement at load combinations (a) SLS3 & (b) SLS4 

The maximum story displacement of 
rectangular, square, and taper building 
configuration is 60.70 mm, 47.68 mm, and 
21.46 mm, respectively, where wind forces are 
applied in Y direction at the angle of 90 degree 
under load combination of SLS 3 as shown in 
Figure 4a. When the wind forces were applied 
in Y direction at the angle of 270 degree under 
load combination of SLS 4, the maximum story 
displacement of rectangular, square, and taper 
building configuration was found to be 60.70 
mm, 47.68 mm, and 21.46 mm, respectively as 
shown in Figure 4b. 

The story displacement rectangular 
model was higher than the other two models 
in both combination of SLS 3, and SLS 4 
(Figure 4) and also it was found that the same 
value of story    displacement in all three 
rectangular, square, and tapered model for 
both load combination of SLS 3 & SLS 4 when 
wind load was applied in Y direction. 
According to Figures 3 and 4, the story 
deflection of tapered model was varied when 
wind load was applied in X direction on both 
angles 0 and 180 degree however no changes 
was noticed when wind load was applied in Y 
direction on both angles of 90 and 270 degrees. 

Combination 

Load case / Scale factor 

SW WALL D SDL LIVE WLX WLY 

SLS1 1 1 1 1 0.6 0 

SLS2 1 1 1 1 -0.6 0 

SLS3 1 1 1 1 0 0.6 

SLS4 1 1 1 1 0 -0.6 

SLS5 1 1 1 0.7 1 0 

SLS6 1 1 1 0.7 -1 0 

SLS7 1 1 1 0.7 0 1 

SLS8 1 1 1 0.7 0 -1 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

249



The maximum story displacement of 
rectangular, square, and taper building 
configuration is 73.32 mm, 89.69 mm, and 
43.24 mm, respectively, where wind forces 
were applied in X direction at the angle of 0 
degree under load combination of SLS 5 as 
shown in Figure 5a. 

When the wind forces were applied in 
X direction at the angle of 180 degree under 
load combination of SLS 6, the maximum story 
displacement of rectangular, square, and taper 
building configuration was found to be 73.32 
mm, 89.69 mm, and 38.27 mm, respectively as 

shown in Figure 5b. The Figure 5 exhibits the 
story displacement square model was higher 
than the other two models in both combination 
of SLS 5, and SLS 6 and also it was found that 
the same value of story displacement of 
rectangular and square model in both load 
combination of SLS 5 & SLS 6. However, the 
story displacement of taper model 
configuration was not same value in load 
combination SLS 5 and SLS 6. The maximum 
story displacement of taper model was higher 
in SLS 5 than SLS 6 when wind load was 
applied in X direction. 

 

 

 

Figure 5 Story displacement at load combination (a) SLS5 & (b) SLS6 

 

 

 

Figure 6 Story displacement at load combinations (a) SLS7 & (b) SLS8 
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Table 4 Story displacement at top most story 

  

Table 5 Story drift at top most story 

 

The maximum story displacement of 
rectangular, square, and taper building 
configuration is 121.37 mm, 95.33 mm, and 
42.43 mm, respectively, where wind forces are 
applied in Y direction at the angle of 90 degree 
under load combination of SLS 7 as shown in 
Figure 6a. 

When the wind forces were applied in 
Y direction at the angle of 270 degree under 
load combination of SLS 8, the maximum story 
displacement of rectangular, square, and taper 
building configuration was found to be 121.37 
mm, 95.33 mm, and 42.43 mm, respectively as 
shown in Figure 6b. 

The story displacement of rectangular 
model was higher than the other two models 
in both combination of SLS 7, and SLS 8 
(Figure 6) However, it was found that the same 
value of story displacement in all three 
rectangular, square, and tapered model for 
both load combination of SLS 7 & SLS 8 when 
wind load was applied in Y direction. 

According to Figures 5 6, the story 
deflection of tapered model was varied when 

wind load was applied in X direction on both 
angles 0 and 180 degree. However, no changes 
were noticed when wind load was applied in Y 
direction on both angles of 90 and 270 degrees. 

The story displacement at top most 
story was lowest in taper configuration 
compare with other two configurations in both 
X and Y direction of all load cases SLS 1 – SLS 
8.  The story displacement in rectangular 
configuration lower than the square 
configuration when wind load was applied in 
X direction in SLS 1, SLS 2 and SLS 5, SLS 6 
similarly the story displacement in square 
configuration lower than the rectangular 
configuration when wind load was applied in 
Y direction in SLS 3, SLS 4 and SLS 7, SLS 8 as 
shown in Table 4. 

The story drift at top most story of all 
three configurations was summarized in Table 
5. The story drift of tapered configuration was 
found to be lower compare with other two 
configurations in all load cases except SLS 1, 
and SLS 2. 

 

Load case Wind direction Maximum Displacement / mm 

Rectangular Square Taper 

SLS 1 X 36.69 44.86 23.21 

SLS 2 X 36.69 44.86 19.93 

SLS 3 Y 60.71 47.68 21.37 

SLS 4 Y 60.71 47.68 21.46 

SLS 5 X 73.32 89.68 43.23 

SLS 6 X 73.32 89.68 39.66 

SLS 7 Y 121.37 95.33 42.47 

SLS 8 Y 121.37 95.33 42.33 

Load case Wind direction Story Drift (X10-5) / mm 

Rectangular Square Tapered 

SLS 1 X 8.5 10.4 13.3 

SLS 2 X 8.6 10.5 13.3 

SLS 3 Y 13.6 10.1 3.5 

SLS 4 Y 13.7 10.1 3.8 

SLS 5 X 14.8 19 12.1 

SLS 6 X 15 19.1 12.1 

SLS 7 Y 25.8 18.3 4.2 

SLS 8 Y 25.9 18.5 3.2 
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The FEM model of all three configurations was 

checked against the errors by ETABS itself in 

order to verify the FEM results and errors were 

not found in all three FEM models.   

 

4. CONCLUSIONS  

This paper presents effect of building 
configuration on story drift of tall building 
subjected to wind loads. For the study, The 
FEM model of tall building was simulated in 
ETABS computer application for three 
different building configurations:  rectangular, 
square, and taper. All possible load 
combinations according to Euro code in 
serviceable limit state which are associated 
with wind load were considered for the 
analysis. 
 

According to the analyzed results of 
FEM model of all three building configurations 
(rectangular, square, and tapered), it was 
found that story drift of tapered building 
configuration was at about 50% lower than 
Square building configuration in both X and Y 
direction of load cases SLS 3 to SLS 8, and at 
about 85% lower than rectangular building 
configuration in Y direction of load case SLS 7, 
SLS 8, at about 75% lower than rectangular 
building configuration in Y direction of load 
case SLS 3, SLS 4 and at about 20% lower than 
rectangular building configuration in X 
direction of load case SLS 5, SLS 6.  
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In the design of pavement, subgrade strength is one of the vital factors to be 
considered, which is widely determined using California bearing ratio (CBR) test. 
Accurate estimation of CBR value is inevitable for economically advantageous and 
structurally adequate design of pavement. CBR test comprises of two major parts; 
sample preparation and penetration. This study intends to explore the pertaining 
issues in sample preparation and hence the influence of them on CBR test results 
through an experimental study. The results obtained from the experimental study 
revealed that 67% of the CBR values obtained using quartering and riffling 
methods differed from each other by a margin of only 5%. The CBR values 
obtained using BS and ASTM standards showed a difference in the range of 24 – 
47%. This study, therefore recommends both quartering and riffling methods to 
produce representative sample for CBR tests. 
 

 

1. INTRODUCTION   

California Bearing Ratio (CBR) test was 
developed by the California Division of 
Highways to classify and evaluate soil-
subgrade and base coarse materials for 
pavements (Nini, 2019). This test is a measure 
of resistance of a material to penetration of 
standard plunger under controlled density 
and moisture conditions. Test procedures for 
CBR are widely followed as described either 
in British Standards (BS1377-4) or American 
Society for Testing and Materials standards 
(ASTM- D1883).  

 
In empirical design of pavements using 

Overseas Road Note 31 (ORN 31), the 
subgrade strength is one of the decisive 
parameters and is classified into six strength 
classes based on CBR values (ORN31). 
Assigning a subgrade to a strength class 
entirely depends on its estimated CBR value. 
Inaccurate estimation of CBR value will lead 
to either economically disadvantageous or 
structurally inadequate design of a pavement. 

A carefully designed and conducted CBR 
tests are therefore, recommended to 
determine accurate CBR values. 

 
CBR test procedure consists of two major 

parts; one is sample preparation and the other 
one is penetration. Sample preparation 
includes the following steps; sample 
collection from site, representative sample 
reduction from stockpile, preparation of moist 
mixture and compaction. In penetration stage, 
prepared compacted sample is being 
subjected to a static force through a standard 
plunger. Recorded plunger force is plotted 
against corresponding penetration. From 
force vs penetration curve, CBR values are 
determined as per the standards.  

 
While a few parameters associated with 

CBR test have been adequately studied for 
their influence on test results, some remain 
less explored. Among them, parameters 
pertaining to sample preparation are vital 
which are susceptible to cause random errors 
in CBR test results. Investigating the influence 
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of sample preparation methods on CBR test 
results, therefore, helps us to understand the 
associated practical implications, thus to 
design and control CBR tests effectively and 
precisely.  

 
This research explores the pertaining 

issues in sample preparation and hence the 
influence of them on CBR test results through 
an experimental study. Based on the critics 
and gaps identified out from the existing 
literature, the objective of the research is to 
investigate the impact of sample reduction 
techniques such as riffling and quartering on 
CBR test results. In addition, the presented 
work compares CBR testing methods 
stipulated in British Standards (BS1377-4) and 
American Society for Testing and Materials 
(ASTM- D1883) standards. 

2. LITERATURE REVIEW 

Many researchers have explored enough 
the parameters pertaining to sample 
preparation such as initial moisture content of 
the sample, compaction method used to 
prepare the sample, compaction energy and 
sample reduction methods. 

 
Osouli et al (2017) compared soaked and 

unsoaked CBR values for different aggregate 
index properties such as plasticity, percentage 
passing the No. 200 sieve, and dust ratios. The 
study revealed that the effect of soaking was 
minimum on CBR results when the amount of 
material passing the No. 200 sieve was less 
and dust ratio was relatively low. Impact of 
compaction effort and type of compaction on 
CBR values had been widely discussed by 
numerous researchers (Zabielska-Adamska et 
al., 2015, Yang et al., 2016, Vinod et al., 2015 
and Hussain 2017). Vinod et al., (2015) 
proposed a correlation between 
CBR/compaction characteristics of soils and 
compaction energy per unit volume. Hussain, 
(2017) investigated the variation of 
compaction characteristics, unconfined 
compressive strength, CBR value and swell 
percentage of soil with compaction energy. 
Mirzaii et al., (2015) performed a study on 
how the initial dry density, moisture content, 
degree of saturation, and matrix suction 
influence CBR values of a pavement material 
along drying and wetting paths. Nini (2019) 
explored about the effect of soaking period of 

soil on CBR values of clay. By varying the 
soaking time of compacted soil samples the 
corresponding CBR values were measured 
and compared. A reduction factor of CBR 
considering the soaking period was 
determined in this study. 

 
To the best of author’s knowledge, the 

influence of sample reduction techniques 
from stockpile such as quartering and riffling 
on CBR values have not been assessed.  

3. MATERIALS AND METHODS 

3.1. Impact of Sample Reduction 
Techniques on CBR Test Results 

To investigate the impact of sample 
reduction techniques on CBR test results, 
disturbed soil sample at a depth of 1 m from 
the ground level was excavated from a test 
pit. The excavated soil was placed on a 
polyethene sheet, spread and left air dry for 
two to three days. The organic matters and 
other obvious foreign materials were 
removed manually. During air-drying 
process, the soil was turned upside down 
frequently to promote air circulation through 
soil particles and hence homogeneous drying. 
The air-dried soil was thereafter subjected to 
the following sample reduction technique or 
combination of as per ASTM C702/C702M, in 
order to produce representative samples for 
CBR test and related experiments. 

 
i. Quartering and riffling: 192 kg of soil 

sample was subjected to 2 times 
quartering and riffling each to produce 
representative samples. 

ii. Quartering only: 192 kg of soil sample 
was subjected to 3 times quartering to 
produce representative samples. 

Figure 1 illustrates the sample reduction 
methods carried out in the lab. 

 
a. Quatering type sample reduction 
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b. Riffling type sample reduction 

Figure 1 Sample reduction techniques 
performed in the study 

 
Figure 2 depicts the details of the two 

distinct sample reduction methods followed 
in this study to produce representative 
samples.  

 
a. Quartering and riffling 

 
b. Quartering 

Figure 2 Sample reduction details 

With the above described sample 
reduction techniques, representative samples 
were obtained and various tests on them were 
carried out. Table 1 summarizes the 
experiments performed on representative soil 
samples to explore the influence of sample 
reduction technique on CBR test results, and 
the number of tests carried out in each 
experiment category. Many trials were 
performed in tests where uncertainty was 
expected and the outliers were thoroughly 
eliminated when calculating the final value of 
parameters. When repeating the tests for 

multiple samples, care was taken to conduct 
the tests under exactly the same condition. 

 
Atterberg limit test included 

determination of liquid limit and plastic limit, 
which was performed as per ASTM D4318 
standard. Particle Size Distribution (PSD) 
analysis comprised of wet sieve analysis, 
conducted in accordance with BS EN 933 - 1: 
1997. Figure 3 illustrates Particle Size 
Distribution curve obtained for the tested soil 
sample. 

 
Table 1 Experiments conducted to verify the 

influence of sample reduction techniques 
Laboratory 
Experiments 

No. of 
samples 

Required sample 
weight (kg) 

Atterberg limits 02 06 

Particle size 
distribution 

01 03 

Modified Proctor 
compaction test 

05 15 

CBR test 24 144 

 
Figure 3 PSD of the soil used in the study 

The Liquid Limit (LL) and Plasticity Index 
(PI) obtained from Atterberg limit test were 
32% and 9.2%, respectively. With PSD and PI 
obtained from the tests, soil used in the 
experiment was classified as GC-Clayey 
gravel as per Unified Soil Classification 
System (USCS). 

 
Modified Proctor compaction test was 

thereafter carried out to determine the 
Maximum Dry Density (MDD) and Optimum 
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Moisture Content (OMC). Figure 4 depicts 
compaction test results from which MDD and 
OMC were determined as 21.530 kN/m3 and 
11.4%, respectively. The MDD and OMC 
values obtained were used for subsequent 
CBR tests throughout the study. Modified 
Proctor compaction and CBR tests were 
conducted as per BS1377-4 standard. 

 
The particle size distributions obtained 

before and after compaction/CBR tests are 
depicted in Figure 5. The comparison 
revealed that the size distributions remained 
unchanged. Therefore, it could be concluded 
that compaction did not significantly change 
particle sizes. 

 
Figure 4 Relationship between dry density 

and moisture content of the soil sample used 
 

 
Figure 5 PSD curves of the soil before and 

after compaction and CBR tests 

As given in Table 1, 12 samples each were 
obtained using the above described 
combinations of sample reduction methods 

from stockpile separately. Each sample were 
subjected to CBR tests under similar 
conditions as per BS1377-4 standard.  

3.2. Comparing BS and ASTM Standards 
for Conducting CBR Test  

Table 2 Comparison between CBR test 
methods using ASTM-D1833 and BS1377-4 

ASTM-D1883 

Accessories • Mould  

o Diameter - 152 mm 

o Height – 178 mm 

• Spacer disk  

o Diameter - 151 mm 

o Height – 61 mm 

Compaction 

method 

• Light   

o 4.5 kg rammer 

o 5 layers 

o 10 blows/layer 

o Drop height - 457 mm 

• Medium 

o 4.5 kg rammer 

o 5 layers 

o 25 blows/layer 

o Drop height - 457 mm 

• Heavy 

o 4.5 kg rammer 

o 5 layers 

o 56 blows/layer 

o Drop height - 457 mm 

BS1377 - 4 

Accessories • Mould  

o Diameter - 152 mm 

o Height – 127 mm 

Compaction 

method 

• Light   

o 2.5 kg rammer 

o 3 layers 

o 62 blows/layer 

o Drop height - 300 mm 

• Intermediate 

o 4.5 kg rammer 

o 5 layers 

o 30 blows/layer 

o Drop height - 450 mm 

• Heavy 

o 4.5 kg rammer 

o 5 layers 

o 62 blows/layer 

o Drop height - 450 mm 
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CBR tests were conducted separately 

according to British (BS1377-4) and American 

Society for Testing and Materials (ASTM- 

D1883) standards in order to compare them. 

Table 2 summarizes the key details of BS and 

ASTM methods of CBR testing. Noticeably, 

the mould dimensions and compaction 

method differ from each other. 

To compare the CBR test methods 

stipulated in ASTM-D1833 and BS1377-4, 3 

sets of CBR test trials each were conducted. 

From the sample collection pit, 192 kg of soil 

was collected, air dried as described earlier 

and reduced into small representative 

samples using quartering technique as 

stipulated in ASTM C702/C702M.  

4. RESULTS AND DISCUSSIONS 

4.1. Sample Reduction Techniques vs CBR 
Values 

Fig 6 illustrates the comparison of force 

vs penetration curves of samples obtained 

using quartering, and quartering and riffling 

methods. The force values at 2.5 mm 

penetration ranged from 1.768 – 2.811 kN for 

quartering and riffling and 0.689 – 2.389 kN 

for quartering. The reason for the low values 

could be attributed to high moisture content 

of the CBR sample tested. 

 
a. Quartering and Riffling 

 
b. Quartering 

Figure 6 Force vs. penetration curve obtained 

from CBR test 

The CBR values obtained for different 

sample reduction methods are compared in 

Figure 7. The results revealed that 67% of the 

CBR values obtained using two methods 

differed from each other by a margin of only 

5%. The other significant differences observed 

could be attributed to moisture content 

variation in the tested sample that led to low 

resistance to the plunger force. It can be 

concluded that the sample reduction methods 

have considerably low impact on CBR results. 

Therefore, both sampling reduction 

techniques could be used to produce 

representative sample for CBR tests. 

 

 
Figure 7 Comparison of CBR values 

obtained using different sample reduction 

techniques 
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4.2. Comparison Between BS and ASTM 
Standards for Conducting CBR Tests 

Table 3 summarizes estimated CBR 

values using BS and ASTM standards. Except 

trial 3 other two were in agreement with each 

other, which indicated that both BS and 

ASTM standards had no significant influence 

on CBR test results.  

 

Table 3 CBR values obtained using BS and 

ASTM standards 

Trial 

Standards 

% difference ASTM - 
D1883 

BS 1377 
- 4 

1 13 17 24 

2 16 21 24 

3 10 19 47 

5. CONCLUSIONS 

Accurate estimation of CBR values is 

required for the design of most efficient 

pavement structure. CBR test comprises of 

sample preparation and penetration. The 

presented work explored the effect of sample 

reduction techniques on CBR values. Further, 

the study compared BS and ASTM standards 

that used to conduct CBR tests widely. 

The results obtained from the 

experimental study revealed that 67% of the 

CBR values obtained using quartering and 

riffling methods differed from each other by a 

margin of only 5%. The CBR values obtained 

using BS and ASTM standards showed a 

difference in the range of 24 – 47%. 

This study, therefore recommends both 

quartering and riffling methods to produce 

representative samples for CBR tests. 

Moreover, both BS and ASTM standards are 

of negligible influence on CBR tests.   

6. REFERENCES 

ASTM D 698 - 00a 2003, The Annual Book of 
ASTM Standards, 3, pp. 1–11. 

 

ASTM D-1883-16 2016, ASTM International, 
D1883 (16), pp. 1–14. 

 

ASTM D422   2007,   ‘ASTM   D-422’,   ASTM,   
D422-63   (Reapproved),   pp.   1–8.  

 

ASTM D7928-17 2017, ASTM International, 
West Conshohocken, PA., pp. 1–25.  

 

ASTM International 2003, ‘Standard Test 
Methods for Laboratory Compaction 
Characteristics of Soil Using’, ASTM Standard 
Guide, 3, pp. 1–10. 

 

BS 1377-4 1990, ‘Methods for Test for Soils for 
Civil Engineering Purposes’ – British 
Standards. 

 

BS 1997, ‘BS - EN 933-1:1996 - Tests for 
Geometrical Properties of Aggregates’, 3 (1). 

 

Hussain, S. (2017), ‘Effect of Compaction 
Energy on Engineering Properties of 
Expansive Soil’, 3(8), pp. 610–616. 

 

Karvonen, N. (2002) ‘Operating instructions’, 
Journal of Wildlife Rehabilitation, 25 (3), p. 27. 

 

Mirzaii, A. and Negahban, M. (2016) 
‘California bearing ratio of an unsaturated 
deformable pavement material along drying 
and wetting paths’, Road Materials and 
Pavement Design, 17 (1), pp. 261–269. 

 

Robert G.Nini (2019), ‘Effect of Soaking 
Period of Clay on its California Bearing Ratio 
Value’, pp. 1– 7.  

 

Overseas Road Note 31, ‘Transport Research 
Laboratory’, 1993. 

 

Practice, S. (2019), ‘Standard Practice for 
Reducing Samples of Aggregate to Testing 
Size 1’, pp. 1–5. 

 

Rasha, A. A.-R., Al-jumaili, M. A. and Ahlam, 
K. R. A.-Z. (2018), ‘Study of Cement Treated 
Base Agreagate Properties for Pavement 
Structure’, International Journal of Information 
Research and Review, pp. 5093–5100. 

 

 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

258 



 

Robert G.Nini (2019), ‘CBR of subgrade 
clayey soil under different surcharge weight 
rings' Journal of Geotechnical and Transportation 
Engineering,2, vol-5. 

 

Sheila Beshears, Heather Shoup, and Mathew 
Eck (2017) ‘Results of soaked and unsoaked 
California bearing rate tests on unbound 
aggregates with varying amounts of fines and 
dust ratios’, Transportation Research Record, 
2655(200), pp. 13–19. 

 

Tan, Y., Hu, M. and Li, D. (2016), ‘Effects of 
agglomerate size on California bearing ratio 
of lime treated lateritic soils’, International 
Journal of Sustainable Built Environment, pp. 
168–175. 

 

Vinod, P. P., Soumya, R. J. and Sridharan, A. 
(2015), ‘Effect of compaction energy on CBR 
and compaction behaviour’, 168, pp. 116-121. 

Zabielska-Adamska, K. and Sulewska, M. J. 
(2015), ‘Dynamic CBR test to assess the soil 
compaction’, Journal of Testing and Evaluation, 
43(5), pp. 1028–1036. 

 

Zulkuf Kaya, Altan Cetin, Bora Cetin, and 
Ahmet, H. Aydilek’ (2012), 2008, 'Effect of 
Compaction Method on Mechanical Behavior 
of Graded Aggregate Base Materials', 
GeoCongress 2012, pp. 1486–1494. 

 

Zulkuf Kaya, Altan Cetin, Bora Cetin, and 
Ahmet, H. Aydilek’ 'Effect of Compaction 
Method on Mechanical Behavior of Graded 
Aggregate Base Materials', GeoCongress 2012, 
pp. 1486– 1494. 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

259



 

 

Proceedings of the 8th International Symposium on  

 Advances in Civil and Environmental Engineering 
Practices for Sustainable Development 

  
ACEPS - 2021 

Variation of shear strength characteristics of Sri Lankan residual 
soils 

D.M.S.W. Dissanayake1 and N.H. Priyankara1 
  
1Department of Civil and Environmental Engineering, Faculty of Engineering, University of Ruhuna, Hapugala, Galle, 
SRI LANKA 

 

A R T I C L E  I N F O  
 

A B S T R A C T  

Available online 07 October 2021 
 
 
 
 
 
 
 
 
 
Keywords: 
Matric suction 
Soil Water Characteristic Curve (SWCC) 
Tensiometers 
Direct shear 
  

By cause of significant rainfall account for the changes in climatic conditions locally, 
rainfall-induced landslides have resulted frequently within Sri Lanka where most 
of the slopes are made of residual soils. The complex behaviour and limited studies 
on unsaturated residual soils have led to difficulties of effective mitigatory actions 
for slope instabilities. Thus, from this research study, fundamental characteristics of 
unsaturated residual soils and their relationship in between were developed. Using 
the collected residual soils, Soil Water Characteristic Curve (SWCC) and 
Permeability function were developed by conducting series of laboratory tests using 
tensiometer method and variation of shear strength parameters over moisture 
content were developed using direct shear tests. The developed SWCC was 
compared with empirical models; Arya - Paris and Zapata. Results illustrated the 
cohesion and friction angle were increased up to optimum moisture content and 
reduce after with the increase of saturation. Permeability was higher under lower 
suctions. Analysis showed the reduction of Factor of Safety with the continuation of 
rainfall and with the increase of rainfall intensity.  
 

 

1. INTRODUCTION  

Slope stability problems during wet 
season carried by rainfall induced lands slides 
is an issue for most of tropical countries 
including Sri Lanka. In Sri Lanka, most of the 
slopes are made of residual soils and current 
solutions for slope failures can’t be considered 
as economical and accurate. In dry season 
where the soil is in unsaturated state, due to 
additional shear strength provided by 
negative pore water pressure or matric 
suction, natural as well as cut slopes have 
higher stabilities. But in rainy season due to 
water infiltrate in to air voids of unsaturated 
soils, matric suction within the soil will be 
reduced. Therefore, due to the additional 
strength loss slope will fail. Hence study of 
unsaturated residual soils is a need for 
country’s issue. Thus, there is a need of proper 
understanding about the behaviour of shear 
strength of unsaturated soils during rainy 

season with the change of matric suction. 
Hence from this research study a relationship 
in-between matric suction and shear strength 
was developed and slope stability analysis 
model was created. 

2. LITERATURE REVIEW 

Unsaturated soil has four phases as 

soil, water, air, air-water 

interface/contractile skin (Fredlund and 

Rahardjo 1993), hence are completely 

different from saturated soils. Contractile 

skin is the air water interface which acts like 

an elastic membrane. It has the ability to exert 

a tensile pull which is called the ‘surface 

tension’.  In unsaturated zone of soil pore 

water pressure is determined by capillarity 

and also called as tension or “Matric 

Suction”.  
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Matric suction is the difference of pore 

air pressure ( 𝑈𝑎 )and pore water pressure 

(𝑈𝑤). Hence Matric suction = 𝑈𝑎 -𝑈𝑤 . 

Most convenient way to understand 

the behaviour of unsaturated soil is using 

SWCC which is the relationship of matric 

suction and volumetric water content. 

Volumetric water content can be taken from 

the gravimetric moisture content using the 

following equation, 

θw = ω
ρd

ρw
                          (1) 

Where, 

ω = Gravimetric moisture content 

𝜌𝑑 = Dry density of soil 

𝜌𝑤 = Density of water 

According to the situation the soil is 

facing it has two curves as wetting and 

drying. Figure 1 below shows a typical 

SWCC. There are two important terms which 

can be found from the SWCC, 

• Air Entry Value (AEV) – point of air 

starts to enter soil replacing water 

• Residual zone - zone where only 

chemically bounded water is existing 

 

 

3. METHODOLOGY 

After the sample collection physical 
properties were found using basic tests. Then 
SWCC was developed using tensiometer 
method and was compared with two empirical 
models. In order to get continuous tensiometer 
readings and weight measurement an 
Arduino setup was used.  

Figure 2 and Figure 3 show the set up 
used to obtain SWCC. For drying curve, a fully 
saturated sample was allowed to dry in air 
until it become fully dried. For wetting curve, 
a fully dried sample was continuously wetted 
until it become fully saturated. 

  The base method used here was the 
method outlined by prof. Apiniti Jotisankasa 
(Jotisankasa et al., 2010). Three tensiometers 
were connected to the sample on top, middle 
and bottom. From the readings of the 
tensiometers matric suction of top, middle and 
bottom was measured while mass change was 
obtained from electric balance. 

 

 

Figure 2 Component connection to obtain 
SWCC 

Figure 1 Typical Soil Water Characteristic 
Curve (www.semanticscholar.org) 
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Figure 3 Setup used to obtain SWCC 

In order to obtain shear strength 
parameters series of direct shear tests were 
carried out using automated direct shear 
apparatus by changing saturation of an equal 
mass of soil. Suction of each soil sample was 
measured at the end of each test and 
relationship between matric suction and shear 
strength was developed. To obtain shear 
strength parameters of samples, moisture 
content was changed from 0% saturation to 
100% saturation under six saturation levels as 
0%, 20%, 40%, 60%, 80%, 100%. Each of sample 
was loaded with three Normal load cases, 
12.73kN/m2, 25.46kN/m2, 38.197kN/m2. 

  All tests were conducted under 
drained conditions with a shearing rate of 
0.125mm/min (Vasanthan, 2015).  

Calculated amount of water was 

added to the base sample and moisture 

content at the beginning and end was checked. 

Permeability function was developed 

using the data collected from SWCC tests by 

incorporating them with following equations 

from literature.  

  i =
d(z−

s

γw
)

dz
     (2) 

Where, 

z - elevation head of each tensiometer 
relative to the base of sample 

s - matric suction,  

𝛾𝑤 - unit weight of water 

v =
dVw

Adt
    (3) 

 

Where, 

𝑑𝑉𝑤 -  change of volume of water in 
soil sample (can be calculated by 
change in soil  mass)  

A - cross section area of sample 

dt - elapsed time.  

The value of permeability at any 
suction and volumetric water content can then 
be calculated by, 

k = v/ i    (4) 

 k- Hydraulic conductivity 

Then slope stability analysis was done 

using experimental results using SEEP/W and 

SLOPE/W softwares 

4. RESULTS AND DISCUSSION 

4.1. Basic Soil Properties 

From the Sieve analysis test particle 

size distribution was obtained as 71% passing 

from 0.075mm sieve. With the help of basic 

property tests, according to Unified Soil 

Classification System (USCS), soil was 

classified as CL- Inorganic clay of low to 

medium plasticity. Table 1 shows the 

summery of the basic physical properties. 

Table 1 Summary of Physical properties 

Test Parameter Value 

Saturation 
test 

Fully 
saturated 
moisture 
content 

70% 

Specific 
gravity test 

Specific 
gravity (GS) 

2.602 

Hydrometer 
analysis 

Clay 
content 
(0.002mm 
passing) 

30% 

Atterberg 
limit test 

Liquid 
Limit 

49% 

Plastic limit 28% 

Proctor 
compaction 
test 

Optimum 
moisture 
content 

21% 

Maximum 
dry density 

14.75kN/m3 
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4.2. SWCC Test Results 

Figure 4 shows the obtained SWCC 
from the tensiometer method (wetting and 
drying) and from the empirical methods Arya- 
Paris and Zapata. For the comparison for both 
drying and wetting paths, curves related to 
middle suction data are considered here; as 
those two curves show lesser scattering. 

For both wetting and drying curves 
shape of the SWCC came more relatable with 
the shapes of literature, but small scattering 
nature was obtained and can be related with 
the sensitivity of the Arduino set up. 

Figure 4 SWCC developed for the soil 

Table 2 shows the important points 

found from obtained SWCC. Experimental 

curves and modelled curves are not 

completely tallying. 

These two empirical methods were 

related to numerical equations and as the 

input parameters only particle size gradation 

and plasticity indexes were needed. Therefore, 

these can relate to a range of that particular 

type of soil. 

 

 

 

 

Table 2 Important points of SWCC 
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Arya 
and 
Paris 

60 4.01 60 4.01 3.5 1200 

Zapata 45 3.9 45 3.9 - - 

Wetting 
path 

65 4.2 65 4.2 - - 

Drying 
path 

86 4.2 86 4.2 - - 

4.3. Direct Shear Tests 

Figure 5 shows the variation of shear 

strength parameters; they increase and reach 

maximum values at optimum moisture 

contents (where it has the best particle 

arrangement) and then gradually decrease 

with the increase of saturation 

 

Figure 5 Variation of shear strength 
parameters 

When the soil is fully dry, the 

compaction it can achieve is less hence lesser 

strength. But with the increase of moisture up 

to optimum moisture content, particles will 

well packed and will achieve its maximum 

shear strength. 
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  Then further increase of the moisture 

from the optimum value will cause the 

flocculated structure to become dispersed 

structure causing loss of matric suction hence 

loss of its shear strength. 

Figure 6 shows the relationship of 

cohesion and matric suction where cohesion 

increase with matric suction in a nonlinear 

way; where similar kind of results obtained by 

Jotisankasa et al., 2010 and Kankanamge et 

al.,2018. 

 

Figure 6 Relationship of cohesion and 
matric suction 

4.4. Permeability Function 

Figure 7 shows the permeability function 

obtained. 

Figure 7 Permeability function 

Permeability of the soil increase as it gets 

saturated gradually due to filling of the voids 

inside it. Therefore, at the beginning of wetting 

soil has lower permeability – water has plenty 

of voids to fill. When time passes and if 

wetting continued permeability will increase 

with the time. 

The hydraulic conductivity decreases 

with increase of suction. 

4.5. Slope Stability Analysis 

As the initial condition, SEEP/W 
transient analysis was done without a rainfall 
on an imaginary slope consisting of two layers 
(Figure 8); residual soil- clay and weathered 
rock. For the material properties of the 
residual soil experimental results were given 
as follows. 

 

Figure 8 Slope geometry used for the analysis 

• Residual soil – clay 

Soil properties (material parameters) 
were taken as saturated/ unsaturated 
condition.  
For the hydraulic functions - 
Permeability function and Volumetric 
water content function Drying middle 
tensiometer data were given as it 
showed less scattering than other 
experimental results. 

• Weathered rock 

Material parameters were taken 
according to Kankanamge 
(Kankanamge et al ,2010) as saturated 
condition. And saturated permeability 
was taken as 1× 10−9𝑚/𝑠 

Then taking this initial analysis as a 
parental analysis, another transient analysis 
was done for the same slope for different 
rainfalls as, 25mm/day, 50mm/day, 
75mm/day, 100mm/day ,200mm/day 
,300mm/day. Rainfall was given for 7 days. 

Then pore water pressure distribution for a 

selected section of the slope was obtained. 
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Figure 9 shows the pore water pressure 

variation obtained. 

 

Figure 9 Pore water pressure distribution 

 From the pore water pressure distribution, it 
can be clearly seen that pore water pressure 
goes from negative values to positive values as 
the rainfall continue. It depicts why slopes are 
unstable during rainy season; due to loss of 
negative pore water pressure or matric suction 
slope losses its strength against falling. 

Then for Slope stability analysis, second 
transient analysis of applied rainfall was used 
as parental analysis for a limited slope stability 
analysis. Spenser method was used using 
SLOPE/W software. Then factor of safety was 
obtained.  

Figure 10 shows the results obtained from 
slope stability analysis. 

 

Figure 10 Results of slope stability analysis 
for 25mm/day 

Factor of safety against time was plotted using 

the SLOPE/W software. 

 Following figure (Figure 11) shows the 

variation of factor of safety with the 

continuation of the rainfall. 

 

 

Figure 11 Variation of factor of safety 

From the analyzed results of factor of safety 
(Figure 11) it is clear that with the increase of 
rainfall   intensity slopes tends to be unstable 
in a lesser time period. Similar kind of results 
had been obtained by Kankanamge 
(Kankanamge et al.,2018). 

5. CONCLUSIONS 

Cohesion of soil decrease with the 
increase of saturation depicting that slope fail 
in wet season; shear strength of soil reduces as 
it gets more and more saturated. Friction angle 
also showed similar variation. 

Obtained SWCCs from experimental 
data can be used as base data for an early 
warning system. Although both curves 
showed scattering nature due to the Arduino 
setup sensitivity, as both of the curves indicate 
field conditions; Wetting curve – soil get 
saturated indicating behaviour of soil mass 
during rainy weather conditions and Drying 
curve – soil getting desaturated indicating 
behaviour of soil mass during dry weather 
conditions, these data can be used for future 
analyses.  

From the permeability function, permeability 

increases at lower suctions and decrease when 

suction increases. Here it can be concluded 
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that water infiltrate more with the increase of 

saturation of the soil. 

Modeled analysis of the experimental 

data further shows the reason of slopes fail 

during wet season with the continuation of the 

rainfall and with the increasement of rainfall 

intensity. Factor of safety decrease as the 

rainfall continues and also with the increase of 

rainfall intensity further showing the slope 

stability during rainy weather conditions. 

Further development of this analysis can be 

used for an accurate early warning system.  
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This study presents the potential of Paddy Husk Ash (PHA) for stabilising the 
lateritic soil. The soil sample collected from the Sammanthurai area of Ampara 
district was classified as an A-2-7(1) lateritic soil on AASHTO classification, and 
clayey sands (SC) in the unified soil classification (USC) system showed as a weak 
soil having plasticity characteristics and low CBR value. Soil samples were stabilised 
with 2%-14% PHA by the weight of the dry soil. The results obtained indicated a 
general increase in the maximum dry density (MDD) and a decrease in optimum 
moisture content (OMC) with an increase of PHA content up to 10 %. There was 
also an improvement in the CBR with an increase in the PHA content. The potential 
of using 6-12% PHA to improve A-2-7 lateritic soil was observed. The plastic index 
of soil decreases from 20 to 12 when subjected to a PHA blended of 14%. The 
properties of the original soil do not fully satisfy the requirements for the 
embankment. However, stabilised soil with the aid of PHA help to fulfil the criteria 
of the embankment. The PHA can stabilise lateritic soil available in the study area 
for embankment construction since soil stabilised with PHA from 4% - 10% PHA 
satisfied the RDA requirement of embankment materials.  
 

 

1. INTRODUCTION   

Soil improvement has become a 
significant issue in construction and 
geotechnical engineering practices, and 
research, especially on the effective utilisation 
of industrial wastes in soil improvement, is 
rapidly increasing (Atuonye et al., 2016). The 
most common materials used for road and 
embankment construction in many tropical 
countries are lateritic soils. This is because (i) 
they are the most common naturally occurring 
materials; (ii) there is a lack of good quality 
crushed aggregate; and (iii) long haulage 
distances, and the associated high costs, are 
involved if suitable quality aggregates are to 
be brought to a site. However, there is a wide 
variation in the quality of these materials, and 
hence their performance as a pavement 
structural layer or embankment also varies. 

Some lateritic soils exhibit high strength, and 
good field performance is attributed to 
possible self-cementing properties (Gidigasu 
1976). 

 
However, not all lateritic soils are suitable 

for pavement and embankment construction, 
and their poor performance has been reported 
by many researchers (Vallerga et al., 1969; 
Gidigasu 1976). Because of their poor 
performance, there is often a need to stabilise 
these materials if they are to be successfully 
used in road and embankment construction. 

 
Common additives used in soil 

improvement are cement, lime, bitumen, and 
sand to a lesser extent. These additives are not 
economically feasible in Sri Lanka, especially 
cement and bitumen, as they must be 
imported. It is vital to develop a method to 
improve the lateritic soil with locally available 
additives at less cost.     Replacing portions of 
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the improving additives in soil stabilisation 
with Paddy Husk Ash (PHA) will reduce the 
cost of stabilisation and environmental impact 
because PHA is freely available and may cause 
air pollution in the areas. 

 
The PHA additives for stabilising lateritic 

soil (structurally weak soil) have not been 
extensively practised in Sri Lanka, presumably 
because their characteristics are not well 
known when added to lateritic soil. This paper 
presents the results of a study conducted to 
examine the potential of PHA for stabilising 
the lateritic soils. The objective of this study is 
to improve the engineering properties 
(Consistency limits, MDD, CBR, etc.) of 
structurally weak lateritic soil with the aid of 
PHA and to identify the feasibility of PHA as 
a replacement of in lateritic soil stabilisation to 
be used as embankment filling in Ampara 
district. 

 

Figure 1 Paddy husk heaped near the paddy 
field as waste 

2. LITERATURE REVIEW 

2.1. Soil Improvement Techniques 

Engineers and scientists began to address 
the engineering behaviour of soil more 
seriously during the seventeenth and 
eighteenth centuries. Some scientific 
investigations of soil behaviours continued 
during the early nineteenth century and now 
has been made substantial progress and 
abilities to assess subsurface conditions, to 
predict soil behaviour, and accommodate this 
behaviour using appropriate designs and 
techniques such as Removing and replacing 

soil, Pre-compression, Dynamic compaction, 
Vibrio compaction, Blast densification, In-situ 
replacement, Grouting, Stabilisation using 
additives, Reinforcements, Sand compaction 
piles, Sand Vertical drains, Prefabricated 
vertical drains, etc. 

In soil stabilisation by using additives to 
structurally weak soil, the existing techniques 
are,  

• Mechanical Stabilisation 

• Lime Stabilization. 

• Cement Stabilisation 

• Bituminous stabilisation  

• Coal ash stabilisation 

• Wood ash stabilisation 

2.2. Paddy Husk and Paddy Husk Ash  

A significant by-product of the rice 
milling industry, the Paddy Husk (hull) 
accounts for about 20% of the total weight of 
paddy and is thus a necessary by-product. 
Paddy husks are high in cellulose (28-36 %), 
crude fibre (34.5-45.9 %), and ash (13.2 –21.0 
%), all of which contribute to their nutritional 
value (Juliano, 1985). The components of the 
Paddy husk are influenced by the milling 
technique used and the rice type used. Rice 
processors all over the globe are grappling 
with the problem of how to dispose of vast 
amounts of the hull in an ecologically friendly 
manner while still making use of it. Growing 
environmental concerns prevent rice hulls 
from being burned openly, and the low bulk 
density of paddy hulls makes landfilling 
prohibitively expensive due to the significant 
transportation costs connected with it 
(Vallupilai et al., 1997). It is common to 
practice in nations such as the United States, 
where the rice milling industry is well-
organised and where mills are extensive, to 
burn paddy hulls to produce thermal energy 
for drying and other mill operations. The 
energy content of paddy hulls varies between 
13.8 and 15 MJ/kg (Juliano, 1985).  

PHA is an end product of the combustion 
of Paddy husk (or hull). The bulk density of 
PHA is around 2,000 –2,300 kg/m3 (UNIDO, 
1984). If this hull ash is not used 
constructively, it may represent a possible 
waste disposal issue. Ashes have different 
chemical compositions, depending on the 
circumstances under which they are burned in 
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the gratifier. In PHA, there is a significant 
amount of silica, which provides the substance 
with excellent absorbent qualities. PHA has 
been used in the cement production process 
(Cook and Suwanvitaya, 1981; UNIDO, 1984;).  

Table 1 Composition of PHA 

Constituent  Weight (%) 

SiO2 93.1 

K2O 2.3 

MgO 0.5 

Al2O3 2.4 

CaO 1.4 

Fe2 O3 0.2 

Na2 O 0.1 

Source: UNIDO (1984) 

Alhassan and Mustapha (2007) have 
researched “Effect of Rice Husk Ash on 
Cement Stabilized Laterite.”  This research 
examined the Laterite soil improvement using 
paddy (rice), husk ash, and cement. In their 
research, Laterite soil collected from the 
Maikunkele area of Minna, Nigeria, classified 
as an A-7-6 on AASHTO classification, was 
stabilised with PHA and 2-8% cement by 
weight of the dry soil. Using British Standard 
Light (BSL) compaction energy, the effect of 
Paddy (Rice) Husk Ash (PHA) and cement   on 
the soil was investigated concerning 
compaction characteristics. 

2.3. Road Embankments according to the 
Standards of Road Development 
Authority (RDA)  

Soils used as an embankment material 
shall be naturally occurring soils and shall not 
have highly plastic clay. The material used for 
the top 500 mm of the embankment is Type I 
materials. Which must have maximum dry 
density not less than 1600 kg/m3, and material 
for lower layers of the embankment is Type II 
material having maximum dry density not less 
than 1500 kg/m3. Lateritic soil (although taken 
as weak soil) satisfies the requirement for the 
Type I and  II embankment materials because 
it has an MDD of 1920 kg/m3, which exceeds 
the minimum specified of 1600 kg/m3. 
However, this soil does not meet the 
requirement for embankment construction in 

plasticity.  

3. METHODOLOGY 

The lateritic soils were used in this study 
were collected from a road (B525) site in 
Sammanthurai, Ampara district. PHA used in 
this study was obtained by burning Paddy 
Husk in the incinerator.  

Table 2  The various proportions of additive 
and soil samples 

The PHA was sieved through ASTM 
(75μm) sieve before use. The original lateritic 
soil sample was tested without PHA as a 
control sample. Then the soil samples were 
prepared with different proportions (2 %-14 % 
by weight) of PHA, as shown in Table 2. All 
eight samples were tested to estimate the 
engineering properties of soil. The laboratory 
tests carried out to soil sample includes 
particle size distribution, Atterbag limits, 
compaction, and CBR. All tests were 
conducted following British Standard Institute 
and ASTM. Results were analysed and 
compared with the Standards of Road 
Development Authority (RDA). 

4. RESULTS AND ANALYSIS  

4.1. Soil Classification of Original and PHA 
Mixed Samples 

The soil samples were classified 
according to the American Association of State 
Highway and Transportation Officials 
(AASHTO) and the Unified Soil Classification 
System (USCS). The engineering properties of 
the soil before and after the stabilisation are 
shown in Table 3. The overall properties of the 

Mix  
sample 

Soil sample (%) 
by weight  

PHA (%) 
by weight 

1 100 0 

2 98 2 

3 96 4 

4 94 6 

5 92 8 

6 90 10 

7 88 12 

8 86 14 
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original soil are classified as A-2-7(1) 
according to AASHTO classifications and 
Clayey Sands (SC) according to USCS. Both 
classifications show that the original soil as an 
as structurally weak soil.  The soil with the 
lowest number and smaller group index value 
in the AASHTO classification is the most 
suitable highway material. Soil stabilised with 
a 14 % proportion of PHA have a lower 
number and smaller group index, which is A-
2-6(0).   

Table 3 Soil Classification 

Soil with 
additives 

Soil Classification 

AASHTO USCS 

Soil A-2-7 (1) SC 

Soil + 2% A-2-6 (1) SC 

Soil + 4% A-2-7 (1) SC 

Soil + 6% A-2-6 (0) SC 

Soil + 8% A-2-6 (0) SC 

Soil +10 % A-2-6 (0) SC 

Soil + 12 % A-2-6 (0) SC 

Soil + 14% A-2-6 (0) SC 

In which 
SC: Clay Sands 
SM: Silts Sands  
SM- SC: Silt –Clay Sands 

4.2. Soil improvement using PHA as a 
Blending Material    

Table 4 Properties of the original soil before 
and after stabilisation (say 10 %) 

Characteristics 
Origina
l soil 

PHA 
added 10% 

Percent passing 
ASTM(75μm) 

23 23 

Liquid Limit (%) 45 35 

Plastic Limit (%) 25 22 

Plasticity Index (%) 20 13 

Group Index 1 0 

AASHTO 
Classification 

A-2-7 A-2-6 

USCS Classification SC SC 

MDD (g/cm3) 1.92 1.962 

OMC (%) 12.1 10.5 

CBR (%) (Soaked) 16 26 

Table 4 shows the comparison of typical 
properties of the original soil before and after 
stabilisation. The samples show an 
improvement in all properties after the 
stabilisation with PHA.  

4.3. The Compaction Characteristics of Soil    

The variations of MDD and OMC with 
PHA contents are shown in Figures 2 and 3. 
The result indicates that there was a slight 
increase in MDD with increasing PHA 
content. The peak value of MDD recorded at 
10% PHA was 1.962 g/cm3. After 10 % PHA, 
the MDD decreased with an increase in PHA 
content. 

Figure 2 The variations of MDD 

Figure 3 The variations of OMC 
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4.4. California Bearing Ratio of Soil 

The variation of CBR with an increase in 
PHA from 0 to 14% is shown in table 5.3 & 
fig.5.2. For soaked samples, CBR values were 
initially raised by 3 % with 2% PHA and 
increased continuously to a maximum value of 
26 % at 10% PHA content. Then CBR 
decreased mildly with increasing PHA 
content. The addition of PHA to the soil 
showed a remarkable improvement in the 
CBR compared to the low CBR value of 16% 
recorded for the natural soil. 

Figure 4 The variations of CBR 

4.5. Consistency Limits of Soil  

Figure 5 The Consistency Limits 

The influences of PHA stabilised soils on 
the liquid limit (LL), plastic limit (PL), and 
plasticity index (PI) are shown in Figure 5. 
Liquid limits and the plastic limits were 

decreased corresponds to increases in PHA 
percentage, and also the plasticity index of soil 
also gradually decreases with an increase in 
PHA content. The LL initially dropped from 45 
% to 39%, in addition to 2% of PHA. After that, 
the values rose to 41 % at 4% PHA.  After 4 % 
PHA, LL decreased gradually. The trend of the 
PL was similar to the LL. Therefore the plastic 
index decreased gradually. It has been 
observed that PHA reduced the plasticity of 
soils. Reduction in plasticity index is an 
indicator of soil improvement. 

4.6. Cost Analysis for Soil Stabilisation 
with PHA   

The current market price of the materials 
in the study area Sammanthurai of Ampara 
district is shown in Table 5. The cost for 
transportation of material is also included in 
material cost within the study area. Incurred 
cost of PHA included the collection and 
burning cost of paddy husk.  

Table 5 Market Price of material 

Material Quantity Price/cost (Rs.) 

Origin soil 1 m3 1575 

PHA 10 kg 50 

Mixing cost 1 m3 100 

 

Table 6 Cost of soil sample with varying 
percentage of PHA 

Quantity of soil sample 
with additives (by weight) 

Cost of soil 
sample (Rs.) 

Soil sample only 1575 

Soil sample + 2% additives 1750 

Soil sample+ 4% additives 1800 

Soil sample+ 6% additives 1850 

Soil sample+ 8% additives 1900 

Soil sample+ 10% additives 1950 

Equivalent CBR value  : 24  1850 

Lateritic soil was taken and weighted. 
Moreover, the required amount of additives 
also was calculated by weight in dry soil. Then 
the cost of soil stabilisation with additives of 
various proportions was estimated for a one-
meter cube 95% compaction sample. 
Accordingly, the calculated per meter cube 
cost of soil sample with the different additive 
percentages of PHA were tabulated in Table 6. 
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The one-meter cube of stabilised soil with 
PHA with 24 CBR is about 1850 Rupees.   

5. CONCLUSIONS AND 
RECOMMENDATIONS 

The soil was identified to be an A-2-
7(1) lateritic soil based on AASHTO) 
classification system and clayey sands (SC) 
according to the unified soil classification 
(USC) system. This soil has 23 % fines and 
behaves as plasticity. The properties of the 
original soil do not fully satisfy the 
requirements for the embankment. However, 
stabilised soil with the aid of PHA help to 
achieve strength and durability criteria 
embankment. The PHA can stabilise lateritic 
soil available in the study area for 
embankment construction since soil stabilised 
with PHA from 4% - 10% PHA satisfied the 
RDA requirement of embankment materials.  
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The Standard Penetration Test (SPT) N value is the main parameter use in empirical 
equations to predict the shear strength parameter of soil. These empirical equations 
are generalized based on the selected published data/tests from different sources 
having inconsistency of test material, test procedure and data interpretation. Hence 
it is very difficult to predict the outcomes of those relations without justifying them 
for local condition. In this research, it has aim to establish a correlation between SPT-
N value and internal friction angle for local context. For this study, 25 number of 
soil samples were collected and followed by laboratory testing and classified the soil 
type, determine the shear strength parameters, moisture content, bulk density, dry 
density etc. Laboratory test results and relevant SPT-N values were modelled using 
SPSS software under multi variable regression analysis. In the results, square root 
SPT- N value, dry density and friction angle shows highest meaningful relationship 
and developed equation was assessed using bivariate correlation coefficient named 
Kendall’s taub, Spearman’s rho, and Pearson correlation coefficients and correlation 
values were 0.833,0.924 and 0.924 respectively. Reliability index value was 0.857 for 
proposed equation. Finally proposed equation were compared with previously 
proposed empirical equations and results shows a less standard error and less 
standard deviation value for current study.  
 

 

1. INTRODUCTION 

Soil sampling associated with 
laboratory testing is the most reliable way to 
determine soil characteristics. Sometimes due 
to limited budgets, tight schedules, or lack of 
concern, projects do not receive proper 
laboratory recommendations and tendency to 
avoid the laboratory tests. However, in many 
cases, subsoil investigation data, such as SPT- 
N value (Standard Penetration Test Blow 
Count) along with soil type available to judge 
the subsurface soil characteristics. Therefore, 
when laboratory data are not available it is a 
common practice to estimate the soil 
properties from the in- situ tests such as SPT 
results. Many empirical correlations have been 
developed to predict the shear strength 
characteristics and bearing capacity in terms of 
the SPT- N value. SPT - N value is an index for 

quick prediction of shear strength 
characteristic of soil due to its simplicity. These 
empirical correlations have been extensively 
used in the present when laboratory 
experiments are not available for estimation of 
shear strength characteristics. However, these 
empirical correlations are based on the selected 
published data/tests from different sources 
having inconsistency of testing material, 
procedures, data interpretation and 
heterogeneity of soil. Hence, it is very difficult 
to predict the outcomes of those relations 
without justifying them for local condition. 
Further, all these empirical correlations were 
developed in other countries under seasoning 
climate conditions. As such Sri Lanka as a 
tropical country, applicability of such 
empirical correlations developed by other 
countries is questionable. Hence the local soil 
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may follow previous correlations with slight 
deviation or may not follow the trend at all.  

2. LITERATURE REVIEW 

The literature presents the portfolio of 

research regarding application of SPT -N value 

and internal friction angle of soil in terms of 

empirical equations. 

 Development of Correlations Between 
Angle of Friction and SPT-N value 

Several studies have been done based on 
SPT - N value and shear strength properties of 
soil using different approaches. An early 
attempt made by Peck in 1953 (Hatanka and 
Uchida, 1996) based on SPT-N value to predict 
the friction angle for sandy soil. Here after 
Dunham in 1954, derived three different 
correlations for three different shapes of the 
grain of soil particles to predict the internal 
friction angle of soil based on SPT- N value. 
(Hatanka and Uchida, 1996).  In 1957, 
Meyerhof proposed an empirical equation 
relate the SPT- N, effective over burden 
pressure, 𝜎𝑣

,   and the relative density of sandy 
soils, 𝐷𝑟(Hatanka and Uchida, 1996). Peck, 
Hanson and Thornburn, 1974 proposed an 
empirical equation between friction angle and 
SPT-N60 (Shooshpasha et al., 2014). Shioi and 
Fukui proposed empirical relationships 
between friction angle and energy corrected 
SPT- N70 (Shooshpasha et al., 2014).  
Hettiarachi and Brown established correlation 
between friction angle and SPT- N60 using 
energy balance approaches (Hettiarachchi and 
Brown, 2009). The previously published 
antecedent correlations and their limitations 
are discussed in the following sectors. 

2.1.1. Peck Study, 1953 

Peck, 1953 introduced empirical corelation Eq. 
(1) to predict the internal friction angle for 
sandy soil using SPT-N value. 
 

𝜑𝑑 = √0.3𝑁 + 15                (1) 
 
Where,𝜑𝑑 is drained internal friction angle 
and N is filed SPT - N value. 

2.1.2. Dunham Study, 1954 

Dunham,1954 introduced three different 
correlations to find the friction angle based on 
field SPT- N values. The categorization of these 
equations was based on the shape and grading 
of soil particles as shown in Eq. (2) to (4). 
 
For angular and well graded soil particles 
 
 
 
For round and uniform grained soil particles 
 
 
For round and well grained soil particles 
 
 
 

2.1.3. Shioi and Fukui’s Study, 1982 

Shioi and Fukui, 1982 introduced three 
different equations for determining internal 
friction angle using raw SPT - N value. These 
equations were based on the type of structure. 
Eq. (5) is defined for road structures where Eq. 
(6) and (7) is used for bridges and buildings 
respectively 
 

𝜑 = √18𝑁70 + 15                (5) 
 

𝜑 = 0.36𝑁70 + 27                (6) 
 

𝜑 = 0.45𝑁70 + 20                  (7) 
 
Where, N70 is energy corrected SPT -N value. 

2.1.4. Japan Road Association Equation and 
Wolff Equations 

In Japan, an empirical equation is used to 
determine the internal friction angle of soil. 
This equation has introduced by the Japan 
Road association in 1990. The equation is only 
valid at SPT - N value range between 5 and 45. 
(5 < N ≤ 45) as shown in Eq. (8). 
 

𝜑 = √15𝑁 + 15 (5 < 𝑁 ≤ 45)    (8) 
 

Wolff,1986 introduced an equation to 
determine the internal friction angle of soil 
using the SPT- N value. This Eq.(9) is 
applicable only for sand.  
 

       𝜑 = √12𝑁 + 25                 (2) 

    

        𝜑 = √12𝑁 + 15                 (3) 

    

 
     𝜑 = √12𝑁 + 20                 (4) 

    

 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

274 



 
 

𝜑 = 27.1 + 0.3𝑁60 - 0.00054𝑁60
2       (9) 

 

3. METHODOLOGY 

This research was aim to establish a 
corelation between SPT-N value and internal 
friction angle for local context. To achieve aim 
of the research three objectives were 
established. Identify previously proposed 
empirical equations between SPT- N and shear 
strength parameter of soil was the first 
objective and it has achieved from the 
literature reviews. Second objective of the 
research is establishment of correlation 
between friction angle and SPT- N values, 
moisture content, density. Final objective was 
to select the most reliable equation to predict 
the friction angle using SPT -N value and 
compare with the existing correlations. To 
achieve the second and final objectives 
different approaches were carried out and 
most practicable method were implemented in 
the research.  

 Sample Collection  

Sample collection part of this research 
were achieved from obtaining SPT- N known 
soil samples from well-established 
geotechnical company in Sri Lanka. 25 number 
of soil samples were collected covering 
different locations of the country as shown in 
Table 1. 

 Laboratory Investigation  

Collected soil samples were subjected 
to a different laboratory tests. Soil, were 
classified according to Unified Soil 
Classification System (USCS). Further shear 
strength parameters and soil index properties 
were determined.  All laboratory tests were 
conducted in the geotechnical laboratory at 
Faculty of Engineering, University of Ruhuna, 
Sri Lanka. 
 
3.2.1. Soil Classification  

Soil classification were conducted 
according to Unified Soil Classification (USCS) 
and sieve analysis test were performed to all 25 
soil samples according to the ASTMD-2487 
 

3.2.2. Direct Shear Test  
Based to the results obtained from soil 

classification ,12 number of soil samples were 
classified as Poorly Graded Sand (SP). These 
samples were subjected to the direct shear test 
and test was performed according to BS 1377: 
Part 2. 

 
Table 1 Collected Soil Sample Data 

 Data Analysis 

Data analysis of the research was 

conducted to establish correlations between 

Standard Penetration Test - N value and soil 

properties. For the analysis SPSS (Statistics 

Products and Service Solution) software was 

used. The application of SPSS software was 

launched under different criteria. 
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1 - 0.50 3 SM/SC 

2 - 4.50 29 SW 

3 - 16.50 - - 

4 Matara 1.50 10 SM/SC 

5 
Highway 
Extension 

13.50 - - 

6 Wellawaththa 1.50 - - 

7 Wellawaththa 0.50 19 SW 

8 Kerawalapitiya 3.50 28 SW 

9 Mahabage 1.50 5 SM/SC 

10 Kerawalapitiya 1.50 25 SP 

11 Mahabage - 2 SP 

12 Wallawaththa 7.50 63 SP 

13 Bagathale 1.50 5 SM/SC 

14 Colombo-04 1.50 7 SP 

15 Homagama 2.50 2 SM/SC 

16 Colombo -05 2.50 7 SP 

17 Colombo-04 4.50 24 SP 

18 Rajagiriya 1.50 3 SP 

19 Polonaruwa 2.50 41 SP 

20 Colombo-04 1.50 7 SP 

21 Colombo-12 1.50 2 SM/SC 

22 Matara 3.50 22 SW 

23 Hibutana 19.50 50 SP 

24 Colombo-04 4.50 50 SP 

25 Matara 29.00 50 SP 
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3.3.1. Criteria One 

Criteria one was proposed to identify 
the meaningful correlation coefficient between 
soil properties and SPT –N values. The 
significance of variables was evaluated based 
on bivariate statics Pearson Correlations 
Coefficient. Pearson correlation coefficient was 
evaluated under two-tailed distribution at 95%  
confidence levels. To determine the 
meaningful correlations, 12 soil sample's data 
were used. There internal friction angle, 
relevant SPT- N values, log SPT, ℓn SPT, 
Square root of SPT- N, moisture content of 
samples, bulk density, and dry density were 
used as data parameters on SPSS. 

3.3.2. Criteria Two  

Criteria two established correlations 
based on two variable methods using linear 
regression analysis. Under criteria two, friction 
angle was used as a dependent variable while 
SPT- N was an independent variable. Different 
format of SPT was used as independent 
variable. Eg: log SPT - N, ℓn SPT- N, Square 
root SPT- N. 

3.3.3. Criteria Three 

Criteria three was enclosed with 
generalized equations using multi-variable 
linear regression analysis. As the independent 
variable use the SPT- N value with the format 
of the log, antilog, and the square root of raw 
SPT- N and dry density, bulk density. Friction 
angle was used as dependent variables. 
Different models were established changing 
the independent variables. 

3.3.4. Selection of Best Fit Equation 

Reliability index value (R2) was used 
for selection of more reliable and best-fit 
equation among the proposed equations. A 
total of 12 number of equations were 
developed under criteria two and three. For 
these 12 numbers of equations, reliability 
indices were determined using SPSS under 
95% confidence interval. 

 
 
 

3.3.5. Prescribed Method of Generating an 
Equation for In-Site Applications 

Based on the results under criteria two 
and three, an equation was developed for in-
site application. Main purpose of introducing 
such equation is to quick and easy approach to 
determine the friction angle. Tabulated values 
were used to generate the quick and easy 
approachable equation to calculate friction 
angle by considering one independent variable 
(square root value of the raw value of SPT-N).  
Method for selecting best-fit equation, linear 
model and polynomial model graph were 
asses and best-fit graph pattern were selected 
based on Reliability Index (R2) value. The 
equation that would be more closed to 1.00 
was selected as the proposed equation. The 
selected graph pattern was subjected to 
analysis through curve estimation in 
regression analysis in SPSS and compare the 
results, as well as calculate the correlation 
based on the bivariate statics. In correlation 
coefficient calculation, three different 
coefficients, namely Pearson correlation 
coefficient, Kendall’s tau_b coefficient and 
Spearman’s rho correlation coefficient were 
used.  In bivariate statics and curve regression 
conduct under two-variable methods, the 
independent variable was the square root 
value of SPT- N and the dependent variable 
was the calculated friction angle values.  

 Statistical Hypotheses 

Other than the studying 
meaningfulness of the proposed equation 
model using different correlation coefficients, 
following statistical hypotheses were 
considered. 
 
H0: β=0, The model is not meaningful 
 
H1: β≠0, The model is meaningful 
 
Sig. (ρ –value) > α=0.05→H0 acceptable 
Sig. (ρ –value) < α=0.05→H1 acceptable 
 
Sig ((ρ –value) were obtained from Fisher Test 
using reliability analysis in SPSS, and 
modelling were conducted under 95% 
confidence level. 
 
 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

276 



 
 

 Method of Comparison of Previously 
Proposed Equation and Current Study  

Objective three of this research was to 
compare the correlations developed under this 
research study with the previously established 
correlations. To achieve this objective, 
previously published equations were selected 
from the literature review. Compare these 
equations with the newly proposed equations 
using graphical analysing approach. Statistical 
analysis was used as another analysing 
technique. The standard error and standard 
deviation of the existing and proposed 
equations were evaluated.  

4. RESULTS AND DISCUSSION 

 Laboratory Test Results 

As described in methodology, 
collected 25 numbers of soil samples were 
subjected to sieve analysis and classified 
according to USCS (Table 1). After 
classification of soil samples, it was identified 
that most of soil samples were classified as 
Poorly Graded Sand (SP). Hence, direct shear 
test was used to determine the shear strength 
parameters of those samples. In addition, tests 
were carried out to determine moisture 
content and bulk density. Summary of 
laboratory test results have been tabulated in 
Table 2. The typical variation of particle size 
distribution and shear stress vs shear strain 
graphs of sample No 16 is illustrated Figure 1 
and Figure 2 respectively. 

 
 

Figure 1 Practical Size Distribution Curve 
(Sample No- 16) 

 
 

Figure 2 Variation of Shear Stress vs Shear 
Strain (Sample No -16) 

 

Table 2 Laboratory Test Results 

S
a

m
p

le
 N

o
 

B
u

lk
 D

e
n

si
ty

 (
g

/c
m

3
) 

F
ri

ct
io

n
 A

n
g

le
- 

(B
a

se
d

 o
n

 D
ir

e
ct

 

S
h

e
a

r 
T

e
st

) 
˚ 

M
o

is
tu

re
 C

o
n

te
n

t 
 

10 1.57 46.51 14.07 

11 2.13 32.21 22.1 

12 1.63 42.83 8.65 

14 1.91 29.07 0.68 

16 2.18 25.36 14.3 

17 2.01 35.94 15.46 

18 2.04 30.88 10.86 

19 1.96 48.09 9.72 

20 1.91 36.42 0.31 

23 2.07 41.31 11.27 

24 2.20 39.76 15.52 

25 1.90 42.95 16.27 

 SPSS Analysis Results 

The Pearson correlation coefficients 

were determined to find the meaningful 

correlations. SPT -N value, friction angle, 

moisture content, bulk density, dry density 

were used as variables to the SPSS and 

determined Person Correlation values as 

shown in Table 3. 
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Table 3 Summery of Person Correlation 
Values 

Variable 
01 

Variable 
02 

Pearson 
Correlation 

SPT- N Friction Angle 0.747 

√𝑆𝑃𝑇 − 𝑁 Friction Angle 0.779 

Log (SPT- 
N) 

Friction Angle 0.770 

ℓn (SPT- 
N) 

Friction Angle 0.771 

Bulk 
density 

Dry density 0.823 

Dry 
density 

Friction Angle 0.591 

 Generalized Equation Using Liner 
Regression Analysis 

Correlations were generalized using a 
different format of models. SPT- N value with 
its different formats and bulk density, dry 
density, moisture content were used as 
independent variables. Friction angle was used 
as a dependent variable. Equations were 
modelled using two variable and 
multivariable regression analyses in SPSS.  The 
best correlation was selected comparing 
Reliability index (R2). According to the 
reliability index values, best fit correlation 
were observed from following Eq. (10). It was 
found that R2 of this equation is 0.710. 
  

𝜑 = 2.038 √𝑁 − 12.260𝛾 + 52.030   (10)
      

Where, 𝜑 is the friction angle, √𝑁 is square root 
value of field SPT -N,  𝛾 is bulk density (g/cm3) 

  Proposed Equation for In-Situ 
Applications 

To determine friction angle using 
proposed Eq.   (10) requires bulk density value 
of soil in a particular location. To determine the 
bulk density, it is needed to carry- out 
laboratory tests and it is time consuming. 
Hence, a quick and easy applicable correlation 
is developed (Eq.11) based on the results 
obtained from Eq.  (10). Using the laboratory 
determined bulk density values of SP 
categorised soil samples through this research 
study with corresponding SPT-N values were 
applied in Eq. (10) to calculate the friction 

angle. Calculated friction angle is used as 
dependant variable, relevant square root SPT-
N values were considered as independent 
variables, and values are presented in Table 4. 
Correlations were modelled considering 
Linear and Polynomial graph patterns.   
Reliability index values were determined 
using SPSS software and results are shown in 
Figure 3. The highest reliability index value 
was shown in polynomial graph pattern as 
shown in Figure 4. Hence, Eq. (11) is proposed 
for in-situ applications as a quick approach to 
determine friction angle for SP soils in local 
context.  
 

𝜑 = −0.093𝑁 + 3.2√𝑁 + 25.09                     (11)                                                                           
 
 
Where, 𝜑 is friction angle, N is field SPT -N 
value.  

 

Table 4 Data Values Used to Developed Eq. 
(11) 

 
 

Figure 3 Reliability Index Values for 
Proposed Eq. (11) 

 

Sample 
No 

SPT- 
N 

Square 
Root 

SPT-N 

(√𝑵 ) 

Bulk 
Density 
(g/cm3) 

Calculated 
Friction 

Angle- 𝝋°  
(Based on 

Eq:10) 

10 25 5.00 1.57 42.97 

11 2 1.41 2.13 28.80 

12 63 7.94 1.63 48.22 

14 7 2.65 1.91 34.01 

16 7 2.65 2.18 30.70 

17 24 4.90 2.01 37.37 

18 3 1.73 2.04 30.55 

19 41 6.40 1.96 41.05 

20 7 2.65 1.91 34.01 

23 50 7.07 2.07 41.06 

24 50 7.07 2.20 39.47 

25 50 7.07 1.90 43.15 
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 Comparison of Proposed Equation with 
Existing Equations 

Proposed Correlation Eq. (11) is 
introduced to determine friction angle in local 
context for SP soil type. Equation shows 0.857 
reliability index value and it shows best 
corelation. In addition, three different 
correlation coefficients were evaluated. For the 
proposed equation, Spearman’s rho 
Correlation Coefficient was 0.924, Pearson 
Correlation Coefficient Results 0.924 and 
Correlation -Kendall’s tau_b was 0.833. 

4.5.1. Comparison with Dunham's equations 

Present study was compared with 
Dunham’s equation and it is graphically 
presented in Figure 5. It can be noted that 
proposed equation is lying in average zone of 
Dunham’s results. 

 
Figure 5 Comparison of Proposed Equation 

with Dunham's Study 

 

 

4.5.2. Comparison With Shioi and Fuki’s 
Study. 

Comparison of current study with 
Shioi and Fuki’s study is graphically presented 
in   Figure 6.  Based on graphical 
interpretation, it can be seen that, proposed 
equation is over predicted the friction angle 
when the SPT-N value is less than 40 when 
compared with that of Shioi and Fuki’s 
method. However, proposed equation is well 
agreed with Shioi and Fuki’s method when 
SPT-N value is greater than 40. 

 

Figure 6 Comparison of Proposed Equation 

with Shioi and Fuki's Study 

4.5.3. Comparison with FHWA 
Recommended Values 

Peck et al. (1974) study, and 
Meyerhof's (1956) studies have been used to 
illustrate the FHWA recommendations (Salari 
et al, 2015). Comparison of FHWA 
recommendations with present study is 
illustrated in Table 5. Column (a) and (b) in the 
Table 5 depict the FHWA recommended 
values whereas column (c) illustrated in values 
predicted by present study. According to the 
comparison, it shows current study results are 
bounded within the range of FHWA 
recommended values  

Table 5 Comparison of Proposed Equation with 

FHWA Recommended Values 

SPT-N (a) (b) (c) 

0 to 4 <28 <30 25.09-31.11 

4 to 10 28-30 30 to 35 31-34.28 

10 to 30 30 to 36 35 to 40 34.28-39.83 

30 to 50 36 to 41 40 to 45 39.83-43.06 

>50 >41 >45 >43.06 

Figure 4 Developed Polynomial graph to 
generate Eq. (11) 

y = -0.0934x2 + 3.2009x + 25.091
R² = 0.8572
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4.5.4. Summary of comparison 

Summary of comparison were done 
based on the current study and Dunham’s 
equation for well graded soil, Japan road 
association equation (1990), Equation 
Proposed by Wolff (1982) and Shioi and Fuki’s 
equation developed for buildings. The 
variation of friction angle over SPT-N values in 
above methods together with proposed 
equation is illustrated in Figure 7. It can be 
clearly seen that proposed equation is in the 
range of existing predictors indicating the 
accuracy of proposed equation. 

 

Figure 7 Summery of Comparison 

4.5.5. Statistical Comparison  

Statistical comparison was done between 
proposed equation and selected empirical 
equations as shown in Table 6. SPSS 
descriptive statics use for the evaluation. 
According to the analysis, it can be noted that 
standard error and standard deviation of the 
proposed equation are 1.524 and 5.498 
respectively. When compared with existing 
correlations, the proposed equation shows the 
smallest standard error and standard 
deviation indicating the accuracy of the 
proposed equation.  
 
 
 
 
 
 
 
 

Table 6 Statistical Comparison 

 

5. CONCLUSIONS  

Deriving empirical equations among various 
geotechnical parameters such as SPT -N value 
and friction angle of soil is very important in 
different areas. It produces a fast and simple 
approach compared to a laboratory approach. 
The equations proposed in this research to 
estimate internal friction angle (𝜑) using SPSS 
software are based on the laboratory test data 
taken from 25 soil samples. Samples were 
classified using USCS and 12 samples were 
classified as SP soil. Thus, established 
equations are valid for poorly graded sand 
(SP). Using regression analysis in statistical 
based platform analysis has been used to 
established the equations. Among the 
established equations, Equation (11) was 
selected as the applicable equation for Poorly 
Graded sand in order to determine friction 
angle using raw SPT- N value. It will give 
quick and easy approach to determine internal 
friction angle in local context. 
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Disposal of Municipal Solid Waste (MSW) has become a serious problem in all over 
the world which is influenced by the rising population and rapid industrialization. 
Most of the developed countries proceed engineered landfilling or incineration of 
solid waste while developing countries continue with open dumping. Due to the 
higher valuation of prime lands in city areas, open dumps are expanded in vertical 
direction. Therefore, physical, chemical and shear strength properties of MSW are 
timely important to overcome stability failures of the dump sites during the 
operational period and after the closure of the dump sites. In order to represent the 
aging effect of MSW, waste samples were extracted from Meethotamulla dump site 
at different depths and variation of geotechnical properties with ageing was 
analyzed. Under the geotechnical properties physical, chemical and engineering 
properties were identified at various ages. The shear strength parameters of MSW 
were analyzed using Direct shear test which was conducted at the different moisture 
contents and dry densities. The obtained results revealed that MSW experience a 
higher friction angle due to presence of fabrics within the MSW and it acts like 
reinforcement material in the MSW.  Finally, obtained cohesion and internal friction 
angles were analyzed against the moisture content. 
 

 

1. INTRODUCTION  

Generally, open dump sites receive 
heterogeneous solid waste, categorized as 
biodegradable waste, non-biodegradable 
waste and residual fines from the municipal 
areas without sorting (Nawagamuwa et al., 
2013). Because of the degradation of 
biodegradable solid waste, settlements would 
be occurred during the operational stage of the 
dump sites which is directly affected by the 
stability of the garbage mounds.  

 
Due to the higher demand for prime lands 

around Colombo and Kandy municipal areas, 
the existing dump sites are expanded in the 
vertical direction. Therefore, proper planning 
and monitoring is essential to overcome the 
disasters and failures of garbage mounds. 

 
 

 
There was a sudden failure of 

Meethotamulla dump site in 2017 which 
affected the surrounding environment, 
destroying human lives, public property and 
several infrastructures at the South-Western 
side of the garbage mound (NBRO, 2017). Such 
incidents clearly illustrated that it is necessary 
to follow proper technical procedure to 
maintain solid waste dump sites.  

 
The assessment of the current stability 

condition, planning closure of the open dump 
sites and converting them to public parks, 
requires physical, chemical and engineering 
characteristics of solid waste. Further, these 
parameters are varying with time due to 
degradation of solid waste and this incident is 
called as the aging effect of MSW. 
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Although a number of international 
researches were conducted to find out the 
geotechnical properties of MSW, very limited 
number of researches in Sri Lankan context 
were performed on the ageing effect. As a 
result, this research was conducted to 
determine the physical, chemical and shear 
strength properties of MSW, considering the 
ageing effect.  

2. LITERATURE REVIEW 

According to Reddy et al., 2008, research 
study conducted on finding geotechnical 
properties of MSW in Orchard Hills Landfill, 
USA, cohesion varies in the range of 31-64kPa 
and drained friction angle varies in the range 
of 260-300. The variation of shear stress over 
shear strain under different normal stresses of 
MSW in USA is illustrated in Figure 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 Test results of Direct Shear test 
(Reddy et al., 2008) 

 
 
In Sri Lankan context, these shear strength 

parameters are in different ranges due to the 
various consumption patterns, disposal 
methods and climatic changes. Cohesion 
varies from 10-25kPa and angle of friction 
varies from 180-210 for MSW in Colombo 
Municipal Council area (Nawagamuwa et al., 
2013). Based on the results of Balasooriya et al., 
2015, cohesion and angle of friction varies 
from 14-49kPa and 21.80-49.70 respectively for 
MSW in different regions of Sri Lanka. The 
variation of shear stress over shear strain 
under different normal stresses of MSW in 
Hambantota is illustrated in Figure 2. 

 
 
 

 
 

Figure 2 Direct shear test result for same 

sample (Balasooriya et al., 2015) 

3. METHODOLOGY 

In order to determine the physical, 
chemical and engineering properties of MSW, 
considering the aging effect, following 
procedure was carried out. 

3.1. Collection and Preparation of Samples 

Waste samples were extracted from the 
Meethotamulla dump site during the 
restoration phase. It is considered as the 
largest garbage mound in Sri Lanka after the 
closure of Bloemendhal garbage mound and it 
is located in Kolonnawa area. Four number of 
disturbed waste samples were collected from 
Meethotamulla dump site at four different 
depths to represent the aging effect of MSW. 

 

After air-drying the extracted samples, 

they were laid on the dry concrete surface and 

large debris were subdivided into small parts. 

It should be reduced the samples according to 

the SATREPS, 2014 testing manual. The 

procedure of reducing the samples was carried 

out according to the quartering method. 5-

10kg of samples were taken to the laboratory 

experiments. 

 
3.2. Physical Properties of MSW 

Under the physical properties of MSW, 
Composition of MSW, Particle size 
distribution, Specific Gravity, Bulk unit 
weight and Saturated Moisture Content were 
determined. 
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3.2.1. Waste Composition 
 

By referring to a standard manual called 
JIS A 1204 and SATREPS Project manual, the 
composition of MSW were determined for 
each sample which represents different 
ageing. According to the SATREPS manual, 
MSW can be divided into 13 main categories 
such as Kitchen waste, Paper, Hard plastic, 
soft plastic, Metal, Glass, Ceramic, Leather and 
Rubber, Textile, Grass and Wood, Rock, 
cemented material, Aggregated soil and 
others.  

 
After sorting the MSW into above stated 

categories by visual observations, weight 
fractions were calculated to find the 
composition of each category. 

 
3.2.2. Particle Size Distribution 

 
After referring JIS A 1204, ASTM D422 

and SATREPS Manual, Sieve Analysis test was 
conducted for the whole waste sample. The 
entire air-dried waste samples were sieved 
using 63, 37.5, 19, 9.5, 4.75, 1.7mm and 
0.075mm diameter sieves and passing 
percentages were determined. 

  

3.2.3. Specific Gravity 
 

In order to determine the particle 
density of MSW, Specific gravity test was 
conducted for the large-size particles and 
small-size particles separately. Large-size 
particles consisted of particles with 2mm to 
10mm and small-size particles consisted of 
particles having less than 2mm diameter 
according to the SATREPS manual.  

3.2.4. Bulk Unit Weight 

According to the SATREPS manual, 
bulk unit weight of MSW was determined. 
Prepared waste sample was put completely 
into a container which has known volume and 
container was fallen down to the ground from 
30cm height for 3 times. Then it should be 
placed some additional waste into the 
container and repeated the above activity.  

3.2.5. Saturated Moisture Content 

Saturated moisture content is the 

maximum water content that can be stored in 
the waste sample. In order to perform this test, 
the waste samples were sunk in water, after 
taking the initial moisture content. Then 
moisture content was checked every day until 
it will become a constant value. When the 
moisture content was not changed, this value 
was considered as the saturated moisture 
content. 

 
3.3. Chemical Properties of MSW 

Under the chemical properties of MSW, 

pH, Electric conductivity and Volatile organic 

content of MSW were determined. It is 

important to determine the chemical 

properties of MSW, especially after the closure 

of dump site to reuse the land for other 

purposes.  

3.3.1. pH Value 
 
pH of the MSW was measured using 

glass- electrode pH meter at several 
temperature and test method for determining 
pH, is mentioned in the JGS 0211. Firstly, air 
dried waste samples were taken for testing. 
Then particles larger than 10mm were 
removed from the samples by sieving. The 
amount of sample for the measurement was 
selected according to the maximum particle 
size of the sample. 

 
Then raw samples were placed in the 

beakers and distilled water was added. The 
mass of water in the beaker should be five 
times the dry mass of the sample. Finally, the 
samples were stirred using a glass rod and 
kept it for 30-180 minutes. By using Glass- 
electrode pH meter, pH values were 
measured. 
 
3.3.2. Electric Conductivity (EC) 
 

Test method for determining EC, is 
mentioned in the JGS 0212 and this was 
measured using Electrical conductivity 
sensors.  Sample preparation method for EC is 
same as the pH. 
 
3.3.3. Volatile Organic Content 
 

Volatile Organic Content of MSW was 

measured according to the JIS A 1226. This is 

an important parameter which can be affected 
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directly towards the stability of dump site 

because organic materials can be decomposed 

easily, within a short time period. The oven 

dried waste samples at 600C were again dried 

up to 8000C in the Muffle furnace to remove 

the volatile organic components of the MSW.   

3.4. Compaction Characteristics of MSW 

In the field, compaction of waste is done 
using rollers or dynamic compactors and this 
is simulated in the laboratories by standard 
Proctor compaction test. To develop the 
compaction curve, automated Proctor 
compaction apparatus was used. 

Compaction is a type of densification of 

soil or waste by removing the air from voids. 

Higher Compaction leads to improve the 

density and strength characteristic of solid 

waste while decrease the compressibility and 

permeability characteristics. Standard Proctor 

Compaction Test was performed according to 

ASTM D 698, which is equivalent to JIS A1210. 

3.5. Shear Strength Properties of MSW 

Samples were prepared for the direct 

shear test to obtain the shear strength 

parameters based on the results obtained from 

the Standard Proctor Compaction Test. This 

test was carried out according to the ASTM 

D3080 which is equivalent to JGS 056. The 

maximum particle size for the direct shear test 

was selected as 9.5mm. A constant strain rate 

of 0.125mm/min was used to shear the sample 

at different normal stresses of 25kPa, 50kPa 

and 75kPa. For each normal load, variation of 

shear strain, shear stress and vertical 

displacements were recorded in the data 

logger attached to the direct shear apparatus. 
The Automated direct shear apparatus used 

for the test is shown in the Figure 3. 

 

 

 

 

 

Figure 3 Automated Direct Shear Apparatus 

4. RESULTS AND DISCUSSION 

After performing the laboratory 

experiments, physical, chemical and 

engineering properties of MSW were 

determined considering the aging effect. The 

obtained results were analysed as below. 

4.1. Physical Properties of MSW 

4.1.1. Waste Composition 

The comparison of waste composition 

with aging is shown in Figure 4. 

z 

 

 

 

 

 

Figure 4 Composition with Aging 

The largest portion of the waste materials 

is consisted of aggregate soil, fine residues and 

polythene. Sample 04 which is having the 

bottom waste consisted with more fine 

residues than the other samples and 

percentage of fine residues is increasing with 

the depth. Fine residues are the particles 

which having smaller than 9.5mm sized 

particles. Due to the decomposition of organic 

waste materials, fine particles can be 

accumulated at the bottom of the garbage 

mound. When extracting waste from the 

several depths, cover soil layers which are 

used to reduce animal attraction, bad odour 

and displeasing view of open dumps, can be 

easily mixed with the waste materials. These 

are the possible reasons for having the large 

amount of aggregate soil and fine residues. 

4.1.2. Particle Size Distribution 

The particle size distribution curves for 

different waste samples are illustrated in the 

Figure 5. 
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Figure 5 Particle Size Distribution Curves 

for Four Different Samples 

It can be observed that more than 40% of 

the particle sizes are greater than 63mm and it 

includes most of the elongated, large debris 

such as polythene, pet bottles, hard plastics, 

metal, glass, ceramic, leather, textile, yard 

waste, wood, clayey materials and rock etc. 

The comparison of particle size distribution of 

Meethotamulla dump site with other 

published literature is shown in Figure 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Comparison of particle size 

distribution of different dump sites 

 

The particle size distribution curves 

obtained for the Meethotamulla garbage 

dump are in the range of particle size 

distribution behaviour of Bloemendhal waste 

dump and the Kolonnawa waste dump 

(Nawagamuwa et al., 2013).  

 

Further these curves are deviated from 

the Hambanthota waste (Balasooriya et al., 

2015) and Udapalatha waste (Piumali et al., 

2017). 

 

Climatic condition of the area is affected 

to the decomposition rate of garbage because 

microorganisms are very sensitive with the 

temperature and humidity of the surrounding 

environment.  

Climatic differences of different regions 

would be a reason for this deviation because 

Meethotamulla, Karadiyana and Bloemendhal 

waste dump sites are in Colombo region 

which belongs to the wet zone of Sri Lanka 

while Hambantota belongs to the dry zone of 

Sri Lanka.  

4.1.3. Specific Gravity 

For all samples, specific gravity values 

are greater than 2.0 and they are considerably 

high as the most of the waste materials were 

mixed with soil. Also, it is a noticeable factor 

that specific gravity values are increasing with 

the depth and this was proven through 

another existing researches done by Piumali et 

al., 2017. 

4.1.4. Bulk Unit Weight 

It can be seen that bulk unit weight 

gradually increases with the depth. However, 

average bulk unit weight of the MSW of 

Meethotamulla is about 5.1 kN/m3. 

4.1.5. Saturated Moisture Content 

Saturated moisture content of MSW is 

between the range of 350-400%. 

4.2. Chemical Properties of MSW 

4.2.1. pH Value 

pH values of all samples are greater than 

7.0. It means that these waste materials show 

the behaviour of base. But usually, fresh MSW 

shows the acid behaviour due to the higher 

number of acidic components such as 

Colombo Waste 

Hambanthota Waste 

Waste 
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chemicals, electric equipment and spoiled 

kitchen matters etc. But there were only 

decomposed waste materials and most of the 

waste portion could be visualized as aggregate 

soil, gravel and fine residues. Hence, the 

reason of base behaviour of MSW is presenting 

the fully and partially decomposed waste 

materials. 

4.2.2. Electric Conductivity (EC) 

EC values are greater than 2.0 in top 

waste layers and they are considerably high. It 

means MSW shows the electric conduction 

properties. Also, the values obtained for the 

Electric Conductivity for MSW is decreasing 

with the depth of the dump site.  

 

To verify these higher EC values of MSW, 

total ion concentration was determined. When 

preparing samples, it could be identified 

colour changing and after completing the 

experiment, there is a value for ion 

absorbance. Hence it can be concluded that 

MSW samples consist of metallic 

concentration to some extent. 

4.2.3. Volatile Organic Content 

It can be observed that all samples show 

same volatile organic content irrespective of 

the depth. and they were around 38-39%.  

Summary of physical and chemical 

properties of MSW at different depths is 

shown in Table 1. 

 

Table 1 Physical and Chemical Properties of 

MSW 

4.3. Compaction Characteristics of MSW 

Based on the results, it can be noted that 

the maximum dry unit weight is 11.2kN/m3 

and the optimum moisture content is 38%. The 

variation of dry unit weight over moisture 

content is illustrated in Figure 7. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 Proctor Compaction Curve 

4.4. Shear Strength Characteristics of MSW 

Shear strength properties can be varied 

with time due to the biodegradation of MSW 

and it is affected on the stability of a garbage 

mound. Therefore, it is important to obtain the 

shear strength parameters of the MSW, 

considering the effect of aging.  

 

In order to achieve this objective direct 

shear test was conducted on top and bottom 

waste samples, varying the moisture content 

and compaction. The aging effect is 

represented by using four different samples 

which were extracted from four different 

depths. 

 

The samples were prepared based on the 

compaction curve developed as shown in 

Figure 7. 5 different samples were prepared 

for direct shear test representing wopt±6, 

wopt±3 and wopt where wopt is the optimum 

moisture content. 

4.4.1. Effect of Sample Preparation Method 

Waste is a heterogeneous material. When 

using different samples for the direct shear 

tests under a particular moisture content, 

properties of the samples would be varied due 

to the varying of composition of solid waste. 
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Therefore, the compaction would be changed 

in preparing samples. It was reported that 

shearing at higher normal stresses results 

lower shear strengths due to the effects of pre-

shearing in the previous loading stage.  

 

In order to verify the effect of staged 

testing in MSW, direct shear test was carried 

out in two different cases; using same samples 

for shearing and using different samples for 

shearing. After testing under the lower normal 

stress, the same sample was re-sheared while 

increasing the normal stress. In this case 

properties of the waste materials would not be 

changed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 Shear Stress Vs Shear Strain 

(Sample 01) 

Then the second scenario was carried out, 

using separate samples for the shearing. In this 

case properties of waste may change due to the 

heterogeneous natures of the waste. The 

Figure 8 represents the comparison of shear 

stress Vs shear strain behaviour for top waste 

at Wopt-6% (Sample 01) of moisture content. 

Due to the similar behaviour of two different  

scenarios, same samples were used for 

shearing at three different normal stresses. 

4.4.2. Effect of strain levels on shear strength 
parameters 

It can be observed that only the strain 

hardening behaviour in waste. There was no 

any clear indication of strain softening 

behavior of waste. Therefore, three different 

strain levels were considered to define the 

peak shear stress.   

Generally, in soil, it can be clearly 

identified the strain softening behaviour. 

Therefore, the maximum stress can be 

obtained at a certain shear stain level. But in 

the case of waste only, the strain hardening 

was observed and hence it was decided to 

define different strain levels to develop failure 

envelop. It was considered 15%, 10% and 5% 

as the different strain levels to obtain shear 

stresses. 

4.4.3. Shear Strength Properties 

Table 2 Summary of Shear Strength 

Properties of MSW 

 

After obtaining the shear stress values at 

the three different strain levels, failure 

envelopes were developed between the shear 

stress and the normal stress. Then by 

developing failure envelops, shear strength 

parameters were calculated under different 

strain levels. The obtained cohesion varies 

from 9-27kPa and angle of friction varies from 

170-540 within 5-15% of strain levels. Table 2 

presents the summary of shear strength 

properties of the MSW 

 

When 15% shear strain level is used, the 

internal friction angles gave high values which 

tend to rock type nature. Therefore, 10% shear 

strain level is the most suitable strain level to 

get the shear stresses and Stark et al., 2009 also 

recommended the 10% of shear strain level for 

waste materials. The variation of Friction 

Moisture 

Content 

(%) 

Top Waste 

15% strain 10% strain 5% strain 

Cohesion 

(kPa) 

Friction 

Angle 

(deg) 

Cohesion 

(kPa) 

Friction 

Angle 

(deg) 

Cohesion 

(kPa) 

Friction 

Angle 

(deg) 

Wopt-6% 22 49.6 20 42.3 19 28.61 

Wopt-3% 23 49.2 21 41.6 20 27.6 

Wopt 13 48.8 12 39.8 11 27.1 

Wopt+3% 11 52.76 10 45 9 33.34 

Wopt +6% 10 54.06 9 46.47 12 34.59 

Moisture 

Content 

(%) 

Bottom Waste 

15% strain 10% strain 5% strain 

Cohesion 

(kPa) 

Friction 

Angle 

(deg) 

Cohesion 

(kPa) 

Friction 

Angle 

(deg) 

Cohesion 

(kPa) 

Friction 

Angle 

(deg) 

Wopt-6% 26 50.48 22 43.6 20 27.2 

Wopt-3% 27 49.6 24 39.8 22 20 

Wopt 24 46.5 22 38.6 19 16.5 

Wopt+3% 23 51.3 20 45 18 33.7 

Wopt +6% 20 53.1 18 46.7 16 38.6 
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angle and cohesion with the moisture content 

at 10% of shear strain is shown in Figure 9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 Variation of Friction angle and 

Cohesion with Moisture Content 

Cohesion is increasing and then decreasing 

with moisture for all the strain conditions. 

Friction angle is decreasing and then 

increasing with moisture for all the strain 

conditions. 

5. CONCLUSIONS 

• Specific gravity values are high due to the 

large composition of fine residues and they 

are increasing with aging. 

• pH values are greater than 7.0 because waste 

was fully decomposed. 

• Electric conductivity of top waste is high due 

to the presence of metals and they are 

decreasing with aging. 

• Shear strength properties are significantly 

high due to the presence of large amount of 

aggregate soil and textile. Fabric acts as a 

reinforcement material in solid waste due to 

the higher amount of tensile strength.  

• The highest cohesion is obtained near to the 

optimum moisture content. 

• The lowest internal friction angle is obtained 

after the optimum moisture content. 
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Formation of cavern in limestone sedimentary rock is a major problem for 
construction of buildings in Jaffna peninsula. Cavities in limestone rock decrease its 
strength and increase the settlement. In this research study subsurface soil profile 
within Jaffna peninsula was studied using electrical resistivity survey and borehole 
investigations. According to the site investigations, cavities found at 2m and 6.75 m 
depth below the ground level shows the possibilities of very high differential 
settlement and sudden collapse of building structures in problematic area. 
According to the Unconfined compressive strength (UCS) results, average UCS 
value within lime stone layer in Jaffna peninsula is about 14 MPa. By treating the 
cavities with cement slurry, it was noted that compressive strength of the lime stone 
can be improved by 1.15 to 1.35. Hence, it is recommended to fill the cavities of lime 
stone rock by proper grouting before constructing the foundations for multi-story 
buildings in problematic lime stone area in Jaffna peninsula.  

 

1. INTRODUCTION  

The limestone layers within a soil 
profile cause problematic nature in the design 
and construction of foundations for multi 
storied buildings. The limestone layers 
include cavities, sinkholes and open fractures. 
Cavities in limestone rock decrease its strength 
and increase the settlement. As such, Karst 
limestone bedrock creates serious      
construction problem.  

 
Insufficient understanding of Karst 

features during the design phase leads to 
expensive foundation construction. As such 
full understanding of the nature of karst as 
well as the method of surface and subsurface 
detection are very important to avoid the risk 
of sudden collapse of constructed buildings. 
The design and construction of engineering 
structures in Karst like regions of Jaffna 
peninsula in Sri Lanka deal with such 

challenges as complexity in the construction of 
foundation due to the inclined bedrock sink 
holes, cavities, floaters and land subsidence. 
Land subsidence in Jaffna peninsula is known 
for a long time and there have been received 
recent reports from Matale area too 
(Siriwardana et al., 2018). 

1.1 Land Subsidence in Jaffna Peninsula 

Recently in January 2016, there was a 
land subsidence in Navakkiri, Achchuveli of 
Jaffna Peninsula and it leads to sudden cracks 
in the buildings within the area as shown in 
Figure 1. It was well noted that cracks have 
been developed on the ground marking a 
shape of more or less a circle with approximate 
diameter of 75m as shown in Figure 2. 
Considerable subsidence was observed at the 
western part of the circle where a house has 
been severely affected. Walls of the houses has 
been cracked and tilted towards the inner side 
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of the circle. It was also noted that those cracks 
on the walls, floors and surrounding ground 
have been developing with time. The width of 
the cracks may vary from millimetres to 
centimetre. Hence, in this research study, 
problematic nature of the subsurface cavities 
within the limestone layer in Jaffna peninsula 
was studied.  
 

 

Figure 1 Lands Subsidence in Achchuveli 
(Floor & Wall) 

 

Figure 2 Land subsidence area Achchuveli 

 

Figure 3 Borehole Locations (NBRO, 2016)    

1.2 Physical Environment of Jaffna 
Peninsula 

1.2.1 Topography 

 Topography of the Jaffna peninsula is 
almost flat. Highest elevation is about 10 m 
MSL and no sharp gradients are noticeable 
(Ministry of Urban Development and water 
supply, 2005). A thin mantle of soils with a 
thickness of less than 2 m is found above the 
limestone rock (Rajasooriyar et al. 2002). The 
soil survey study of Nadarajah (1973) 
identified two major physiographic types, 
namely the coastal plain and karst plain. The 
soil association of Calcic Red-Yellow Latasols 
is formed from the marine deposits on the 
older Miocene limestone. There is no any 
natural stream. 
 
1.2.2 Geology  
 

Geological units exposed in the Jaffna 
peninsula are part of a sequence of tertiary 
aged rocks which rest on a basement of 
Precambrian crystalline rocks (Arumugam, 
1969).  The total thickness is approximately 250 
m made of three main units: the Mannar 
sandstones at the base, the Jaffna limestone, 
and a thin discontinuous surficial cover. The 
basal Mannar sand stone comprises about half 
this total. The Jaffna lime stone which is some 
50- 90 m thick overlies the Mannar sandstone 
and is extensively exposed in the western part 
of the peninsula in the Chunnakam area and a 
small area to the west of point Pedro (National 
Water Supply and Drainage Board, 2006). 
However, Cooray (1984) claimed that the 
vertical thickness of the Miocene limestone 
exceeds 35 m. According to Cooray (1984), the 
Miocene limestone of the Jaffna Peninsula is 
poorly bedded and generally flat, except in 
some areas where it shows a slight dip to the 
west. In some places the limestone beds are 
extremely well jointed and have a marked 
rectangular pattern of closely spaced joints 
running in northwest to southeast and 
northeast to southwest directions.  Figure 4 
schematically represents the geology of the 
Jaffna Peninsula (Balasuriya ,2017). 
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Figure 4 Typical cross section of the ground 
in Jaffna peninsula (Balasuriya, 2017) 

2. METHODOLOGY  

2.1 Electrical Resistivity Survey 

Two dimensional (2D) electrical 
resistivity survey was conducted at the study 
area to map the subsurface soil profile. The 
ground resistivity profiles give characteristic 
subsurface conditions that can be commonly 
recorded in limestone terrains. Hence based 
on the variations of resistivity values, the 
different subsurface conditions were 
distinguished.  

2.2 Borehole Investigation 

In order to identify the subsurface soil 
profile in the Jaffna peninsula, borehole 
investigation was done by the National 
Building and Research Organisation (NBRO). 
Borehole locations are indicated in the Figure 
3. 

Core drilling was applied as the 
method for boring, with the use of a 
combination of a rotation action and a 
hydraulic ram. The three kinds of core drill 
bits were applied for the cutting of rock. Those 
were double tube core drill bit, triple tube core 
drill bit and retractable core drill bit.  
 

2.3 Plate Load Test 

Plate load test was carried out at the 
study area   at a location near to the BH-02 to 
assess the pressure and amount of settlements 
as shown in Figure 5. 1 m x 1 m area was 
excavated up to a depth of 0.5 m and 300 mm 

diameter plate (25 mm thick) was placed on 
the excavated depth. Throughout the plate 
load test, vertical settlement of plate and the 
pressure were recorded. The vertical load was 
applied by using an excavator.  

 

Figure 5 Plate Load Test at BH-02 

2.4 Laboratory Test 

The characteristics of the cavities and 
hollows of collected core samples were 
visually analysed   prior to the laboratory test 
as shown in figure 6.  

                           Cavities 

 

Figure 6 Visual observation of the nature of 
cavities in lime stone core sample 

Laboratory tests were mainly carried 
out for obtaining the necessary parameters for 
analysis and making solution of the 
engineering problems. The Unconfined 
Compressive Strength Test was carried out for 
the selected rock samples in the laboratory.  

2.4 Unconfined Compressive Strength (UCS) 
test 

The specimens for UCS test were 
prepared as Height: Diameter is 2:1 and the 
diameter of a sample is about 50 mm whereas 
average height of the specimen is about 100 
mm.  
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Figure 7 UCS Test 

Core samples collected from the BH-
01, BH-02 and BH- 03 were used for the UCS 
test.  UCS tests were carried out under the 
British Standards Institution of London and 
Code of practice for site investigations (BS 
5930, 1999). Sample with similar cavities were 
selected and used for the UCS test to study the 
UCS value with treating the cavities by cement 
slurry and without treatment as shown in 
Figure 8. Failure pattern of the specimens was 
observed as shown in Figure 9 and Figure 10.  

 

Figure 8 Sample with similar cavities for 
treated and untreated tests 

 

 

 

 

Figure 9 Failure pattern of untreated and 
treated specimens 

 Crushed at top face      Minor Vertical Cracks  

Figure 10 Failure patterns of core sample 
with cavity and without cavity  

3. RESULTS AND DISCUSSIONS 

3.1 Subsurface soil profile based on Electrical 
Resistivity Survey 

The results obtained from the 

Electrical resistivity survey are presented in 

the Figure 11. It can be seen that a very low 

resistivity is at a depth of 30-40 m from the 

ground surface.   

 

 

 

 

 

 

 

 

Figure 11 Resistivity profiles of the study area 

With Cavity   No Cavity  
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Since electrical resistivity is very low 

in the moist environment, this is a clear 

indication of the depth of water level in the 

Jaffna peninsula. Since water table cannot be 

existed within the bedrock layer, this water 

level indicates either caverns within the 

limestone layer or aquifer. 

  On the other hand, the very high 

electrical resistivity indicates at air pockets. It 

can be noted that there is a large air pocket at 

left hand side of the Figure 11 indicating the 

cavities within the limestone layer. These 

cavities are not filled with water due to low 

water table condition and they are in the dry 

state. 

 

 

 

 

3.2 Subsurface soil profile based on Borehole 

Investigation  

Based on Borehole investigations, a very thin 

overburden soil layer of thickness 0.3m 

maximum was encountered up to the 

limestone layer. Soil through the overburden 

is primarily contains Reddish Sandy silts. 

Cavities are uneven underneath the study 

area. Most of the small cavities are filled with 

sand and sandy silts. The upper most parts of 

the limestone are present with small cavities 

filled with “Red Earth” materials up to the 

maximum depth of 3.75 m below the existing 

ground level. The large cavities called caverns 

are filled with water and sand. Most of such 

caverns at shallow depths are filled with sand 

and caverns whereas at greater depth are filled 

with water. Table 1 shows the summary of the 

borehole investigation results. Borehole logs 

indicated that caverns are located even at 

shallow depth i.e. 2-6 m and these caverns are 

filled with sand and water. 

                                                         Table 1  Summary of Borehole reports 

BH 
No 

Terminated 
depth (m) 

Overburden 
Thickness 

(m) 

Depth to 
Cavern 

(m) 

Cavern 
Thickness 

(m) 

Filling of 
Cavern 

Cavities 
filled by 

red sandy 
silt up to 

(m) 

GWT 
(m) 

BH01 10.25 0.3 6.75 1.0 Water 3.75 6.60 

BH02 10.10 0.2 2.00 1.0 Sand 1.02 6.30 

BH03 10.00 - - - - 2.00 7.70 

In addition, the obtained core samples 

clearly illustrate the cavities within the 

shallow depth of limestone layer (Figure 6). 

Some of these cavities are filled with sand 

where as some are completely void.  

Rock Quality Designation (RQD %), Water 

Return (WR %)     

Rock quality designation (RQD%) of 

limestone were measured just after taken out 

the pull-out of rock core samples during the 

drilling work. RQD of limestone were 

encountered as very low values (<50%) due to 

presence of small-scale cavities throughout the 

limestone rock layer.    

  Further, washing out of the weathered 

portion of limestone was caused for the 

reduction of RQD of each pull-out. 

The return of water (RW) during the 

coring was observed as very low in the 

boreholes due to high loss of water through 

the interconnected cavities in limestone.  

Even though samples were recovered 

with more than 100 mm length, due to the 

presence of cavities RQD was considered as 
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Zero. Low WR is due to the loss of water due 

to the presence of cavities or caverns within 

the limestone layer. In other words, low WR 

indicates the severity of the presence of 

cavities within the lime stone layer.  

3.3 Evaluation of Load Carrying Capacity on 

Cavern Area  

Large cavities at shallow depth below 

the structural area are highly problematic for 

the foundation of buildings and other 

structures and the possibility for the 

differential settlements are very high. The 

method (2:1) is applied for the assessment of 

maximum load bearing capacity on cavern 

area. 

In this study, the cavern encountered 

at 2 m depth below the existing ground level 

at BH-2 location is the shallowest cavern with 

1m thickness, and filled with sand. Thus, 

substrata can be considered as two layers of 

limestone and soil fill cavern for the 

assessment of load bearing capacity.  The 

schematic diagram of the shallow foundation 
under this circumstance is illustrated in figure 

12.  

 

Figure 12 Sketch of shallow foundation and 
cavern 

Based on Figure 12, it can be seen that 

foundation load is distributed to caverns 

through the limestone layer above. If the 

compressive strength of the limestone layer is 

not sufficient to carry the load transmitted by 

the foundation, it may subject to settlement 

and/or collapse. This clearly indicates the 

importance of knowing UCS of Lime stone 

layer.  

3.4 Unconfined Compressive Strength of 

Limestone  

The results of the UCS tests of the 

limestone are shown in the Table 2  

Table 2 UCS values of Limestone 

Borehole 
No 

Depth 
(m) 

          UCS (MPa) 

Untreated Treated 

BH-01 
3.00-
3.30 

13.99 16.14 

BH-02 
1.50-
1.80 

16.87 20.54 

BH-03 
4.00-
4.30 

12.68 17.29 

 

Based on the laboratory test results, it 

can be seen the average UCS of limestone layer 

is about 14 MPa. In order to improve the UCS 

of limestone layer the cavities within the 

limestone specimens were grouted manually 

with cement slurry and curing for a period of 

28 days. The compressive strengths of the 

treated lime stone specimen are depicted in 

Table 2. It can be seen that after treating the 

limestone specimens by cement slurry, UCS 

value is increased by about 1.15 to 1.35. It 

should be noted that cavities of the limestone 

specimens were filled with cement slurry 

manually without applying any pressure, 

which indicates that all the cavities were not 

completely filled cement slurry. Even though 

cavities were not completely filled with 

cement slurry, compressive strength has 

increased by considerable percentage. This 

clearly indicates that high pressure cement 

grouting is one of the most effective methods 

to increase the bearing capacity of limestone 

layer. Even the cavities are filled with loose 

silty sands, by using grouting method, loose 

soil can be solidified and as a result strength of 

limestone layer can be enhanced.  

3.5 Plate Load Test 

In order to further study the load 

carrying capacity of limestone layer within the 

cavern area, plate load test was conducted in 

the field. Results of the plate load test are 

graphically presented in Figure 13.  
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Figure 13 Plate load test results 

The stress was increased up to 595 kN/m2 

in 7 loading increments and corresponding 

observed settlements were recorded. 

Unloading was done using 3 loading stages. 

Based on Figure 13, it can be seen that 

settlement corresponding to maximum stress 

is about 3.34 mm. Accordingly, the maximum 

carrying capacity of prototype foundation is 

about 1900 kN/m2. However, the effect of 

caverns underneath the limestone layer is not 

taken into account in the plate load test. As 

such it can be concluded that, plate load test 

along, it cannot be come to a conclusion about 

the carrying capacity of the limestone layer in 

the Jaffna peninsula.  

4. CONCLUSION  

The problematic nature of the limestone 

layer in Jaffna peninsula was studied by 

identifying the subsurface strata in this 

research study. The subsurface strata were 

identified using borehole investigation and 

Electrical resistivity survey. In addition, plate 

load test was conducted at a selected location 

to investigate the carrying capacity of the lime 

stone layer. Based on this research study 

following conclusions can be made.  

1. Caverns can be observed at 30-40 m depth 

as well as very shallow depth at about 2 m. The 

thickness of cavern at shallow depth is about 

1-2 m. 

2. Lime stone layer within the Jaffna peninsula 

is highly fractured with RQD is less than 50 %. 

The average UCS value of Limestone about 14 

MPa indicating that the allowable bearing 

capacity of shallow foundation on the 

limestone layer vary from 100 kN/m2 – 1000 

kN/m2 based on RQD value. According to the 

bearing pressure of limestone it is adequate to 

carry the typical column loads of buildings or 

some other structures. Load of structure can be 

transferred to the subsurface through any type 

of pad footing, strip or raft foundation. 

Though, there may be significant 

complications in subsurface at problematic 

areas during the application of shallow 

foundation  

3) Sand filled in the small cavities in upper 

limestone may be seeped into the large-scale 

caverns at the deep underground level during 

the rainy season. Thus, the cavities of the 

limestone layer at the shallow depth will be 

opened and will lead to the differential 

settlement of the structure.  

4) Because of the increased in the numbers of 

small cavities, pressure bulb of shallow 

foundation run through the opened 

subsurface. Thus, very high differential 

settlement of the building structure may be 

occurred within the problematic area. 

5) The caverns at middle depth from the 

surface level filled with the water are 

identified as highly problematic where the 

possibility of differential settlements and 

sudden collapse of the structures are very high 

due to the land subsidence and sinking of 

ground. According to the Boussinesq method, 

the pressure of continuous foundations is 

distributed up to the depth of 3B (B is width of 

foundation). Because of the high width of raft 

foundation, the pressure will be distributed 

over the large cavern which is filled with 

water.  Consequently, sudden failure of 

building structures built on raft foundation 
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may be happened on the cavern area. Thus, 

practice of shallow foundation for the 

construction of buildings and structures is not 

appropriate within these high problematic 

areas.  

6. Light weight structures are recommended 

for the high problematic areas or it is 

recommended to fill the cavities of lime stone 

rock by proper grouting before constructing 

the foundations for single or multi-story 

buildings or any other significant structures in 

problematic lime stone area in Jaffna 

peninsula to eliminate the problematic nature. 

7. Deep foundation could be placed below the 

cavern for the building construction within the 

high problematic lime stone area to reduce the 

risk due to the land subsidence.  

5. RECOMMENDATIONS 

It is recommended to perform number 

of field tests to study the characteristic of 

limestone sub strata accurately because of the 

the result values depends also on the cavern 

geometry, cavern alignment, and properties of 

subsoil and lime stone.  

Grouting of cavity and its 

improvement need to be investigated at field.  

The foundation behavior on caverns using 

advanced numerical modeling of cavity with 

accurate soil properties and parameters to 

arrive at more accurate results is 

recommended.  

This study recommends Geotechnical and 
Structural Engineers for a well thought out 
design guidelines to help practitioners 
overcome the difficulties usually faced when 
designing foundations due to the problematic 
nature of the limestone strata in Jaffna 
peninsula. 
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The undrained shear strength is a key parameter in the estimation of the stability of 
embankments constructed on soft soil. In Sri Lankan context, many embankments 
constructed on peaty clay were failed due to incorrect estimation of undrained shear 
strength parameters of peat. This research study has provided an opportunity to 
study the effect of pre-consolidation pressure on the undrained shear strength 
parameters from of peaty clay using laboratory triaxial tests.  Remoulded peaty clay 
specimens with diameter 50 mm and height 100 mm were pre-consolidated under 
different axial stresses using an especially fabricated device at the oedometer 
apparatus. According to the Consolidated Undrained triaxial test results, it can be 
observed that shear strength parameters of peaty clay decrease with increases of 
pre-consolidation pressure. This is clearly illustrated that peaty clay is very sensitive 
for the disturbance. Once the peaty clay is disturbed or natural micro structure has 
been changed, it needs sufficient time to gain shear strength. 

 

1. INTRODUCTION   

Peat is originated by the partial 
decomposition and disintegration of mosses, 
sedges, trees and other plants that grow in 
marshes or other wet lands in the condition of 
lack of oxygen. Though peat is identified as a 
type of soil containing higher fibrous organic 
matters, it may differ with the location due to 
the origin of fiber, temperature and degree of 
humification (Sina Kazemian, 2011). For 
geotechnical purposes, peat is divided into 
three categories as fibric peat (lest 
decomposed), hemic peat (intermediate 
decomposed) and sapric peat (most 
decomposed). Peat usually found in Sri 
Lankan context, has lesser organic content 
though its general value exceeds 75% in other 
domains and special endemicity of the 
samples that are found here is the mixing of 
peat with clay (Norhaliza, 2017). Sri Lankan 
peaty soil is generally identified as the 
amorphous type with lower organic content. 
Significant relationships between stiffness 

characteristics and basic index properties of 
peats have been established here and revealed 
patterns of outcome seem to be well agreed 
with the results reported in literature 
(Simonetta, 2005), even if the numerical values 
of correlations are different, and they will 
comprehensively be elaborated in this study.  

 
Peat has high compressibility and low 

decomposition due to its fibrous structure. 
Considering the degree of decomposition, 
peat is divided into 10 groups, starting from 
H1 to H10 and the number of classifications 
increases with the decomposition (Norhaliza, 
2017). Huat, 2009 reveals that highly 
decomposed soil has got higher strength than 
the lower decomposed soil. But, the level of 
decomposition is just one factor which 
associates with the organic soil strength. 
Poulos, 1989 points out that several factors 
such as soil composition (shape, size and 
distribution), soil structure (undisturbed, 
disturbed, compacted, void and cementation), 
initial (loose or dense) and the type of loading 
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(drained or undrained) influence to reinforce 
the organic soil.  

 
The pre-consolidation pressure is 

another effective factor which reduces the 
voids and water content of samples, while 
improving the stiffness and strength of the 
soil. In addition, the effective shear strength 
properties of the soil depend on the size of 
segregation. Large size segregation peat is 
having higher shear strength than the small 
size segregation peat (Norhaliza, 2018). 
Norhaliza, 2018 elaborates the factors that 
contribute to the shear strength of peaty 
namely sizes of peat fibers, pre- consolidation 
pressure, initial void ratio as well as some 
physical properties such as initial water 
content, fiber content and liquid limit. 

 
This paper presents the results of an 

experiment study conducted to investigate the 
effect of pre-consolidation pressure on 
strength characteristics of Sri Lankan peaty 
clay. The triaxial compression tests were 
performed on reconstituted peaty clay 
samples faced under different pre-
consolidation pressure of 20kPa, 40kPa, 60kPa 
and 100kPa. The results were compared with 
the non-pre-consolidated samples results. 

2. METHODOLOGY 

2.1. Sample Collection 

Peaty clay samples were collected from 
the Nilwala basin in Matara region which is 
located at the Southern part of Sri Lanka. 
These disturbed specimens comprise of mud 
with dark brown color, and they were placed 
into containers to bring them for the 
laboratory studies. 

2.2. Sample Preparation 

2.2.1. Remoulded sample  

It is vital to make sure that the sample 
is sufficient for all reconstituting sampling 
works before starting the experiment. Large 
size particles were removed and the rest were 
converted into small sizes by using a 
sharpener, in order to prepare a homogeneous 
sample. The peat was mixed with water about 
15minutes using a mechanical mixture and 
then carefully removed the air bubbles to 
obtain a homogeneous stiff slurry. The 

mixture was transferred into the mould with 
the size of 50mm in diameter and 100mm in 
height. Top of the soil sample was remained 
open for 3 days for air drying to make it stiffer 
and then the sample was subjected to pre-
consolidation using an especially fabricated 
device at the oedometer apparatus. The pre-
consolidation pressures vary from 0 to 100 kPa 
in the interval of 20 kPa. The pre-consolidation 
pressure of 0kPa indicates the non-pre-
consolidated sample. 

2.2.2. Pre-consolidation process of sample 

Properly prepared samples were 
subjected to certain pre-consolidation 
pressures with the amount of 0kPa, 20kPa, 
40kPa, 60kPa and 100kPa respectively. The 
non-pre-consolidated sample was directly 
used for triaxial test without being subjected 
to pre-consolidation pressure after the air-
drying process. Lever arm system was the 
method, used for applying certain pre-
consolidation pressures. The modified loading 
arrangement was used to apply this lever arm 
system and the consolidation machine had to 
be modified as per the sample size, since they 
had already been specified as cylindrical 
shape with 50mm in diameter and 100mm in 
height.  The existing consolidation setup in the 
laboratory facilitates only for smaller size 
samples with the maximum height of 50mm 
and hence, it had to be modified by extending 
the loading arms. Figure 1 demonstrates the 
original and the modified consolidation setup 

Figure 1 Modified consolidation setup    

During the pre-consolidation process, 
drainage was allowed from both top and 
bottom of the specimen through porous plates, 
while keeping the sample inside the mould 
until the end of pre-consolidation process. 
Axial deformation of the specimen was 
measured with the help of a dial gauge set on 
the loading cap, and when this particular 

Extended 

loading 

arm 
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value becomes constant with time, the 
consolidation was considered as completed. 
The specimen was consolidated under vertical 
loading for 1-2 days and then, they were 
extracted from the moulds for subjecting to the 

triaxial test. 

2.3. The Consolidated Undrained (CU) 
Triaxial Test 

Consolidated Undrained (CU) tests 

were conducted in the laboratory using 

Automated Triaxial as shown in Figure 2.  

 

 

Figure 2 Automated triaxial setup 

The testing program consists of 15 
triaxial tests, 3 tests under each pre-
consolidation pressure, as shown in Table 1. 
For each pre-consolidation pressure, 3 
numbers of Consolidated Undrained (CU) 
triaxial tests were conducted under cell 
pressures of 50kPa, 100 kPa and 150 kPa. 

Table 1 Testing Program 

Pre-
Consolidation 
Pressure(kPa) 

Confining 
Pressure 

(kPa) 

Drainage 
Condition 

0 
50 

100 
150 

Undrained 
𝜀v=0.3mm/min) 

20 
40 
60 

100 
Total number of Testing 3× 5 = 15 

2.3.1. Sample saturation 

Sample saturation was the 1st step of the 
undrained consolidation testing and its 

purpose was to fill all the voids with water. 
There were many steps to be completed 
during the sample saturation and this 
paragraph briefly described them. The 
vacuum was connected to the top of the 
sample while supplying water from the 
bottom. Due to the application of the vacuum 
(suction), water drains through the sample 
from bottom to the top by saturating the voids, 
and this process was executed for 24 hours in 
the presence of small cell pressure of 10kPa to 
the triaxial cell. Then, a back pressure was 
applied to the sample, to dissolve air and 
complete the saturation process. Cell pressure 
should always be greater than the back 
pressure. Back pressure was increased after 1-
2 hours and measured the increment of cell 
pressure and corresponding increment of pore 
water pressure. Saturation level was 
calculated using the Equation 1 and it is called 
the “B-value”. Aforementioned steps were 
repeated until the B-value exceeded 95%. 

B-value = 
𝐶ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝑃𝑜𝑟𝑒 𝑤𝑎𝑡𝑒𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒

𝐶ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝐶𝑒𝑙𝑙 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒
=  

∆𝑢

∆𝜎
   (1) 

2.3.2. Consolidation of sample 

After the saturation, sample was 
consolidated until the vertical displacement of 
the sample becomes constant by applying the 
corresponding cell pressure of 50kPa, 100kPa 
and 150kPa. 

2.3.3. Shearing of sample 

After completion of the consolidation, 
specimen was then subjected to undrained 
compression test by applying the deviator 
stress. The Deviator stress was applied at an 
axial strain rate (𝜀𝑣) of 0.3mm/min. The typical 
variation of deviator stress versus axial strain 
graph for pre-consolidation pressure of 60kPa 
is shown in Figure 3.  

 
Similarly, behaviour of the deviator 

stress-axial stress relationship for non-pre-

consolidated specimen is illustrated in Figure 

4.  By taking the maximum deviator stress 

under each cell pressure, Mohr-Coulomb 

failure envelops have been developed for each 

pre-consolidation pressure and undrained 

shear strength were estimated. The typical 

Mohr-Coulomb failure envelop develop for 
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the pre-consolidation pressure of 60kPa is 

presented in Figure 5. 

Figure 3 The Deviator stress-axial strain 
relationship at different cell pressure, for 

60kPa pre-consolidation pressure. 

 

Figure 4 Deviator stress-axial strain 
relationship under different cell pressures 

for non-pre-consolidated specimen. 

 

Figure 5: Mohr-Coulomb failure envelop for 
pre-consolidation pressure of 60kPa 

3. RESULTS AND DISCUSSION 

3.1. Physical Properties of Peaty Clay 

Physical properties of the peaty clay 
used for this research study is shown in Table 
2. Based on the physical properties of peat it 
can be seen that Sri Lankan peat that is mixed 
with clay and which contains a lower organic 
content. Kolay, 2010 Explains that peats which 

having high fiber content results in lower 
water absorption capacity. Consequently, this 
type of soil achieves higher moisture content. 
The saturated moisture content of peaty 
samples was observed as 275%. The specific 
gravity depends on the decomposition level, 
which is controlled by organic constituents 
such as cellulose and lignin. The specific 
gravity of peat seems to fluctuate between 1.38 
- 1.80 in previous studies (Kazemian et al., 
2011) and this research has also followed the 
same by providing Gs as 1.75. The pH value of 
the peaty sample was detected less than 7 
(pH<7) and hence it was identified as acidic. 

Table 2 Physical properties of peaty clay 

Properties Value 

Unit weight(kN/m2) 14.0 

Specific Gravity (Gs) 1.75 

Saturated Moisture Content (%) 275 

Liquid Limit (LL) (%) 62 

Plastic Limit (PL) (%) 58 

Organic Content (%) 20 

Loss in Ignition (%) 31.5 

pH Value 4.12 

3.2. CU Triaxial Test Results 

3.2.1. Effect of pre-consolidation pressure on 
properties of peaty clay 

The specimens were prepared with 
same initial density of 1385kg/m3 while 
keeping the initial moisture content between 
the 70-85% due to practical difficulties in 
preparing the samples for triaxial test if the 
peaty clay is fully saturated. The typical 
settlement versus log(time) curve during pre-
consolidation is shown in Figure 6.  

 

Figure 6 Settlement – log(time) relationship for 

pre-consolidation pressure of 60kPa 
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   It can be seen that settlement 
and time spent for the pre-consolidation 
process increased with the pre-consolidation 
pressure. The density of specimens didn’t 
increase significantly due to variation of pre-
consolidation pressure; as a result, stiffness of 
peaty clay hasn’t remarkably improved by 
increasing the pre-consolidation pressure. 
Those results show in Table 3.  

Table 3 Summary of pre-consolidation 

Pre- 

Consolidation 

Pressure 

(kPa) 

Mean 

Initial 

Moisture 

Content 

(%) 

Mean 

Sample 

Density 

(kg/m3) 

Increment 

of 

Density 

(%) 

0 72 1385 0 
20 75 1400 1.08 
40 80 1410 1.81 
60 85 1410 1.81 

100 74 1446 4.4 

3.2.2. Effect of pre-consolidation on shear 
stress-axial strain behaviour.  

According to the shear stress-axial strain 
relationship shown in Figure 3, it can be 
observed that axial strain at yield point 
reduces with the increment of con-fining 
pressure. Similarly, axial strain at the failure 
point has been decreased with increment of 
confining pressure irrespective of the pre-
consolidation pressure. Further, it can be 
observed that axial strain at failure increases 
with the pre-consolidation pressure as shown 
in Figure 7. This is mainly due to the higher 
stiffness of the material after pre-
consolidation. 

  

Figure 7 Variation of axial strain at failure pre-

consolidation pressure 

 

3.2.3. Variation of undrained shear strength 
over pre-consolidation 

The variation of undrained shear 
strength parameters (𝐶𝑢 – undrained cohesion, 
∅𝑢- undrained friction angle) over pre-
consolidation pressure is presented in Figure 
8. 

 

Figure 8 variation of undrained shear strength 

parameters over pre-consolidation pressure. 

It can be seen that undrained cohesion 

increases with pre-consolidation pressure, 

where as undrained friction angle decreases 

with pre-consolidation pressure.  

Undrained shear strength was plotted 
a gained pre-consolidation pressure as 
illustrated in Figure 9. According to the graph, 
shear strength increases with the increment of 
pre-consolidation pressure. The undrained 
shear strength (𝜏𝑓) is defined as, 

𝜏𝑓=𝐶𝑢 + 𝜎𝑐
′ tan 𝜑𝑢, where 𝜎𝑐

′ is the pre-

consolidation pressure. 

Figure 9 Shear strength versus pre-

consolidation 

In order to get clear idea about pre-
consolidation pressure on shear strength, 
undrained shear strength was normalized 
with respect to pre-consolidation pressure and 
plotted against pre-consolidation pressure as 
illustrated in Figure 10. 
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Figure 10 The normalized shear strength 
variation with pre-consolidation pressure. 

According to the graph, there is a 
rapid decrease can be observed in normalized 
shear strength of peaty clay, when the pre-
consolidation pressure is increased from 20 
kPa to 40 kPa. Disturbance might have 
occurred to the sample when the pre-
consolidation pressure was increased initially. 
Normalized shear strength generally 
decreases in peaty clay, when the pre-
consolidation pressure is increased, which 
means, the increment of disturbance to the 
peaty clay is greater than the shear strength 
increment, when a pre load is applied on peaty 
clay. 

4. CONCLUSIONS 

This paper has broadly discussed about 
the un-drained shear strength properties of 
peaty clay over pre-consolidation pressure. 
Based on this research study, following 
conclusions can be drawn; 

1.According to shear stress-axial strain 
relationship, axial strain at yield point of 
deviator stress reduces with the increment 
of confining pressure and all specimens 
were reached to yield point at lower axial 
strain. 

2.The increment of disturbance to the peaty 
clay is greater than the shear strength 
increment, when a pre load is applied on 
peaty clay. 

3.Once the peaty clay is disturbed or natural 
micro structure has been changed, it needs 

sufficient time to gain the shear strength.   
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Construction on soft soil is one of the crucial tasks due to its unfavorable behavior.  
In order to improve soft soil, implementing the most effective and economical 
method to overcome the problematic nature of the soil has become more 
challenging. Among all the methods, installation of soil-cement column is one of the 
most efficient and most economical methods which is been practiced by many 
countries. Compressive strength of the soil-cement samples varies due to shape and 
size of the sample, water-cement ratio, cement content, curing period etc. In this 
research, the effect of size and shape of the sample at different percentage of cement 
at different curing period on compressive strength were analyzed. From the results 
obtained, it can be concluded that the compressive strength of the soil-cement 
samples increased with the size of the sample. Strength obtained in cylinder is 
greater than cubes. With the increase of cement content and curing period the 
strength too increased. With increase of cement content, the strength ratio between 
cubes and cylinder decreased.  
 

 

1. INTRODUCTION  

Nowadays scarcity of land has 
enforced the Engineers to construct on soft 
soil. Due to unfavourable behaviour of soft 
soil, several methods have been practiced 
improving the soil. In order to construct 
moderately loaded buildings on soft soil, 
installation of piles would be an option to 
transfer structural loads to underlying hard 
stratum which is not an economical and 
efficient method. Therefore for thin soft soil 
layer thickness of 4 to 7m, to bear moderately 
loaded buildings, installing soil-cement 
columns by replacing pile will be much 
economical and efficient method which is been 
widely practiced  all over the world.  

 
However, this method is very rarely 

applied in Sri Lanka. Comparing with other 
stabilizing agents, cement is much 

economically and environmentally feasible 
agent as it could react with water in any soil as 
it does not rely on minerals prevailing in soil 
(Makusa, 2012). It is a general practice to check 
the mix proportions of soil-cement in the 
laboratory prior to implement in the field. As 
such effect of shape and size of soil-cement 
sample plays a major role in compressive 
strength (Talaat et al., 2020). Therefore, in this 
research study, effect of shape of soil-cement 
samples on unconfined compressive strength 
has been analysed.  

2. LITERATURE REVIEW 

2.1. Review on Peaty Clay Soil 

Peat soil is much rich in organic 
content, which consists of partially 
decomposed and undecomposed plants and 
animals residues (Kava and Hassan, 2019). 
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Formation of peat occurs naturally at low 
temperature under anaerobic (Ahamed, Z., 
2005). Water content of the soil is 
comparatively high (Elsayed et al., 2011). Peat 
soil is one of the problematic soils due to its 
unfavourable behaviour such as high 
compressibility, high water content, low 
bearing capacity, low shear strength and low 
to medium permeability (Venuja et al., 2017).  

2.2. Review on using Cement as Stabilizing 
Agent 

Chemical stabilization is the most 
preferable and mostly used technique at 
present in order to improve the weak soil    
(Horpibulsuk et al., 2012). Cement, lime, fly 
ash are the mostly used binders but among 
that cement stabilization method has been 
practised most widely in construction as it is 
one of the hydraulic binder which could easily 
react with water in any soil.  
 

Lime is also a well-known stabilizing 
agent, but the main drawback of using lime 
instead of cement is, due to the rapid 
pozzolanic reaction of cement, the interaction 
between the soil and the cement is much better 
than interaction between lime and soil (Venuja 
et al., 2017). The main advantage of using 
cement is the continuation of pozzolanic 
reaction for several months which enhances 
the strength of soil-cement with the increase of 
curing period. 

2.3. Review on Effect of Size in 
Compressive Strength 

Various research has been done 
regarding the effect of size and shape of 
sample on compressive strength which is 
made out of different material. When 
comparing concrete cubes and cylinders, 
cylinder yields more consistent results than 
cubes (Talaat et al., 2021). For concrete 
samples, variation of compressive strength 
increases with the decreasing of the size of the 
specimen (Yakkali et al., 2015). The effect of 
size and shape of the sample on compressive 
strength also rely on the concrete strength, 
curing period, method of curing, slenderness 
ratio etc. According to past research it has been 
found that strength ratio is much sensitive 
when slenderness ratio is less than 1.5 (Talaat 

et al., 2020). 
 

Similar to concrete samples, samples 
made out of cement stabilized rammed earth 
too shows the similar behaviour. Figure 1 
depicts the compressive strength obtained for 
both cylindrical and cube shaped samples 
with different cement dosage. Here, strength 
of cube sample is greater than cylindrical 
samples. For cylinders, with the increase of 
diameter of the samples, compressive strength 
decreases (Tripura and Das, 2017). 

3. METHODOLOGY 

In order to accomplish the objectives, 
basic properties of peaty clay soil were 
investigated at first. Thereafter peat was 
mixed with wet cement slurry with a water 
cement ratio of 0.5 with different percentage of 
cement such as 10%, 20% and 30%. Samples 
were casted using cube size of 150mm, large 
cylinder of 150 mm × 300 mm and small 
cylinder of 50 mm × 100 mm. All the casted 
samples were left to cure for 7, 28 and 90 days. 

3.1. Mold Preparation 

To prepare small cylinders, 50mm 
diameter PVC pipe was cut into 100 mm 
length specimens and to easily remove the 
casted sample, pipe specimens were split in to 
two and mold oil was applied in it. Similarly 
for cubes and large cylinder, standard size 
mold which was available in the laboratory 
was used. Preparation of the small cylindrical 
and large molds are shown in Figure 2 and 
Figure 3 respectively. 

Figure 1 Variation of compressive strength 
with cement dosage and different size and 

shape of the samples (Tripura and Das,2017) 
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Figure 2 Preparation of small cylindrical 
molds 

 
 

3.2. Casting Soil-Cement Cubes and 
Cylinder 

For each mix proportions, 
constituents were measured and whole 
mixture was mixed for about 10 to 15 minutes 
with addition of water to cement ratio 0.5 
using small mortar mixture for small cylinders 
and large mechanical mixer for cubes and 
large cylinder. Thereafter mixture was 
transferred into the prepared mold in three 
layers and tampered using tampering rod. 
Each layer was tampered for 25 times in order 
to remove the voids. Casted soil-cement 
samples are shown in Figure 4. 

3.3. Unconfined Compressive Strength 

To investigate the strength gain with 
the increase of curing period, samples were 
submerged in water to cure for 7, 28 and 90 
days. After curing the samples, using 
compression testing machine, unconfined 
compressive strength of the cubes (150mm 

size) and large cylinders (150×300mm) were 
measured and for the small cylinders 
(50×100mm) tri-axial setup was used to 
measure compressive strength. A direct load 
at increment of 0.1 kN was applied 
perpendicular to the casting face of cubes and 
cylinders. Prior to compression testing, weight 
of the samples was measured to find the bulk 
unit weight and moisture content of the 
samples were measured after detecting the 
compressive strength. Compression testing 
machine and triaxial setup used to find out the 
compressive strength of cubes, large cylinders 
and small cylinders are shown in Figure 5 and 
Figure 6 respectively. 

 

 
4. RESULTS AND DISCUSSION 

4.1. Determination of Basic Properties 

Prior to addition of stabilizing agent, 

basic properties of peat were identified as 

listed in Table 1. 

 

 

Figure 3 Preparation of Large cylindrical 
molds and cubes 

Figure 4 Casted soil-cement samples 

Figure 6 Triaxial set up used to measure 
compressive strength of small cylinders 

Figure 5 Compression testing machine used to 
measure compressive strength of cubes and large 

cylinders 
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Table 1 Basic property of peat 

Basic property Value 

Bulk unit weight 10.44 kN/m3 

Liquid limit 150% 

Plastic limit 65% 

Linear shrinkage 15% 

Plastic index 85% 

Organic content 69% 

Specific gravity 1.87 

Saturated moisture content 481% 

4.2. Unconfined Compressive Strength 

  Variation of compressive strength 

with the effect of curing period and different 

cement percentage for the small cylinder, cube 

and large cylinder is shown in Figure 7 

Based on the figure it can be 

concluded that unconfined compressive 

strength increases with the increase in cement 

content. Further curing period is attributed to 

the hydration of cement. As such, unconfined 

compressive strength of soil-cement mixture 

increases with the curing period. This 

behavior is further explained with respect 

tothe bar charts illustrated in Figure 8 to 

Figure 10. It can be observed that with 

increasing cement content, the unconfined 

compressive strength of soil-cement mixture 

increases irrespective of the size and shape of 

the sample. This increase in strength with 

increasing cement content is attributed to the 

hydration of cement on curing and filling of its 

product in the pores of the matrix thereby 

enhancing the rigidity of its structure by 

forming a large number of rigid bonds 

connecting clay particles. Compressive 

strength of cube samples stabilized by 20% 

and 30% cement is 1.79 and 4 times higher than 

the cubes stabilized with 10% cement and 

similarly for large cylinder, strength obtained 

with the addition of 20% and 30% cement is 2.3 

and 7.5 times the cylinder stabilized with 10% 

cement respectively.   

In a manner similar to that of concrete, the 

compressive strength of cement treated clay 

increases with time. The rate of increase of 

strength is generally rapid in the early stage of 

the curing period. Thereafter, the rate of 

increase of strength decreases with the time. 

When comparing compressive strength ratio 

obtained in 7 and 90 days with respective to 28 

days, compressive strength obtained in 7 days 

is 0.75 to 0.85 times the strength obtained in 28 

days and 1 to 1.1 times the 28 days strength has 

been obtained in 90 days, therefore even after 

28 days small increment in compressive 

strength can be observed in soil-cement 

mixtures, unlike concrete. Strength ratio at 7 

days and 90 days with respect to 28 days 

strength is shown in Table 2; 

Table 2 Strength ratio of samples with 
respect to 28 days strength  

Shape 7 days 90 days 

Small cylinder 0.72 1.12 

Cube 0.8 1.04 

Large cylinder 0.85 1.02 

4.3. Effect of Shape and Size on 
Compressive Strength 

4.3.1. Variation of compressive strength 
between cube and large cylinder 

Along with curing period and cement content, 
effect of shape too plays a major role in 
compressive strength of the samples. Strength 
ratio obtained at different cement dosage 
between cube and large cylinder with respect 
to strength of large cylinder at 7, 28 and 90 
days of curing period is illustrated in Table 3. 

Figure 7 Variation of compressive strength 
with different curing period 
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Table 3 Strength ratio between cube and 
large cylinder 
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10 0.82 1.01 1.04 0.96 

20 0.77 0.75 0.76 0.76 

30 0.54 0.54 0.55 0.54 

Table 3, it clearly shows that, with the 
increase of cement dosage the strength ratio 
between cube and large cylinder is decreasing. 
With addition of 10% cement compressive 
strength obtained between both sample is 
almost same. Based on above results, it can be 
concluded that cube specimens resist less in 
terms of vertical stress than that of cylindrical 
specimens when the curing period is larger. 

 

 

4.3.2. Variation of compressive strength 
between small and large cylinder 

Compressive Strength ratio between 
small cylinder (50×100mm) and large cylinder 
(150×300 mm) after 7, 28 and 90 days at 
different cement dosage is depicted in Table 4  

 

Table 4 Strength ratio between small 
cylinder and large cylinder 
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10 0.18 0.47 0.53 0.50 

20 0.68 0.74 0.85 0.76 

30 0.28 0.33 0.36 0.32 

It can be observed that large 
specimens indicate greater compressive 
strength than that of smaller specimens. 
Strength increment ratio due to addition of 
20% cement with respect to 10% cement is 
about 2.8 in small cylinders whereas it is about 
1.4 in large cylinders irrespective of curing 
period. An opposite behavior to above 
observations can be seen when 30% cement 
added to soft peaty clay. Strength increment 
ratio due to addition of 30% cement with 
respect to 10% cement is about 4.4 in small 
cylinders whereas it is about 6.5 in large 
cylinders irrespective curing period. 

 

Figure 8 Variation of compressive strength 
at 10% cement dosage 

Figure 9 Variation of compressive strength 
at  20% cement dosage 

Figure 10 Variation of compressive strength 
at  30% cement dosage 

Strength 

ratio 

Cement 
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Strength 
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Even though the specimen shape is 
same and size is different, the slenderness 
ratio between these two samples is same 
which is equal to 2. However, based on the 
results obtained it can be noted that even 
under the same slenderness ratio under same 
soil-cement mixture, large specimens indicate 
greater strength than smaller specimens. This 
clearly indicates the importance of selection of 
correct sample size on specimen preparation 
to decide the mix proportion. 

4.3.3. Comparison of compressive strength of 
soil-cement mixture under different 
samples preparation method 

The comparison of the specimen shape 
and size on compressive strength is 
graphically presented in Figure 11 with 
respect to cube and cylinders.  

The above behavior is further 
expressed with respect to average strength 
ratio as shown in Table 5 and Figure 12. 

 

Table 5 Variation of strength ratio with 
different size and shape of the sample 

Sample 
Cement content 

10% 20% 30% 

Small cylinder 
vs Large 
cylinder 

0.5 0.76 0.32 

Small cylinder 
vs Cube 

0.49 0.99 0.59 

Cube vs Large 
cylinder 

0.96 0.76 0.54 

When comparing the compressive 
strength obtained for small cylinder with both 
large cylinder and cube, variation is much 
similar, as shown in Figure 12. But linear 
variation can be seen when comparing the 
compressive strength obtained in cubes and 
large cylinders. When cement dosage 
increased compressive strength obtained for 
large cylinders increased more than cubes. 
When cement dosage is less, compressive 
strength of all three sample were almost same 
and at high dosage of cement significant effect 
on compressive strength was observed. 

4.4. Failure Pattern 

After curing period, compressive 

strength was found. Here axial load was 

applied vertically, and the samples failed at 

maximum load. When the ultimate capacity of 

compression zone is reached the flexural 

failure occurred. In cubes fracture is provoked 

by the stress concentration near corner of the 

cubes and inclined micro cracks appear and 

merge near corner which intensify crack 

pattern. In cylinder crack pattern has occurred 

in vertical direction (Viso et al., 2008). Failure 

pattern obtained for small cylinder, cube and 

large cylinder is shown in Figure 13.  

Figure 11 Comparison of specimen shape 
and size on compressive strength 

Figure 12 Variation of strength ratio with the 
effect of shape and size 

Figure 13 (a) Crack pattern of small cylinders 

Figure 13 (a) Crack pattern of small 
cylinders 
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This clearly indicates that crack pattern is 

sensitive to the shape of the sample.  

5. CONCLUSION 

Increase in population and 

urbanization has led the Engineers to even 

construct on soft soil. Therefore, installation of 

soil-cement columns will be one of the 

effective and economical way to improve soft 

soil. From the research it has been found that, 

with the increase of cement dosage and curing 

period compressive strength of soft soil can be 

increased. Compressive strength obtained 

after 7 days is 0.75 to 0.85 times than that of 28 

days strength and 1.0 to 1.1 times the strength 

of 28 days is obtained after 90 days. 

Compressive strength obtained for cube is 0.96 

times the strength obtained by large cylinder 

at 10% cement dosage. Therefore, compressive 

strength of large cylinder is greater than the 

cubes. Further it was found that larger the 

sample size has greater the strength. This 

clearly indicates the importance of 

introducing clear guidance for the preparation 

of soil-cement mix proportions in the 

laboratory. 
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Peaty clay is a poor soil material according to the geotechnical engineering due to 
high compressibility, high water content and very low shear strength. Therefore, it 
is necessary to improve the peat clay soils through any kind of a ground 
improvement method. Gravel compaction piles are one of the most commonly used 
method for improve poor ground conditions. Many research studies have been 
carried out to understand the various parameters that influence the overall 
performance of granular column improved composite ground using physical 
modelling, mathematical analysis and full-scale testing. However, this research 
study highlights the influence of the pre-consolidation pressure of the surrounding 
soft soil and length of the granular pile on the stability of the granular pile improved 
composite ground.  
  

 

1. INTRODUCTION  

Gravel Compaction Piles (GCP) are 
one of the most commonly used methods to 
improve soft soil. Further, this technique can 
be defined as one of the environmentally and 
economically acceptable method. Gravel 
compaction piles were successfully used as a 
ground improvement technique in many 
projects in Sri Lanka. Generally GCPs were 
used to improve soft soils up to a depth of 5-
10m. But when the soft soil thickness is more 
than 13m, this technique was failed in one of 
the major projects in Sri Lanka due to lack of 
knowledge on drainage condition, stiffness 
of surrounding soft clay and maximum 
possible GCP length. However, only very 
limited number of researches were carried 
out to study the engineering behavior of 
granular piles in Sri Lankan soft peat clay. 
Therefore, this research study was 
conducted to investigate the influence of 
length of gravel compaction pile and pre-
consolidation pressure of soft clay on 
stability of GCP improved ground. 

2. LITERATURE REVIEW  

Many studies based on physical 

modelling, mathematical analysis and full-

scale testing have been carried out in order 

to understand and predict the behaviour of 

Gravel compaction piles. Some of these 

research studies have identified various 

parameters that influence the overall 

performance of this technique.  

 

Laboratory studies by Hughes and 

Withers (1974), Charles and Watts (1983), 

and Bachus and Barksdale (1984) have 

contributed considerably to understanding 

the behaviour of Gravel compaction piles. 

The ultimate bearing capacity obtained from 

full-scale tests on single gravel compaction 

piles was more than three times that of the 

untreated ground. However, there was little 

difference between the ultimate bearing 

capacity of the sand pile compared with that 

of the gravel pile.  
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Guermazi (1986) and Juran and 

Guermazi (1988)  have demonstrated by an 

experimental study the significant influence 

of (a) drainage of the column, (b) 

consolidation of the soil, (c)area replacement 

factor and (d) pile group effect on the 

settlement response of soft foundation soils 

reinforced by compacted sand columns. 

Results from above study indicated that the 

increase of the area replacement factor from 

1/25 to 4/25 results in a significant increase 

of the resistance of the composite ground 

against the applied vertical load. Stewart and 

Fahey (1996) conducted Centrifuge tests to 

study the engineering behaviour of GCP. 

Then stress concentration factor and the 

settlement reduction factor agreed with the 

reported values from field observation 

values.  

 

Bouassida (1977) has studied the 

increase in shear strength and the reduction 

of settlements of the reinforced clay with 

respect to the reconstituted clay. Laboratory 

and field tests and theoretical analysis by 

Gung-Xin et al (2000) have shown that 

confining pressure is directly affected to the 

modulus and strength of the gravel column 

composite ground. In addition, the lateral 

interaction between column and 

surrounding soil is caused by the dilatancy 

of the gravel. 

 

The research study on large-scale 

model gravel columns by Christoulas (2000) 

demonstrated that the upper part of the 

column bulged along a length of about 2.5 to 

3 times column diameter, and the ultimate 

load corresponds to a settlement equal to 

approximately 35% of the gravel column 

diameter.  

By using model tests and numerical 

simulation, Matsui (2001) showed the 

importance of area replacement ratio, and 

after a series of experiments, Sharma (2004) 

showed, that the load-carrying capacity can 

be improved further by including reinforced 

geogrids in to the columns.  

Kaolin samples with partially and fully 

penetrating columns were tested by 

Sivakumar (2004) under undrained 

conditions. In that research study, area 

replacement factor of column was 10%, and 

two different methods of installation and 

types of loading were tested. If the column 

length longer than approximately five times 

their diameter, they did not indicate further 

increases in their load carrying capacity. The 

column length may have a significant 

influence on the stiffness of the composite 

material.  

 

Ayadat and Hanna (2005) have found 

that unreinforced sand columns in 

collapsible soil did not contribute 

significantly to the improvement of soil 

strength, and that the carrying capacity of 

encapsulated sand columns increased owing 

to an increase in strength of the geofabric 

material and/or an increase in column 

length.  

 

Experimental studies have identified 

most of the specific parameters that control 

the behaviour of a vertically loaded gravel 

column such as column diameter, area 

replacement factor, strength of the in-situ 

soil, strength of the column material, the rate 

of deformation of sample and method of 

column installation.  

 
However, previous studies do not 

highlight the influence of surrounding pre-
consolidation pressure and the gravel 
compaction column length. Therefore, this 
research study was carried out to investigate 
the effect of these parameters on the shear 
strength characteristics of soft soil reinforced 
by compacted sand columns. For this reason, 
triaxial compression tests were conducted on 
composite soil specimens consisting of soft 
clay which is taken from Nilwala flood plain 
reconstituted from slurry and reinforced in 
the centre by a compacted sand column. The 
results were compared with the results for 
the untreated ground. 
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3. METHODOLOGY  

Steel mould which having 200mm 
height and 100mm internal dimeter was 
used to prepare the test specimens as shown 
in Figure 1. The prepared remolded sample 
is depicted in Figure 2.  

Figure 1 Sample preparation 

 
 

 
Figure 2 Remolded sample 

 
The prepared remoulded sample was 

preconsolidated using the modified 
oedometer apparatus as shown in Figure 3. 

 
After preconsolidation, sample were 

subjected to triaxial Consolidated Undrained 
(CU) test by simulating field condition. 
Under laboratory conditions, granular pile 
length was kept constant as 200mm, i.e. 
height of triaxial sample. In order to simulate 
the field condition, granular pile diameter to 
length ratio was changed as shown in 
Table 1. 

 
 

Figure 3 Modified oedometer apparatus 
for apply preconsolidation 

 

Table 1 Simulation of field condition in the 

laboratory 

 

Series of CU triaxial tests were 

conducted by varying preconsolidation 

pressure and granular pile diameter. In 

addition, CU triaxial test was conducted for 

unimproved peaty clay to study the effect of 

granular pile installation on improvement of 

shear strength characteristics of composite 

ground. The triaxial test conditions are 

depicted in Table 2. Under each test case, 

Mohr-Coulomb diagram was developed and 

corresponding shear strength parameters 

were determined. 

In Field In Laboratory 

Diameter=0.7m 

length = 10m   

Diameter / Length 
Ratio = 0.07            

Diameter=16mm 

length = 200mm   

Diameter / Length  
Ratio = 0.07 

Diameter=0.7m 

length = 6m   

Diameter / Length  
Ratio = 0.116 

Diameter=23mm 

length = 200mm   

Diameter / Length  
Ratio  = 0.116 

Compacted 

sand 

Soft peaty 

clay 
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Table 2 Triaxial test condition 

Pre-
consolidation 

pressure 

(KPa) 

Confining pressure- 
50,100,150 kpa 

Granular 
pile 

diameter 

Without 
granular pile 

20 16mm - 

40 16mm - 

60 16mm, 
23mm 

Unimproved  

 

According to the Table 2, 15 remolded 
samples were prepared with three confining 
pressures.  Triaxial testing apparatus used 
for this research study is shown in Figure 4. 

 
 

Figure 4 Triaxial testing of remolded 
samples 

 

4. RESULTS AND DISCUSSION 

4.1. Effect of Preconsolidation Pressure on 
Shear Strength Parameters 

In order to study the effect of 
preconsolidation pressure on shear strength 
parameters, preconsolidation pressure was 
varied by keeping the granular pile diameter 
constant as 16mm. It can be seen that with 
the increase of pre-consolidation pressure, 
there is no significant amount of change in 
Undrained Friction angle, but Effective 
Friction angle is decreased due to higher 
disturbance in the samples as shown in 
Figure 5. With the increase of pre-
consolidation pressure, there is no 
significant amount of change in Undrained 

Cohesion, but effective cohesion is increased 
with the preconsolidation pressure as shown 
in Figure 6. 
 

 

Figure 5 Variation of friction angle with 

pre-consolidation pressure 

 

 

Figure 6 Variation of cohesion with pre-
consolidation pressure 

 

 

4.2. Effect of Granular Pile Length on Shear 
Strength Parameters  

In order to study the effect of 
granular pile length on improvement of 
shear strength parameters on GCP improved 
ground, preconsolidation pressure was kept 
constant as 60 kPa and vary the granular pile 
diameter as shown in Table 1. Here effect of 
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length of granular pile was taken by varying 
the diameter of the granular pile with 
maintaining the diameter to length ratio as 
constant for field condition and the 
laboratory condition as shown in Table 1. 
Further, results were compared with the 
peaty clay without inclusion of granular pile. 
With the increase of column diameter i.e. 
increasing granular column diameter/length 
ratio, both Undrained and Effective friction 
angles are increased as indicated in Figure 7.  
Similarly. With the increase of column 
diameter, both Undrained and Effective 
cohesions are increased as shown in Figure 8 
(Here increase the pile diameter in the 
laboratory means decreased the pile length 
in the field according to the Table 1). Based 
on above results, it can be concluded that 
short granular columns with composite 
ground have higher undrained and Effective 
strength parameters than the that of long 
sand columns with composite grounds. 
 

 
Figure 7 Variation of friction angle with 

Column diameters 

 
Figure 8 Variation of cohesion with 

Column diameter 

 
5. CONCLUSION 

This research study was conducted to 
achieve mainly two objectives. One was to 
investigate the effect of pre-consolidation 
pressure of surrounding soft soil on the 
strength-deformation characteristics of gravel 
compaction pile improved composite ground. 
The second objective was to investigate the 
effect of length of gravel compaction pile on 
the strength-deformation characteristics of 
gravel compaction pile improved composite 
ground. Based on the series of laboratory 
experiments, following conclusions can be 
drawn; 

1) Pre-consolidation pressure does not 
significantly affect to the undrained shear 
strength parameters of composite ground.  

2) Pre-consolidation pressure and effective 
friction angle have inversely proportional 
relationship (i.e. drained friction angle 
decreases with the increase of 
preconsolidation pressure).  

3) On the other hand, effective cohesion 
increases with the preconsolidation 
pressure. 

4) Undrained and effective strength 
parameters have inversely proportional 
relationships with sand compaction pile 
lengths, i.e. increase the pile length 
decreases the shear strength parameters or 
other hand when the pile length is 
minimum the shear strength of the 
composite soil is maximum. 
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The cause of road pavement cracks within the dry zone of Sri Lanka was studied in 

this research study. Field investigation at several cracked roads indicated that cracks 

were occurred not due to the failure of pavement and it was due to the properties 

of the subgrade material. Physical properties of subgrade material were 

investigated using a series of laboratory tests. Based on the Skempton’s relationship, 

it was identified that material in the subgrade of cracked roads has medium swelling 

potential. As such, in this research study, different properties of locally available 

admixtures namely lime, fly ash and coir were mixed with subgrade material to 

reduce the swelling potential. Based on the research study, it was noted that fly ash 

is the most effective additive to reduce the swelling potential of subgrade material. 

 

1. INTRODUCTION 

Infrastructures have been 
dramatically increased due to rapid 
urbanization in the country. The constructions 
of infrastructures on soils that have variety of 
properties is a challenge Civil Engineers have 
to face.  Construction on expansive soil always 
creates a problem for civil engineers because 
of its peculiar cyclic swell shrink behaviour. 
This type of soil swells when it comes in 
contact with water and shrinks when the 
water evaporates out. Because of this 
movement lightly loaded structures such as 
foundations, pavements, canal beds and 
linings and residential buildings founded on 
them are severely damaged (Chen, 1988). It 
has been estimated that  the annual damage to 
civil engineering structures on expansive soil 
are $1000 million in  USA,  £150  million  in  UK  
and  many  billion  pounds  worldwide 
(Gourly et.al,1993). This soil occupies more 
than  20% of  total soils  of  India (Chen, 1988). 
The  clay  mineral  montmorillonite  is  mostly  
accountable  for this  type  of  nature of  the  
soil.  There are different methods of altering 

the nature of this soil to make it fit for 
construction, stabilization using industrial 
wastes is one of them. 

 

Further, Expansive soil is a type of 

clayey soil having montmorillonite mineral, 

which expands when comes in contact with 

water and shrinks when the water evaporates. 

This soil is generally found in arid and semi-

arid regions of the world. A number of 

innovative techniques are there for 

construction on this type of soil. Physical and 

chemical alteration of soil using solid wastes 

like fly ash, rice husk ash, marble dust, 

phosphogypsum, granulated blast furnace 

slag, red mud, waste tyre, etc. is one of them 

(Sabit & Nanda, 2011) (Swami, 2002) (Cokca & 

V.Ozaydin, 2009) (Kalkan, 2006) (Degirmenci 

& Okucu, 2007) (Sharma & Phani Kumar, 

2008) . Utilisation of solid wastes in this 

manner not only protects the environment 

from degradation but also 

improves the engineering properties of the 

expansive soil. Even though, many research 
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studies have been conducted in relation to 

expansive soil in the world, only very limited 

researches have been conducted in Sri Lanka. 

As such, in this research study, problematic 

nature of road pavements constructed on 

expansive soil in Sri Lanka was studied. 

2. LITERAURE REVIEW 

Gourly et.al, 1993 had investigated the 

engineering properties of expansive soil and 

had defined expansive soil as fine grained clay 

which occurs naturally and subjects to 

swelling and shrinkage, varying in proportion 

to the amount of moisture present in the soil.  

       Various tests are performed on the 

expansive soil to determine its Swelling 

Pressure test, Triaxial Compression Test, 

Optimum Moisture Content, Conducting 

Field Density, Liquid Limit, Plastic Limit, 

Shrinkage Limit, Specific Gravity etc. Verma & 

Maru, 2013 investigated the swelling potential 

of a synthetically prepared expansive soil 

(Kaolinite and bentonite mixtures), using 

aggregate waste (quarry dust) and lime. There 

was a reduction in the swelling potential along 

with improvement in other engineering 

properties and the reduction was increased 

with increasing percentage of stabilizers on 

days of curing. Sabat & Das, 2009 had 

stabilized expansive soil using quarry dust 

and lime and found stabilization effect with 

improvement in Unconfined Compressive 

Strength (UCS), Soaked California bearing 

ratio (CBR) and reduction in swelling pressure 

etc. 

       Ali & Koranne, 2011 had studied the 

combined effects of stone dust (quarry dust) 

and fly ash (equal proportion of them) on 

swell and strength properties of an expansive 

soil along with other properties. It was found 

that there was a maximum improvement in 

strength properties for the combination of fly 

ash a quarry dust as compared to fly ash and 

stone dust, added separately. 

       Skempton, 1953 investigated the 

relation between plasticity index and the clay 

fraction in clay soils. Van der Merwe, 1964 

investigated the potential of clays to swell and 

drew up a chart of gross PI (Plasticity Index) 

versus gross clay fraction in which zones of 

swell potential were defined ranging from 

low-medium-high-very high by a series of 

straight lines.  

3. STUDY AREA  

Integrated Road Investment Program 
(iroad) was a mega and pilot project executed 
in Southern province of Sri Lanka in 2015 
under the Asian Development Bank (ADB). 
National and Rural Roads have been 
rehabilitated through this project, selected 
rural roads in Galle, Matara and Hambantota 
districts in Southern Province were 
rehabilitated by this Project, in southern 
province 3130km length of rural roads and 400 
km of National roads were rehabilitated under 
this Project & estimated project cost was USD 
906 Mn (ADB - USD 800 Mn, GOSL – 106 Mn). 
After conduction of the roads, cracks on 

asphalt surface were observed in few roads in 

Hambantota district. These cracks were 

developed 2-3 months after the surfacing, after 

the first rainy season which experienced after 

the construction of each road. The cracks were 

observed in 3 contract packages namely H1, 

H2 and H3 as shown in Figure 1. Package H1, 

H2 and H3 consists of 19, 18 and 14 number of 

roads respectively. Altogether 51 number of 

gravel roads, covering 166km were developed 

under iroad project in Hambantota district. 

Out of 51 roads in above 3 packages, cracks 

were appeared in 27 number of roads.
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Figure 1 Road network in Hambantota distict

 

4. IDENTIFICATION AND 
RECTIFICATION OF CRACKS 

   As described in section 2, 
having observed the asphalt surface cracks 
were sealed as a remedial measure to overcome 
penetration of rain water into the underneath 
layers as shown in Figure 2. 

  

Figure 2 Cracks rectification with CRS-1 and          

sand sealed 

The cracks were rectified using CRS-

1(Cationic Bitumen Emulsion) and sand sealing 

method. After cleaning the crack surface, CRS-

1 slurry was poured into the crack and finally 

dry sand was spread over the crack area. 

      After cracks being sealed, no sealed 
cracks were propagated but near places cracks 
being developed, in most the roads. Further, it 
was observed that new cracks being developed 
after the rain as shown in Figure 3.  
 

    

Figure 3 Propagation of new cracks after the 
rain 

      In some locations, even after the 
sealing cracks were propagated as illustrated in 
Figure 4. However, this phenomenon was 
noted only in few roads. 

   

Figure 4 Asphalt surface crack reform      after 

sealing 

      Subsequently, few crack locations were 

selected for field investigation to identify the 

cause of cracks. As such, field investigations 

were carried out to check whether cracks 

occurred due to pavement failure or not. 

Sub base strength, sub base compacted 

density and its thickness, base (ABC) 

compacted density and its thickness and 

asphalt layer thickness were investigated. 

H3 

H2 

H1 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

320 



 
 

Initially asphalt layer was removed and 

measured the thickness of the asphalt layer. 

Then sand cone test was conducted at base and 

sub base to investigate the compacted density. 

        Further, base and sub base thicknesses 

were measured. Once the excavation has been 

done up to the sub grade level, Dynamic Cone 

Penetration Test (DCPT) was done to find the 

subgrade material strength. The subgrade 

strength is defined in terms of California 

Bearing Ratio (CBR) value and in-situ CBR 

value of subgrade was determined based on 

DCPT-M value. The typical graph of variation 

of DCPT-M value over depth in the subgrade is 

illustrated in Figure 5. 

 

Figure 5 Variation of DCPT-M value over 

depth 

The field observations were compared 

with the specification as illustrated in Table 1. 

According to the field observations, it can be 

noted that existing pavement has satisfied all 

the requirements in the specification. As such, 

it can be concluded that surface cracks have 

been occurred not due to the failure of 

pavement. 

Table 1 Properties of pavement 

Layer Minimum Value 

Asphalt layer thickness 50mm 

Base (ABC) thickness 125-150mm 

Sub base thickness 100-150mm 

Sub base material 
properties, 
Liquid Limit 
Plasticity Limit 
Maximum dry density 
4-day soaked CBR value 

 
<40 
<15 
>1750kg/m3 
>30% 

Subgrade properties, 
4-day soaked CBR value 

 
>5% 

During the field observation cracks have been 

observed even within the subgrade. Hence it 

was decided to further investigate the subgrade 

material to find the development of cracks 

within the asphalt layer. 

5. SITE INVESTIGATION 

In order to investigate reasons why 
cracks on asphalt surface generated and how 
and way of it needs to be rectified, ten number 
of locations were selected including eight 
cracked roads and two non-cracked roads. The 
subgrade materials of all these roads were 
collected from constructed road sites. 

6. PHYSICAL PROPERTIES OF 
SUBGRADE MATERIALS 

Physical properties of the collected 
subgrade material were tested in the laboratory 
and results are presented in Table 2. 

        Particle size distribution of the 
subgrade materials were determined using 
sieve analysis test and results are graphically 
presented in Figure 6. It can be seen that 
cracked roads have relatively higher fine 
content (particle size less than 0.075mm) in 
subgrade when compared with that of un-
cracked roads. Further, clay content (particle 
size less than 0.002mm) was determined using 
hydrometer analysis test. According to the data 
presented in Table 2, it can be noted that there 
is a considerable percentage of clay within the 
subgrade material in the cracked roads. 

        The results of the modified proctor 

compaction tests are illustrated in Figure 7. It is 

very clear that maximum dry density of 

subgrade material within un-cracked roads is 

higher than that of cracked roads. 
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Table 2 Physical properties of subgrade materials 

Road name 
Specific 
Gravity

% 

OM
C 
% 

MD
D 

g/cm
3 

LL 
% 

PL 
% 

PI 
% 

CBR(4day 
soaked) 

Fine 
content 

(%) 

clay 
content 

(%) 

sand 
content 

(%) 

Gravel 
content 

(%) 

Cracked road-A 2.63 9.1 1.825 23 14 9 11.0 33.2 26.0 70.90 0.1 

Cracked road-B 2.59 9.0 1.864 29 17 12 6.0 48.1 25.0 46.00 0.5 

Cracked road-C 2.64 9.5 1.894 33 18 15 5.0 49.8 44.0 50.10 0.1 

Cracked road-D 2.55 12.6 1.881 31 23 8 7.0 52.2 46.0 47.70 0.1 

Cracked road-E 2.6 14.0 1.867 34 25 9 12.0 50.3 32.0 48.90 0.8 

Cracked road-F 2.59 10.0 1.870 39 21 18 8.0 35.2 29.0 46.00 18.8 

Cracked road-G 2.61 7.1 1.997 30 22 8 12.0 40.2 34.0 59.20 0.2 

Cracked road-H 2.64 6.6 2.143 27 19 8 15.0 23.4 19.0 67.10 9.5 

un cracked road-
X 

2.62 8.9 2.080 24 17 7 20.0 30.5 25.0 67.20 2.2 

un-cracked 
road-Y 

2.65 8.1 2.118 43 33 10 15.0 52.3 42.5 41.50 6.1 

0 

 

Figure 6 Particle size distribution 

 

Figure 7 Modified Proctor compaction test 
results 

Consistency limit of subgrade materials were 
investigated using Atterberg Limit tests. Even 
though there is no any significant difference in 
Atterberg Limits in both cracked and un-
cracked roads, relatively higher plasticity index 
can be seen in the cracked roads as shown in 
Table 2. Similarly, there is no any significant 

variation in specific gravity of subgrade 
material irrespective of cracked and un-cracked 
roads. 4 day soaked California Bearing Ratio 
(CBR) indicated that un-cracked roads have 
relatively higher CBR value than that of 
cracked roads. In order to further analyse this 
behaviour, CBR values of subgrade material of 
all 51 roads were plotted as shown in Figure 8. 
Based on the results, it can be seen that almost 
all the roads satisfied requirement in the 
specification, i.e. CBR>5%. Road number 1-24 
represent the un-cracked roads where as road 
numbers 25-51 represent the cracked roads. 

 

Figure 8 Variation of 4-day soaked CBR 
value for all roads 

      It can be noted that, even though subgrade 
material in cracked roads satisfied the 
requirement in the specification, the CBR value 
is very closer to the minimum requirement. On 
the other hand, un-cracked roads exhibit higher 
CBR value in subgrade material. 
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7. EXPANSIVE NATURE OF SUBGRADE 
MATERIAL 

Expansive nature of selected subgrade 

materials were investigated using the 

Skemton’s law (Skempton, 1953) which 

illustrates a relationship between plasticity 

Ratio, R (Liquid limit/Plastic limit) and 

Activity of soil as in Figure 9.The activity is 

defined as ; 

Activity =
Plasticity index

Clay content
                                     (1) 

 

Figure 9 Relationship between plasticity 
ratio (R) and Activity 

    As shown in the Figure 9, based on plasticity 

ratio and activity of a particular soil, the type of 

mineral present in the soil can be identified. 

    The relationship between Activity and 

Plasticity ratio is given as Equation 2, 

 Activity = 0.16R2.13                                          (2) 

     It is well known that Montmorillonite has 

the highest swelling potential whereas 

Kaolinite has the lowest swelling potential. 

Illite can be defined as medium swelling 

potential material. 

    The plasticity Ratio and Activity of selected 

roads are presented in Table 3 and data points 

are plotted in the Figure 10. 

 

 

 

Table 3 Values of LL, PI, PL, R, Aact and P002 
for sub grade minerals 

 

 
 

 

Figure 10 Variation of Activity and Plasticity 
ratio 

     It can be seen that plasticity ratio lies 

between 1.3 to 1.8 while activity varies between 

0.28 to 0.6. The un-cracked material lies within 

Kaolite region. Whereas, cracked materials lies 

within Illite and edge of Kaolinite region. As 

such, it can be concluded that there is a medium 

swelling potential in the subgrade material 

within the cracked road. 

8. REDUCTION OF EXPANSIVE NATURE 
OF SUBGRADE MATERIAL  

According to the results presented in section 7, 

it can be concluded that road pavements have 

been cracked after the rainy season is due to the 

expansive nature of the subgrade material. 

However, subgrade materials illustrate 

medium swelling potential. As such, in this 

research study, different admixtures namely fly 

ash, lime and coir were used to reduce the 

swelling potential of above subgrade material. 

The physical properties of the admixtures are 

shown in Table 4 

Motmorillonite

   =  .     .  

Illite

Kaolinite

A
C

T
IV

IT
Y

R: LIQUID LIMIT/PLASTIC LIMIT

1.5 2.25

0.38

6

7.2

0.9

Road ID LL PL PI LL/PL=R P002 Act=PI/P002

A-crack 23 14 9 1.64 26 0.35

B-crack 29 17 12 1.71 30 0.4

C-crack 33 18 15 1.83 44 0.34

D-crack 31 23 8 1.35 46 0.17

E-crack 34 25 9 1.36 32 0.28

F-crack 39 21 18 1.86 29 0.62

G-crack 30 22 8 1.36 34 0.24

H-crack 27 19 8 1.42 19 0.42

X-non 24 17 7 1.41 25 0.28

Y-non 43 33 10 1.3 42.5 0.24
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Table 4 Physical properties of admixtures 
 

Admixture Fine 
content 

Sand 
content 

Gravel 
content 

Specific 
gravity 

Fly ash 96.5% 3.55% 0 2.219 

Lime 97.6% 12.2% 0 2.846 

 
      In this study, additives were mixed at 

different percentage with subgrade materials. 

Fly ash and Lime were mixed at 2%, 5% and 

10% on weight basis whereas coir was mixed at 

2%, 5% and 10% on volume basis. After mixing 

additives with subgrade materials, mixtures 

were cured for a period of 3 days and 14 days, 

and measure the physical properties of the 

mixtures. 

The typical variation of Atterberg Limits in 

cracked roads over additive content is 

illustrated Figure 11 to Figure 13. 

 

Figure 11 Variation of Atterberg limits with 
lime content (F-cracked road) 

 

Figure 12 Variation of Atterberg limit with 
fly ash content (F-cacked road) 

 

Figure 13 Variation of Atterberg limit with 
coir content (F-cracked road) 

     Even though, there is no any significant 

reduction in Atterberg Limits over additive 

content, there is a slight reduction in Liquid 

limit and Plasticity Index when increase the 

admixtures. The results clearly illustrated that 

reduction of plasticity of mixture is greater 

when soil mixed with fly ash than that of lime 

and coir. Due to hydration effect, lime mixed 

specimen depicts reduction in Atterberg Limits 

after 14 days than that of 3 days. However, 

there is no any clear variation of Atterberg 

Limits over curing period when subgrade 

material is mixed with fly ash or coir.    

The typical variation of CBR value over 

admixture content of 2% is depicted in Figure 

14. 

 

Figure 14 Typical variation of CBR value 

over additive content of 2%. 

 

It can be noted that, for the same soil, by adding 

increased. The CBR value was not changed due 

to addition of fly ash. However, CBR value has 
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been significantly reduced due to addition of 

coir as an admixture to improve the properties 

of expansive soil. 

9. CONCLUSION 

      The field investigations illustrated that 

pavement cracks in the selected roads are not 

due to the failure of pavement and they were 

occurred due to the medium swelling potential 

of subgrade material. 

     The subgrade material in cracked roads 

consist of more fine content than that of un-

cracked roads. Further, considerable clay 

percentage can be observed in the cracked 

roads. It is very clear that maximum dry 

density of subgrade material in un-cracked 

roads is higher than that of cracked roads. The 

higher plasticity index in the subgrade material 

in cracked roads indicate the expansive nature 

of the road. Further, CBR value of cracked 

roads were much lower than that of un-cracked 

roads. 

The expansive nature of the subgrade material 

can be reduced by mixing with fly ash or lime. 

However, addition of coir was found to be 

ineffective in improvement of expansive soil. 

Considering the reduction of expansive nature, 

it can be concluded that fly ash is the more 

effective material to reduce the expansive 

nature of subgrade material. 
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The word "Green architecture” is becoming one of the fast-popularizing 
terminologies in urban built environment during recent past. Since it is widespread 
all over the world, the term became so common in environmentally friendly 
building construction related forums. The main objective of Green Architecture is 
attempting to safeguard air, water and earth choosing eco-friendly building 
materials, architectural structures and construction practices in construction 
industry. It leads to improve the environmental quality in buildings and finally 
uplift the urban development. Since the world is faced to rapid urbanization and 
therefore, the land is becoming a limited resource day by day.  Therefore, the vertical 
gardening has become one of the best solutions which can be implemented in urban 
environment. Vertical gardens are one of green architectural structures, with variety 
of sizes and forms, ranging from basic stacks to mounted systems, which can be 
fixed in any indoor spaces including office spaces, shipping containers, and large 
warehouses etc. The main drawback of those systems is, they are still functioning 
manually and fixed to a specific location. This innovative system tries to overcome 
those problems and came up with a fully automated potable vertical gardening 
system. This study is aimed to introduce an innovative vertical garden design as 
one of the green architectural structures. And further, this article presents the results 
obtained from the perception evaluation conducted for the above structure. The 
results revealed that the lack of awareness of people about the vertical gardening 
concept, the benefits of incorporating such system to improve human wellbeing in 
terms of ecology, health and aesthetic value. Meanwhile, the innovative and user-
friendly features to be incorporated into the system to upgrade the structure is also 
given in this paper.  
 

 

1. INTRODUCTION  

Urbanization, population growth and 
environmental pollution have become the 
main topics discussing in most of the agendas 
today (Başdoğan et al., 2016). Various 
authorities take various actions in controlling 
the issues occur due to rapidly increasing 
environmental threat due to above mentioned 
scenarios. Results of unsustainable practices in 
urbanization lead to occur various conditions 
like, Urban Heat Island (UHI), Building 
Related Illnesses (BRI), Sick Building 

Syndrome (SBS) etc. Therefore, improving the 
quality of the urban environment has become 
one of the priorities of both private and state 
sector.  As a ground level solution to address 
above mentioned issues, various innovations 
and implementations are immerging 
drastically by the interested parties and the 
decision makers (Kalantari et al., 2018). 
Greenly designed self-sufficient buildings are 
one of such areas advancing day by day. There 
are various green architectural structures such 
as green facades, green walls, living walls etc 
(Dorozhkina, 2020).  
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Among the tools and techniques 
addresses in green buildings, vertical greening 
is given the priority since its capacity of 
combating the above issues. Further it gives 
aesaesthetic value to the incorporated 
building. Vertical gardening is the cultivation 
of various plants on the vertical surfaces of 
buildings and structures in order to improve 
the urban environment (Tetior, 2015). There 
are various types of vertical gardening 
structures available in various sizes and 
shapes. The main drawback of those systems 
are still they are functioning manually and 
fixed to a specific location. This innovative 
system tries to answer those problems and 
finally came up with a fully automated potable 
vertical gardening system. 

 
This study mainly focuses the 

introduction of newly innovated vertical 
garden structure as one of the green 
architectural structures which is useful in 
urban development. And further, this paper 
evaluates the perception of people under 
demographic factors on innovative vertical 
garden prototype considering the basic 
requirements in Urban Gardening.  Through 
the results of this survey, it is expected to 
evaluate their willingness to accept vertical 
gardening and finding options to develop the 
system towards more environment and user-
friendly green architecture option. 

2. LITERATURE REVIEW  

Green infrastructures have been 
considered as a solution to climate change 
adaptation, as it can play a significant role in 
greening the city while stimulating the 
productive reuse of urban organic waste and 
reducing the energy footprint (Specht et al., 
2016). Vertical gardens, green facades, 
rooftops, and garden terraces are presented as 
new forms of urbanization due to a shortage of 
accessible space and as an essential 
component of the development of green 
spaces in cities (Félix & Silva, 2017). Also, 
Hydroponics, aquaponics, aeroponics, and 
vertical farming are some of the techniques 
utilized in urban farming (Rizal et al., 2019). 
some of the disadvantages can be identified 
with these green infrastructures as high initial 
cost, Only the narrow range of plant varieties 
can be grown, water soil and thermal 
management difficulties etc. (Martin, 2019). 

The main drawback of those systems available 
in the references are still functioning manually 
and fixed to a specific location. This innovative 
system tries to answer those problems and 
finally came up with a fully automated potable 
vertical gardening system. Therefore, new 
innovative indoor vertical farming system 
with adjustable racks can growing plants 
without height problems fully controlled and 
low cost introduced to social media using 
population and find their perception about 
indoor vertical farming and comments to 
further development of the system as best 
solution for the urban peoples indoor 
gardening. 

3. METHODOLOGY  

The research methodology consists 
with five main phases.  
i. Literature Review 
ii. Development of structure for vertical 

gardening  
iii. Questionnaire Preparation 
iv. Questionnaire survey 
v. Data analysis and interpretation 

 
The research was conducted 

according to the above mentioned five main 
phases which is further illustrated in Figure 1. 
A comprehensive survey was conducted 
among the population in Sri Lanka who use 
social media with pre tested online 
questionnaire by experts. Questionnaire was 
prepared including detailed figure of newly 
innovated vertical garden prototype 
(Figure 2). The questionnaire consisted of 32 
questions where the first part was set for 
district, gender, age, education and income 
like demographic factors. Respondents who 
answer the questionnaire was taken as the 
sample. In the end of the data collection time 
period, 450 responses were collected as the 
sample for data analysis process. 
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3.1. Prototype Development 

The vertical garden has as its primary 
objective to cultivate various types of plants 
including leafy vegetables, herbs, fruits and 
flowers within an automated setup without 
pesticides, inorganic fertilizer or any other 
agro chemical.  The system operates starting 
from seedlings plant in plastic pots containing 
coir peat cubes and fixed to the plastic trays 
which are movable and placed in each stack of 
the unit.  

 
The developed system is a cabinet 

type unit with the size of 1m X 2m X 0.15m in 
length, height and width respectively. The 
material used to manufacture the system is 
Zinc courted steel with powder courting. The 
system can be made as potable as well as non-
potable according to the requirement.  This is 
completely automated system of drip 
irrigation and lightning if the system uses as 
an indoor garden. Since the system can be kept 
indoor environment, grow light with 50W is 
used. Organic liquid fertilizer is mixed with 
water and supply to the plants according to 
the demand since the water flow is 
controllable. The catchment tank is made out 
of plastic and placed at the bottom of the 
system. The circulation pump is used to draw 
the solution from the catchment tank 
distribute it to the top of the troughs through 
distribution pipes. 

 
 

 
 

 
 
 
 

3.2. Questionnaire Survey  

The questionnaire was consisted with 
three main sections. Where, the first part is 
about the demographic factors, current 
agricultural practices and knowledge and 
general attitudes of respondents towards 
agriculture and crop production. The 
questions had to be so simple to understand 
and answer by the respondents.  

 
Mid of the questionnaire introduced 

detailed figure of innovative vertical 
gardening system prototype. This is suitable 
for house hold level growing. After 
introducing the system in the questionnaire, 
their attitudes about newly innovated system 
were evaluated on a five-point Likert scale 
ranging from 1 (“strongly agree”) to 5 
(“strongly disagree”). End of the 
questionnaire obtained the valuable 
perception of respondents about innovative 
system and their suggestions for further 
development of the system. Data analysis was 
performed using the statistical software SPSS 
and Microsoft excel. Descriptive statistics of 

Figure 1 Research methodology 

Figure 2 Line diagram of the features 

incorporated in the system 
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Yes
59%

No
41%

chi square test and z test was used for the 

analysis. Survey was conducted during one 
month period through social media and the 
convenience purposive sampling method was 
used to select the sample. The sample of 450 
respondents were finally selected representing 
all 25 districts. All the collected data was 
analysed and the research objectives were 

completed as per the requirement. 

4. RESULTS  

The survey determined that the 
number of respondents who are currently 
practicing home gardening as 75% and those 
who are not practicing home gardening as 
25%. Figure 3 illustrates that nearly 3/4 of 
respondents practice home gardening. Among 
the respondents who are already practicing 
home gardening, 58% of respondents know 
about vertical gardening and 41% are don’t 
(Figure 4). Among the respondents who are 
already ware about vertical gardening, only 
15% are practicing it in their gardens and 85% 
are not practicing (Figure 5). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

It is evident through the demographic 
factors; the majority of female (79%) 
respondents are currently practicing home 
gardening than male respondents (69%). The 
Respondence are categorized into 4 main age 
groups. Nearly half of the respondents (40%) 
age less than 30 years. Among this age group 
76% respondence are practicing home 
gardening and 51 % known about vertical 
farming but only 11% practice vertical 
gardening. 

 
Irrespective of their awareness on 

vertical gardening, majority of respondents 
agree or strongly agree with the developed 
system with all the characteristics of newly 
innovative vertical gardening system. 
Perception about overall system has obtained 
better responds among all the responses 
(Figure 6). Nearly 87% respondence like to 
grow vegetables with this system. As well as 
nearly 40% like grow fruits, herbs and flowers 
(Figure 7). Using chi square analysis, it could 
obtain the relationship between the desired 
plant type which people like to grow with 
such system. Considering the total number of 
responses, nearly 80% of respondents like to 
use solid as growing media with this system 
and 33% like use liquid as growing media and 
only 6% like to use other type of growing 
media. Irrigation system is the main 
component of this system. More than half of 
the study population like to use drip irrigation 
as their irrigation facility (59%) and 30 % of 
total respondents like to use mist system as 
irrigation system. 

 
 
 

Yes, 
75%

No, 25%

Figure 3 Respondents currently 

practicing home gardening and those 

who are not practicing gardening at 

present 

Figure 4 Percentage respondents who 

are already aware about vertical 

gardening 
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Not -
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85%

Figure 5 Percentage respondents who 

are practicing vertical gardening 

from the number of individuals who 

are doing home gardening 
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In this, nearly 80% to 85% respondents 
are like to use portable system, natural 
lighting and adjustable racks. 15% to 20% 
present of people like to use non portable 
system, artificial lighting and nonadjustable 
racks. Nearly 67% of respondence like to use 
automatic watering system for their vertical 
farming systems and 33% like to water 
manually. With this system constructing 
material nearly 82% respondents are happy 
with this system constructing material and 
only 18% not happy with constructing 
material (Figure 8). 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Among this sample, half of the 
respondents (44%) are like to use manual 
vertical farming system since it enables them 
to control all the system by their own and 
enjoying growing process. 28% of 
respondence prefer use with automatic system 
then they can grow without much work.25% 
of respondence like to control with automobile 
app and rest of them are like to any other 
method (Figure 9). Overall idea of the newly 
innovative system is having better level. 
Nearly 60% of respondents are react as it is 
really good and only 3.5% respondents not say 
their ideas. Considering the rest of the group 
in sample 28% respondence consider as it is 
fair and 8.6% are like to accept with few 
changes. Only 0.44% of total sample is reject 
this system (Figure 10). 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6 Number of respondents with their likeliness to various features of the system 
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In this questionnaire survey, it allows 
the respondents to comment on the drawbacks 
of the innovative vertical gardening system 
proposed. In this nearly 50% of respondent’s 
emphasis the high installation cost and can 
grow limited varieties of plants as drawbacks 
of this system. Other than that, 29.2% 
respondents stress that the hard maintenance 
and 12.1% respondence stress that the space 
limitation is the constrain with them in 
installing such a system as a green 
architectural feature (Figure 11.) 
 

 
 
 
 
 
 
 
 
 

Figure 9 Response about the type of 

innovative system 

Figure 8 People’s response about features they would like to use with innovative system 
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5. DISCUSSION    

 This study mainly focusses to evaluate 
the perception of the people and their 
willingness to accept vertical gardening 
system. Further, the respondents’ preference 
also evaluated to come up with a user-friendly 
product output. According to survey results, it 
is evident that most of the respondence are 
doing home gardening but they don’t have 
knowledge about vertical gardening. 
Therefore, the proper awareness about the 
advantages of vertical gardening with its 
tremendous benefits also important.  

 
 The age group, gender, income group 
and employment status which are more likely 
to do gardening is evident and found easily 
through the results. The respondents below 
the age of 30, female, income below Rs. 
30,000.00 and unemployed are the different 
categories showed highest tendency in 
growing.    

 
  The results indicated that they are 
giving priority to grow vegetables for daily 
consumption. That is because of the healthy, 
fresh, chemical free food produce that we can 
expect from the system. Surprisingly, the 
second most preferred plant type to grow is 

flowers where fruits are herbs are placed as 
third and fourth respectively.  
 
 Respondents’ perception about newly 
innovated system was evaluate through Likert 
scale questions and results were found 
2+(strongly agree) to -1(strongly disagree) 
scale. These results were analysed using 
Wilcoxon ranking test and all were ranged 
between 1 and 2. This result shows median 
judgement of the people about this system is 
between strongly agree and agree.  

 
Focusing of all the results obtained it 

can be concluded that overall attitudes of 
respondents towards system is positive, where 
91% of the respondents are belongs to the 
group telling fair and good product to accept.  
Nearly 2% like to accept the system with few 
modifications.   

 
The next most important finding is 

that majority is not satisfied with the 
constructing material used for the system, and 
the adjustable racks. They like to have a 
manual system, artificial lightening and non-
potable system. Therefore, when modifying 
the existing system, priority should be given to 
the above-mentioned findings in order to 
come up with the customer-oriented product 
output.  

 
Finally, the drawbacks of the system were 

found as high installation cost as the first 
concern and the limited varieties of crops as 
the second one. Hard maintenance and not 
having enough space even to locate to this 
system were found as next two drawbacks 
respectively. And also, further studies should 
be carried out in order to introducing such 
systems as green architecture structures for 
better environment.  

6. CONCLUSION 

 Survey results indicate that the 

majority of respondents practice home 

gardening (75%). Among this 59% are known 

about vertical gardening but only 15% are 

practice vertical gardening revealed that 89% 

of a great majority of residents would like to 

grow vegetables and lowest percentage of 

respondents are like to grow herbs (32.7%) 

Figure 12 The proposed urban balcony 

setup after fixing the vertical gardening 

system developed as one of the best 

green architectural structures 
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with newly innovative system. More than 50% 

of respondents like to use portable system 

with natural lightning, adjustable racks an 

automatic watering. 40%-60% of respondents 

strongly agree with system related benefits 

except productions are too artificial. With this 

statement 39% of responds are neutral. 
Respondents weakly agree that vertical 

agriculture is too artificial. Considerable 

percentage of people are accepted features of 

introducing system. Attitudes of the people 

about system are having positive level (1<2 / 

agree). 60% of total respondents are consider 

this as really good system and only 0.5% are 

rejected. 

7. LIMITATIONS AND 
RECOMMENDATIONS 

The developed system should be 

further subjected to the studies in order to 

evaluate its overall sustainability. Under that, 

the environmental sustainability as well as 

economic sustainability aspects should be 

considered and investigated. Introducing a 

long-term sustainable solution for the building 

integrated vegetation systems is the future 

expectation as the outcome of this research 

area.  

8. REFERENCES 

Allam, Z., 2019. Cities and the digital 
revolution: Aligning technology and 
humanity. Springer Nature. 
 
Assimakopoulos, M.N., Masi, R.F.D., Rossi, 
F.D., Papadaki, D. and Ruggiero, S., 2020. 
Green Wall Design Approach Towards Energy 
Performance and Indoor Comfort 
Improvement: A Case Study in Athens. 
Sustainability, 12(9), p.3772. 
 
Bao, T., Li, X., Zhang, J., Zhang, Y. and Tian, S., 
2016. Assessing the distribution of urban 
green spaces and its anisotropic cooling 
distance on urban heat island pattern in 
Baotou, China. ISPRS International Journal of 
Geo-Information, 5(2), p.12. 
 
 

Başdoğan, G. and Çığ, A., 2016. Ecological-
social-economic impacts of vertical gardens in 
the sustainable city model. Yüzüncü Yıl 
Üniversitesi Tarım Bilimleri Dergisi, 26(3), 
pp.430-438 
 
Buhaug, H. and Urdal, H., 2013. An 
urbanization bomb Population growth and 
social disorder in cities. Global environmental 
change, 23(1), pp.1-10. 
 
Coma, J., Pérez, G., de Gracia, A., Burés, S., 
Urrestarazu, M. and Cabeza, L.F., 2017. 
Vertical greenery systems for energy savings 
in buildings: A comparative study between 
green walls and green facades. Building and 
environment, 111, pp.228-237. 
 
Davis, M.J.M., Ramirez, F. and Pérez, M.E., 
2016. More than just a Green Façade: vertical 
gardens as active air conditioning units. 
Procedia Engineering, 145, pp.1250-1257. 
 
Du, H., Wang, D., Wang, Y., Zhao, X., Qin, F., 
Jiang, H. and Cai, Y., 2016. Influences of land 
cover types, meteorological conditions, 
anthropogenic heat and urban area on surface 
urban heat island in the Yangtze River Delta 
Urban Agglomeration. Science of the Total 
Environment, 571, pp.461-470. 
 
Eumorfopoulou, E.A. and Kontoleon, K.J., 
2009. Experimental approach to the 
contribution of plant-covered walls to the 
thermal behaviour of building envelopes. 
Building and Environment, 44(5), pp.1024-
1038. 
 
Félix, M. J., & Silva, P. (2017). The 
transformation of wasted space in urban 
vertical gardens with the contribution of 
design. 12(4), 803–822. 
 
Galagoda, R.U., Jayasinghe, G.Y., Halwatura, 
R.U. and Rupasinghe, H.T., 2018. The impact 
of urban green infrastructure as a sustainable 
approach towards tropical micro-climatic 
changes and human thermal comfort. Urban 
forestry & urban greening, 34, pp.1-9. 
 
Haggag, M.A., 2010. The use of green walls in 
sustainable urban context: with reference to 
Dubai, UAE. WIT Transactions on Ecology 
and the Environment, 128, pp.261-270. 
 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

333



 
 

Haggag, M.A., Elmasry, S.K. and Hassan, A., 
2012. Design with nature: integrating green 
façades into sustainable buildings with 
reference to Abu Dhabi. WIT Transactions on 
Ecology and the Environment, 160, pp.37-47. 
 
Halwatura, R.U., 2013. Effect of turf roof slabs 
on indoor thermal performance in tropical 
climates: A life cycle cost approach. Journal of 
Construction Engineering, 2013, p.e845158. 
 
Herath, H.M.P.I.K., Halwatura, R.U. and 
Jayasinghe, G.Y., 2018. Evaluation of green 
infrastructure effects on tropical Sri Lankan 
urban context as an urban heat island 
adaptation strategy. Urban Forestry & Urban 
Greening, 29, pp.212-222.  
 
Ivanova, N., Ganzha, O. and Podkovyrov, I., 
2020, August. The use of the Analytic 
Hierarchy Process in Determination of the 
Design Solution for Vertical Gardening. In 
Journal of Physics: Conference Series (Vol. 
1614, No. 1, p. 012035). IOP Publishing. 
 
Kalantari, F., Tahir, O.M., Joni, R.A. and 
Fatemi, E., 2018. Opportunities and challenges 
in sustainability of vertical farming: A review. 
Journal of Landscape Ecology, 11(1), pp.35-60 
 
Martin, M. (2019). Environmental Assessment 

of an Urban Vertical Hydroponic Farming 

System in Sweden. 1–14. 

 

Rizal, A. M., Punadi, R. P., Binti, Z., Salam, S. 

A., Husin, M. B., Kamarudin, S. B., & Sahimi, 

M. (2019). Babylon Vertical Farms: Toward 

Sustainable Green Organization. Green 

Behavior and Corporate Social Responsibility 

in Asia, 89–101. https://doi.org/10.1108/978-

1-78756-683-520191011. 

 

Specht, K., Siebert, R., & Thomaier, S. (2016). 

Perception and acceptance of agricultural 

production in and on urban buildings ( 

ZFarming ): a qualitative study from Berlin , 

Germany. Agriculture and Human Values, 

33(4),753–76 https://doi.org/10.1007/s10460-

015-9658-z. 

 

 

 

 

 

 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

334 



 
 

 

Proceedings of the 8th International Symposium on 
 

Advances in Civil and Environmental Engineering 
Practices for Sustainable Development 

  
ACEPS - 2021 

 

Evaluation of critical factors affecting quality of construction 
projects 

U.H.R.P. Madhushan1, S.N. Malkanthi1, and D.M.K.N. Senevirathna2 

 
1Department of Civil and Environmental Engineering, Faculty of Engineering, University of Ruhuna, Hapugala, Galle, 
SRI LANKA 
2Department of Interdisciplinary Studies, Faculty of Engineering, University of Ruhuna, Hapugala, Galle, SRI LANKA  

 

A R T I C L E  I N F O  
 

A B S T R A C T  

Available online 07 October 2021 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords: 
Construction Project quality 
Quality affecting factors  
Quality improvement   
  

Maintaining of quality is one of the important aspects of construction projects. 
Construction projects are always expected to create a balance between cost, time 
and quality. It is possible to have high quality and low cost, but at the expense of 
time, and conversely to have high quality and a fast project, but at a cost. High 
quality is not always the primary objective for the client; however, it is extremely 
important to a successful project.  This study focused on identifying and critically 
evaluating factors affecting the quality of a construction project. Through a 
comprehensive literature review, 38 possible quality-related factors were identified 
under five categories namely project-related, material-related, client-
related,contractor-related and design-related. The importance of those identified 
factors was determined through the responses collected using a questionnaire. 
Respondents cover professionals from CS2 to C5 grades construction companies.  
Collected responses were converted to a quantitative value using the relative 
importance index(RII). Further, SPSS software was used for the critical review of 
responses. Results showed that the design-related category is the most significant 
category which contributes to the project quality based on the RII values. Further, 
SPSS analysis showed the correlation between different categories as well as factors 
within categories. With these results, addressing quality improvement factors and 
categories together the project management team can easily handle the quality 
management. In addition to correlation, factor analysis was also highlighted the 
factors that can be addressed simultaneously. Finally, it is suggested to analyze the 
same information clustering the contractors for their grades as further research. 
With that, specific quality improvement factors for different grades of contractors 
can be identified. 

 

1. INTRODUCTION   

The construction industry plays an 
important role in any economy. Construction 
projects have an inclusion of a large number of 
participants including the owner, designer, 
contractor, and various professionals from 
construction-related industries. Each one of 
those members includes in implementing 
quality in construction projects. These 
members are both impacted by and depend 
upon one another additionally to “other 
players” involved within the construction 
process. As a result of this, the construction 

projects become more complex and technical, 
and hence extensive efforts are needed to 
reduce rework and costs identified with time, 
materials, and engineering. The Project 
Management Triangle containing project time, 
cost and quality (called Triple Constraint or 
the Iron Triangle) could be a model of the 
limitations of project management.  

 
Quality is one of the triple constraints 

and the success of construction projects 
greatly depends on the quality performance. 
Most of the development sector is facing 
quality-related issues, which result in 
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ineffective and inefficient projects in terms of 
cost, delays and excessive rework. For 
construction projects, the goal and desire of 
clients, contractors and consultants are to 
confirm that the projects are delivered in step 
with an acceptable and agreed standard. 
Unforeseen and unavoidable factors may arise 
during the construction stage which affects the 
quality of work. Sometimes, there are plenty of 
factors that are coming from the development 
participants, associated environment, some 
external sources, etc. Those may be minimized 
or controlled if those may be identified at an 
early stage. Hence, the influence of other 
critical unavoidable factors may be 
minimized. 

 
The expected aim of the research is to 

propose mechanisms to effectively use quality 
management-related guidelines for the 
upliftment of the quality of construction 
projects in civil engineering. To serve this aim, 
three objectives were formulated, 
identification of significant factors affecting 
the quality of construction projects, critical 
review of the interrelation of factors affecting 
the quality of construction projects and 
proposing methods to minimize the effect of 
identified factors on quality. 

2. LITERATURE REVIEW 

Quality is often defined as meeting the 
legal, aesthetic and functional requirements of 
a project. Requirements are simple or complex, 
or they will be stated in terms of the best result 
required or as a detailed description of what is 
to be done. However, the standard is obtained 
if the stated requirements are adequate and if 
the finished project conforms to the 
necessities. (Arditi and Gunaydin, 1997) 

 
A construction project in its life goes 

through different phases such as conceptual 
planning, feasibility study, design, 
procurement, construction, acceptance, 
operation and maintenance (Ashokkumar, 
2014). 6-15% of construction cost is discovered 
to be wasted because of rework of deficient 
parts identified late during construction and 
5% of construction cost is wasted because of 
rework of defective components detected 
during maintenance (Boukamp and Akinci, 
2004). Hence, quality has become one of every 
of the foremost significant competitive 
strategic tools which numerous construction 

associations have acknowledged as a key to 
build up their building products in supporting 
the proceeding with progress. 

 
Some design professionals accept that 

quality is estimated by the aesthetics of the 
facilities they design. This traditional meaning 
of quality depends on such issues as how well 
a building structure blends into its 
surroundings, a building's psychological 
impacts on its occupants, the ability of a 
landscaping design to match the theme of 
adjacent structures, and the usage of bold new 
design concepts that capture people's 
imaginations. (Stasiowski and Burstein,1994) 

 
Quality may be defined from the 

viewpoint of function, by how closely the 
project conforms to its requirements. The 
concept of quality management is to verify 
efforts to approach the desired level of quality 
for manufactured things which are purposeful 
and arranged. However, within the industry, 
quality is defined as meeting the necessities of 
the designer, constructor and regulatory 
agencies moreover because of the owner 
(Ferguson and Clayton (Eds), 1988). 

 
For the implementation of quality 

management in project management, the ideas 
of quality planning, quality assurance and 
quality control within the quality 
management process are significant (Juran, 
1988). Among those, Quality Assurance (QA) 
and Quality Control (QC) are significant for 
construction. Chandrasena, (2010) recognized 
that the QC system in construction projects 
depends on tender documents, specifications, 
working drawings, etc.  

2.1. Quality Management Standards and 
Guidelines in Construction  

When considering the quality 
management standards, ISO (International 
Organization for Standardization) is the 
world's biggest developer and publisher of 
International Standards (Cao Ying, 2010). It 
comprises standards and guidelines related to 
the quality management systems and related 
supporting guidelines. The application of ISO 
standards has received much consideration 
from researchers. ISO certification is now a 
day trend in most industries including the 
construction industry (Tan and Abdul-
Rahman, 2005). 
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Due to the importance of quality 

management, it is included in the CIDA 
condition of contract also. Clause 36(1) in the 
condition of contract is about quality of 
materials, workmanship and tests (Condition 
of Contract, 1989). Also, specification as one of 
the bidding documents should be followed by 
contractors to ensure the quality of materials 
and workmanship. Clause 4.9 of FIDIC 
conditions of contract also deals with quality 
assurance. According to that, contractor shall 
provide a system to assure the quality of all the 
construction work (Ranasinghe, 2015). Further 
CIDA has provided sufficient guidelines 
which can be followed by contractors to 
ensure a quality project (ICTAD/CM/01, 
2005). 

2.2. Quality Control  

The process of quality control of 
construction projects is the piece of the 
agreement archives that gives details related 
to the specific quality practices, assets, and 
activities related to the project. The motivation 
behind quality control during construction is 
to ensure that the work is accomplished 
following the requirements specified in the 
contract. The quality of a construction project 
must meet the necessities indicated in the 
contract documents. Normally, the contractor 
provides onsite inspection and testing 
facilities at the construction site. Normally, 
quality assurance and control programs are 
utilized to monitor design and construction 
conformance to set up requirements as 
determined by the contract details. Organizing 
quality management programs decreases costs 
while creating the specified facility 
(Rumane, 2016). 

 
This control ensures that the work 

done must be of the required quality and 
durability. This can be achieved by inspecting 
the source of supply of material up to the 
finished product.  

2.3. Identification of Quality Performance 
Factors in Construction Projects  

Quality is influenced by deficiencies 
of materials, supplies, design changes, the 
mistake in cost assessment and lack of budget. 
Additionally, different factors influencing 
quality are inadequacies in scheduling, 

improper planning and unclear evaluation 
standards. The significance of these elements 
relies upon sort of projects, working 
conditions and local culture.  

 
According to Burati et al., (1992), the 

commitment of management and leadership 
in construction associations could influence 
the quality of the construction. The extent of 
teamwork of parties representing in the design 
stage was discovered to be the most significant 
factor that influences quality collaboration 
among parties such as Structural Engineers, 
Electrical Engineers, Environmental 
Engineers, Civil Engineers, Architects, and 
owner is fundamental to arrive at the quality 
objectives for design (Gunaydin, 1995). 

3. METHODOLOGY 

This research was carried out to 
investigate the factors, that have prevailed and 
unfavorable impact on the building 
construction projects. A questionnaire was 
created to support the recognized factors to 
require the opinion of construction experts. 
After their feedback, a statistical analysis was 
considered to rank the significance level of 
those factors which contribute to the quality of 
construction projects. 

 
From 4447 of Construction Industry 

Development Authority (CIDA) registered 
contractors (from grade CS2 to C10 in year 
2020), Only 503 contractors are used as the 
population size by considering the contractors 
from grade CS2 to C5. To represent that 
population, the sample size was calculated 
statistically and it was 38 respondents. 55 
responses have been received from the 
questionnaire survey which was carried out 
through a google form. Data analysis was 
done using Excel and SPSS statistical software. 
There are two tasks which should be 
approached using SPSS. They are, 
identification of interrelation of factors within 
a category and the identification of 
interrelation of factors among the categories. 

 
Through the literature review, 38 

critical factors affecting the quality of the 
construction projects associated with five 
categories were identified as in Table 1. A 
questionnaire was prepared to get the 
importance level of identified factors using a 
five-point Likert scale. 
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Ranking of factors was done using the 

Relative Importance Index (RII) method as per 

the equation below. 

𝑅𝐼𝐼 = ∑ 𝑎 ∗
𝑛

𝑁
 

 where, 

RII =   Relative Importance Index 
a     =   Constant expression weight 
n     =   Frequency of response 
N    =   Total number of responses  

 
Table 1 Quality performance factors 

Main 
Factor 

ID Sub Factors contributing to quality improvement 

Project-
related 

P1 Clear scope of the project (type and nature) 

P2 Suitable location of the project 

P3 Clear and proper Site access 

P4 Favorable climatic condition at the site 

P5 Favorable political & economic environment of the project 
 

 
P6 Adequate period of the project 

 P7 Favorable social environment of the project 

P8 Commitment of all parties to the project 
 P9 Adequate project formulation in the beginning 

 

Materials 
related 

M1 Availability of material management system 

M2 Cooperation between contractor and material suppliers 

M3 Availability of good quality construction materials 

M4 Storage and handling system of materials 

M5 Decreasing material prices 

M6 Proper material procurement 

M7 On-time material deliveries 
 

Contractor 
related 

Co1 Suitable selection of contractor 

Co2 Contractor’s experiences in industry 

Co3 Contractor’s profitability 

Co4 Financial capability of contractor 

Co5 Better supervision of contractors 

Co6 Capability of subcontractors 

Co7 Management team of contractor 

Design 
related 

D1 Completeness and consistency of design documents 

D2 Clear Drawings  

D3 Conformance to codes and standards 

D4 Adherence to specifications 

D5 Matching in capabilities of architect 

D6 Suitable selection of designer 

D7 Bill of quantity is detailed and accurate 

Client 
related 

Cl1 Quality of client’s organization (Public or Private) 

Cl2 Client’s quick response (no delays in making decisions) 

Cl3 Client’s contribution to design 

Cl4 Monitoring and feedback by client 

Cl5 Matching in capabilities of client 

Cl6 Starting new projects not exceeding budgetary allocation 

Cl7 Understanding operational difficulties by the client 

Cl8 Selection of feasible projects 
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4. RESULTS AND DISCUSSION  

The survey started by identifying the 

respondents’ backgrounds such as their 

experiences in terms of years and the number 

of projects in which they have been involved. 

It helped to ensure that the data collected were 

reliable. To check the consistency of the 

selected quality-related factors, the Cronbach 

Alpha reliability test was performed using 

SPSS and its results are shown in Table 2. 

These results say the selected questions are 

with high internal consistency and reliability. 

When the Cronbach alpha is more than 0.7, it 

is recognized as the internal consistency of the 

questionnaire is good.  

Table 2 Reliability statistics of responses 

Category  Number 
of Item 

Cronbach 
Alpha 

Project (P) 9 0.702 

Material(M) 7 0.862 

Contractor (Co) 7 0.860 

Design (D) 7 0.865 

Client (C) 8 0.860 

Total  38 0.940 

4.1. Relative Importance Index Analysis  

Based on the responses received, first 

the Relative Importance Index (RII) of each 

quality affecting factor was calculated. 

Further, RII for each category was calculated. 

Figure 1 shows the average RII for categories. 

According to the average RII values for each 

category, the design-related factors can be 

identified as the most important factors to 

assure the quality of construction projects.  

 

Figure 1 Influence of different categories for 

quality improvement 

These RII values are not sufficient to 

draw a clear conclusion. Therefore, the 

collected data were analyzed using SPSS. 

4.2 Correlation Analysis  

Pearson's correlation coefficient is the 

test statistic that measures the statistical 

relationship or association between two 

continuous variables. It gives information 

about the magnitude of the association, 

correlation, and direction of the relationship. 

 

Pearson's correlation coefficient is the 

test statistic that measures the statistical 

relationship or association between two 

continuous variables. It gives information 

about the magnitude of the association, 

correlation, and direction of the relationship.  

 

Pearson correlation results among 

each factor within a category was analyzed 

using SPSS. Table 3 represents the correlation 

between quality affected factors under project-

related category. According to the Pearson 

correlation results for Project-related factors, 

Suitable location of the project (P2) moderately 

correlate with Clear and proper site access (P3) 

and Favorable climatic condition at the site 

(P4). Not only that, Favorable social 

environment of the project (P7) moderately 

correlates with the Commitment of all parties 

to the project (P8). It means if we consider the 

clear and proper site access and favorable 

climatic condition at the site automatically, the 

suitable location of the project can be selected. 

Also because of the commitment of all parties 

to the project, A favorable social environment 

can be created around the project. A similar 

analysis was done for other categories namely 

contractor-related, Material-related, design-

related and client-related. Under these 

categories also, the relationship between 

different factors could be identified. 

 

Then, the relationship between 

categories was analyzed and it is shown in 

Table 4. According to the Pearson correlation 

results among the categories, Material related 

category (M) strongly correlates with 

Contractor related category (Co). Also, Project 

related category (P) moderately correlates 
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with Design related category (D) and the 

Client related category (Cl). 

 

  

Table 3 Correlation between quality affected factors under project-related category

 

Table 4 Correlation between quality affected categories 

 P M Co D Cl 

P 
Pearson Correlation 1 .532** .663** .672** .664** 

Sig. (2-tailed)  .000 .000 .000 .000 

M 
Pearson Correlation .532** 1 .781** .437** .433** 

Sig. (2-tailed) .000  .000 .001 .001 

Co 
Pearson Correlation .663** .781** 1 .586** .424** 

Sig. (2-tailed) .000 .000  .000 .001 

D 
Pearson Correlation .672** .437** .586** 1 .613** 

Sig. (2-tailed) .000 .001 .000  .000 

Cl 
Pearson Correlation .664** .433** .424** .613** 1 

Sig. (2-tailed) .000 .001 .001 .000  

**. Correlation is significant at the 0.01 level (2-tailed). 

4.3 Principal Component Analysis  

Principal component analysis is used to 

identify latent constructs or factors. It is 

commonly used to reduce variables into a 

smaller set to save time and facilitate easier 

interpretations. Table 5 shows the total 

variance explained for extracted factors for 

project-related factors. The factors are 

arranged in descending order based on the 

most explained variance. The Extraction Sums 

of Squared Loadings is identical to the Initial 

Eigenvalues except for factors that have 

eigenvalues less than 1 are not shown. Three 

components have initial eigenvalues which 

are greater than 1. Therefore, three principal 

components can be identified using the table. 

 

 

 P1 P2 P3 P4 P5 P6 P7 P8 P9 

P
1 

Pearson Correlation 1 .121 -.042 -.121 .465** .192 .222 .303* .047 

Sig. (2-tailed)  .377 .759 .379 .000 .159 .103 .024 .732 

P
2 

Pearson Correlation .121 1 .540** .538** -.029 .024 .236 .064 .194 

Sig. (2-tailed) .377  .000 .000 .834 .864 .083 .641 .157 

P
3 

Pearson Correlation -.042 .540** 1 .247 -.309* -.080 -.065 -.076 .160 

Sig. (2-tailed) .759 .000  .069 .022 .560 .635 .582 .242 

P
4 

Pearson Correlation -.121 .538** .247 1 .135 .445** .226 .110 .249 

Sig. (2-tailed) .379 .000 .069  .325 .001 .097 .423 .067 

P
5 

Pearson Correlation .465** -.029 -.309* .135 1 .441** .290* .410** .265 

Sig. (2-tailed) .000 .834 .022 .325  .001 .032 .002 .050 

P
6 

Pearson Correlation .192 .024 -.080 .445** .441** 1 .248 .443** .204 

Sig. (2-tailed) .159 .864 .560 .001 .001  .068 .001 .135 

P
7 

Pearson Correlation .222 .236 -.065 .226 .290* .248 1 .524** .204 

Sig. (2-tailed) .103 .083 .635 .097 .032 .068  .000 .136 

P
8 

Pearson Correlation .303* .064 -.076 .110 .410** .443** .524** 1 .464** 

Sig. (2-tailed) .024 .641 .582 .423 .002 .001 .000  .000 

P
9 

Pearson Correlation .047 .194 .160 .249 .265 .204 .204 .464** 1 

Sig. (2-tailed) .732 .157 .242 .067 .050 .135 .136 .000  

**. Correlation is significant at the 0.01 level (2-tailed). 

*. Correlation is significant at the 0.05 level (2-tailed). 
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Table 5 Total variance explained for project related factor 
C

o
m

p
o

n
e

n
t 

Initial Eigenvalues 
Extraction Sums of Squared 

Loadings 
Rotation Sums of Squared 

Loadings 

Total 
% Of 

Variance 
Cumulative 

% 
Total 

% of 
Variance 

Cumulative 
% 

Total 
% of 

Variance 
Cumulative 

% 

1 2.812 31.248 31.248 2.812 31.248 31.248 2.039 22.654 22.654 

2 1.956 21.732 52.980 1.956 21.732 52.980 1.971 21.898 44.552 

3 1.066 11.845 64.825 1.066 11.845 64.825 1.825 20.273 64.825 

4 .942 10.467 75.292       

5 .806 8.953 84.245       

6 .586 6.510 90.755       

7 .331 3.683 94.438       

8 .295 3.275 97.713       

9 .206 2.287 100.000       

 

For Rotation, Varimax is selected as it 

is a recommended rotation technique to use 

when you start exploring the dataset. Table 6 

shows the results of rotated component matrix 

for project-related factors. By considering the 

rotated component matrix, P1, P5, P7 and P8 

factors are highly correlated with 1st principal 

component. Therefore, 1st principal 

component can be taken as a linear 

combination of P1, P5, P7 and P8 factors. 

According to the correlation with 2nd principal 

component, it can be taken as a linear 

combination of P4 and P6. By considering 3rd 

principal component, a linear combination of 

P2 and P3 can be identified. 

 

Table 6 Rotated component matrix for 

project related factors 

 Components 

1 2 3 

Zscore(P1) .850 -.203 .060 

Zscore(P2) .129 .208 .862 

Zscore(P3) -.108 -.038 .849 

Zscore(P4) -.148 .771 .418 

Zscore(P5) .646 .370 -.298 

Zscore(P6) .236 .761 -.182 

Zscore(P7) .547 .357 .118 

Zscore(P8) .645 .462 -.058 

Zscore(P9) .278 .483 .210 

 

A similar analysis was done for other 

categories also. 

Analysis showed contractor-related 

categories can be expressed as two principal 

components while other categories can be 

expressed as one principal component for 

each. Principal component analysis shows 

how the identified factors under each category 

behave. 

5. CONCLUSIONS 

This research was focused to identify 

the effect of quality performance factors to 

propose mechanisms to effectively use quality 

management-related guidelines for the 

upliftment of the quality of the construction 

projects in civil engineering. Through 

searching the relevant literature, 38 quality 

performance factors were identified. In a 

questionnaire, 38 factors were evaluated 

under five different categories. They are client-

related, contractor-related, material-related, 

design-related and project-related categories. 

The questionnaire survey was conducted 

among the professionals in construction 

companies who have registered within CS2 to 

C5 grades. Analysis was done for 55 

responses. 

 

Regulatory frameworks related to 

quality control of construction projects are 

well addressed. Conditions of contract has 

stipulated few aspects of quality control but all 

are related to the construction phase. CIDA 
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guidelines ((ICTAD/CM/01, 2005) have also 

considered only the quality improvements in 

construction phase. This can be extended 

considering other stages of the construction 

life cycle This research considered the factors 

leading to quality improvement of projects in 

different aspects. Based on the findings from 

this research, the following are suggested to be 

considered by the regulatory authorities of the 

construction industry.  

 
As per the respondents’ view, the 

design stage is more critical for the quality of 
the completed project. Under that, 
formulation of clear drawings, adherence to 
specification, codes and standards are highly 
important. To consider those factors, selection 
of proper designer is also of primary 
importance. Further, study findings show 
there is a strong relationship between design-
related factors with other categories. 
Therefore, it is suggested to dictate a new set 
of guidelines considering various aspects of 
the design stage. Other than that, the following 
are also suggested. 
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Construction projects are inherently risky due to a variety of unforeseeable 
circumstances. Dealing with risk occurrences in construction projects is critical for 
meeting project objectives in terms of schedule, scope, and quality. In Sri Lanka, 
there is relatively little literature evidence for the effective adoption of risk 
management practices. On the contrary, available studies on risk management in 
Sri Lankan construction projects have mainly concentrated on risk classification 
and assessment rather than risk management system implementation. The 
purpose of this study was to look critically at the barriers to implementing risk 
management practices in Sri Lankan construction projects. The Delphi technique 
was used in three rounds for the survey. The survey panel was composed of 
fifteen construction professionals having the skills and experience to make 
judgements regarding the research area. The Analytical Hierarchy Process (AHP) 
was utilized in the third round to critically assess the barriers. The study 
concluded in the third round that the implementation cost for risk management 
systems is the most serious barrier to comprehensive adoption in building 
projects. A lack of awareness of risk management systems, as well as a lack of 
information, are also major barriers. As a result, the research findings have placed 
a greater emphasis on allocating funds for large-scale risk management systems, 
as it pays off in terms of enhanced and achieved project goals. 

 

1. INTRODUCTION 
Risk management is a process that 

becomes a very important element across 
multiple trades. The systematic process of 
studying, recognizing, and responding to 
project risks is known as risk management. It 
entails increasing the likelihood and impact of 
positive events while decreasing the likelihood 
and impact of unfavorable events in order to 
accomplish project objectives (Goji Tipili and 
Ibrahim Yakubu, 2016). Many companies often 
establish a risk management process in their 
projects to improve performance and earnings. 
Projects carried out in the construction sector 
are multi-dimensional and often have 
significant budgets, and therefore reducing 
risks in the project should be the primary 
concern of every project manager (Gajewska 
and Ropel, 2011).  

According to the Project Management 
Body of Knowledge – PMBOK (Project 
Management Institute, 2017), project risk 
management is one of the ten most crucial 
parts of project commissioning. Project risk 
management embraces the processes of 
conducting risk management planning, 
identification, analysis, response planning, 
and monitoring and control on a project.  The 
objectives of project risk management are to 
increase the probability and effect of positive 
events and decrease the probability and effect 
of negative events in the project.  

The construction industry is often 
considered a risky sector due to its complexity 
and tactical nature. It incurs numerous project 
stakeholders, internal and external factors 
which will lead to enormous risks (Renuka, 
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Umarani and Kamal, 2014). Risk management 
in the construction sector ensures timely 
delivery of quality projects within budget. 
However, numerous construction projects are 
constantly failing to achieve deadlines, 
budgets, and quality standards, resulting in 
enormous financial losses (Alsaadi and 
Norhayatizakuan, 2021). According to (Bowers 
and Khorakian, 2014), the evidence available 
for the effective implementation of risk 
management systems in developing countries 
is very little.  The existing studies on risk 
management in developing countries have 
mostly focused on identifying and evaluating 
risks rather than applying risk management 
systems. Many issues faced by the 
construction industry are preventable over the 
execution of effective risk management in 
projects. 

 
The existing studies in Sri Lanka have 

only focused on exploring risk factors, the 
likelihood of risk occurrence and determining 
the shares of the parties involved in projects to 
handle the identified risks (Perera, 2009). 
According to the literature and observations, 
risk management is a comparatively less 
mature branch of expertise in the Sri Lankan 
construction sector, and most projects do not 
pay much attention to risk and its mitigation 
strategies, resulting in negative consequences 
on construction projects. Meanwhile, 
observation-based information indicates that 
the majority of construction companies in Sri 
Lanka do not prioritize the use of risk 
management solutions available in the 
knowledge base. The inadequate 
implementation of risk management systems 
in the Sri Lankan construction industry 
necessitates additional research to determine 
the barriers to applying risk management 
practices in the local context. This study, as 
one of the pioneering studies in this area, aims 
to critically investigate the barriers to 
implementing risk management practices in 
the Sri Lankan construction industry. 

 

2. LITERATURE REVIEW 

2.1. Risk Management Practices 

       A literature review was done to find 
out various definitions provided by different 
scholars about risk. As defined by (Syal, Kazi 
and Bowen, 2006) “risk is a stage where there 

is a lack of information, but by looking at 
experience, it is easier to predict the future 
events where the outcome is known and 
expected”.  Meantime (Cleden, 2017) defined 
risk as “risk is the statement of what may arise 
from that lack of knowledge. Risks are gaps in 
knowledge which we think constitute a threat 
to the project”.  To further comprehend what 
we mean by risk, risk can be defined as 
exposure to loss/gain or the possibility of a 
loss/gain occurrence multiplied by its 
corresponding magnitude (Iqbal et al., 2015). 
The summary of the available definitions to 
risk concludes that risk is a situation where 
lack of something which can cause adverse 
effect to the project.  

 
        Risk management is described as “a 

systematic way of looking at areas of risk and 
wilfully determining how each risk should be 
treated”. It is a management tool that targets 
identifying sources of risk and uncertainty, 
determining their impact, and developing 
apposite management reactions. As defined by 
Serpella et al., (2014), Risk management is 
defined as “the process of identifying and 
assessing risk, and to apply methods to reduce 
it to an acceptable extent”. According to Gray 
and Larson, (2008), the major components of 
the risk management process are given as four 
different steps namely (a) Risk Identification, 
(b) Risk Assessment, (c) Risk Response 
Development, and (d) Risk Response Control. 
PMBoK (Project Management Institute, 2017), 
Project Risk Management comprises the 
processes of conducting: Risk management 
planning; Risk identification; Qualitative risk 
analysis; Quantitative risk analysis; Risk response 
planning; Risk monitoring and control. 

         
The goals of project risk management are 

to maximize the likelihood and impact of good 
events in the project while reducing the 
possibility and impact of bad events. In such a 
circumstance, many risk management 
strategies for four separate risk management 
components were established in the body of 
knowledge, as shown below (Project 
Management Institute, 2017), Mahendra et al., 
(2013),  Kremljak (2010) Risk Identification 
Techniques: Brainstorming, Checklist, Review 
of historical information, Judgment based on 
experience, Root cause identification, Delphi 
technique, and SWOT analysis; Risk Analysis 
Techniques: Probability and Impact model, 
Analytical Hierarchy process, Monte Carlo 
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Simulation, and Judgment based on 
experience; Risk Response Techniques: Risk 
Avoidance, Risk reduction, Risk Sharing, and 
Risk-retention; Risk Monitoring Techniques: 
Risk Reassessment, Milestone Tracking, 
Corrective Actions, Top 10 Tracking, and 
Status Meetings  

2.2. Barriers to the Implementation of 
Risk Management Practices  

The implementation of Risk 
Management and Assessment Practices is 
usually troubled with barriers although the 
wide-ranging researches on barriers affecting 
Risk Management and Assessment Practices 
(Chileshe and Kikwasi, 2013). Lack of practice 
of risk management practices is not confined 
to only developing nations but also affects 
nations like Australia, a developed country 
(Lyons and Skitmore, 2004). Several 
researchers have plotted the barriers to the 
implementation of risk management practices 
in various parts of the world. As stated in 
Table-1, a total of ten barriers were initially 
identified for this study from four separate 
pieces of literature. Given the name difference 
seen among different studies, several of the 
barriers were renamed to be more 
straightforward and transparent. These 
barriers listed below were the findings of 
scholars working on a similar topic in the 

context of risk management in construction 
industries of developing nations in particular. 

 

3. METHODOLOGY  

3.1. Delphi Technique 

            The Delphi technique is an 
extensively used and recognized technique 
used by scholars of various disciplines for 
gathering data from experts in the study area. 
This technique is established as a group 
communication procedure that achieves 
convergence of opinion on a real issue (Hsu 
and Sandford, 2007). The Delphi technique is a 
suitable method for consensus building 
through a series of questionnaires to gather 
data from a panel of selected experts (Dalkey 
and Helmer, 1963). The Delphi technique was 
first introduced by Dalkey & Helmer (1962) in 
their work for the Rand Corporation. At the 
initial stage of its emergence, a four or five 
round Delphi technique was in use. Later, 
Brooks (1979) established that the Delphi 
survey with only three rounds is adequate for 
consensus building. Currently, the Delphi 
technique is extensively utilized in studies 
related to health care, communications, public 
relations, education, and scientific disciplines 
(Kennedy, 2004).  
 

 

Table 1 Identified barriers to the implementation of risk management practices 

Parameters (Barriers) 

Shunmugam 
and 

Rwelamila, 
(2014) 

Chileshe and 
Boadua 

Yirenkyi-Fianko, 
(2012) 

Chileshe 
and 

Kikwasi, 
(2013) 

Lyons and 
Skitmore, 

(2004) 

Poor-Awareness of Risk 
Management Systems 

√ √ √  

Lack of Experience √ √ √ √ 

Lack of Coordination 
Between Stakeholders 

√ √ √ √ 

Lack of Information √ √ √ √ 

Unavailability of Risk 
Management Consultants 

√ √ √  

Implementation Cost √  √ √ 

Time Constraints √ √ √ √ 

Communication Issues √    

Unclear Roles and 
Responsibilities 

√    

Resource Constraints √    
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4. METHODOLOGY  

4.1. Delphi Technique 

            The Delphi technique is an 
extensively used and recognized technique 
used by scholars of various disciplines for 
gathering data from experts in the study area. 
This technique is established as a group 
communication procedure that achieves 
convergence of opinion on a real issue (Hsu 
and Sandford, 2007). The Delphi technique is a 
suitable method for consensus building 
through a series of questionnaires to gather 
data from a panel of selected experts (Dalkey 
and Helmer, 1963). The Delphi technique was 
first introduced by Dalkey & Helmer (1962) in 
their work for the Rand Corporation. At the 
initial stage of its emergence, a four or five 
round Delphi technique was in use. Later, 
Brooks (1979) established that the Delphi 
survey with only three rounds is adequate for 
consensus building. Currently, the Delphi 
technique is extensively utilized in studies 
related to health care, communications, public 
relations, education, and scientific disciplines 
(Kennedy, 2004).  

 
         Delphi technique uses multiple 

repetitions designed to develop a consensus 
about a particular topic. In particular, the 
feedback process provides enough room for 
the selected Delphi experts to reconsider their 
earlier judgments about the information 
provided in previous iterations (Hsu and 
Sandford, 2007).  The Delphi technique is used 
in many complex areas targeted to achieve a 
consensus on the topic. As it is stated by Chan 
et al., (2001) the Delphi technique is a highly 
dignified way of communication that is 
planned to extract the maximum amount of 
unbiased information from a panel of experts. 
Moreover, the Delphi participants have not 
interacted among them. The responses given 
by the experts are kept anonymous, and the 
experts are given a further opportunity to 
reconsider their responses once the collective 
feedback is received.  

4.2. Selection of Delphi Panel 

            The most important factor in 
ensuring a successful survey is selecting a 
suitable panel of experts. Selecting experts 
with the appropriate qualifications, panel size, 
and participant commitment to the research 

are all important parts of the selection process. 
In earlier studies, the number of Delphi survey 
participants has varied greatly. Clayton, (1997) 
stated that having 15 to 30 participants is the 
widely accepted norm for a homogeneous 
group, comprising members from the same 
discipline. Ziglio, (1996) has a similar view to 
Clayton, (1997) reporting that 10 to 15 Delphi 
participants produce better results in a 
homogeneous panel. As a homogeneous 
group, 15 Delphi participants provided input 
for this study. Senior Project Managers, Senior 
Engineers, Senior Quantity Surveyors, Senior 
Academics, and Senior Architects from the 
private and public sectors who have worked 
on numerous construction projects in Sri 
Lanka formed the panel. 

4.3. Design of Delphi Survey 
      This research was done in three stages, 

each with its own set of goals. 
 
       First Delphi Round: The preliminary 

questionnaire was submitted to the panel in 
the first round, which included ten identified 
barriers to the implementation of risk 
management practices from the literature. In 
addition, the panel members were advised to 
impose additional barriers, if any existed. The 
first round was concerned with determining 
the panel members' agreement on the barriers 
indicated in the questionnaire. Participants 
were asked to rank the barriers on a 1-5 Likert 
scale:        1= strongly disagree; 2= disagree; 3= 
Neutral; 4= agree; 5= strongly agree. The 
Relative Importance Index (RII) was computed 
as RII = (W1n1 + W2n2 + …+ Wn ) /A * N. 
Where W = weights given to each barrier by 
the respondents from 1 to 5, (‘1’ is strongly 
disagreed and ‘5’ is strongly agreed), A = 
highest weight (i.e. 5 in this case), and N = the 
total number of respondents. 

 
       Second Delphi Round: The identical 

questionnaire utilized in round one was 
offered to the same experts in the second 
round to pose their rating or comments for the 
second time. The first-round survey results 
were summarized for them to refer to before 
moving on to the second round. The panel 
comments from the first round survey was 
delivered to the panel as a percentage of the 
total number of replies. The response 
provided by a specific respondent in the first 
round was also noted and made available for 
their use. The panel members were then asked 
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to reconsider their position on the level of 
importance determined in the first round, and 
to change or confirm their position after 
considering the analysis and feedback. 

 
           Third Delphi Round: In the third 

round, the top five barriers established in the 
previous rounds were chosen for round three. 
The Analytical Hierarchy Process (AHP) 
method was used to compare the postions of 
the identified barriers in preventing risk 
management measures from being 
implemented. AHP elicits ranking preference 
for alternatives and weighting preference for 
attributes via pairwise comparison on a scale 
of 1 to 9, with higher scores indicating more 
relative preference (Tzeng and Huang, 2011). 

 
Analytical Hierarchy Process (AHP) with 9 
relative rating score from 1 to 9, as follows, 
was used in the third round to elicit the data; 
9=Extreme Importance; 8=Very strong to 
Extreme; 7=Very Strong Importance; 
6=Strongly to Very Strong; 5=Strong 
Importance; 4=Moderately to Strong; 
3=Moderate Importance; 2=Equally to 
Moderate; 1=Equal Importance. AHP uses a 
pairwise comparison between parameters as 
shown below.  

(i) 9-8-7-6-5-4-3-2-1-2-3-4-5-6-7-8-9 (j) 

5. RESULTS AND DISCUSSION 

          First Delphi Round: In this round, 
twenty-one construction professionals were 
chosen to participate in the Delphi panel. The 
panel members were chosen for their work 
experience in the Sri Lankan construction 
industry as well as their maturity in 
understanding the current state of risk 
management techniques in Sri Lanka. The 
panel members were given a structured 
questionnaire with identified barriers. 

   
         Out of twenty-one questionnaires 

distributed in total, six questionnaires were 
distributed to the members in person and the 
rest of the questionnaires were emailed to the 
members. In total, fifteen members had 
successfully responded to the survey in the 
first round.  The response rate was 71.4 %. 
Figure 1 shows the details of the Delphi panel 

members in terms of their engagement years 
in construction projects within Sri Lanka.  

 
          The Delphi survey panel was made 

of civil engineering specialists from several 
disciplines such as road, building, irrigation, 
and water supply who were involved in state 
and private sector construction projects. All of 
the panel members have a bachelor's degree in 
Civil Engineering, and ten of them have post-
graduate qualifications in Construction Project 
Management, with two more having post-
graduate qualifications in other Civil 
Engineering specializations. Following the 
ratings obtained through the responses, the 
Relative Importance Index (RII) was computed  
for each barrier and the ranks were placed 
accordingly. Table 2 displays the rating 
particulars of barriers to the implementation 
of risk management practices as rated by the 
panel members in the first round of the 
survey. The first round of the survey exposed 
that ‘Implementation Cost’, ‘Poor-Awareness 
of Risk Management Systems’,  ‘Unavailability 
of Risk Management Consultants’ are the most 
causative factors to the lack of implementation 
of risk management practices in Sri Lankan 
constructionprojects.  

 
          During the first round, none of the 

panle memebers established any additional 
barriers other than those offered to them from 
the literature. 

 

 
 

Figure 1 Experience details of the Delphi 
panel 
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Table 2 Rating of barriers in the first round 

Barriers RII Rank 

Poor-Awareness of Risk Management Systems 0.866 2 

Lack of Experience 0.740 7 

Lack of Coordination Between Stakeholders 0.746 6 

Lack of Information 0.812 4 

Unavailability of Risk Management Consultants 0.840 3 

Implementation Cost 0.906 1 

Time Constraints 0.800 5 

Communication Issues 0.720 8 

Unclear Roles and Responsibilities 0.690 9 

Resource Constraints 0.550 10 

 

 

 

 

 

 
Table 3 Rating of barriers in the second round 

Barriers RII Rank 

Poor-Awareness of Risk Management Systems 0.906 2 

Lack of Experience 0.760 6 

Lack of Coordination Between Stakeholders 0.760 6 

Lack of Information 0.800 5 

Unavailability of Risk Management Consultants 0.854 3 

Implementation Cost 0.920 1 

Time Constraints 0.814 4 

Communication Issues 0.710 8 

Unclear Roles and Responsibilities 0.650 9 

Resource Constraints 0.532 10 

 

        Second Delphi Round: All 15 
experts who took part in the first round of 
the survey also took part in the second 
round. The summarized findings from the 
first round of the survey were presented to 
the panel members, who were asked to 
evaluate their previous scores and 
reconsider if they had decided. Table 3 
displays the specifics of the barriers to the 
application of risk management methods in 
the second round. 

  

  Table 4 compares the outcomes 
between round one and round two. In the 
second round of the survey, the panel 
members reached a consensus on the first 
three ranks (1st, 2nd, and 3rd), however the 
ranks of the next four barriers in order 
changed slightly. The panel members had 
reached an agreement on the last three 
places (8th, 9th, and 10th). 
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Table 4 Comparison of the results obtained in the 1st and 2nd rounds of survey 

Barriers First Round Second Round 

RII Rank RII Rank 

Poor-Awareness of Risk Management Systems 0.866 2 0.906 2 

Lack of Experience 0.740 7 0.760 6 

Lack of Coordination Between Stakeholders 0.746 6 0.760 6 

Lack of Information 0.812 4 0.800 5 

Unavailability of Risk Management Consultants 0.840 3 0.854 3 

Implementation Cost 0.906 1 0.920 1 

Time Constraints 0.800 5 0.814 4 

Communication Issues 0.720 8 0.710 8 

Unclear Roles and Responsibilities 0.690 9 0.650 9 

Resource Constraints 0.550 10 0.532 10 

 

      Third Delphi Round: The top five 
barriers from the second round analysis were 
chosen for the third round, where they were 
critically analyzed using the Analytical 
Hierarchical Process (AHP). In pairs, the 
barriers were compared. The collected data 
were analyzed using 1-9 rating scales utilizing 
AHP software, version 04.05.2016, which can 
be obtained from Business Performance 
Management Singapore. An AHP Excel 
template with a maximum of 20 inputs was 
used for this software. It included worksheets 
for pair-wise comparisons, a sheet for 
consolidating all feedbacks, a summary sheet 
for displaying the results, a sheet for solving 
the eigenvalue problem using the eigenvector 
method (EVM), and a sheet with reference 
tables that included a randomindex, limits for 
geometric consistency index GCI, and 
judgment scales. 

For AHP analyses, a perfectly consistent 
decision-maker should always obtain 
Consistency Index (CI) = 0, but small values of 
inconsistency may be tolerated. Consistency 
Index   (C.I) and Random Index (R.I) decide 
the consistency of comparison matrix obtained 
by decision-maker. In particular, if 
Consistency Ratio (CR) < 0.1 (CR=CI/RI); 
whereas RI means Random Index. RI value for 
five criteria (small problems) is 1.12 (Saaty, 
1980). Hence, the Consistency Index (CR) 
obtained in every input of the study was 
figured out and found to be within the 
acceptable limit except for three inputs with 
CI/RI values of 0.10, 0.10, and 0.11; whereas  

CI/RI value below 0.10 is generally 
acceptable.  Figure 2 and Figure 3 shows the 
weighted geometric mean of participants and  

 

comparison matrix respectively as generated 
by the AHP software.  

 

 

Figure 2 Weighted geometric mean of 
participants 

 

 

Figure 3 Comparison Matrix 

 

          As shown in the result Table 5, with 
calculated weights and ranks using the EVM, 
the third round of the survey had concluded 
that Implementation Cost (B1) for risk 
management systems is the topmost barrier 
that hinders the extensive risk management 
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applications in Sri Lankan construction 
projects. Its percentage of Normalized 
Principle Eigenvector (NPE) achieved in the 
AHP analysis was above 50% that shows the 
level of importance positioned by the panel 
members in AHP ratings. The second topmost 
barrier concluded by the panel members was 
Poor-Awareness of Risk Management Systems 
(B2) with an NPE value of 18.85%. Lack of 
Information (B5) with an NPE of 12.87% was 
found to be the third topmost barrier for the 
implementation of risk management systems 
in construction projects. The barriers B3 and 
B4 achieved an NPE of 9.25% and 7.00% 
respectively.  

The consensus indicator ranges from 
0% (no consensus between decision-makers) to 
100% (full consensus between decision-
makers). The consensus indicator reached in 
the study was 86.3%.  Principle Eigen Value 
Lambda of the analysis was 5.115. So the 
results show that a higher level of consensus 
has been achieved among the panel members. 

6.  CONCLUSION  

  The study discovered that the cost of 
establishing risk management systems is the 
primary impediment to risk management 
implementation in Sri Lankan construction 
projects. As a result, this could indicate that 
construction projects lack considerable 
budgetary provisions for risk management 
measures. As a result, this research finding 
emphasizes the need of allocating funds for 
proper risk management systems, as they pay 
off in terms of better and complete project 
objectives. Investing in the required 
deployment of risk management systems will 

undoubtedly yield a positive return on 
investment in nations such as Sri Lanka where 
risk management is not widely used.  

 
The lack of awareness of risk management 

systems among construction professionals, 
which identified as the second most significant 
barrier to implementing risk management, 
proved to be the most significant. It is 
therefore preferable for the client of a project 
to be in charge of introducing risk 
management systems into their projects, so 
that the other stakeholders can work together 
to put the risk management system in place. 
The implementation of risk management 
systems within projects should therefore be 
carried out by the project's clients in order for 
the other stakeholders to work together on the 
risk management system when it is finally 
implemented.  

 
In particular, risk management 

modules should be included in Sri Lankan 
engineering and vocational training programs 
to ensure that building professionals 
graduating from educational institutes obtain 
correct awareness early in their careers. 
Besides, by including contractual rules 
requiring the use of risk management systems, 
all parties participating in construction 
projects can ensure that risk management 
systems are respected and carefully 
implemented. Because the main barriers are a 
lack of knowledge, time constraints, and the 
lack of risk management specialists. Poject 
participants must handle these challenges in a 
systematic manner. 

  

 

Table 5 AHP ratings of barriers in round 3 

Criteria - Barriers 
Normalized 

Principle 
Eigenvector (%) 

Rank 

B1 Implementation Cost 52.04 1 

B2 Poor-Awareness of Risk Management Systems 18.85 2 

B3 Unavailability of Risk Management Consultants 7.00 5 

B4 Time Constraints 9.25 4 

B5 Lack of Information 12.87 3 
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Construction industry provides tremendous benefits to the society. Together with 
benefits, depletion of natural resources and numerous environmental issues are the 
most stressing problems that have to be faced by humans due to construction 
processes. To minimize these stresses, “sustainability” has become the most 
stunning word in modern construction industry and, it is increasingly applied in 
housing industry. To be a sustainable home, the house must be resource efficient 
while reducing the impacts on human health and environment throughout its 
lifecycle. In fact, building materials plays a major role in sustainable housing 
construction. This paper presents a study conducted to investigate the criteria for 
selecting suitable building materials by house owners and explore the challenges in 
selecting sustainable building materials (SBM) in Sri Lankan housing industry. A 
questionnaire survey was conducted targeting house owners and, interviews were 
conducted with professionals involved in housing constructions.  It was revealed 
that the durability is the factor mainly considered by house owners in selecting 
building materials. The results highlighted the importance of improving the 
availability of cost effective SBM in local market. This study provides a set of 
solutions for the identified challenges in selecting SBM in Sri Lankan housing 
industry. 

 

 

1. INTRODUCTION  

With the rapid development in the 
construction industry, the sheltering 
requirements of the human has been changed 
greatly within the last few decades. 
Advancements in construction processes 
provide tremendous benefits to the society. 
However, along with these benefits, there are 
negative impacts as well. Saghafi & Teshnizi, 
(2011) state that, construction processes cause 
to emitting greenhouse gases, making serious 
negative impacts such as global warming, 
global climate change and ozone depletion. 
After the industrial revolution, depletion of 
the natural resources and associated 
environmental issues are the most stressing 
problems that have to be faced by human in 
recent decades. Therefore, attention needs to 
be paid on sustainable construction practices. 

 
Housing is a basic need of every 

human.  With the increase of population in the 
world, the number of houses required is also 
getting increased. Hence, the increased use of 
natural resources for housing construction 
needs a sustainable approach and it needs to 
be implemented at the local level.  

 
Sustainability is mainly composed of 

three pillars namely: economic, environmental 
and social pillar. Under the economic pillar, 
sustainability can affect the short-term and 
long-term targets such as reduction of cost, 
and energy efficiency. For example, as a short-
term economic target, local materials can be 
used to overcome high transportation costs 
associated with construction material supply. 
Under the environmental pillar, the use of 
environmentally friendly materials reduces 
negative impacts on human health and the 
environment. To achieve this, building 
materials in the house design stage must be 
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chosen considering the environmental aspects. 
Under the social pillar, the current and future 
needs of each family can be addressed at the 
housing design stage so that the lifespan of the 
house is increased and any alternation or 
demolition requirements are minimal.  

 
Building materials have power to 

impact on both the building and the natural 
environment thought out their life cycle. 
Therefore, correct choice of building materials 
is imperative to minimize adverse impacts on 
the environment and wellbeing of humans. 
One way to contribute to protect the 
environment in the housing industry is to use 
sustainable building materials (SBM). 
Sustainable housing construction is not about 
limiting the total number of houses, but about 
paying more attention to sustainable housing 
design, material selection and how to improve 
the lives of residents. 

 
Many developed countries as well as 

developing countries have been moving 
toward sustainable buildings as they have 
identified the importance of going for it. Sri 
Lanka also has been considering the green 
construction though green certification 
programs. However, these initiatives are 
limited only for a few sectors such as garment 
and hotel industries. When consider housing 
industry, it is in its infancy stage. 

 
Although the concept of sustainability 

has been in the Sri Lankan society for several 
decades, and it is not novel to construction 
industry professionals (Illankoon & 
Waidyasekara 2013), implementation of 
sustainability concept seems to be at a 
primitive stage.  It is also doubtful that 
ordinary people who build houses with their 
own material choices are sensitive to the 
sustainability principles. Especially, local 
housing industry does not get much 
involvement of professionals during the 
construction stage and, materials are mainly 
selected by owners or skilled laborers 
involved in construction. Hence, there are 
hindrances for professionals’ involvement and 
transfer sustainability knowledge to the local 
level.  

 
This research intends to investigate 

the adoption of SBM in Sri Lankan housing 
industry. Although, many researchers have 
studied on sustainability in construction 

industry, there have been hardly any studies 
on assessing the selection of SBM from both 
house owners’ and professionals’ point of 
view. Given the massive expansion of the 
housing industry in recent years and the need 
to go for sustainable solutions, this study is 
timely.  

2. RESEARCH BACKGROUND 

There has been various research on 
selection of SBM. Franzoni (2011) points out 
that SBM are the materials related to resource 
and energy efficiency in the manufacturing 
process and these materials should pollute less 
and have no negative impact on human health. 
It is also stated that SBM are evaluated based 
on a threefold criterion namely; resource 
efficiency, energy efficiency including 
greenhouse gas emissions and, pollution 
prevention including indoor air quality. Berge 
(2009) states that the ideal goal for a 
sustainable future is the reduction and 
replacement of raw material use, which is 
especially important when considering scarce 
and nonrenewable resources. 

 
Building materials will have an 

impact on the environment at all stages of their 
lives such as in the material manufacturing, 
construction phase, use and maintenance 
process, and disposal or demolition phase. The 
choice of building materials is not only closely 
related to the energy consumption in the 
production process, but also closely related to 
energy consumption during the operational 
phase. If the material has the potential to be 
recycled or reused, the energy consumption 
can also be appropriately reduced. 

 
Sustainable materials are 

environmentally friendly and reduce 
environmental impacts without releasing 
pollutants that affect human health and 
comfort throughout the life cycle. The indoor 
environment has an important impact on the 
health, well-being and performance of users. 
Because people often spend more than 90% of 
their time indoors it is obvious from the 
research that building materials are an 
important factor in determining indoor air 
quality. So, the selection of SBM needs to 
consider the importance of maintaining the 
indoor air quality.  
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Senadheera et al., (2019) has identified 

seventeen factors to measure sustainability in 

residential buildings in Sri Lanka. Among 

them, “materials and resources” is one of the 

top three factors. Especially the consideration 

has been given on the use of domestic 

materials, minimization of material usage, 

impact of materials on the economy and 

environment, recyclability of the materials, 

minimization of material transportation 

distance and minimization of waste.  

Furthermore, Senadheera et al., (2019) have 

revealed that, absence of regulations to 

promote sustainable material selection when 

approving building plans. Due to this reason, 

anyone can apply any material available in the 

market for the construction of residential 

buildings in Sri Lanka. Several factors that 

negatively effect on sustainability such as 

absence of encouragement from the 

government and policy makers, insufficient 

support from the management, poor 

knowledge of the client, technical issues, 

financial issues, social and cultural issues have 

been identified in the Sri Lankan context.  

   

Abeysundara et al., (2009) presents a 

Matrix in life cycle perspective to select 

sustainable materials for buildings in Sri 

Lanka focusing on environmental, economic 

and social factor. Under the environmental 

factors, embodied energy of materials and 

environmental impacts such as global 

warming, acidification and nutrient 

enrichment have been taken into account. 

Here, embodied energy means the energy 

required to extract, process, manufacture and 

transport building materials. Market prices 

and affordability of materials are taken as 

economic factors whereas thermal comfort, 

interior (aesthetics), ability to construct 

quickly, strength and durability are taken as 

social factors. According to Abeysundara et al. 

(2009) have analyzed building elements 

namely; roofs, ceilings, doors and windows, 

floors and foundation taking two most 

commonly applied materials in Sri Lanka. 

Chosen materials for each building element 

can be listed as, clay tile and asbestos for roofs, 

timber and asbestos sheet for ceilings, timber 

and aluminum for doors and windows, 

porcelain and vinyl tiles for floors and rubble 

and burnt clay brick for foundations. It is 

concluded that clay tiles for roofs; timber for 

ceilings, doors and windows; porcelain for 

floors; and rubble for foundations are better 

than the other selected materials for each 

building element. These results can assist 

decision-makers in selecting sustainable 

materials while balancing environmental, 

economic and social factors in the assessment. 

 
Danso (2018), has finalized 12 key 

indicators for measuring sustainable 
construction materials under the three pillars 
of sustainability. Environmental indicators for 
measuring sustainable construction materials 
are listed as climate change, human toxicity 
and solid waste. Furthermore, thermal 
comfort, adaptability, local resources, and 
housing for all have been identified as social 
indicators for sustainable construction 
materials. Initial cost, operational cost, 
maintenance cost, long-term savings, and life 
span are listed as economic indicators for 
measuring sustainable construction materials. 

   
Selection of SBM is a difficult and 

challenging task as it involves large number of 
unknown variables when analyzing 
environmental impacts of building materials 

(Saghafi & Teshnizi 2011). From the experts’ 

point of view, there are uncertainties 
associated with sustainable material selection. 
A lot of uncertainties are there from the house 
owner point of view as well.   Therefore, the 
house owner needs some guidance from 
professionals in their decision making process. 
Hence, it is essential to identify and reveal the 
key issues and obstacles faced by house 
owners in dealing with sustainable housing 
materials, and it is a need for the society to 
further study the inputs of materials in 
sustainable construction in Sri Lanka. 

 

This research intends to assess the 

existing situation in the adoption of SBM and 

propose solutions to enhance selection of SBM 

considering both house owners’ and 

professionals’ point of view. In particular, this 

research investigates the criteria for selecting 

suitable materials for housing construction 

works by the owners. Furthermore, key issues 

and barriers faced by the owners while dealing 

with the sustainable construction materials are 
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identified from both house owners’ and 

housing industry engineering professionals’ 

point of view. Based on the overall analysis, 

solutions to enhance selection of sustainable 

construction materials in Sri Lankan housing 

industry are proposed. 

3. METHODOLOGY 

In the first phase of the study, a 

questionnaire survey was conducted among 

the house owners who have experience in 

selecting building materials for their houses. 

Questionnaire was prepared in both Sinhala 

and English languages targeting a wide range 

of respondents. Both online and direct survey 

method was utilized for data collection.  

 

There are approximately 5 million of 

houses in Sri Lanka. To represent this number 

of house owners with a confidence level of 

95% and a margin of error of 10%, a sample of 

96 is required. To satisfy this condition, sample 

size was taken as 100.   

 

Fifteen factors were considered in the 

questionnaire which were classified into three 

main categories: Resource efficiency, Energy 

efficiency and Indoor air quality and toxicity. 

Selection of the factors were based on the 

detailed review of literature especially 

considering the sustainability related 

literature in   Sri Lankan construction industry. 

   

  The study used a five-point Likert 

scale (Strongly Agree = 5, Agree = 4, Neutral = 

3, Disagree = 2, Strongly Disagree = 1) to get 

responses from the house owners. Initially, the 

house owners were asked to provide answers 

according to their existing situation in 

selecting building materials. Then, the house 

owners were asked to mark the challenges 

they face when selecting SBM according to 

their experience. Finally, the house owners 

were asked to indicate their personal opinion 

on troublesome situations and challenges 

when selecting SBM.  

 

At the second phase, a set of 

interviews with experts were conducted to 

explore and verify the identified challenges in 

housing construction industry, in order to 

recommend the possible approaches to 

mitigate those challenges and enhance 

selection of sustainable construction materials.  

 

A purposive sampling technique was 

used to find the experts for conducting 

interviews. Here, experts mean the persons 

who are very knowledgeable or skillful in the   

sustainable building construction. Interviews 

were conducted with fifteen local experts who 

are having more than six years’ experience in 

building construction industry as engineers, 

architects and quantity surveyors. Due to 

covid-19 situation in the country, it was 

difficult to collecting information only 

through direct interviews. Therefore, sending 

an online form to fill (google form) was also 

used as a method to collect  

data in the absence of accessibility of 

professionals. 

 

4. RESULTS AND DISCUSSION  

4.1. Present Situation in Selecting SBM 

Recycle content (1), Natural plentiful or renewable (2), 

Locally available (3), Reusable or recyclable (4), 

Durable (5) 

Figure 1 Factors Considered for 
Resource Efficiency 

From Figure 1, it can be clearly identified 
that the durability is the factor considered 
mostly by house owners when selecting 
building materials with a relative importance 
index of 4.31 out of 5; 86.2% as a percentage. 
The least considered factor by the house 
owners can be identified as recycled content, 
51.4% as a percentage. 
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Manufactured energy (1), Use renewable energy 
resources (2), Labour intensive materials (3), 

Construction energy (4), Transportation distance (5) 

Figure 2 Factors Considered for Energy 

Efficiency 

 

From Figure 2, it is clear that 
transportation distance is the factor 
considered mostly by the house owners; it is 
83.4% as a percentage. The least considered 
factors are manufactured energy, use 
renewable energy resources, 41.8% and 42.2% 
as a percentage. Given the high transportation 
costs associated with building materials, 
house owners tend to look for building 
materials which cost less compared to other 
building materials.  

Figure 3 represents the level of 
consideration of the factors under indoor air 
quality and toxicity category. The least 
considered factor is low-VOC assembly, 43.8% 
as a percentage. It has given more than 80% of 
consideration for other factors.  

 
low or non-toxic (1), minimal chemical emissions 

(2), low-VOC assembly (3), moisture resistant (4) and 
healthy environment maintained (5) 

Figure 3 Factors Considered for Indoor 

Air Quality and Toxicity 

Based on the overall analysis, the 
lowest level of consideration is given by the 
house owners for the factors under the energy 
efficiency category. It is 58.88% as a 
percentage. This manifests that the house 

owners are not so sensitive to energy 
efficiency related factors in selecting SBM.   

According to the correlation analysis 
presented in Table 1, level of consideration of 
factors under resource and energy efficiency 
categories are increasing with respect to 
education level and income level. And the 
correlation is high with the education level 
than the income level. 

 

Table 1 Correlation of three categories 
with educational level & income level 

Category 
Education 

level 
Income 

level 

Resource 
Efficiency 

+0.9863 +0.7728 

Energy 
Efficiency 

+0.9402 +0.6589 

Indoor air 
quality & 
toxicity 

+0.0464 +0.0023 

With the increase of education level, 
house owners tend to consider resource 
efficiency and energy efficiency factors in 
selecting SBM as can be seen with a high 
correlation coefficient of around 0.9. It is 
understandable that the income level is highly 
correlated with the education level.  It seems 
even with a higher education level, house 
owners are not concerned about indoor air 
quality & toxicity in selecting SBM. 

4.2. Challenges for the Selection of SBM 

Barriers exist in the whole building 
life cycle process, including plan and design, 
construction and operation and management 
stages. Considering the results of the 
interviews with professionals, the top six 
challenges in selecting SBM can be listed as 
higher initial cost; no specific rules & 
regulations; less quality; lack of public 
awareness; lack of support from government 
and lack of availability. Special attention from 
all the stakeholders involved in the housing 
construction industry is required to overcome 
these challenges.  
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4.3. Solutions to Enhance Selection of SBM 
in Housing Industry 

Higher initial cost is the most 
frequently cited challenge affecting the 
selection and use of SBM. Most of the SBM 
need a significant amount of money at the 
initial stage of purchasing compared to other 
conventional building materials. 
Traditionally, the objective of a house owner 
is to complete the house in good quality, at the 
same time in cost effective manner. All the 
house owners are cautious, and they are 
unwilling to spend high extra cost under the 
sustainability label. To respond to these 
problems, the house owners must be educated 
considering the long-term benefits of SBM. 
This can be done through local level 
awareness programs on sustainability. 
Furthermore, the house owner should always 
be careful to select a suitable and honest 
sustainable building architect or design 
engineer who can guide him in material 
selection while incorporating sustainability 
concepts as well.  

 
The absence of specific rules & 

regulations for sustainable development and 
lack of support from government is also a 
challenge highlighted by professionals. 
Currently, the constructions should be done 
adhering to the local authority rules and 
regulations. If the local authority can address 
the sustainable development at housing 
approval stage, it will provide answers for 
most of the challenges identified.  

 
It is obvious that some of SBM may 

not meet some properties such as durability, 
compressive strength and moisture resistance. 
In order to overcome them, government can 
encourage researchers to conduct experiments 
on how to enhance the properties of SBM and, 
introduce the improved SBM to the market.  

 
One of the main identified social 

challenges is lack of awareness regarding 
SBM. Media can play a vital role to promote 
sustainable materials in housing industry.  

 
Lack of support from the government 

is also one of the major challenges in Sri Lanka 
when moving forward for sustainable 
housing. Responsible authorities such as 
Construction Industry Development 
Authority, National Housing Development 

Authority, and Urban Development 
Authority can provide helping hand to the 
local house owners and contractors to select 
and promote the use of SBM. Furthermore, 
SBM manufacturers need to be recognized 
and their concerns need to be addressed. Such 
a government support will overcome material 
availability challenges fostering SBM in Sri 
Lanka. 

5. CONCLUSION 

It is revealed that the durability is the 
factor mainly considered by house owners 
when selecting building materials. It is 
certainly true that sustainable building 
material have very good durability after going 
through proper preservations. It is important 
to make aware the house owners regarding 
how to improve the durability of SBM. For 
example, timely seasoning and correct 
application of timber preservatives can 
improve the durability of timber drastically.  

 

Although the house owners are not 
much concerned about long term energy 
efficiency of SBM, transportation cost is a 
consideration. To popularize sustainable 
materials it is important to improve the 
availability of materials in the local market. 
When the materials are locally available, no 
extra cost will be added for transportation and 
house owners tend to purchase them.   

 

Generally, based on different 
education levels and/or income level of the 
house owners, they may be having different 
selecting practices of SBM. Correlation 
analysis shows that resource efficiency and 
energy efficiency are increasing with respect 
to their level of education or/and income 
level.  

 

This research has revealed a number 
of key barriers that are obstructing the 
realization of sustainability in materials 
selection. The top six critical barriers 
encountered in practice are highlighted as 
higher initial cost, less quality, no specific 
rules & regulations, lack of public awareness, 
lack of support from government and lack of 
availability. 
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In order to secure the environment for 
our future generations, every single person 
has the responsibility to adjust their own 
lifestyle choices based on sustainability 
principles. Implementation of sustainability 
cannot be done overnight. There should be a 
long term approach for awareness building 
and to promote sustainability into housing 
construction activities through rules and 
regulations. Furthermore, studies can be done 
to identify cost effective SBM suitable for Sri 
Lankan housing context. Under the broad 
umbrella of sustainability, unless the practical 
problems of implementation are understood, 
a hope for sustainable built environment is 
unlikely to happen. 
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As the capital city of Sri Lanka, Colombo has gone through many development steps 
in road network. But yet traffic congestion within the city remains high. As a 
solution for the situation, the number of private vehicles entering the city must be 
reduced facilitating public transport and other transport method as Non-Motorized 
Transport (NMT). This research aims to study the characteristics of the NMT use 
within Colombo city area. Questionnaire survey was carried out in Colombo among 
202 people. About 42% of respondents are using NMT modes for their short distance 
trips. Young people tend to use NMT modes, and older people are more likely to 
use MT modes for their short distance trips.  This study discusses the ways to 
promote NMT in the city limits.  
 

 

1. INTRODUCTION  

Non-motorized transportation which 
is also called active transportation or human 
powered transportation is the earliest mode of 
transportation in the world. Before the age of 
motor vehicles, all sort of transportation was 
done through non-motorized methods of 
transport like walking and cycling, and 
variants such as small-wheeled transport like 
cycle rickshaws, skates, skateboards, push 
scooters and hand carts. With the evolution of 
the mankind, the motor vehicle helped to 
make long distance travels easily. But 
eventually it affected to the short distance 
travels too. In the new lifestyle, a motor 
vehicle become an icon of income and the 
status. Due to that, most of the people started 
using Motor Vehicles (MV) even to travel a 
short distance which was an unnecessary 
effect to the society in terms of health and 
sustainability. Without thinking clearly about 
the situation, most of the people today prefer 
to use MV than NMT (ERCN, 2018).  

 
As a wide variation of problems such 

as traffic congestion, air pollution, impacts on 

the economy due to the growth in the usage of 
petroleum, the access of housing to 
employment, motorization trends, and goals 
for poverty alleviation, it can be recommended 
NMT schemes which vary to cater to different 
cities depending on their different conditions 
(Hook and Replogle, 1996). By improving the 
usage of NMT, many current problems in city 
of Colombo can be solved. In 2016, CO2 
emission within Colombo was reported as 
23,362 kt (World Bank, 2021). Main reason for 
this is the high usage of vehicles within the 
city. According to the statistical data, above 
510,000 vehicles enter to Colombo city daily. 
About 87.1% of them are private vehicles 
contributing higher carbon emission. With the 
introduction of NMT within the city limits, the 
usage of motor vehicles for short distance 
transports can be minimized and thereby 
carbon emission within the city limit can be 
reduced.    

 
 With the busy work schedules among 

the people, it is a challenge to have a healthy 
lifestyle. To get required exercise to the body, 
specialized activity like go to a gym, dancing, 
swimming etc. can be done but which require 
time and money. Through day today activities, 
the required exercise can also be obtained. 
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Usage of NMT one of the most effective 
activity to get the required exercises. When 
considered the number of people who enter to 
Colombo city, it exceeds 1,800,000 per day 
(Indi.ca, 2015). If the health of these people is 
improved, it will eventually help to develop 
the country. 

 
Currently in Colombo city, specially 

at the office and school commuting times, time 
taken to travel small distances through a taxi 
or a private vehicle is much higher than 
expected. Traveling short distances is a waste 
of time during peak times due to traffic 
congestion. If efficient NMT system is 
implemented, the number of vehicles comes to 
the road during the busy hours will be 
reduced, the travellers who travel within the 
city limit can move faster. Also, the essential 
vehicles, can move easily through the roads 
due to the smaller number of vehicles on the 
road. In congested urban areas, bicycle can be 
used to move from one point to another in 
lesser time. 

 
Motorized vehicles cause much wear 

of the roads pavement and take much parking 
spaces compare to the NMT (eg- Bicycles). 
With the implementation of the NMT, road 
maintenance cost will be reduced. Expected 
life of roads will be higher. Parking spaces can 
also be used in optimum capacity. In 
understanding the advantages of NMT, the 
objectives of this study are to examine 
characteristics of NMT usage in Colombo and 
to investigate how people can be motivated for 
NMT. A comprehensive literature review was 
conducted to investigate the approaches 
which has been taken in other cities to improve 
NMT. 

2. LITERATURE REVIEW 

The significant reasons behind the 
usage of bicycles for short-distance trips 
among the people living in Bangkok have been 
identified by Raha and Taweesin (2013). The 
study was conducted focusing shared-use 
lanes in seven different communities in 
Bangkok through questionnaire surveys. 
Three main factors which affect people’s 
decisions regarding the usage of bicycles were: 
1) travelling related attributes such as travel 
expenses, the time taken to travel, the distance 
needed to be travelled and the monthly 

revenue of the respondent; 2) Bangkok’s 
actions to promote cycling such as the 
provision of various added privileges to 
cyclists, construction of exclusive bikeway 
networks around Bangkok and provision of 
facilities such as bathrooms and storage 
lockers for cyclists; and 3) legislation related to 
the usage of bicycles. Therefore, the actions 
taken by the government to encourage cycling 
would have a great impact on people’s 
motivation to use bicycles as a mode of 
transport. 

 
Lawson et al., (2013) conducted a 

questionnaire survey-based study to 
determine the factors that influence the use of 
NMT for commuting within people residing 
and working in major Irish cities. It was found 
that the distance of the journey and ownership 
of a car had negative influence with regard to 
the decision of using NMT. The probability of 
usage of NMT was lowest amongst individual 
professions related to transport and manual 
labour, and individuals who belong to families 
with children. It was also observed that the 
male respondents were more than three times 
more likely to use cycling as a mode of NMT 
than the female respondents. These results 
were generally similar amongst all the cities 
that were analysed. However, an 
implementation of a national-wide policy to 
encourage the usage of NMT with the 
exception of a few region-specific differences 
was suggested. 

 
The impact of transport on overall 

environmental sustainability was identified by 
Yazid et al., (2011). In addition to this, the 
groups of people with low, medium and high 
inclination towards the usage of NMT was 
also identified by them through a different 
source of information. It was recognized that 
the implementation of NMT is challenging 
due to high traffic in central business districts 
by cars and due to recent economic crises. 
Taking all this information into account, 
strategies to influence the general public in 
Malaysia to choose NMT instead of motorized 
transport have been suggested. These 
strategies involve improving facilities 
provided to NMT users, designing networks 
for NMT in neighbourhood areas and linking 
with road infrastructure that already exists. 

 
The factors affecting the usage of 

cycling as a mode of transport in the city of 
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Beijing had been studied by Zhao and Li, 
(2017). The required data were obtained 
through surveys that were conducted at 
Peking University during April and August in 
2015. According to the obtained information, 
the greatest influences on the determination of 
the usage of cycling were found to be the 
distance of travel, certain socioeconomic 
influences, and personal attitudes. Some of 
socioeconomic influences involve the 
tendency to use the bus rather than the cycle 
amongst younger respondents. The preference 
of respondents with middle- and high-income 
to drive than cycle and the inclination of low-
income people to take the bus. Considering 
these results, the growth of the city was 
recognized as a drawback to the cycling 
system in the city. It was also identified that 
the use of bicycle-sharing programs, and the 
use of mixed land, and green parks in metro 
station areas are able to increase the usage of 
cycles. As additional solutions, the 
introduction of education initiatives which 
influence behavior, and investment in bicycle 
infrastructure were proposed. 

 
To determine the most efficient 

mixture of walking, NMT modes, and 
motorized transportation modes for a city, the 
imposing of constraints on street space, 
patterns of land use, existing investments in 
transport vehicles and infrastructure were 
suggested by Hook and Replogle, (1996). 
Investment and strategy were identified as the 
main factors that affect the usage of NMT 
vehicles, while it may also affect the speed and 
level of motorization. With reference to a 
Chinese urban road traffic manual, it was 
suggested facilities of five different types in 
different locations are provided for cyclists; 1)  
special bicycle roads which are independent of 
the road network and dedicated to bicycle use 
only, 2)  semi-independent bicycle roads 
which are positioned on one or two sides of 
motor vehicle lanes with physical separation; 
3)  non-independent bicycle roads, positioned 
on one or two sides of motor vehicle lanes but 
without physical separation; 4)  mixed traffic 
roads, where motor vehicles and bicycles 
share the same right-of way; and 5)  
pedestrian-bicycle roads, where bicycles and 
pedestrians share the same right-of way. 

 
Cycling, walking to work and 

working at home were considered more 
ecological and sustainable than the usage of 

motorized transportation to travel to work by 
(Plaut, 2005). NMT travelling were analysed 
using the United State (US) national data set 
from the 2001 American Housing Survey 
(AHS), an annual survey of housing in the US. 
While the majority of the survey’s questions 
have addressed housing related aspects, 
questions involving journeys to work, 
including mode of transportation were 
included. In the latter sections, questions 
regarding non – standard modes such as 
walking to work, working at home, and 
bicycling to work had been included. In the 
AHS journey-to-work, data were collected for 
the individual members of the household, 
while the housing data were at the household 
level. According to this information, the 
decision to use green transport was influenced 
by age, occupancy, income, and house type. 

 
The research done by Lundberg and 

Weber (2014), provided the insights of the 
bicycle and pedestrian networks of the 
university students and employees within the 
vicinity of University Alabama campus. By the 
usage of Geographical Information Systems 
(GIS), the network connectivity was examined. 
It was shown that the highest levels of bicycle 
and pedestrian network connectivity and 
accessibility were within one mile of the 
University. Based on the individual’s 
perception of the bicycle and pedestrian 
networks with respect to travel conduct, it was 
evident that the usage of NMT such as 
walking, or cycling would decease with the 
increase of distance to the campus. 

 
In accordance to Hook and Replogle 

(1996), when travelling short distances, using 
NMT modes shows higher efficiency, while 
travelling longer distances, the opposite is 
true. The minimum distance of travel for 
motorized modes could be considered as more 
efficient which vary depending on the revenue 
earned by the user, the level of urgency to 
reach the destination sooner, the cost and 
speed of travel. If, however, societies as a 
whole are considered, this minimum distance 
can be identified to vary depending on how 
external factors related to transport, such as 
environmental and social costs are evaluated. 

 
It has been identified through 

literature survey that the empirical evidence 
for the determinants of people’s choices to 
transfer by bicycle as a travel mode remain 
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unstudied. Therefore, this study was focused 
on studying the characteristics of NMT 
travellers in Colombo and how the choices to 
be transferred to motorized vehicles to NMT. 

3. METHODOLOGY 

A questionnaire was developed to 
study the characteristics of NMT usage in 
Colombo referring previous data gatherings 
and general case studies conducted in this 
context. The study done by Usanee (2013) and 
Yazid et al. (2011) were used for initial 
questionnaire draft and other general 
questions were included observations of NMT 
use in the country. The trips which is lesser 
than 3 km were considered as short distance 
trips in this study. The study focused all the 
NMT available in Colombo including walking 
and cycling. 

 
3.1. Study Area 

Galle Road (A2), the trunk road, 
spanning from Wellawatta to Kollupitiya was 
chosen as a representative roadway for the 
study. It is a busy roadway which is used by 
considerable number of both MV and NMV 
users. In the study area there is enough 
provisions to improve this road for improving 
the NMT. It is a primary roadway which has 
all necessary requirements for expansion and 
other necessary changers. Galle road has 
enough width to improve cycling paths and 
parking slots for bicycles. The land-use of the 
study area is mixed consisting commercial, 
administrative, and residential properties. 

 
3.2. Data Collection 

The questionnaire survey includes the 
characteristics of the respondents such as 
gender, age, occupancy, monthly income. 
There were few questions focus on the 
difficulties that people face when using the 
NMVs. Questionnaire survey form were 
printed in English and Sinhala languages and 
distributed among the permanent residential 
people, school students, and people who 
working in the study area which covers both 
NMV and MV users. The data collection was 
carried out during the daytime, when offices 
were opened using convenient sampling 
method. That helps to find many NMT users 
around and questionnaires could be easily 

distributed among them as well. 
Questionnaire survey was carried out in office 
areas, market areas, housing areas, and city 
areas and a total of 202 completed forms were 
collected. Also, over 25 people of the general 
public were interviewed to obtain the views of 
the people for motivation toward to NMT and 
to validate the findings. 

4. RESULTS AND DISCUSSIONS 

The questionnaire survey results 
showed that 48% of people use motorized 
vehicles for their short distance trips while 
only 42% of people use NMT modes for such 
trips. Also, 10% of people stated that they use 
both MVs and NMVs as their transport mode 
for those trips. The road user characteristics 
such as gender, age, monthly income and 
occupancy of the road users were also 
investigated. More than 40% of people are 
using NMT modes for their short trips. About 
30% people were males and about 20% people 
were females as shown in Figure 1. 

 

 

Figure 1 Short distance mode choice 
preference by gender 

 Young people tend to use NMT modes, 
and older people are more likely to use MT 
modes for their short distance trips as shown 
in Figure 2 while among 31-40 years age 
category use the NMT lesser than others. 

 

Figure 2 Short distance mode choice 
preference by age group 
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Figure 3 shows the usage of MVs and 
NMVs based on monthly income. It clearly 
showed monthly income below Rs.20,000 
preferred to use NMVs than any other income 
category. But monthly income between 
Rs.20,000 – Rs.30,000 and Rs.30,000 – Rs.50,000 
people also had some tendency to use NMVs 
for their short distance trips. People tend to 
use public transport when the alternative 
modes of transportation are expensive. When 
investigating the occupation of the road users, 
it was seen that people who were doing 
private jobs preferred to use MVs for their 
short distance trips. Most of the students 
preferred to use NMVs for their short distance 
trips. 

 

 

Figure 3 Short distance mode choice 
preference by income 

 
Through the questionnaire, the 

difficulties that people face while using NMVs 
were obtained. The most predominant 
difficulty that respondents pointed out was 
the weather condition rainy as shown in 
Figure 4.  
 

 

Figure 4 Difficulties faced by NMT users  

 
As a Colombo is in the wet zone, the 

unexpected rainy weather and high humidity 
level in the city are the main concerns of them. 

About 23% of respondents stated bicycle lanes 
for cyclists are not available in the study area. 
Therefore, if bicycles lanes are provided, it 
would help to motivate people to use bicycles. 
Another concern among the respondents was 
unavailability of secure parking spaces for 
bicycles. Currently bicycles share the road 
space with pedestrians which make both 
pedestrians and cyclists unsafe. 

 
Collected data helped to identify 

several measures in improving the NMT usage 
as explained in following sections. 

 
4.1. Basic Facility Requirement 

One of the basic requirements for the 
implementation of these NMT concept was the 
lack of facilities. In Colombo city limit, most of 
the roads are facilitate with pedestrian 
walking paths but the number of roads which 
has separate bicycle lane were nearly zero. 
One of the main requirements to implement 
NMT, there should be an allocated space for 
the NMV to move safely on the road. Figure 5 
shows the separate lanes which provide for 
movements of cycles and pedestrians which 
reduce the number accidents for NMV users.  

 

 

Figure 5 Separate bicycle and pedestrian 
paths 
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Normally NMV are smaller compared to MV 
meaning space required for parking is lesser 
for NMV. As shown in Figure 6, through a 
very simple way, secure parking spaces can be 
provided. These types of bars can be placed in 
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Parking areas can be monitored through the 
CCTV to provide proper security. Similar 
system is already available in Bellanvila 
cycling area in Sri Lanka. 
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Figure 6 Secure bicycle parking spaces 

 
NMV are suitable for travel short 

distances within the city limits. But most 
commuters come into the Colombo city from 
outside the district. Traveling longer distances 
using NMV may not be easy. NMT and public 
transport are inter-related avenues. Without 
promoting public transport, the full benefit of 
NMT can not be obtained.  Therefore, 
motorized parking spaces can be provided at 
the city limits like Panadura, Kottawa, 
Kelaniya – Thotalanga, where people can park 
their private vehicles and travel by public 
transport. The quality of public transportation 
system should be improved to motivate 
people from private transportation to public 
transportation. In most of the developed 
countries try to provide best public transport 
within the major cities. At the doorstep 
connection at the city, commuters can use the 
NMT options.  

Having a good emergency services 
also a good encouragement for the people to 
use NMT. A reliable emergency service 
provides the people confidence to live without 
a motor vehicle. In an emergency, if people are 
in good hands with reliable emergency 
service, keeping a privet motor vehicle may 
not be needed. NMT suggested for shorter 
distance commute travels required some 
facilities at the workplace such as bicycle 
parking washing and changing for the people 
who use NMT. In NMT, the usage of the 
energy and the heat will affect to people and 
make them sweaty. Providing changing and 
washing facilities will be a good motivation for 
the people to use NMT. 

 
4.2. Government Policies 

With supportive government policies, 
motivation of NMT could be done easily. If the 
government encourages the import of NMV 
and provide the basic facilities mention 
previous section to implement NMT system, 
the system will be sustainable. The cost of 
NMV will be lower if government support 

through tax reduction policies and it will be 
available to buy easily. The basic facility 
development will eventually push the people 
to use NMV for their day today use. The 
companies which encourage the people to use 
NMT by providing basic facilities at 
workplaces, could be given a tax intensive for 
encouraging employees to move forward 
NMT system. Also, government can provide 
low-rate loans for companies to implement the 
basic requirement for NMT users.  

  
4.3. Education  

In Sri Lanka, using a motorized 
vehicle is a demonstration of his or her wealth 
and statues. The people who use public 
transport and NMT methods are considered as 
the middle-class people. Buying a vehicle 
become not only a transportation requirement 
but also a statues demonstration. Due to this 
attitude and the way of thinking, people more 
bias to buy a private vehicle rather than using 
the public transport. Also, the society is not 
respected to a person who cycle or use any 
other NMT. Because to that the young 
generation may refuse the use NMT for their 
day today life. Therefore, proper education 
about the advantage of NMT and how this is 
affecting to the society in social, economic and 
sustainable ways are required.  Also, a system 
needs to be implemented to appreciate the use 
of NMT. Another thing to break this mind set 
is to asked public figures and celebrities to use 
NMT as a campaign. It might influence the 
young generation to shift to NMT. If there is a 
mechanism where it can track how much of a 
person use NMT per month or a week and 
according to the usage of NMT, if they can be 
granted with a token of appreciation, that will 
encourage the users to use more and more 
NMT. 

 
4.4. Information  

4.4.1. Information related to NMT which 
enhance the quality of the Transport: 

As a transportation service, NMT 
have some limitations. It cannot be used in bad 
weather. Even though the smart phones have 
the weather forecast, until people really adopt 
this NMT, it will not be an effective way to 
give information. If some real time weather 
display systems can be implemented within 
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the city limit at the initial stage that will help 
people to get the discussions. In the morning 
weather forecast for the daytime can be given 
in very simple way by a color code. In the 
evening weather forecast of tomorrow can be 
displayed. The people have an idea what will 
happen tomorrow and get a decision on their 
transport methods. 

 
One another valuable information is 

the traffic. Providing traffic information for 
the NMT users will allow them to choose their 
way within the city. Because of NMT required 
a smaller space to travel, all the cross roads 
and sub roads can be used for the 
transportation. Also providing NMV lanes 
will reduce the effect of traffic on NMT. 

 

4.4.2. Information related to the effect of 
NMT for people and the society (social 
awareness):  

To improve the usage of NMT, the 
society should be educated about the positives 
that can be archived by using NMT. One of the 
main positive points of using NMT is the 
reduce carbon emission within the city limits. 
It effects to the health of people. China’s 
carbon emissions are on track to rise at their 
fastest pace during 2018 (Hornby 2108). Due to 
this reason China has taken an important 
decision to promote NMVs. Chinese 
Government is allocated considerable amount 
of money from the annual budget to promote 
NMT every year (Jiaru 2017). Most of the 
developed countries like Denmark, Sweden, 
New Zealand promote NMT in whole country 
as a main transport medium reaching the low 
carbon emission. The citizens also encourage 
by the fact that if they use NMT as their 
transport mode as they are helping to save the 
environment. 

 
For the environmental advantages, it 

was required to promote strategies and 
responsibilities regarding this matter. 
Establishment of rules and regulations, 
training and proper education, municipal 
funding were the steps that should be taken 
into consideration to encourage modes of 
NMT. In the stage of implementation, all 
mentioned above should be implemented 
simultaneously because all are interrelated 
and due to the complexity of these. 

5. CONCLUSIONS 

In Colombo about 48% of the people 
were using MVs for their short distance trips. 
Due to this situation traffic congestion in city 
area was high. High concentration of CO2, CO 
and polluted gases is higher due to the traffic. 
Usage of MVs for short distance trips has 
directly affected the human hours and the 
economy of Sri Lanka. To minimize these 
problems one of the main solutions is to 
encourage people to use NMVs for their short 
distance trips. To increase the usage of NMVs 
facilities, social awareness, attitudes towards 
NMV users and the government policies could 
be changed in a positive way. Use of NMT for 
the transport medium indirectly helps people 
to keep a healthy life without inhaling 
poisonous gases and it has higher direct health 
effect to. A NMT system is a blend of monetary 
measures, traffic management, safety and 
substructure investment (Hankey et al. 2012). 
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Flooding along Paddiruppu Vellaveli road is a major challenge faced by more than 
40,000 people in Vellaveli division in Eastern province of Sri Lanka. Efforts were 
made to design and improve the existing road section to accommodate future traffic 
and arrest the flood problem using proper flood mitigations. The study area was 
affected during the past terrorist activities and it consist of many undeveloped 
villages, paddy lands and this road is the only source to connect people with 
essential public utilities during constant flooding in rainy seasons, since there is no 
any alternative transport. The current traffic volume studies were conducted and 
projected for future 20 years, and flooding history of the study area was collected 
from relevant institutions and authorities. The peak hour traffic volumes were 
identified, and the level of service concept was adopted to find out the number of 
lanes required to cater the traffic in 20 years. The field surveys were done to obtain 
the formation line of the existing road and proposed formation line was identified 
by considering the high flood level.  By considering the cost, it was decided to 
construct the road as a flexible pavement and the thickness of each layer was 
calculated using the Method of Design by Road Note 29 of Road Research 
Laboratory, UK. The required CBR test values and maximum flooding levels were 
considered and cost-effective thickness of different layers were obtained. It was 
suggested to elevate the road stretch from 0+060 km to 1+620 km with a maximum 
height of 1.475m. Through a hydrological analysis a proper drainage system also 
suggested with the placement of 5 culverts with 2.5 x 2.0 m opening size to allow 
the water to discharge to the nearest river. 
 

 

1. INTRODUCTION  

Road transport gives greater 
flexibility of choice in routes, destinations or 
in-between stops. Therefore, it caters to 
individual preferences. The capital outlay for 
road construction and recurrent expenditure 
for the maintenance of a road transportation 
system is small when compared to the costs of 
other transport systems like railways, airways 
etc. Similarly, motor vehicles are cheaper than 
other modes of transport. Road transport is 
also generally associated with a high degree of 
accidents, because of the interaction of a wide 
variety of vehicles of varying speeds and 
pedestrians. The science of highway 
engineering deals with planning, designing, 

constructing and maintaining roads. 
 
The identified road stretch belongs to 

Vellaveli division in Batticaloa district and 
more than 40000 people from 43 Grama 
Niladhari divisions are using this road for the 
day-to-day activities (to approach hospital, 
market, school, police station etc.). This is a B 
class road according to the RDA classification 
which connects the Batticaloa- Trincomalee 
(A4) highway with the Vellaveli divisional 
secretary division. This road is classified as B 
344 with total length of 6 km from Paddiruppu 
(0 + 000 km) to Vellaveli (6 + 030 km).  

 
The existing road pavement is of 

penetration Macadam type construction and 
exhibits a moderate to poor surface condition. 
Surface deformations, potholes, edge break 
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and surface cracks were observed along the 
road at some locations. The road alignment is 
mostly straight and the terrain is flat 
predominantly. Average carriageway width 
varies 3.0 m to 4.0 m. From Paddiruppu (0 + 
000 km) to (0 + 350 km) there are no issues in 
the road due to flooding and other damages. 
Within this length there is an ancient bridge 
with 150 m distance. But from (0 + 350 km) to 
(2 + 000 km) the road is damaged frequently 
due to the flooding and both side of the road 
is surrounded by paddy field area bounded by 
the river (see Figure 1.1).  To overcome the 
issues caused by the damages of this road due 
to the constant flooding, it is a mandatory to 
provide a suitable level, formation with 
required widths to accommodate the expected 
heavy traffic in 20 years from now. 
 
Objectives of the study: 

• Design and improve the existing road 
section to incorporate the increase traffic 
volumes and arrest the flooding problem of 
this road stretch. 

• Conduct the flood mitigation of the area. 

2. METHODOLOGY 

2.1. Data Collection 

The flooding history of the study area 
was collected from department of irrigation 
and disaster management unit of Batticaloa. 

 
Table 1 Flooding history (2005 to 2020) 

 

Figure 1 Flooding in 2019 
 

2.2. Traffic Survey 

As the first step, the traffic volume 
study was conducted on a mid-day of a week 
by manual count method for a period of 12 
hours from morning 6.30 am to evening 6.30 
pm. Different vehicle categories were counted 
in both directions in an interval of 15 minutes. 
From collected data, the peaks hours were 
identified, 6.45am -7.45am as morning peak 
and 1.30pm – 2.30pm as evening peak. Then 
the dominant peak hour was identified as 
1.30pm -2.30 pm and which was used for the 
vehicle growth projection for future 20 years 
with the use of vehicle growth rate of Eastern 
province. 

 
From Table 2 can identified the vehicle 

growth rate and the growth rate will differ 
from one vehicle category to another. Traffic 
volume growth rates were used to calculate 
the annual traffic growth rates of cars, buses 
and other vehicles. 

 
 
 
 
 
 
 
 
 

Year Maximum flood level on the 
road (in feet) 

2005 4 ft. flood level at (0+660 km) 

2008 2 ft. flood level at (1+230 km) 

2009 2 ft. flood level at (0+660 km) 

2011 (3 
times) 

4 ft. flood level at (0+330 km) 

2012 1 ft. flood level at (0+660 km) 

2013 3 ft. flood level at (0+330 km) 

2015 2 ft. flood level at (0+660 km) 

2017 1 ft. flood level at (1+230 km) 

2018 3 ft. flood level at (0+330 km) 

2019 
2.5 ft. flood level at (0+660 
km) 

2020 3 ft. flood level at (0+330 km) 
(Source – Disaster Management Unit – Batticaloa) 
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Figure 2 12-hour vehicle volume 

 
 
 

Table 2 Vehicle growth rate per annum (in %) – Eastern Province 

(Source – Road Development Authority – Eastern Province) 

 
 
The equation which was used to calculate the future traffic demand is stated below. 
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Time Interval (Hours) 

Year MCL TWL CAR VAN MBU LBU MG1 MG HG3 AG3 AG4

2010-2012 9.1 8 7.2 3.3 3.3 3.3 7.2 7.2 7.2 7.2 7.2

2012-2017 9.9 7.3 8.7 4 4 4 8.7 8.7 8.7 8.7 8.7

2017-2022 7.1 4.3 7.4 3.4 3.4 3.4 9.4 9.4 9.4 9.4 9.4

2022-2027 6.1 3.2 5.9 3.4 3.4 3.4 6.2 6.2 6.2 6.2 6.2

2027-2032 5.2 2.5 4.8 3.4 3.4 3.4 6.3 6.3 6.3 6.3 6.3

 

(Traffic Volume) growth    = Traffic Volume x n x Growth Rate  

(Traffic Volume) future      = (Traffic Volume) future + (Traffic Volume) growth 

Were, 

g = Annual growth rate 

n = Number of years  
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The Tables 3 and 4 shows the overall calculation of the growth of the vehicles in 20 years. 
 

Table 3 Passenger Car Units (PCU) conversation for the peak hour OUT Flow (INTO 
PADDIRUPPU) - peak 01 (1.30 pm to 2.30 pm) 

 
Table 4 Passenger Car Units (PCU) conversation for the peak hour IN Flow (INTO VELLAVELI) - 

peak 02 (1.30 pm to 2.30 pm) 

A.G.R: Average Growth Rate 
 

3. DATA ANALYSIS  

3.1. Level of Service and Number of Lanes 
Calculation 

According to the data obtained from 
the traffic surveys, can calculate the Level of 
Service (LOS) for the existing actual flow rates 
during the peak hour and the traffic condition 
for future. Then road can be improved to cater 
the traffic volume after 20 years with required 
lanes. 

Once, calculate the level of service and 
the number of lanes required to cater the traffic 
volume in 20 years, the design of the road 
could be done. 

3.2. Terms used which Defined in Highway 
Capacity Manual (1985) 

Peak Hour Factor (PHF) 

The hourly volume during the maximum 
volume hour of the day divided by the peak 
15min rate of flow within the peak hour; 
measure of traffic demand fluctuation within 
the peak hour. 

Service flow 

The actual rate of flow for the peak 15minute 
period expanded to an hourly volume and 
expressed as vehicles per hour or vehicles per 
hour per lane. 
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3.3. Basic relationship for two-way two-lane 
rural highways 

PHF =V/ (4 x V15) 

SF = (V/PHF) 

SFi = Cj *(V/C) i* Fd * Fw * Fhv * N 

Fhv= 1/ [1+ PT (ET-1) + PB (EB-1)] 

 

Were, 

PHF – peak hour factor. 

V     – Hourly volume. 

V15 – Highest 15-minute volume. 

SFi   – service flow rate; the maximum flow 

rate that can be accommodated by the two 

way two lane rural highway segment under 

study, in one direction under prevailing 

roadway and traffic conditions, while meeting 

the performance criteria of LOSi. 

Cj – capacity per lane for two-way two-lane 

rural highway with design speed. 

N – Number of lanes in one direction. 

(v/c)i – maximum volume to capacity ratio 

while maintaining the performance 

characteristics of LOSi  

fw – Adjustment factor for lane width and /or 

lateral clearance. 

Fhv   – Adjustment factor form the presence of 

heavy vehicles in the traffic stream. 

ET, EB – Passenger car equivalence factors for 

trucks and buses. 

PT, PB – Proportion of trucks and buses in the 

traffic stream. 

 

3.4. Specimen calculation for the level of 
service (LOS) 

Peak hour volume in passenger car units  

= 417 PCU/lane (Passenger Car Unit 

per Lane) 

Maximum 15 minutes volume    

= 87 PCU/lane  

 

Peak hour factor = Full hour volume / (4 x 

Maximum 15 Min volume) 

 

PHF      = V/ (4* V15) 

    = 417/ (4*87) 

     =1.19 PCU/hour/lane 

Service Flow Rate  = Full hour volume / 

Peak hour factor 

  SF                  = V/PHF 

           = 417/1.190 

                        =348.734 

PCU/hour/lane 

Terrain type     = Level Terrain  

Lane width     = 3.65 m (12 ft) 

Clear shoulder     = 2 m (6.56 ft) (From 

RDA standard for rural highways) 

Design Speed     = 70 km/h  

Directional Split    = 155/ (155+ 113)  

  = (60/40)  

(i.e.: 60% traffic in one direction & 40% traffic 

in another direction) 

Fd      =0.94 

(From HCM1985, Table8.4) 

Fw      =0.92 

(From HCM1985, 12 ft width, 4-6 ft shoulder 

width) 

Percentage of trucks (PT) = 5 %   

     = 0.05 

Percentage of buses (PB)  = 6 %   

     = 0.06 

Passenger car equivalent factor for Trucks (ET)

     = 2.2 

Passenger car equivalent factor for Buses (EB) 

     = 2.0 

Adjustment factor for heavy vehicles, 

Fhv= 1/ {1+ PT (ET-1) + PR(ER-1) + PB(EB-1)} 

       = 1/ {1+ 0.05(2.2-1) + 0(2.5-1) + 0.06(2.0-1)} 

       =1/1.119920 =0.893 

 

From Table 5, the maximum service flow in the 

peak hour is 417 PCU/hour and that will fall 

between 331– 584, so, the level of service will 

be B. so after 20 years the road will have a level 

of service of B. 

 

Finding the number of lanes by using service 

flow equation. 

 

SF = [2800 *(V/C)* Fd * Fw * Fhv * N] 

N  =  348.734/ (2800 * V/C * Fd * Fw * Fhv) 

     = 348.734 / (2800* 0.27 * 0.94 *0.92* 0.89) 

     = 0.5993       

     =1 lane.  

 

From the calculations it could be observed 

that, to accommodate the traffic in 20 years the 

road should have 2-way 2 lane stretch which 

would have a level of service B. 
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Table 5 Calculation of level of service 

 

4. RESULTS  

The study and the analysis of the 
existing road section is very important to 
design the road to overcome the issues by 
flooding. The Paddiruppu – Vellaveli road 
section is 6km long and out of that 1.63 km 
from Paddiruppu towards Vellaveli is the 
critical length that mostly get inundated 
during the flooding time. To get the details of 
longitudinal and the cross sections of the road, 
proper land surveys needed to be conducted. 
Hence a detailed field survey using the 
leveling instruments were conducted and the 
filed data was used for the earth work designs. 
The following guidelines were used to 
conduct the levelling works. 
 

1. Interval between two points of 
longitudinal section to be 30 m. 

2. At every longitudinal point, the cross 
section of the road should be obtained. 

3. Cross section spot levels should be taken 
at the mid, both ends of the road, and 
further distances within 5 m interval 

4.1. Earth Works 

The aim of this study is to mitigate the 
flooding in the road area in a cost-effective 
manner, so from the existing cross sections 
and the longitudinal sections, the new road 
section was planned to design with flexible 
pavement to overcome the problems due to 
the flooding. From the past flooding history 
and a hydrological study, it was found a 
maximum of 4 feet water flows over the top 
level of the road. 

 
Hence its need to avoid that flooding 

height in the future and it was needed to 
design the road with a freeboard. In order to 
increase the reduced level of the road a new 
formation line was selected. As a feasible 
suggestion it was planned to elevate the road 
section with a reduced level of 99.68 m. And 
the road section from 0 chainage to 1620 m will 
be of a same elevation and it was proposed the 
proper culverts plan for the flow of water from 
one site to another. These are some standard 
parameters and guidelines for flexible 
pavement design according to RDA standards. 
 

4.2. Pavement Design 

4.2.1. Method of Design by Road Note 29 of 
Road Research Laboratory, UK 

Hence, in this method of design the 
traffic is calculated in terms of the cumulative 
number of standard axles during the design 
life. In order to calculate this, first, it is require 
identifying the structural life in years of the 
pavement. And it is also necessary to estimate 
the rate of growth of traffic during the design 
life and where no estimate can be made, an 
average value of 4% of traffic growth per year 
is usually taken. 

4.2.2. Commercial vehicle 

A commercial vehicle is taken as one 
which has an unloaded weight exceeding 1500 
kg. The following formula may be used to 
determine the cumulative number of standard 
axles used for the design. 

FHV = 1/ {1+ PT(ET-1) + PR(ER-1) + PB(EB-1)} 

SF = [ Cj *( V/C )i* Fd * Fw * FHV * N ] 

L.O.S (v/c)i Fd Fw Fhv Ideal capacity (Cj) MSF (vph) 
MSF      

Round off 

A 0.15 0.94 0.92 0.91 2800 330.79 331 

B O.27 0.94 0.92 0.89 2800 583.7390 584 

C 0.43 0.94 0.92 0.89 2800 929.6600 930 

D 0.64 0.94 0.92 0.92 2800 1426.99 1427 

E 1 0.94 0.97 0.923 2800 2350.86 2351 
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A= ∑ 𝐩(𝟏 + 𝒓)𝒙  ×  𝟑𝟔𝟓
𝒏

𝒙=𝟏
 

Were, 

A= Cumulative number of standard axles 
used for the design 
p= number of standard axles/days at the time 
of construction 
r= rate of growth of traffic 
n= design life in years 
 
The number of standard axles shall be that in 
each direction and the design will be 
appropriate for each lane in the case of two-
lane single carriageway roads (Highway 
Engineering-Book-2-OUSL, 2013). 

4.2.3. Design of sub base 

The design of the sub base is done 
using the curves given in the Figure 6.5 for 
cumulative traffic less than 0.5 million 
standard axles the sub base material must 
have a CBR greater than 20% while for higher 
traffic, the minimum CBR value for the sub 
base is 30%. For sub grades with CBR values 
greater than 8% a minimum thickness of 
subbase of 8mm and 150 mm respectively for 
the above two traffic categories are used 
(Course Notes on highway Engineering, 2008). 

Figure 3 Flexible pavement design curves 
for sub-base 

(Source: Highway Engineering- Book-2, OUSL, 2013 ) 

 
From the collected traffic volume data,  
 
The No. of commercial vehicles per day 
passing in both directions   
  = 152 commercial vehicles. 
 
 
 

 
So, the traffic o commercial vehicles per day in 
both directions during construction  
  = 152/2 
  = 76 commercial vehicles. 
 
So, from table 5.2, No. of standard axles per 
commercial vehicle (a) x (b) is given by 0.45 (N. 
of commercial vehicles less than 250 per day) 
According to the design selection, the design 
life time of flexible pavement is 20 years (i.e.: n 
=20) 
 
And assume that the rate of growth of traffic is 
4% (i.e.: r = 0.04) 
 
Using the equation, 

A = ∑ p(1 + 𝑟)𝑥 𝑥 365
𝑛

𝑥=1
 

A= ∑ 76x0.45(1 + 0.04)𝑥 𝑥 365
20

𝑥=1
 

A= 0.39 x 106 
A = 0.4 x 106 standard axles 
 

From the previous CBR test 
conducted by RDA Research Laboratory, the 
CBR value of the sub grade of the existing road 
section is 16.5%. 

 
As per the design philosophy in Road 

Note 29 method of design of the sub base, the 
CBR value of sub grade is 16.5% which is 
greater than 8%. If the CBR value of sub grade 
is greater than 8% and the cumulative traffic is 
a less than 0.5 million standard axles, the 
thickness of the sub base should be 80 mm 
with a material with CBR value greater than 
20%. So, the thickness of the sub base must be 
80 mm. 

 
i.e.: Thickness of subbase = 80 mm 

4.2.4. Design of base and surfacing 

From Road Note 29 method of design, 
the above figure shows the relationship 
between the thickness of base and surfacing 
with cumulative number of standard axles for 
wet mix or dry bound macadam. 
For cumulative number of standard axles of 
0.4 x 106,  
Required thickness of base = 175 mm 
Required thickness of surfacing = 50 mm 
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Figure 4 Flexible pavement design curves 

for base and surfacing base material wet mix 
or dry bound macadam 

(Source: Road Note 29, Transport & Road Research 
Laboratory UK) 

4.3. Drainage System and Culverts 

It was proposed to construct a proper 
drainage system along with the placement five 
culverts across the critical section of the road 
stretch with the opening size of 2.0 x 2.5 m 
with a thickness of 150 mm. Culvert should be 
placed 1 m below the top of the proposed road 
level and the bottom level of the culvert 
should be placed 1.5 m below the existing 
ground level. 

 

Figure 5 Cross section of proposed culvert 

4.4. Cost Analysis 

Success of a highway project is totally 
depending on the completion of the project 
within an effective cost and time. Cost analysis 
is a systematic evaluation of the economic 
advantages and disadvantages of a set of 
investment alternatives.  So, it is required to 
analysis the cost for the project in order to 
avoid the unknown expenses in the project 
and allocate the fund for this project 
 

The cost estimate for this project has 
been prepared based on the quantities worked 
out from the field surveys and design of the 
culverts. The rates have been taken from 

Highway Schedule Rate, 2019 of RDA – 
eastern province. The total estimated cost for 
this project is SL Rs. 154,048,000 including the 
costs of preliminaries, road works, structural 
works, road marking works and transport 
charges 

5. CONCLUSIONS 

In this study details of the current 
traffic volume were collected by manual count 
method and projected for future 20 years (2019 
– 2039). Also, information on flooding history 
of the study area; flooding damages and 
topographical information were collected 
from relevant departments. From the 
calculated future 20 years traffic volume, the 
peak hour volume was identified and the level 
of service of the road section was found out at 
LOS B and number lanes required to cater the 
traffic in 20 years was calculated as two-way 
two lane by using U S highway capacity 
manual. And also, the existing level of the road 
has been elevated with the required elevation 
in order to avoid the flooding problems in the 
road stretch with adequate drainage systems. 
The increase in the elevation of the road 
surface not only a solution to arrest the 
flooding problems in the road stretch, a proper 
drainage system and proper discharge 
opening of the flood water is essential to allow 
the flood water to the nearest river. Five 
culverts have been decided to place in the 
critical areas with 2.5m x 2.0 m opening size 
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Capturing and analyzing the 3D information in an As-Built survey is a big challenge 
when it comes to surveying using the traditional survey equipment, theodolites, and 
EDM. However, the use of those mentioned equipment and methods cannot be 
practical and efficient regarding accuracy, cost, planning, documentation, and time. 
In order to have an adequate inspection of reconstruction, it is necessary to show 
that building information and its surrounding by means of documentation and 
plans. As for the As-Built Survey, it is necessary to show that all the information of 
the surveyed building with almost expected accuracy. With the improvements of 
the survey equipment and technologies now As-Built surveys become easy to 
complete having in an accurate result, to achieve such kind of accuracy Terrestrial 
Laser Scanning (3D Survey) can be used. This paper is going to discuss the use of 
3D laser scanning surveys for the As-Built surveys in the Sri Lankan survey 
industry. This new surveying technology can be used to acquire high-density point 
data in an accurate and fast way. The captured point data can be used to generate a 
complete point cloud of the building, that can be used to digitalize all the 3D 
information of the concerned As-Built structure with having millimeter accuracy. 
This paper introduces an approach for As-Built using laser scanning, processing 
using the scan-master software, and comparison using the AutoCAD software. 

 

1. INTRODUCTION 

“Surveying has been traditionally 
defined as the science and art of determining 
the relative positions of points above, on, or 
beneath the surface of the earth, or 
establishing such points.” 

 
In regard to that surveying is one of 

the oldest professions in the world. The story 
of the surveyor starts in 1400 B.C. in Egypt. 
From that beginning of surveying and 
technology related to surveying have 
developed to the modern-day surveying that 
we know today. 

Through that development, surveying 
has been diversified into many subcategories 
like rudimentary land surveying, Engineering, 
Hydrography, Remote sensing, Cadastral, 
geographic information system etcetera.    

 
To conduct any survey surveyor must 

have a surveying instrument. These 
instruments varying with the technology and 
time starting from the dioptre in early 120 B.C. 
then in 1800 A.D the surveyor’s chain was 
developed. Then with the industrial 
revolution surveying theodolites were 
introduced into the surveying field. The 
theodolite became the most popular angle 
measuring instrument among land surveyors 
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for the last two centuries.  
 
Then Erik Bergstrand, the inventor of 

the Geodimeter in 1939 invented a new type of 
instrument to measure distances by using the 
light signals, knowing the speed of light. That 
was the introduction of the EDM to the world. 

 
In the 1960s with the digital 

revolution, another technological 
breakthrough happened that was the 
introduction of the total station. Total stations 
are equipped with an internal electromagnetic 
distance meter fixed aligned with the line of 
sight of the digital theodolite. It is also 
equipped with a microprocessor to compute 
coordinates and other surveying-related 
functions, internal memory to store data 
digitally, and an alphanumeric keypad and a 
display unit as input and output devices.  

 
Based upon the principles of Erik 

Bergstrand, in the 1960’s the Light Detection 
and Ranging (LiDAR) technology was 
introduced into the mainstream surveying and 
used for airborne surveys and the LiDAR 
instrument was mounted on an airplane for 
airborne survey activities. 

 
With that heritage survey, LiDAR has 

become the front runner in the surveying 
industry as well with the introduction of the 
Terrestrial Laser Scanner.     

 
A primary aspect of this study is to 

find the ability of the ground-based Light 
Detection and Ranging (LiDAR) systems, 
known as “Terrestrial Laser Scanning (TLS)” 
as-built surveying in the engineering and 
construction sector. TLS instruments emit a 
pulsed laser signal and then it is made to be 
detected its return signal by the instrument. 
Time travel of the light beam calculates the 
distance between the instrument and the 
reflected object surface, and the pulsed signal 
is rapid enough that thousands of points can 
be recorded in seconds. Each point is recorded 
three-dimensionally, with an attribute relating 
to the intensity of the returning signal. These 
observed points are known as a “Point 
Cloud”. These point clouds having tens of 
thousands of points in a one scan station that 
are having rich detail of the scene as viewed 
from the instrument. These scans contain all 
manmade and natural features that can be 
“seen” from the instrument’s viewing angle.  

 
The results of any surveying task must 

meet specific conditions to provide the 
required accuracy. Therefore, any surveying 
work includes not only the relative positions 
of points and objects but also the accuracy of 
the results. the accuracy of the results as well 
as the accuracy of the observations.  

 
The results of any surveying task must 

meet specific conditions to provide the 
required accuracy. Therefore, any surveying 
work includes not only the relative positions 
of points and objects but also the accuracy of 
the results. the accuracy of the results as well 
as the accuracy of the observations.  

 
Arayaci et al., 2004, mentioned that 

the use of terrestrial laser scanners for As-Built 
surveys to achieve the accurate output of the 
As-Built in a fast way. And also, it mentioned 
the result of 3D laser scanning to acquire and 
digitalize all 3D information concerned with a 
real-world object such as buildings, trees, and 
terrain data with an expected accuracy. Point 
cloud data, modeling approach for CAD 
extraction, building object classification using 
Industry Foundation Classes (IFC) format 
method used to generate Building Information 
Modelling (BIM) for existing structures. Two 
different case studies were used to check the 
reliability of 3D scanning for the As-Built 
surveys and through those case studies it 
mentioned the use of laser scanners for the 
Built environment and it also explored the 
new technology that can be used for the 
professional in-Built Environment.    

 
In the case of TLS, tens of thousands 

of points with three-dimensional coordinates 
on the surface of the object are measured in a 
very short time. Relevant object features, such 
as corner points or edges, are not directly 
recorded; instead, they must be modeled from 
the point clouds in a separate process. With the 
development of technology, the construction 
industry has evolved so it is imperative that 
the surveying field is also kept up with 
technological revolution to in order increase 
productivity and to increase the quality of the 
output of the surveying task. The quality of the 
data is mainly related to the accuracy, 
precision, and visualization of data. The 
premise this study is based upon is that TLS 
has all three above-mentioned factors and 
would this technology be able to successfully 
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be able to use in as-built surveys.  
 
Recent studies show that the use of 

terrestrial laser scanners for the reconstruction 
of As-Built surveys and its potential for 
improving the construction productivity 
through the 3D laser scanning to measure and 
change orders and other objects to generate 
As-Builts. Due to the improvements of this 3D 
terrestrial laser scanning concept all over the 
world and BIM modeling using the point 
cloud generates from the outputs of a laser 
scanner that enables to acquire accurate data 
and generate and update the As-Built model. 
Two case studies were done using mobile and 
terrestrial laser scanners to compare the 
accuracy of the final output of As-Built models 
and show that the final output of the objects’ 
dimensions varies from -2% to +2% and from 
1mm to 12mm. and also it mentioned that the 
results from terrestrial laser scanners are more 
accurate than the mobile lidar scanner when 
compares with the documents and plans 
(Sepasgozar, et al., 2015). 

 
A recent study done in Sri Lanka 

shows that precise survey measurements can 
be obtained using the Terrestrial Laser 
Scanning survey with comparing the Total 
Station Survey. The experiments were 
designed in the following way, two traverses 
from both the Total Station and the Terrestrial 
Laser Scanner were run on the same set of 
ground points then 3D (Northing, Easting, and 
Height) error of each measurement is going to 
analyze using adjustment theory. The 
accuracy of the measurements of T.L.S was 
obtained at the micrometer level (Dampegama 
KP, 2020).  

2. EXPERIMENTAL DESIGN 

As explained before the main 
objective of this study is to find the usability of 
the TLS as an as-built monitoring tool. The 
accuracy of the Terrestrial Laser Scanner has 
been tested inside a laboratory under 
controlled conditions by the manufacture and 
provided but we cannot anticipate the effect of 
the manmade and natural factors that are 
common to most of the surveys conducted in 
the field like surface roughness of the 
structure, reflectivity of the surface, 
temperature, humidity, light condition, 
weather, etc. So, the research method was 

designed to test premise TLS can successfully 
be used in the field for as-built monitoring by 
conducting a regular traverse survey method 
by TLS as the control and then using those 
control points as scan stations to conduct 
facade scan of the structure. Then data 
collected from TLS will be verified by two 
methods first, the same control points will be 
used to measurer some distances of some 
structural elements like window frames and 
then compare that data against the data 
collected from the TLS. Secondly, Existing 
plans of the structure will be used as 
verification data. 

 
The methodology of this research can 

be divided into two main parts they are 
fieldwork and office work. 

2.1 Fieldwork 

Table 1 Instrument Used 

 
As the first step of the field procedure 

reconnaissance survey has been done and a 
prospection diagram was drawn indicating all 
the traverse points.  Then the locations for the 
ten instrument stations were identified on the 
prospection diagram were marked on the real 
ground by wooden pegs that were driven into 
the ground. To mark the instrument stations 
that are located on the cement floor or in tile 

No 
Hardware/ 

Software 
Amount Type 

1 
Terrestrial Laser 

Scanner 
1 

GLS-

1000 

2 
Total Station 

with accessories 
1 

Sokkia 

CX-101 

3 Prism Targets 3 Sokkia 

4 
Prism Poles with 

prism 
2 ~ 

5 Sheet targets 
As 

needed 
~ 

6 
Tri-Pod 

(Wooden) 
3 ~ 

7 50M Steel Tapes 1 ~ 

8 Gig Umbrella 1 ~ 

9 Hammer 1 ~ 

10 

Topcon Scan-

master or 

Collage-Software 

1 Topcon 

11 
Sokkia Link 

Software 
1 Sokkia 
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floor a permanent marker was used. All the 
instrument stations were set up in a way that 
they have a clear line of sight.  

 
Even the instrument stations inside 

the building were set up according to the 
above-mentioned principle. Then as the first 
task, the TLS traverse using the arbitrary 
coordinate system was ran covering all the 
instrument stations. Then again TLS was used 
to scan the facades from those traverse points. 
Then TS was used for the data collection using 
the same control network. Few points on the 
building's structural elements were collected 
using the TS. 

2.2 Office Work 

When considering the office work 
there were two main parts, that Data 
processing, and  Data visualization  

 
The data collected by the TLS   

downloaded as a point cloud to the processing 
workstation computer with scan-master 
software that is capable of processing 3D point 
clouds that are collected from Topcon laser 
scanners. Then all the point clouds from 
different scan stations were processed to 
create a single large point cloud. After that 
point cloud was used to measure the same 
structural elements that were measured by the 
TS during the data collection. That data was 
noted down on an excel file. For the analysis 
against the plan of the structure different 
vertical sections were cut and imported into 
CAD software for easiness of measurements.  

 
The data collected from the TS was 

download onto the processing workstation 
computer using a pen drive. Then the 
coordinates of the structural elements were 
processed using the Sokkia link software. 

3. RESULTS & ANALYSIS 

As described in the methodology and 
the research design, analysis is mainly done in 
order to find out the usability of the TLS as-
built monitoring tool. For the error analysis 
and to have a result coordinate obtained from 
the Total Station are considered corrected 
values and values that are obtained from the 
Terrestrial Laser Scanner are considered as the 

measured values.   The standard deviation of 
an error on each station is shown in Table 2 
below by analyzing the observed data.   

Table 2 Errors in Ground Floor Data 

 
 

The analysis is mainly in two parts, 
the first analysis of the 3D Point Cloud Data 
from the T.L.S Facade Scan comparing ground 
floor point cloud data with total station data 
and secondly, comparing point cloud data 
with structural drawings.  

 
Figure 1 and 2 shows the registered 

point cloud data of the As-Built survey.  

Figure 1 Top Elevation 

Figure 2 Left Elevation 

Station Number Error 

   Stn 2      0.0004 

   Stn 3      0.0003 

   Stn 4      0.0007 

   Stn 5      0.0005 

   Stn 6     0.0004 

   Stn 7      0.0007 

   Stn 8      0.0004 

   Stn 9      0.0006 

  Stn 10     0.0004 

  Stn 11       0.0004 
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3.1 Analysis of the 3D Point Cloud Data 
with Total Station Data 

Figure 3 shows below portrays the point 
cloud data and corresponding T.S. data of 
structural features of the ground floor. The 
error is in the centimeter level the error 
deviation can be clearly depicted in Figure 3. 
As expected, Northing and Easting values 
have uniform error distribution and the height 
error has deviated from that normal 
distribution still it is in the centimeter-level so 

the point cloud can be explained as a very 
accurate data set. 

Figure 3 Errors in Point Cloud Data 

3.2  Comparing Point Cloud Data with 
Structural Drawing 

Figure 4 shows that the ground floor 

section extracted from the scan data point 

cloud with the measured lengths on it.  After 

cleaning the point cloud ground floor section 

has been extracted from the main point cloud 

data set and that data set has been opened 

using the CAD software and lengths have 

been measured on it. Figure 5 clearly depicts 

the lengths measured on the first-floor section 

and those lengths have been compared against 

the building structural drawings. 

 

Figure 4 Ground Floor – Point Cloud data 

 
 
 

Table 3 Errors in Ground Floor Data 

 
 

Table 3 depicts the error in point cloud data in 
comparison with the structural drawing data. 
It is at millimeter level according to Table 3. 
Figure 5 shows the first-floor section extracted 
from the scan data point cloud with the 
measured lengths on it. 

Figure 5 First Floor – Point Cloud Data 
 

After cleaning the point cloud data of the 

first-floor section have been extracted from the 

main point cloud data set and that data set has 

been opened using the CAD software and 

lengths have been measured on it. Figure 6 

clearly depicts the lengths measured on the 

first-floor section and those lengths have been 

compared agents the building's structural 

drawings.  

Table 4 depicts the error in point cloud 

data in comparison with the structural 

drawing data. It is at millimeter level 

according to Table 3. 

Table 4 Errors in First Floor Section 

Element 
No 

Ground floor 

Point 
Cloud 

length (m) 

Drawing 
length 

(m) 

Error 
(m) 

1 5.4011 5.4 0.001 

2 3.1463 3.15 -0.004 

3 0.2225 0.22 0.003 

4 0.1401 0.14 0.000 

Element 
No 

First floor 

Point 
Cloud 

length (m) 

Drawing 
Length 

(m) 

Error 
(m) 

1 5.5569 5.55 0.0069 

2 3.1518 3.15 0.0018 

3 2.1422 2.15 -0.0078 
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Figure 6 shows the third-floor section 

extracted from the scan data point cloud with 
the measured lengths on it.  

 
There is only very little point cloud 

data available in the second-floor point cloud 
as depicted in Figure 6. The lengths have been 
measured using the Pythagoras software and 
the lengths have been compared with the 
structural drawings. 

Figure 6 Second Floor – Point Cloud Data 

Table 4 depicts errors in the tallest 

section in the point cloud it is all so about 2 

centimeters by analyzing Tables 3, 4, and 5 it is 

possible to say that the point cloud is giving 

high accuracy output. 

Table 5 Errors in Second Floor Section 

4. DISCUSSION 

When considering the TLS as an 

instrument it is designed to scan and collect a 

large amount of point data of any target but 

the main concern for conduction this study 

was in the process of collecting millions of 

point data it is possible to collect all the points 

in the same accuracy level which means the 

same precision. When even in the same scan 

the surface roughness and other surface 

conditions may vary from part of the structure 

to part.  

 

After the analysis of the data collected 

for this research, it verifies that the instrument 

used in this study has a constant precision 

level through the scanning. For this data, it is 

then possible to emphasize that this 

technology can be used in the construction 

surveying industry for far more applications 

than as-built monitoring according to our 

point of view it is possible to say that TLS can 

be used in the fields like movement 

monitoring and crack identification on the 

structures. There is no existing surveying 

technology that can be used in creak 

identification so the TLS will be a game-

changer in that field. 

5. CONCLUSION  

After completing this research, it is 
possible to say that TLS can be very easily used 
as-built monitoring in surveying in Sri Lanka. 
TLS is also much faster and more accurate than 
the existing methods of as-built surveying. 
And the output will be more descriptive and 
will be a complete pictorial view of the area of 
interest.   

6. RECOMMENDATION 

As further development of this study, 
it is possible analysis the accuracy 3600 doom 
scan data shown in Figure 7 and provide an 
accurate report for the internal scanning 
capability of the T.L.S. accuracy.  

Figure 7 3600 Doom Survey 

Also, it is possible to conduct a study on 
the feasibility of using the T.L.S. for DAM 
monitoring tasks, block movement, 
deformation monitoring, and failure perdition 
modeling.       

Element 
No 

  

Second floor 

Point Cloud 
length (m) 

Drawing 
Length 

(m) 

Error 
(m) 

1 3.578 3.6 -0.022 
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Sri Lanka has the highest rate of road fatalities in South Asia, with an average of 
38,000 road accidents recorded per year, resulting in roughly 3,000 deaths and 8,000 
serious injuries annually. Road traffic accidents claim the lives of eight people every 
day in Sri Lanka. According to the National Council for Road Safety, 2,641 fatal road 
accidents resulted in up to 2,829 fatalities in 2019, when 10,691 mishaps occurred. 
The victims included 776 pedestrians, 1,162 motorcyclists, 282 drivers, 405 
passengers, 204 cyclists, and ten others unknown categories. The traffic police have 
identified 25 factors that contribute to traffic accidents, among them, the terrain 
condition of the road network in Sri Lanka is one of the leading causes. This study 
thus opens a new dimension through an extensive review of scholarly arguments 
exemplifying the fact that the analysis of geo-spatial data can be utilized as a viable 
factor to contain the road mishaps to a considerable extent. The study emphasizes 
on ensuring the accuracy of the geo-spatial in this process reviewing in key scholarly 
articles written on the subject highlighting the pros and cons of each study evincing 
their findings. If implemented successfully geo-spatial model would help to 
minimize the road accidents in Sri Lanka to a considerable extent while saving 
human lives and as well as a larger sum of money spent on such victims of accidents 
by the country’s Health Care system, which would invariably support the economy 
of developing nation as that of Sri Lanka. This would also facilitate building a road 
network system that is passenger friendly on par with a unified standard across the 
entire country..  
 

 

1. INTRODUCTION 

Transportation, coupled with the 
rapid economic development and 
urbanization is among the most vital elements 
for third world countries approaching the 
development and the traffic accidents have 
significantly been taken into consideration by 
most developing countries due to its 
seriousness and the unavailability of the 
required amount of resources for developing 
feasible countermeasures for this growing 
challenge.  

 
As far as the road safety is concerned, 

it can be deflected accordingly due to some 
significant factors including the 
environmental issues, surface terrain, 

condition of the road, as well as the behaviour 
of the driver and the pedestrian.  Although 
many precautions have been taken to increase 
road safety during the past few decades, the 
statistics record a significant increase in road 
traffic accidents.  Moreover, the occurrence, 
characteristics, and fatality of accidents in hilly 
terrain seem to be different from other road 
accidents. Thus, it draws our attention to the 
fact that the spatial topology is a major factor 
to be taken into consideration. On the note of 
increasing accident statistics, it is seen that 
countries lack a legitimate system to address 
this improving challenge in introducing more 
sensitive precautions for road accidents.  

 
Most of the decisions taken by 

authorities to improve road safety are based 
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on the accident and geo-spatial data which are 
the main pillars of any country’s road safety 
system. Before proceeding with the analysis to 
improve the road safety by authorities it is 
exceptionally important to get it aware of the 
accuracy of accident data and geo-spatial data 
as well as the factors causing it so that the 
correct solution could be identified for the 
exact problem.  By considering the importance 
of the issue and the lack of a methodical 
literature review that addresses it, this paper 
is brought out with a scientific literature-
related review in order to observe methods to 
overcome the inaccuracy of accident and geo-
spatial data and their data collecting methods. 

2. REVİEW AND ANALYSİS 

The present study deals with accident 

data, geo-spatial data, and their data collecting 

methods through the literature review to 

assess the success & the failure of each 

research. The relationship between accidents 

and geo-spatial data has become an interesting 

area among researchers and the number of 

research papers has been increasing in the last 

few decades.  

2.1. Geo Statistical Tools 

Road traffic accidents are analyzed 

using spatial analysis techniques in GIS. 

Through map visualization, spatial analysis is 

used to pinpoint the locations of crashes and 

to assess specific patterns of distribution. Over 

the past few years, statistical tools 

incorporated with GIS are adopted 

increasingly for the modeling and accessing of 

road accidents. (Benedek et al., 2016; 

Steenberghen et al., 2004; Erdogan, 2009; 

Tortum & Atalay, 2015; Yalcin & Duzgun, 

2015; Erdogan et al., 2008; Ma et al., 2014). 

Many GIS and statistical combined analysis 

are adopted worldwide by the researchers and 

in most of the cases the factor analysis is 

adopted. The factor analysis permits a very 

limited number of dimensions to define and 

explain much information in a large set of data 

in a situation of sizable redundancy. A factor 

analysis was utilized to identify variables with 

a significant correlation to road accidents 

according to the research of Tortum and 

Atalay (2015). Also, some researchers have 

incorporated the fuzzy logic into their 

research. In this case, the Effati et al. (2014) 

researchers used a geospatial neuro-fuzzy 

approach for determining locations of 

hazardous locations. This was conducted on a 

regional highway corridor, and the discovered 

risky or hazardous locations were compared 

with existing accident blackspots, with the 

purpose of discovering at-risk areas. 

2.1.1. Kernel Density 

ArcGIS has introduced the Kernel 

Density Estimation (KDE) in their spatial data 

analysis package which can be adopted in 

determining the risk spread associated with 

the accidents (Budiharto and Saido.,2012). 

According to the findings of Budiharto and 

Saido, (2012), the value of the risk spread can 

be explained as the area covered by the cluster 

which shows a possibility of increasing the 

risk due to a certain accident. A raster output 

will be generated through any KDE analysis 

and Erdogan et al., (2008) have adopted GIS 

incorporated with the KDE analysis as a 

management system for analyzing the 

occurrence of accidents and to subsequently 

determine the accident hotspots using 

statistical analysis. 

2.1.2. Moran's I Statistic 

Moran's I is the most used Geo statistical 

tool in GIS to determine accident hot spots and 

analyze accident geographic phenomena. 

Moran’s I can be applied as a statistical tool to 

mathematically cater to the spatial 

dependence of the accident location. This can 

be used to evaluate the spatial pattern clusters 

in order to understand whether they are 

dispersed or random. Concurrently, it can be 

used to determine the level of concentration. 

As stated by Erdogan (2009), Moran’s I shows 

the spatial correlation as a single value and 

checks the spatial pattern clusters. At the same 

time, the proximity between any two 

considered points can be defined as the 

inverse of the distance between the two 

respective points. The difference between the 

values of two considered points and the value 

pertaining to the global average is defined as 

the attribute similarity severity index of the 
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two points. As suggested and developed by 

Pirdavani et al. (2014), crash prediction models 

can be developed using geographically 

weighted regression through the computation 

of Moran’s I for the selected independent and 

dependent variables. The results have shown 

the extreme necessity of considering the 

spatial correlations for the proper generation 

of crash prediction models. 

2.2. Digital Terrain Model 

As documented by Eliseev et al., 

(2017), generating a digital terrain 

environmental model and overlaying roads, 

buildings, bridges crossings, and traffic 

interchanges on it using satellite images and 

bitmap could be a reason for reducing the 

number of accidents, potentially hazardous 

situations. And also get a high-accuracy 

description of vehicle movement on a road 

with complex terrain. The study declared the 

fact that 3D modeling is one of the key 

technologies essential for creating a unified 

system that would ensure road safety. 

 

The claim made by Castro, García-

Espona, and Iglesias (2015) is that road design 

is heavily reliant on sight distance. The 

purpose of this research was to investigate the 

relationship between the resolution of the 

Digital Terrain Model (DTM) and available 

sight distance. A tool has been developed 

using .NET in cooperation with Geographic 

Information System Software to quantify and 

analyze the sight distance (GIS). Three high-

resolution LIDAR-based DTMs were used, 

and the vehicle's position and speed were 

calculated using the Global Positioning 

System (GNSS). This research's findings 

indicated that the higher quality of the results 

was related to the higher DTM resolution 

rather than the distance between calculation 

points. 

 

The findings of Choi et al. (2011) state 

that, in the South Korean rural national road 

crash model, the safety effects of highway 

terrain types were determined for rural 

national roads. According to the author's 

hypothesis, there will be reduced risk of traffic 

accidents when the speed limit is changed. 

Several independent variables of highway 

geometric elements such as terrain type, the 

radius of curvature, tangent length, curve 

length, and vertical grade were investigated 

using an ordinal logistic regression model in 

order to relate actual crash occurrences and 

crash cost estimation models. Furthermore, 

the findings from this research show that 

terrain type is a critical variable. Also, as a 

result, future crash model development 

should always include terrain type as an 

independent variable. 

 

Shallam et al., (2018) investigated the 

impact of the direction of the horizontal curves 

on the operating speed as well as the impact of 

gradients on the operating speeds adopted on 

the horizontal curves. To achieve the above 

objectives, operating speeds on the left turning 

and right turning curves were compared for 

different ranges of vertical gradients, and 

speed data were collected using a radar gun at 

the middle of the horizontal curve during clear 

weather conditions. As a result, the researcher 

observed that the operating speed on the right 

turning curves was higher than the left turning 

for steep upgrades whereas, that the operating 

speed on the left turning curves was higher 

than the right turning for steep downgrades, 

as well as operating speeds of vehicles are 

significantly influenced by the direction of the 

curve in hilly terrain. 

 

In the study published by Chalkias 

and Faka and Kalogeropoulos (2013), 

vehicular movement in the summer is 

believed to cause lost vision due to direct 

sunlight in mountainous terrain. A set of 

geometrical, terrain, and solar-illumination 

analyses have been performed in this study. In 

addition, the dynamic modeling and mapping 

of the revelation to direct sunlight have 

enabled a significant improvement in road 

network efficiency and service. Mapping 

exposure to direct sunlight can be a highly 

useful planning tool for transportation 

planners, as it prevents problems such as 

traffic accidents and exposure to hazardous 

weather. 
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3. DISCUSSION AND CONCLUSION 

Transportation is a matter of great 
importance in daily life. Yet, considering the 
present situation it should be noted that 
mobility itself causes many road traffic 
accidents risking the lives of drivers as well as 
pedestrians. Apart from the negligence and 
the haphazardness of the drivers and 
pedestrians, there exist some factors including 
the geographic and spatial factors which are 
uncontrollable by the drivers or pedestrians, 
yet has to be taken into consideration by the 
relevant authorities dealing with mobility 
who possess an equal responsibility for the 
occurrence of accidents. Road accidents are a 
scourge on a par with the current pandemic; 
they claim approximately 1.35 million lives 
worldwide each year, according to the World 
Health Organization (WHO, 2018). One 
cannot fathom why there has been no 
sustained global effort, comparable to the 
campaign against COVID-19, to eliminate the 
causes of deadly road accidents; this is 
especially true in this country, where road 
fatalities outnumber pandemic-related 
deaths. Regrettably, road traffic fatalities are 
reduced to statistics and then forgotten.  
Given the breadth of road accident causes, a 
multi-pronged strategy and a long-term, 
holistic approach are required to address 
them. However, if immediate action is taken 
to address infrastructure defects in the road 
safety network, the problem may be contained 
to a significant extent. 

 
The respective government 

authorities to ensure the safety of road users 
decided the road safety by only considering 
the speed of the vehicle and urbanization 
factor. However, the vital spatial factors 
including nature of the surface terrain, 
condition of the roads, depth of the horizontal 
and vertical curves, environmental factors, 
have not been taken into account. Hence, the 
contribution of some legitimate system is 
arising to appropriately identify the 
significant factors affecting the road safety 
and to guide the drivers and passengers 
accordingly. This research opens a new 
dimension for the authorities to consider the 
factors including the geo-spatial data, which 
are uncontrollable by the drivers or 
pedestrians in controlling accidents. 

 
 

Further to this study allows the 
society including the drivers and pedestrians 
in using emergency actions and other 
precautionary measures to be adopted when 
driving in accident risky areas. This study 
illustrated the use of GIS technology as a geo-
spatial modeling tool, able to support the 
decision-making process. The use of DTM in 
co-operation with GIS and GNSS seems to be 
the ideal technology for the respective 
government authorities to ensure the safety of 
road users by taking appropriate decisions to 
identify risk zones and acts to prevent road 
accidents. 

 
As exemplified in the brief review of 

literature, numerous studies analysed the hot 
spots of traffic accidents using GIS tools to 
visualize the locations of accidents on a digital 
map. The number of accident records and the 
factors used vary considerably. The number of 
accident records and the analysis of factors 
discovered are highly dependent on data 
availability. In terms of spatial methods, 
Moran's I Geo statistical tool is most 
frequently used. Moran's I provide a powerful 
tool for studying accident occurrence because 
it quantifies the spatial dependence of 
accident locations and clusters accident spots 
according to spatial patterns.  

 
Due to the breadth of methods and 

tools available in the literature for GIS, 
researchers can conduct a wide variety of 
highway safety studies and identify accident 
patterns on networks. The description of the 
characteristics and limitations of the studies 
included in this review will assist analysts in 
determining the most appropriate method for 
a given study. 

 
In cognizance of the above factors, 

this study construes the fact that how GIS and 
GNSS data could be successfully utilized in 
formulating an accountable approach to 
minimize the road traffic accidents in Sri 
Lanka. In this regard, the study identifies a 
knowledge gap to be fulfilled in which how 
statistical data pertaining to digital terrain, 
accidents, 3D images captured through the 
drones of the risk ridden sites, can be 
integrated into the GIS &GNSS data to 
formulate a 3 model to identify the black spots 
of the accidents, hazard zones while reducing 
the potential accidents. Therefore, investing in 
such a holistic framework drawing experts 
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from the fields would be a viable project that 
would ensure the safety of citizens traveling 
on the road. The transport system of a country 
has a significant bearing on its sustainable 
development. Thus, a project of this scale 
would invariably support the development 
and economy of a developing nation like Sri 
Lanka. Therefore, it is recommended to 
conduct further research into the 
development of a proposed model to 
minimize road traffic accidents. 
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Curve is an important geometrical feature to facilitate change of road direction. 
Curve radius and degree of the curvature on roads are decided based on the design 
speed. However, the space limitations on certain localities especially in urban areas 
may lead to variations in curve radius and degree of curvature at different curves 
along the road segment. These variations may affect vehicle speed and driver 
behaviors. In the absence of previous studies, this research intends to do an initial 
study on how the non-uniform curve radius would influence driver behaviors and 
accident risk by taking curves of the Ethulkotte - Mirihana (B120) road as a case 
study. To realize this aim, accident statistics, spot speed data, road design data and 
driver perception data were studied. Results indicated the presence of marginal 
effect of curve radius variation at lower curve radii. However, these did not 
correspond to higher accident risks. Driver experience along the case study route 
revealed behavioral adaptations of drivers to avoid accidents. 
 

1. INTRODUCTION 

Every year, a notable number of deaths 
and losses are recorded due to inadequate road 
safety. According to World Health Organization 
(WHO), road traffic injuries are the 8th leading 
cause of death for people of all ages (WHO, 
2020). Several recent studies expose that the 
growing number of motor vehicles is the main 
reason for increasing the road accident count 
(The global impact, 2020). Road safety has 
become one of the Global Public Health 
Priorities. Accident statics proves more 
accidents occur in horizontal curves than in 
straight segments of roads. (Safety Federal 
Highway Administration, 2019).  

 
A curve is an arc that connects two 

straight lines separated by an angle. This change 
of direction occurs due to unavoidable objects or 
situations (Sadanandam, 2018). The curves are 

designed to facilitate the smooth change of 
direction at a particular point. Two main types 
of curves can be found in highways: vertical 
curves and horizontal curves. Generally, two 
types of vertical curves (crest and sag) and 
several types of horizontal curves like simple 
circular curve, compound curve, reverse curve, 
transition curve, spiral and lemniscate can be 
found (Sadanandam, 2018). 

 
Risk of accidents and the nature of 

accidents in a curve are dependent on the 
geometric factors and drivers’ factors. The 
geometric factors include radius, degree of 
curve, curve length, tangent length, super 
elevation, friction of the road surface etc. 
Drivers’ factors include driver condition, 
confidence, experienced and quick decisions, 
speed related behaviour, etc. (Palmberg et al., 
2015). 
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Design speed is the maximum safe 
speed that can be maintained in a highway when 
conditions are favourable (John, 1987). Design 
speed is the speed required maintain the traffic 
conditions expected from the transport plans 
while ensuring safety. Road design speed is a 
major factor in decisions related to geometric 
design such as super elevation, radius of curve, 
sight distance and length of curve. In general, a 
constant value is used as the design speed for the 
whole road. However, local conditions such as 
limited land availability may limit the adherence 
to the usage of constant design speed in curve 
radii decisions.   However, highway designers 
try to maintain at least a minimum value for the 
design speed and radius. However, the influence 
of non-uniform curve radius on operational 
speed and driver behaviour is not known yet. 

 
 Operating speed of a road is the speed 

at which vehicles generally operate on the road. 
Operational speeds higher than the Design 
speed can be observed with favourable weather, 
driver and geometric conditions. Operational 
speeds lesser than the design speed can be 
observed in certain road segments due to traffic 
congestion, blockage at road junctions, 
unfavourable pavement or geometric condition 
and bad weather or driver condition.  

 
The driver behaviors such as speed 

maintained or manure are affected by factors 
such as posted speed limit, road geometric 
parameters, environmental parameters, driver 
condition, etc. This research was carried out to 
investigate the effect of non-uniform curve radii 
on driver behavior along highway stretches 
based on the effect on the operational speed with 
geometric parameters (radius and degree of the 
curve), accident risk.  In the absence of any 
previous research work on this area, the study 
was carried out as an initial study by taking a 
case study route with the below objectives.  
A. Study whether the operational speed 

substantially deviates from design speed in 
curves with lesser radius. 

B. Study the relationship between the average 
operational speed with radius and degree of 
the curve. 

C. Study about accident risk due to non-
uniform curve radius. 

D. Identify the difficulties faced by the drivers 
and other road users due to non-uniform 
curve radius along the route. 

E. Propose mitigation measures for curves. 

2. METHODOLOGY 

This research intends to investigate the 
effects of non-uniform curve radius on driver 
behaviour. In order to fulfil that goal, a study 
was conducted in the case study of Ethulkotte-
Mirihana (B120) road. This whole road on level 
terrain with a design speed of 50kmph. 34 
horizontal curves which radius varies from 
100m to 1000m, and the curves selected for the 
study had degree of the curvature varies from 30 
to 490. Speed observations, accident data 
analysis and driver perception survey were 
conducted among the regular drivers of the 
route. 

2.1. Objective A; Study Whether the 
Operational Speed Substantially Deviates 
from Design Speed in Curves with Lesser 
Radius 

Nature: A speed survey was conducted to collect 
operational speed at every curves.  
Data: The spot speed data at the mid-point of 
each curve under the free flow condition were 
collected by using on-board speedo meter 
reading of the vehicle. In a free-flow condition, 
vehicles travel at their desired maximum speed 
without any disturbance from other vehicles in 
the traffic stream. 
Sample: Speed data was collected for each of the 
33 curves of the case study route during 45 trips 
using 10 vehicles. Separate estimations were 
collected for both travel directions. 
Data analysis: At each curve, the 85th percentile 
speed was estimated for two travel directions 
separately using speed data of the individual 
trips. A speed frequency graph for each curve for 
each trave direction was plotted from which the 
85th percentile speed was estimated. 

2.2. Objective B; Study the Relationship 
Between Operational Speed with Radius 
and Degree of The Curve 

Geometric details were obtained from 
drawings of B120 road provided by the Road 
Development Authority, Sri Lanka (RDA). 
Radius and degree of the curvature were 
considered as geometric features in this study. 
The radius and degree of the curvature of each 
curve was extracted from AutoCAD files of the 
road. Data were graphically represented 
showing speed deviations vs. radius and speed 
deviation vs. degree of the curvature. 
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2.3. Objective C; Study About Accident Risk 
Due to Non-Uniform Curve Radius and 
Investigate Accident Possibility Along 
Highway Curves 

Accident details of B120 road were 
collected from the Mirihana Police Station. 
Collected details were filtered and analysed 
with respect to the type of accident and type of 
vehicle. 

 
After analysing the details, the number 

of accidents was counted for each curve. After 
wards number of accidents, radius, and the 
degree of curvature details were plotted. 

2.4. Objective D; Identify the Difficulties 
Faced by The Drivers and Other Road 
Users Due to Non-Uniform Curve Radius 
Along the Route 

A questionnaire survey was conducted 
targeting the regular drivers and officials from 
related authorities. The regular driver-category 
included bus drivers, truck and lorry drivers, 
office vehicle drivers, taxi drivers including 
three-wheelers and passenger cars. Traffic 
police officers and RDA officers were selected as 
related authorities. Motorcyclists, cyclists were 
excluded due to different driving behaviour and 
long vehicle drivers were excluded due to 
different vehicle conditions. The purpose of the 
questionnaire survey was to identify the 
difficulties of the B120 road due to non-uniform 
curve radius and relevant driver behaviour. A 
qualitative survey was conducted among the 
participants in which they were asked to 
identify the curves with driving challenges, 
describe such challenges and list out any 
modifications to manering behaviour in such 
curves.  

 

3. RESULT AND DISCUSSION 

Figure 1 shows the Google view of the 
Ethulkotte-Mirihana road. There are two types 
of road sections, two-lane highway and four-
lane highway and the road has 49 horizontal 
curves and 5 main junctions. 

 

 
 

 

3.1. Deviation (D) of Operational Speed 
(85th Percentile Speed) From the Design 
Speed Limit 

85th percentile speed from Nugegoda to 
Ethulkotte (V851), 85th percentile speed from 
Ethulkotte to Nugegoda 85th percentile speed 
from Nugegoda to Ethulkotte (V852), were 
estimated separately. The average values of 
operational speed (V85av) was calculated by 
getting the average of V851 and V852. V85av , D 
(Deviation of operational speed from design 
speed), road design speed (VD(R)), curve design 
speed (VD(C)), radius of the curve and degree of 
the curvature (DoC) are indicated in Table 1. 
Figures 2 and 3 depict similar information 
showing the variation of operational speed and 
curve design speed with Curve radius and 
Degree of curvature.  

 
The road design speed (VD(R)) of the total 

road is 50kmph. However, different curves of 
the road had different curve radius. But all curve 
radii exceeded the minimum curve radius of 
100m which corresponded to the radius required 
for 50kmph design speed. However, some other 
curves had higher speeds ranging between 
50kmph to 100 kmph as shown in Table 1. This 
gives a chance for the drivers to speed up 
beyond the 50kmph range which is the posted 
maximum speed allowed in urban areas. 

 
According to Table 1, the curves along 

this road have been designed with a curve 
radius equal or higher than 100m which is the 

curve radius corresponding to minimum speed.  
 

Figure 1 Google map view of the road 
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Table 1 Operational speed, road 
design speed, curve design speed and 

geometric data for each curve along the route 
 

This has enabled a design speed equal or 
higher than road design speed of 50kmph. 
According to Figure 2, V85av (Operational speed), 
is somewhat lower at lower radius curves. 
However, as an all operational speed values 
remains within the range of 45 kmph – 60 kmph 

irrespective of the design speed increase 
facilitated by increased curve radius. Similarly, 
Figure 3 reveals that the  

operational speed is somewhat lower at 
higher degrees of curvatures.  

 
Yet the figure also reveals that the 

values of V85av (Operational speed), remains in 
the range of 45 kmph – 60 kmph irrespective of 
the design speed increase facilitated by the 
decreased degree of curvature. This indicated 
that although curves with larger radii or lower 
values of degree of curvature gave potential to 
increase speed up, the road users may not speed 
up to a very high range.  

 
They may be concerned about the 

maximum speed limit of 50kmph which applies 
to urban areas. However, as revealed by the D 
values in many curves they have maintained 85th 
percentile speed marginally above the speed 
limit. Thus, the results of this initial study 
indicate that even in the presence of a non-
uniform curve radius the drivers are capable to 
recognize the variation of curve radius and 
maintain speeds closer to allowable speeds.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
In addition to the above, data in Table 1 

were analysed for sequential effects to identify 
any trend in operational speed that could be 
observed as one traverse along successive 
curves. The data did not support this idea as 
well. 
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unit kmph m (o) 

9 50 0 50 50 110 49 

10 57 7 50 80 300 19 

11 60 10 50 70 225 43 

12 60 10 50 80 300 15 

13 59 9 50 70 225 26 

14 54 4 50 50 100 36 

15 55 5 50 70 250 21 

18 48 -3 50 70 250 15 

19 53 3 50 100 600 8 

20 55 5 50 100 1000 3 

21 51 1 50 60 180 26 

22 45 -5 50 50 100 45 

23 55 5 50 100 600 5 

24 55 5 50 80 300 38 

25 52 2 50 70 225 16 

26 45 -6 50 100 500 5 

27 50 0 50 80 300 12 

28 52 2 50 100 500 4 

29 53 3 50 90 400 11 

30 57 7 50 100 500 2 

31 59 9 50 100 700 7 

32 61 11 50 80 300 16 

33 58 8 50 100 1000 9 

34 57 7 50 100 500 10 

35 59 9 50 100 1000 7 

36 58 8 50 100 1000 5 

37 55 5 50 100 500 22 

38 55 5 50 90 400 6 

39 53 3 50 100 750 7 

40 53 3 50 80 350 15 

41 59 9 50 100 1000 3 

42 59 9 50 100 1000 4 

43 53 3 50 100 500 14 

44 48 -2 50 70 225 26 
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Figure 2 Variation of Operational speed 

and Speed based on Curve Radius  
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3.2. Variation of the accidents with the 
geometric parameters 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 Figure 4 represents the number of 

accidents at each curve during the five-year 
period from 2015 to 2019. The data was obtained 
from the record of reported traffic accidents 
maintained by Mirihana Police.  

 
Driving becomes difficult when radius 

decrease and degree of the curvature increase. 
When the drivers feel the difficulty of driving 
through, they are expected to manoeuvre at 
lower speeds to minimize risk of accident 
increases. The above plot was used to 
understand whether the curve radius reduction 
leads to increased possibilities of an accident.  

 
However, according to the accident 

statistics, no clear relationship was evident 
between curve radius, curve design speed and 
accident risk.  This indicates the given set of 
curves the variation of curve radius has not led 
to increased accident rates. One contributor for 
the above may be the conscious driving style of 
drivers whereby the drivers try to bring down 
the operational speed curves to a safer level. 

3.3. Difficulties of the Case Study Route 
According to the Questionnaire Survey 

Daily users of Ethulkotte-Mirihana road 
have the best experience about the difficulties 
faced when using the road section. Their driving 
behaviour data was collected through a 
questionnaire survey. Drivers explained their 
experiences of driving in each curve by detailing 
about maximum possible speed, identifying 
curves with higher accident risk, challenging 
curves, as well as the difficulties faced by drivers 
due to the non-uniform vehicle curve radius and 
any specific driving style changes they adopt.  

 
Curve ID 22, 9, 14, 44, and 21 have been 

identified as difficult curves according to the driver 
experience. Moreover, drivers stated that they face 
difficulties in curves with lower radii avoiding 
speed reductions.  The drivers stated that they face 
difficulties during skid avoiding speed reductions. 
They stated that they are adopting some 
behavioural changes especially in such challenging 
curves. Part of these results are tabulated in Table 
2 giving the details of driver behaviour adoption 
details, the condition of the radius value and the 
degree of the curvature value and the accident 
quantity of each curve. Further they stated that 
some visibility issues existed in some of the curves 
with lower radius.  

Figure 4 Accident details per 5 years and the 

geometric details of the highway curves 
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3.4. Mitigation Measures 

When considering the experienced-
based opinion survey and the results, it is 
evident that curve radius variation has not led to 
an increase in accident risks due to some driver 
behaviour adoptions. As detailed in Table 2 
drivers declared that in certain curves, they 
adopt driving behavioural modifications such as 
the vehicle speed adjustment due for higher 
speed, trajectory adjustment to maintain higher 
speed and the speed and trajectory adjustment 
at curves with visibility issues.  

Table 2A Driver Behaviour modification 
observations 

Cu
rv
e 

ID 

Radius Degree of 
the 

Curvature 

Accid
ents 

Driving 
Behavior 

9 L  H 3* SA DA 

10 M  M 5* NB 

11 M H 0* NB 

12 M M 2* NB 

13 M M 0* NB 

14 L H 0* SA DA 

15 M M 4** NB 

18 M M 2* NB 

19 H L 3* NB 

20 H L 0* NB 

21 L M 0* SA DA 

22 L H 13*** SA DA VP 

23 H L 1* NB 

24 M H 4** NB 

25 M M 6** NB 

26 H L 2* NB 

27 M L 3* NB 

28 H L 0* NB 

29 H L 4** NB 

30 H L 0* NB 

31 H L 3* NB 

32 M M 3* NB 

33 H L 6** NB 

34 H L 0* NB 

35 H L 0* NB 

36 H L 1* NB 

37 H M  NB 

38 H L  NB 

39 H L  NB 

40 M M  NB 

41 H L  NB 

42 H L  NB 

43 H L  NB 

44 M M  SA 

 

Table 2B Legends for the Table 2A. 

Parameter Legend Description 

Radius 

L 
Difficult; Radius less 
than 200m 

M  
Least-Difficult; 
Radius in between 
200m and 400m 

H 
Non-Difficult; 
Radius more than 
400m 

Degree of the 
Curvature 

L 

Non-Difficult; 
Degree of the 
Curvature less than 
15 degrees 

 

Parameter Legend Description 

Degree of the 
Curvature 

M  

Least-Difficult; 
Degree of the 
Curvature in 
between 15 and 35 
degrees 

H 

Most-Difficult; 
Degree of the 
Curvature more than 
35 degrees 

Accidents 

* 
Number of 
Accidents; above 8 
accidents 

** 
Number of 
Accidents; 4 to 7 
accidents 

*** 
Number of 
Accidents; 0 to 3 
accidents 

Driver 
Behavioral 
Observations 

SA 
Speed Adjustment 
along the curve 

DA 
Direction 
Adjustment along 
the curve 

VP 
Speed or Direction 
adjustment due to 
Visibility Problems 

NB 
Normal Driving 
Behavior  

 
Although this study anticipated some 

safety risks due to non-uniform curve radius, the 
results did not support such hypothesis. 
However, accident statistics indicated, few 
curves with higher accident risks. For these 
critical curves, few mitigation measures can be 
proposed to reduce accidents. These are, 
• Display the advisory boards stating the 

maximum safe operational speed. 
• Insert the rumble strips located from a 

reasonable distance from the curve. 
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• Banning the parking or stopping vehicles at 
the curve 

• Improving the road visibility at the curve  

4. CONCLUSION 

This research intended to get some 
initial insights of effect due to non-uniform 
design curve radius in urban highways by 
studying the situation case study route. Data 
across more cases may be required to 
understand the statistically significant 
relationships. However, the results of this study 
can be used to indicate several conclusions. 

 
According to the results, operational 

speed (85th percentile speed) is lower at lower 
radius curves. Similarly, 85th percentile speed 
reduces at higher degrees of curvatures and 
remain at a constant value. However, increasing 
curve radius and decrease in degree of curvature 
did not lead to a proportional increase in 
operation speed. The operational speed 
remained in a range somewhat higher than 
allowable speed limit. 

 
According to the previous studies, as the 

curve radius is getting lower and the degree of 
the curvature is increased, the risk of the curve 
is increased (Anderson and Krammes, 2000; 
Khan et al., 2012). Therefore, the possibility of 
accidents is increased. But in this study, a clear 
relationship was not observed between number 
of accidents and operational speed. The main 
accident types can be concluded as multiple 
vehicle collisions in opposing and same 
direction, single vehicle run-off and roll-over 
accidents. However factors leading to the 
accident risk could not be stated clearly. Most of 
the curves of this stretch are medium sized 
curves. Also, statistical analysis did not support 
any relationship between operational speed, 
radius and degree of curvature. These statistics 
did not indicate any significant risks associated 
with lower curve radius values or non-uniform 
curve radius. So results weren't able to provide 
a relationship between non-uniform curve radii 
with driver behaviours. Five years of accident 
data were collected for the research. But a larger 
accident database would support a 
comprehensive analysis and results will be more 
favourable. 

 
According to the results and the driver’s 

experience, few curves can be identified as the 

most critical curves of the road with relatively 
higher accident possibility. Also, their curve 
radius is very low and degree of the curvature is 
higher. Moreover, drivers face difficulties 
during skid avoiding speed reductions. Drivers 
steer inside the curve and reduce speed due to 
visibility errors and the instance of feeling skid 
possibility. It can be concluded that drivers may 
be adopting vehicle speed adjustments, 
trajectory adjustments, speed adjustment and 
trajectory adjustments due to visibility issues. 
This behaviour successfully minimizes the 
accident possibility. However, these behaviours 
would not support smooth driving. As a result 
of the study, few mitigation measures have been 
proposed to be adopted at critical curves for 
reducing accidents. These are, Display the 
advisory boards stating the maximum safe 
operational speed and insert the rumble strips 
located from reasonable distance from the curve. 
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Kelani River basin is one of the frequently flooded river basins in Sri Lanka. This 
necessitates the identification of flood prone areas for implementing flood 
mitigation measures to make the river basin more resilient to floods. In this study, 
ArcGIS integrated multi criteria decision analysis (MCDA) was applied for the 
Kelani River basin at sub-basin scale to identify the flood prone sub-basins based on  
geo-morphological and climatic characteristics. Twenty sub-basins were delineated 
considering the basins main tributaries. Most widely applied Technique for Order 
of Preference by Similarity to Ideal Solution (TOPSIS) method was the MCDA 
method. Sub-basins were classified into five vulnerable groups as: very high, high, 
moderate, low, and very low based on the performance score obtained from the 
TOPSIS. Seven sub-basins encircled to the lower middle Kelani River sub-basin, ie., 
Lower Kelani River, Kollonnawa Ela, Puswelli Oya, Pugoda Oya, Upper middle 
Kelani River, Pallewala Oya, and Biyagama sub-basins comprising 28% of the total 
basin area were identified as “very high” vulnerable for flooding. South most sub- 
basins, Wak Oya, Seethawaka Ganga, Gatahetta Oya, Ambalanpitiya Oya are 
moderately vulnerable for flooding.  
  

 

1. INTRODUCTION 

Flood vulnerability studies provide a 
basis for the development of food 
management plans. Flood vulnerability index 
(FVI) studies are conducted at various scales, 
i.e., at basin, sub-basin, and urban scale (Balica 
& Wright, 2009).  

 
Flooding is one of the prevalent 

natural disasters in Sri Lanka causing human 
and economic losses (Ministry of Disaster 
Management, 2014). South western is the most 
affected region in the country with the 
downpour of southwest monsoon rainfall. 
JAICA(2009) carried out a flood vulnerability 
analysis at basin scale for the four main river 
basins, Kalu, Kelani, Gin, and Nilwala located 
in the south western of Sri Lanka. Following 
the FVI method of National Institute for Land 
and Infrastructure Management (NILIM), 
Japan, their analysis includes 11 indicators 

corresponding to four components climate, 
hydrogeology, socio-economy, and 
countermeasure. Four basins were ranked 
based on the basin scale FVI in the order as 
Kalu, Kelani, Gin, and Nilwala. This study 
considers FVI assessment at sub-basin scale 
and Kelani River basin was considered as the 
case study. 

 
The Kelani River basin is the second 

largest river basin in Sri Lanka. The river flow 
through the highest population density 
districts Gampaha and Colombo triggering 
substantial flood induced losses. 
Approximately 5.4% of the basins total 
population reside in the flood prone area 
(JAICA, 2009). According to historical records 
of the water level, most recent significant flood 
occurred in May 2016 with a “Major” flood 
water level record of 2.3 m at Nagalagam 
street gauge after the major flood occurred in 
1989. Water level records of Nagalagam Street 
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evidenced that minor flood events occurred 8 
times from 2003 to 2017 (Hettiarachchi, 2018). 
The flood in May 2016 has recorded 150 
deaths, 59,000 damaged houses and 500,000 
affected people (JICA, 2017). These highlights 
the need for flood vulnerability studies for the 
Kelani River basin. 

 
Gunasekara (2008) carried out a study 

to prepare flood depth and flood inundation 
maps for the lower Kelani basin from 
Glencourse to Nagalagam street for 10, 20, and 
50 year return periods using Hydrologic 
Engineering Center’s River Analysis System 
(HEC-RAS) software. Dushyantha & Ptuhina 
(2020) developed a mathematical model to 
calculate the flood risk water level at gauging 
stations of Nagalagam street, Hanwella, and 
Glencourse for 5 and 10 year return periods. 
Both above studies are modelling based flood 
vulnerability assessments. Further, flood 
impact assessments have been carried out to 
certain regions in the Kelani River basin. For 
example, Dias et al., (2017) & Komolafe et al., 
(2018) developed damage curves for flood risk 
assessment in the city of Colombo and in the 
flood prone areas in the Kelani River basin, 
respectively. The study of Wagenaar et al 
(2019) considered evaluating the adaptation 
measures proposed for Colombo and 
Kolonnawa sub basins. The present study 
evaluates the geomorphological and climatic 
characteristics on flood vulnerability in the 
sub basins of the Kelani River and prioritizes 
the sub basins using FVI obtained from multi 
criteria decision analysis. This study will serve 
as the basis for identifying   flood prone sub 
basins on priority basis. 

2. STUDY AREA AND DATA 

Kelani River, the fourth longest river 

of Sri Lanka, originates from the central hills. 

The river flows to the West and runs into the 

sea at Colombo. The river basin is entirely 

located in the wet zone with an extent of ~2230 

km2. Major tributaries of Kelani River are 

Maskeliya Oya, Kehelgamu Oya, We Oya, 

Ritigaha Oya, Gurugoda Ganga, Seethawaka 

Ganga, and Wak Oya. Its average annual 

rainfall varies from 5700 mm to 2300 mm. The 

basin receives major share of the rainfall 

during southwest monsoon period. Figure 1 

shows the location map of the Kelani River 

basin and its river network.  

 

 

Figure 1 Kelani River basin, its location, 
river network, and rain gauge stations 

 
 
Basins land use is dominated by 

rubber and tea plantations, forests, and home 
gardens, (Goonatilake et al., 2016). Mid basin 
is mainly covered with rubber fields and tea 
plants are predominantly present at up basin 
accounting for 50% of the total area. 
Cultivated area occupies 34% of the river basin 
comprising 74% of the homesteads/garden 
area and 22% of the paddy area. 

 
Basins up catchment comprises of 

Red-Yellow Podzolic soils (50%), while 
mountainous terrain occupies Red-Yellow 
Podzolic soils and Mountain Regosols (15%). 
Mid-basin mainly contains Red-Yellow 
Podzolic soils and Low Humic Gley soils (5%). 
Low-lying area of the basin contains Red-
Yellow Podzolic soils with soft or hard laterite 
(21%). Downstream river floodplain is 
covered by the Alluvial soils (2.5%) and Bog 
and Half-Bog soils (1.5%) (Goonatilake et al., 
2016). 

 
The main input data for 

morphometric processing were three layers of 
maps watershed map, drainage map, and 
elevation map. These were generated from the 
Shuttle Radar Topography Mission (SRTM) 
30m spatial resolution Digital Elevation Model 
(DEM) data using ESRI geographic 
Information System (ArcGIS 10.2). Land use 
maps, updated in 2008, were obtained from 
the Survey Department of Sri Lanka. Soil map 
and the rainfall data were obtained from the 
Irrigation Department of Sri Lanka.  
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3. MULTI CRITERIA DECISION 
ANALYSIS 

In this research, flood-influencing 
factors of each sub basin were evaluated based 
on multi-criteria decision analysis (MCDA). 
Catchment of the Kelani River basin was 
delineated using Arc-Hydro tools of 
ArcGIS 10.2 (Figure 2). Alternatives being the 
sub-basins of the Kelani River basin, it was 
delineated into twenty sub-basins considering 
its main tributaries (Figure 3).  

 

Figure 2 Catchment delineation process 

 

 

Figure 3 Sub-basins of the Kelani River 
basin 

Table 1 provides the sub basins 

name and corresponding catchment area. 
Morphometric parameters relevant to 

flooding are specific for a catchment. 

Following the standard practice, 

morphometric parameters were identified 

based on suitability and inter-related 

parameters were not selected for this study 

(Balica, 2009). Six morphometric parameters, 

drainage density, bifurcation ratio, elongation 

ratio, drainage texture, relief ratio, and 

ruggedness number, which are more related to 

flooding, were considered to include as 

criteria (Table 2).  

Table 1 Sub basins name, code, and area 

Sub basin Area 
km2 Code Name 

SB01 Lowe Kelani River 67 

SB02 Kollonnawa Ela 82 

SB03 Biyagama 61 

SB04 Lower middle Kelani River 157 

SB05 Pallewala Oya 35 

SB06 Puswelli Oya 105 

SB07 Wak Oya 100 

SB08 Upper middle Kelani River 224 

SB09 Pugoda Oya 53 

SB10 Seethawaka Ganga 176 

SB11 Gatahetta Oya 34 

SB12 Ambalanpitiya Oya 71 

SB13 Gurugoda Oya 227 

SB14 Ritigaha Oya 96 

SB15 Walihel Oya 87 

SB16 Upper Kelani River 137 

SB17 Panapura Oya 42 

SB18 Magal Ganga 112 

SB19 Maskeliya Oya 199 

SB20 Kehelgamu Ganga 212 

 

Table 2 Morphometric parameters 

Name Equation 

Drainage density (D) TSL/A 

Bifurcation ratio 𝑁𝑢 𝑁𝑢 + 1⁄  

Elongation ratio 2√𝐴 𝜋⁄ 𝐿⁄  

Drainage texture TSN/ P 

Relief ratio 𝑅 𝐿⁄  

Ruggedness number 𝑅 × 𝐷 

Fill sinks

SRTM DEM
30m

Flow
direction

Flow
accumulation

Stream
definition

Stream
segmentation

Catchment grid
delineation

Catchment
polygon

Drainage line
procesing
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catchment
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River basin

Delineating
the cathment
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TSL: Total stream length; 𝑁𝑢: number of streams of 
a given order; A: Area; P: Perimeter; L: Length of 
the sub basin; TSN: Total number of stream 
segments; R: Elevation difference between river’s 
source and river’s mouth 

Further, curve number (CN), and 

monthly rainfall were identified as the other 

contributing factors for flooding. The curve 

number map was derived based on the area's 

hydrologic soil group and land use. 

Criterion values corresponding to 
each sub basin were arranged to make the 
decision matrix on which MCDA was based 
upon. Sub basins of the Kelani River were 
prioritized for flood vulnerability based on the 
performance score obtained from the 
Technique for Order of Preference by 
Similarity to Ideal Solution (TOPSIS). Steps in 
TOPSIS include, normalization of the decision 
matrix using vector normalization, finding 
weighted normalized matrix, identifying ideal 
best and worst solutions for each criterion, 
calculation of Euclidean distance from the 
ideal best and worst solutions, and calculation 
of the performance score. For detailed 
explanation on TOPSIS method, reader may 
refer to Hwang and Yoon (1981). 

4. RESULTS AND DISCUSSION 

4.1. Influencing Factors for Flooding 

4.1.1. Drainage density 

Drainage pattern of a catchment 

reveals surface and subsurface formation 

characteristics. Drainage density directly 

affects the concentration time and the peak 

flow. High drainage density infers increased 

flood peak. Alternatively, long concentration 

time provides more chances for infiltrating 

water. Thereby, low drainage density 

catchments have low flood volumes (Alam et 

al., 2020). Further, drainage density can be 

considered as an index of geology. In this 

aspect, vegetation cover has an indirect effect 

to the drainage density and high drainage 

density produce more runoff (Pallard et al., 

2009). In Kelani river basin, drainage density 

varies from 0.66 to 0.97 km/km2 (Figure 4). 

  Gatahetta Oya sub-basin provided the 

highest and the Maskeliya Oya sub-basin at 

the up catchment has the lowest drainage 

density. According to Figure 4, upper sub 

basins show relatively low values and mid-

sub basins have high values of drainage 

density.  

 

 

Figure 4 Drainage density of Kelani River 
sub-basins 

4.1.2. Relief ratio  

High relief ratio implies high flow 

velocities and short flow travel time resulting 

higher flood peak in the downstream basins 

(Bhatt & Ahmed, 2014). On the other hand, 

basins having low relief ratio values take more 

time to discharge water. Upper sub-basins of 

Kelani Basin recorded high relief ratio with the 

highest of 0.112 in Magal Ganga sub-basin 

(Figure 5). Low values of relief ratio was 

obtained for Lower Kelani Ganga, Kolonnawa 

Ela, Biyagama, Pallewela Oya, Puswelli Oya, 

Upper middle Kelani Ganga, and Pugoda Oya 

sub-basins. 

 

Figure 5 Relief ratio of Kelani River sub-
basins 
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4.1.3. Elongation ratio  

Four classes of basins defined based 

on elongation ratio are elongated (<0.7), less 

elongated (0.7-0.8), oval (0.8-0.9), and circular 

(>0.9) basins (Rai et al., 2018). Circular basins 

have approximately equal distance to the 

discharge point and thereby produce higher 

flood peak within shorter lag time. Whereas, 

highly elongated basins generate lower peak 

flow and takes more time to discharge water. 

Based on above classification, lower middle 

Kelani Ganga and Pallewala Oya sub-basins 

are circular; lower Kelani Ganga, upper 

middle Kelani Ganga, Gurugoda Oya, and 

Panapura Oya sub-basins are oval; and other 

sub-basins are less elongated or elongated 

(Figure 6).  

 

Figure 6 Elongation ratio of Kelani River 
sub-basins 

4.1.4. Bifurcation ratio  

Bifurcation ratio indicates branching 
of river network. In basins with high 
bifurcation ratio, shorter time is taken for 
water to reach the outlet. Figure 7 shows the 
variation of bifurcation ratio in Kelani River 
sub basins. 
 

 

Figure 7 Bifurcation ratio of Kelani River 
sub-basins 

It varies from 1.17 to 2.58. Sub-basins, which 

are located near to the main river have 

comparatively high values of bifurcation 

value. Sub-basins Pugoda Oya, Gatahetta Oya, 

Ambalanpiti Oya, Ritigaha Oya, Biyagama, 

Panapura Oya, Magal Ganga, Maskeliya Oya, 

and Kehelgamu Ganga show low values of 

bifurcation ratio.  

4.1.5. Drainage texture  

Drainage texture depends on many 

factors such as climate, rainfall, vegetation, 

and soil type (Bhatt & Ahmed, 2014). High 

value of drainage texture basins quickly drains 

surface water. Lower catchment and 

catchments adjacent to trunk river are 

identified with high values of drainage texture 

in the Kelani river basin (0.712 to 1.151 𝑘𝑚−1) 

(Figure 8). Sub-basins located in the boundary 

of lower region obtained lowest values of 

drainage density; those sub-basins slowly 

discharge water.  

 

Figure 8 Drainage texture of Kelani River 
sub-basins 

4.1.6. Ruggedness number  

Ruggedness number is given by the 
product of relief ratio and drainage density. 
An extreme high value of ruggedness number 
occurs when both variables are large. High 
value of ruggedness number is associated 
with faster surface runoff and shorter time of 
concentration (Alam et al., 2020). Ruggedness 
number found to be high (>1) in Maskeliya 
Oya, Kehelgamu Ganga, Magal Ganga, Upper 
Kelani River sub- basins (Figure 9).  

 
In the Upper sub-basins, ruggedness 

number observed to be vary from 0.661 to 1.4 
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provided ruggedness number in the range of 

0.006 to 0.136 (km/km2). 

 

Figure 9 Ruggedness number of Kelani 
River sub-basins 

4.1.7. Curve number 

Curve number reflects the runoff 

generation potential from a rainfall event in a 

particular area.  According to the land use and 

soil type, weighted CN was calculated for each 

sub basin and is shown in Figure 10. Lower 

curve number indicates low runoff potential 

for regions having high infiltration rate. On 

the other hand, high curve number regions 

have low infiltration generating high surface 

runoff. Middle sub-basins of Kelani River 

consist the higher value of curve number. 

There is less variation in CN between sub-

basins (74 to 83). 

 

Figure 10 Curve number of Kelani River 
sub-basins 

4.1.8. Total rainfall in May 

Kelani River basin receives rainfall 

mainly during the South-West monsoon 

period. The basin frequently gets flooded in 

the month of May (Hettiarachchi, 2018). Using 

the rainfall stations within the basin, total 

rainfall in May was calculated for each sub-

basin and is shown in Figure 11.  Upper sub-

basins receives high amount of rainfall (> 

500mm). Lower and middle sub- basins get 

total rainfall from 380mm to 460mm in May. 

Owing to the heavy rainfall and the steep 

terrain of the upper catchment, the lower basin 

below Hanwell is subjected to frequent floods.  

 

Figure 11 Monthly rainfall (mm) in May 
Kelani River sub-basins 

4.2. Flood Vulnerability Index map 

The performance score provides the 

FVI for the sub basins. The sub basins were 

classified into four classes as highly 

vulnerable, moderately vulnerable, low 

vulnerable, and very low vulnerable based on 

the performance score (Figure 12).  

 

Figure 12 Flood vulnerability index map for 
the Kelani River sub-basins 
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comprising Wak Oya, Seethawaka Ganga, 

Gatahetta Oya, Ambalanpitiya Oya located in 

the south upslope showed moderate 

vulnerability.  Those sub-basins provided the 

performance scores in-between 0.7~0.8. The 

lower middle Kelani River sub-basin is highly 

vulnerable to floods.  Surrounding sub-basins 

to lower middle Kelani River sub-basin are 

categorized as “very high vulnerable” except 

the Wak Oya sub-basin. An open symmetric 

meander is located in the lower middle Kelani 

River sub-basin. The highest score of 0.98 was 

obtained by the Lower Kelani River, 

Kollonnawa Ela sub-basins located at the river 

mouth and by Puswelli Oya, Pugoda Oya sub- 

basins skirting to the lower middle Kelani 

River sub-basin boundary. Upper middle 

Kelani River, Pallewala Oya, and Biyagama 

sub basins scored 0.97, 0.97, and 0.96 FVI, 

respectively.  

5.  CONCLUSIONS 

This study presents flood 

vulnerability assessment approach integrated 

with multi- criteria decision analysis using the 

geomorphological and climatic characteristics 

as the flood influencing factors for the Kelani 

River basin of Sri Lanka at sub-basin scale. 

While flood vulnerability is high in the lower 

middle Kelani River sub-basin, surrounded 

sub-basins were identified as having very high 

flood vulnerability. Based on the flood 

vulnerability map of the Kelani River basin, 

28%, 7%, 17%, 16%, and 33% of its area can be 

classified as very high, high, moderate, low, 

and very low to the flood vulnerability. 

Further studies can be carried out 

incorporating other aspects of flood 

vulnerability and system components.   
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With the increase in energy demand and diminishing fossil fuels, scientists have 
focused their attention on other renewable power sources. Wave energy is a giant 
renewable source, which has not been absorbed the total energy in it. Some 
countries are modifying this technology to solve the energy problem which has 
arisen rapidly. Sri Lanka is an island, surrounded by the Indian Ocean. The island 
receives rain from southwest and northeast monsoons. Therefore, a plentiful energy 
resource to generate power from the sea wave is available. Thus, Sri Lanka can focus 
attention on the generation of power using sea waves. The main aim of the research 
is to feasible study the power generation of sea waves in Sri Lanka. When 
considering the experimental data gathered, the average power per day from one 
arm of apparatus was 2.067 mW, and it will be 744.41 mW per year, if create 10 
floater arms average power per day will be 20.67 mW and per year that will be 7.4 
W. This will be a good announcement for the researchers and authorities in Sri 
Lanka. Designed apparatus will more effective and efficient if this concept could 
develop by minimizing the losses with the smooth operation of the power 
generation system. The research aim has succeeded and it has proven that the power 
could generate even from the shoreline in Sri Lanka. 
 

1. INTRODUCTION  

Sri Lanka is an island which receives 
rain from two monsoonal wind regimes, 
namely southwest and northeast monsoons. ‘It 
is known that offshore wave power levels 
reach 30-100 kW/m at latitudes 40° - 50°, and 
get lesser toward south and north regions in 
the earth’ (Uyanwaththa & Gunawardane 
2012: 83).  ‘Most of the tropical seawaters has 
an average power level of around 20 kW/m 
(Figure 1), where the Sri Lanka falls into this 
category’ (Uyanwaththa & Gunawardane 
2012: 83), and therefore the adaptation of 
appropriate technologies to harness the wave 
energy, definitely will be a success.  

 
Under this research a feasible study is 

carried on to analyses the capability of 
generating power from sea waves in Sri 
Lankan cost line. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 Global wave power distribution in 
kW/m (Rodrigues 2008)  

2. LITERATURE REVIEW 

When consider about the previous 

studies which was done with the sea waves 
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in Sri Lanka, an ’Instrument wave 

recordings have been conducted off the 

southern coast of Sri Lanka since 1984 over 

intermittent periods. These wave 

measurements may be broadly classified 

into non-directional recordings. 

(Gunaratna et al., 2011: 34)   

 

Table 1 has summarized the wave 

data from instrument wave recordings in 

Southern Sri Lanka and Figure 2, has 

mentioned the locations of wave data being 

gathered.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Locations of wave data in Southern 
Sri Lanka  

 

Table 1 The summary of previous studied 
data of Southern Sea in Sri Lanka 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sea wave power generation has its 
own advantages such as power from waves 
are renewable, environment-friendly, widely 
available, various variety of ways to harness, 

less dependency on oil, and no damage to the 
land. Disadvantages are suitable for certain 
locations, effect on the marine ecosystem, 
generation sources may disturb for the private 
and commercial vessels and weak 
predictability of waves in every month of the 
year. (Conserve energy future 2020; 
Greentumble 2015) 

 
Wave power generating devices are 

generally categorized by the method used to 
capture the energy from waves. Point 
absorber buoys, surface attenuators, 
oscillating wave surge devices, oscillating 
water columns, overtopping devices, and 
submerged pressure differential devices are 
the main technologies used to capture the 
energy from waves. (Holmberg et al., 2011: 
13) 

 
A point absorber is a buoy 

(displacer) floating on the water surface that 
is referenced to a fixed system, either a large 
inertial body (reactor) or a damper by wires 
or by a stiff connection. The point absorber 
motion is due to the heave displacement 
caused by a passing wave and the relative 
heave motion between the two bodies is used 
to extract power. The power take off of such 
systems is often hydraulic due to the high 
forces and slow motion, but concepts using 
linear generators exist (Holmberg et al., 2011: 
14). 

 
A pressure differential type of device 

is similar to a point absorber, but here the 
wave causes an air filled body to change 
volume when the water presses against a 
membrane or, if the body is submerged, the 
pressure differential of successive crests and 
troughs induces the body to rise and fall. 
When the body is submerged the height of 
water above the body increases as a crests 
passes overhead thus pushing the body 
downwards. As a crest passes over the 
device, the water pressure is reduced and the 
body rises again due to its own buoyancy. 
Electricity is generated by the relative 
movement of the body (displacer) to the 
reactor as with the point absorber concept 
(Holmberg et al., 2011: 16). 

 

Attenuators are floating devices 

aligned to the direction of the incident waves. 

Energy is extracted as waves pass along the 
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length of the device. These types of devices 

are typically long multi-segment structures. 

Each segment is a floating pontoon joined 

together by a joint allowing the segments to 

move (usually pitch and yaw). Their relative 

motion, concentrated at the joints between 

segments, is used to pressurize a hydraulic 

piston that drives fluid through a motor, 

which turns a coupled generator. 

Attenuators must be aligned (to some extent) 

with the direction of the incident wave. This 

is usually achieved by a mooring system 

attached to the front of the device (Holmberg 

et al., 2011: 14). 

 

An oscillating water columns is an 

air chamber that is open to the sea at the 

bottom and has an air outlet through a 

turbine at the top. As waves impact the 

device, the water level inside the chamber 

rises and falls, compressing and expanding 

the air and driving it through the air turbine. 

Since the air direction reverses halfway 

through each wave, a method of rectifying 

the airflow is required. This can be done 

either by using multiple turbines or by using 

a self-rectifying turbine that spins in only one 

direction regardless of the direction of 

airflow (usually Wells turbine) (Holmberg et 

al., 2011: 13). 

 

An oscillating surge converter 

extracts an energy from wave surge. As 

waves approach more shallow water, the 

circular movement of water particles 

becomes more elliptic and water movement 

closer to the sea bed becomes a back and forth 

motion. Oscillating wave surge converters 

use this oscillating back and forth motion to 

extract energy. Devices are generally secured 

to the seabed at shallow waters (<20m) 

although some concepts of offshore floating 

surge converters exist. A hinged displacer 

moves back and forth with the oscillating 

water movement, with energy being 

extracted via hydraulic energy converters 

secured to the fixed component. (Holmberg 

et al., 2011: 16) 

 

Overtopping devices use reflector 

arms and/or sloped surfaces to drive the 

waves to a reservoir of stored seawater. The 

difference in water head is then used to drive 

low head turbines. An advantage for 

overtopping devices is that the turbine 

technology is well understood and used in 

hydropower. These devices are often large 

installations and can be placed on the 

shoreline as well as offshore (Holmberg et al., 

2011: 17). 

 
In worldwide there many power 

generation concepts, have been tested and in 
following Table 2 shows the summary for 
tested apparatus up to May of 2011 (Holmberg 
et al., 2011: Appendix 3, 4). 
 

Table 2 Summary of tested apparatus in 
worldwide. (Holmberg et al., 2011: 

Appendix 3, 4) 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

3. METHODOLOGY 

Initiating with the basic overview for 
conceptual design, implementation of process 
diagram and then the functional analysis for 
the proposed system were performed. Then 
design and development of sea wave power 
absorption apparatus were conducted. The 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

408 



 
 

fabricated model was then tested in the sea 
waves of Sri Lanka. The test results were 
obtained and study the feasibility of power 
generation from sea waves in Sri Lanka. 

3.1. Basic Overview of Model Design 
 
 

 
 
 

Figure 3 Layout diagram of the apparatus 

 
In this system, (Figure 3 and Figure 4) 

the floater has connected to a floater's arm. A 
chain is connected to a floater's arm via a gear 
wheel. The opposite side of the chain is 
tensioned by a load that is proportionate to the 
total affected weight of the system. The angle 
of the floater's arm is depending as per this 
proportionate load. The axis of the gear wheel 
is connected to a large diameter gear and that 
gear is connected to a small diameter gear via 
a chain. The power generator has connected to 
the small-diameter gear. When the floater's 
arm moves up and down, the gear wheel 
rotates clockwise and anti-clockwise. When 
rotates the mechanism of gear wheels the 
power generator produces the power.  

 
When considering the degree of 

freedom of this system, its single degree of 
freedom, due to the floater is rigidly fixed with 
the arm and affected to a moving up and down 
(elevating and heaving) movements only.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4 Process diagram of the apparatus  

 

3.2. Functional Analysis for Proposed 
Design 

In functional analysis illustrated in the 
Figure 5, it has focused on the main functions 
of the process. 

 
 
 
 
 
 
 

 

Figure 5 Functional analysis for design 

 
When considering the basic design, 

have considered the, simplicity, availability, 
affordability, and economically based design. 
Categories of sea waves are shoreline, 
offshore, and nearshore. In practical situation, 
to conduct the testing’s for the apparatus, 
could easily reach only to the shoreline waves. 
Therefore, the design required to comply with 
the shoreline waves and for the type of energy 
converter, selected the point absorber buoys, 
due to the compatible and simple structure. 
The selected floater shape is cylindrical and 
the motion converter method is gear 
mechanism. DC electric motor has been used 
as a power generator. 

3.3. Design of Sea Wave Power Absorption 
System 

When design the power absorption 
system some assumptions were made, the 
overall system has rigidly fixed to the ground 
and the material density of the floater with the 
floater's arm has distributed uniformly. The 
design of the model has done after finalizing 
the mechanical drawings with the software of 
solid works. Overall assemble drawing has 
shown in following Figure 6. 

 
 
 
 
 
 
 
 
 

 

Chain Mechanism 
with gear 
wheels 

 

Floater with 
arm 
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generator 

 

Via chain drive 

Via chain drive 

Sea Wave (Upward / Downward) 
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Transmit the absorb energy 
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Figure 6 Finalized assemble drawing for the 
apparatus 

3.4. Material Selection for the Design 

Required to be concerned with the 
material selection of total system including 
power absorption arm and the floater. In 
following Table 3 has tabulated the 
specifications for the material which used for 
the fabrication of system. 

 
Table 3 Material specifications for the 

system 
Item 
No Description Remarks 

1 Floater Arm  
1.1 Material of floater Arm Mild Steel 

1.2 Size of “L” Angles (Width x 
Height) 

1” x 1”  

1.3 Thickness of “L” Angles 3mm 
1.4 Length of Arm 1m 
2 Floater  
2.1 Material of floater HDPE 
2.2 Width x Length of floater  0.25m x 0.28m 

2.3 Height of floater 0.42m 

2.4 Thickness of floater 0.001m 

3 Chain Mechanism  

3.1 Model of chain 428 

3.2 Pitch ½” 

4 Gear Mechanism  

4.1 
Model of gear wheel 1 / 
No of gear teeth 

428 15T  / 15 

4.2 
Model of gear wheel 2 / 
No of gear teeth 

428 42T / 42 

4.3 
Model of gear wheel 3 / 
No of gear teeth 

428 12T / 12 

5 Power Generator  

5.1 
Voltage of power 
generator 

12V 

5.2 Power of power generator 30W 

6 Outer Frame  

6.1 Material for outer frame Mild Steel 

6.2 
Size of “L” Angles (Width 
x Height) 

1 1/2” x 1 
1/2”  

6.3 Thickness of “L” Angles 3mm 

3.5. Preparation of Model  

The fabricated experimental 
apparatus/model which use for testing, 
shown in Figures 7 and 9. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7 Gear mechanism and Side 
elevation of the apparatus 

3.6. Testing of Apparatus  

For the testing of apparatus, the 
selected location was Mount Lavinia Beach 
Side, 6 ͦ 50’ 36” N / 79 ͦ 51’ 44.2” E, which was 
near to the Colombo City as shown in Figure 
8. Apparatus was tested with a depth of 0.5m, 
which was near the shoreline of the sea. 
Testing was done in February of the year 2020 
at 4.00 p.m. At that time Sri Lanka seaside was 

affected by the North East wind wave pattern. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 8 Selected location for testing of 
apparatus 

 
When test the apparatus, two 

experiments were done. In Experiment 1, 

Floater with 

arm 

Gear wheel 

mechanism 
Chain 

Apparatus 

Frame 
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obtain the voltage (mv) and current (mA) by 
connecting the voltmeter parallel and 
ammeter series to the power generator 
through a load with 1.5V voltage.  

 
In Experiment 2, obtain the readings 

for a wave pattern. Here measured a wave 
height of sea at the depth of 0.5m. Obtain 
readings for swell and sea wave heights in 
meters with respect to the time in seconds. 
 
 
 
 
 
 
 
 
 
 
 

Figure 9 Testing of apparatus in the sea 
wave 

4. TESTING & DISCUSSION 

  In Experiment 1, obtain the voltage 
(mV) and current (mA) by connecting the 
voltmeter parallel and ammeter series to the 
power generator of apparatus and calculated 
the total power (μW) of system. Total readings 
were obtained for 8 minutes with the readings 
of 480 no’s. In Table 4 has shown the summary 
for readings. In each minute (per second) 
average values have calculated and tabulated. 
 

 
Table 4 Summary of readings  

 

Min 
A  

(mA) 
V 

 (mV) 
P  

(μW)  

1 586.33 67.61 0.0396 

2 340.63 46.78 0.0159 

3 237.21 33.43 0.0079 

4 358.21 58.71 0.0210 

5 498.96 79.71 0.0397 

6 342.08 52.73 0.0180 

7 464.50 66.18 0.0307 

8 320.83 57.21 0.01835 

 
 

Average current per second = 393.59 mA 
Average voltage per second =   57.80 mV 
Average power per second = 0.023 μW/s 
Average power per minute = 1.43 μW/min 
Average power per hour = 86.15 μW/hr 
Average power per day = 2067.81 μW/day 
Average power per day = 2.067 mW/day 

 
In Experiment 2, obtain the readings 

for a wave pattern. Here measured a wave 
height of sea at the depth of 0.5m. Total 10 no’s 
of readings has taken for swell and sea wave 
heights in meters with respect to the time in 
seconds. 

 
When considering the wave pattern, it 

seems swell and sea both waves are there and 
have to get the addition of both waves to get 
the real wave which may affect to the floater.  

 
Sea wave means, the wave, which 

may be there as a result of local wind. Swell 
waves are generated by distant weather 
systems, where the wind blows for a duration 
of time over water. 

 
Average swell wave height (m)       = 0.13 m 
Average swell wave time period (s) = 3 rad/s 
Average sea wave height (m)       = 0.05 m 
Average sea wave time period (s)     = 2 rad/s 

 
To obtain the summing wave of swell 

and sea, use MATLAB software to add the 
sinusoid waves. In following Figure 12 has 
shown the combined sinusoid summing wave 
of swell and sea. 

 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 10 Sea wave at 0.5m depth of Mount 
Lavinia beach 
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Total power which could obtain per minute 
within the relevant sea wave = 0.017 W/min 
(From the area of the graph) 
Generate power by the apparatus = 1.43 
μW/min 
The efficiency of the power generator (η) 

= (1.43*10^-6/0.017) *100% 

= 0.0079% 

The efficiency of the power generator 

approximately (η)  

= 0.008% 

 

In experiment 1, it was revealed that 
apparatus could generate the power even from 
the shoreline waves of the sea from Sri Lanka. 
In shoreline mostly are broken wave 
trajectories.  

 
As per the data gathered, the average 

power per day was 2.067 mW. If considered 
per year average power will be 744.41 mW. 
From one floater arm, could achieve the above 
values and as a project could develop this 
concept further. If we create 10 floater arms 
average power per day will be 20.67 mW and 
per year average power will be 7.4 W. This will 
be a good announcement for the researchers 
and authorities in Sri Lanka. 

 
In experiment 2, observed the wave 

pattern of shoreline at the relevant sea. As per 
that, the total power stored in the sea was 
0.01799 W/min. But the generator of the 
apparatus could produce only 1.43 μW/min. 
When considering about the efficiency of 
power generator was 0.008% approximately, 
as per that. If this concept could develop by 
minimizing the losses of apparatus with the 
smooth operation of the power generation 
system, this will more effective and efficient. 

 
4.1. Future modifications 

 When considering the future 
modification of the system, following are few 
suggestions, 
 

• Minimise the losses of floater's arm. 
• Attach a circuit with rectifiers to get 

positive feedback for power and smooth 
the power wave.  

• Fixing a battery backup system to get 
the power in a useful manner as an 
output.  

• Increase the efficiency of the power 
generator. 

• Implementing of flywheel mechanism 
to achieve a continuous motion.  

• Use a gearbox to increase the speed of 
the system. 
 

4.2. Limitations  

When considering the limitations of 
this project followings have been identified,    

• Corrosive sea weather environment 
conditions affected the durability of the 
apparatus. 

• Difficulties of manual handling the 
apparatus in sea, due to the lack of enough 
facilities including manpower, 
transportation, etc…  

• It was revealed that there was a huge lack 
of studies and technical papers about the 
sea wave details around the country. 

5. CONCLUSION 

The main aim of the apparatus was 
succeeded and proved that the sea waves of Sri 
Lanka could generate the power. As per the 
data gathered, the average power per day was 
2.067 mW. If considered per year average 
power will be 744.41 mW. From one floater 
arm, could achieve the above values and as a 
project could develop this concept further. If 
we create 10 floater arms average power per 
day will be 20.67 mW and per year average 
power will be 7.4 W. This will be a good 
announcement for the researchers and 
authorities in Sri Lanka. 

 

It can be concluded that the power can 

be generated even from the shoreline sea in Sri 

Lanka. The findings were open thresholds to 

the authorities and the researchers for seek the 

possibilities by developing appropriate 

mechanisms and implement them to generate 

the power from the sea waves in Sri Lanka. 

6. REFERENCES 

Uyanwaththa, D.M.A.R., & Gunawardane, 
S.D.G.S.P., 2012, ‘A feasibility study on ocean 
wave power generation for the Southern coast 
of Sri Lanka’, International Journal of Distributed 

Energy Resources and Smart Grids 10(2), 79-93. 

 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

412 



 
 

Rodrigues, L., 2008, ‘The International 
Conference on Renewable Energies and Power 
Quality-ICREPQ-08’, in Wave power conversion 
systems for electrical energy production, viewed 
28 January 2020, from 
http://www.icrepq.com/icrepq-
08/resumenes/380-leao-summary.pdf. 

 
Gunaratna, P.P., Ranasinghe, D.P.L., & 
Sugandika, T.A.N., 2011, ‘Assessment of 
Nearshore Wave Climate off the Southern 
Coast of Sri Lanka’, ENGINEER 44(02), 33-42. 

 
Holmberg, P., Andersson, M., Bolund, B., & 
Strandager, K., 2011, ‘Wave Power 
Surveillance study of the development Elforsk 
rapport 11:02’, in Wave Power-Net, viewed 28 
September 2019, from 
https://energiforskmedia.blob.core.windows
.net/media/19924/wave-power-surveillance-
study-of-the-development-elforskrapporter-
2011-02.pdf. 
 
Conserve energy future, viewed 28 January 2020, 
from 
https://www.conserve-energy-
future.com/advantages_disadvantages_wave
energy.php. 
 
Greentumble, viewed 20 January 2020, from 
https://greentumble.com/advantages-and-
disadvantages-of-wave-power/. 
 
Mohammed, F., Ahmed, M.R., & Lee, Y.H., 
2014, ‘A design outline for floating point 
absorber wave energy converters’, quoted in 
Hindawi, P.C., 2014, Advances in Mechanical 
Engineering, Article ID 846097. 

 
Liang, C., & Zuo, L., 2016, ‘On the dynamics 
and design of a two body wave energy 

converter’, Journal of physics series 744(1), 

012074, viewed on 10 January 2020, from 
https://iopscience.iop.org/article/10.1088/1
742-6596/744/1/012074/pdf. 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

413

http://www.icrepq.com/icrepq-08/resumenes/380-leao-summary.pdf
http://www.icrepq.com/icrepq-08/resumenes/380-leao-summary.pdf


 
 

 

Proceedings of the 8th International Symposium on  

 Advances in Civil and Environmental Engineering 
Practices for Sustainable Development 

  
ACEPS - 2021 

Impact of land-use change on Rainfall-Runoff-Inundation (RRI) 
modelling – A case study of lower Kelani river basin 

D. M. P. Sudeshika1 and R. L. H. L. Rajapakse1 
 
1Department of Civil Engineering, University of Moratuwa, Moratuwa, Sri Lanka 

 

A R T I C L E  I N F O  
 

A B S T R A C T  

Available online 07 October 2021 
 
 
 
 
 
 
 
 
 
 
Keywords: 
Land-use Change 
Climate Change 
Rainfall-Runoff-Inundation  
Lower Kelani River Basin 
 

The variation of land-use and climate conditions has a significant influence on 
extreme flood events and is a major challenge in flood prediction.  The Kelani River 
Basin is affected by heavy floods frequently and the flood in the Lower Kelani River 
Basin is significant due to urbanized/ built-up areas and the high cost of flood 
damages. This study focuses on analyzing and quantitating the impacts of a 
combination of land-use and climate condition changes on the extreme flood events 
using the Rainfall-Runoff-Inundation (RRI) model. For this study, the Lower Kelani 
River Basin downstream of Hanwella bounded by latitude 7.054⁰ - 6.771⁰ N and 
longitude 80.077⁰ - 79.840⁰ E was selected. The impacts of land-use change recorded 
in 2001, 2006, 2011, 2016, and 2019 years on discharge, water levels of the river, and 
flood inundation were analyzed for 10 and 50-year flood events by further 
considering climate change scenarios. The yearly land-use data were retrieved from 
MODIS global land-cover data set. The downstream discharge, water depth, and 
flood inundation are in a decreasing trend while it is increasing for upstream during 
this period due to land-use, and climate change. However, the overall flood 
inundation extent shows an increasing trend. 
 

 

1. INTRODUCTION  

The Kelani river basin is exposed to 

floods heavily due to its position, topography, 

and orientations (Dissanayaka and Rajapakse, 

2018). Among the lower and upper Kelani 

river basins, the Lower Kelani River Basin 

experiences extreme flood events (e.g. 2016 

and 2017) frequently. The flood plain is 

formed downstream of Glencourse and 

becomes broader following the flat terrain 

downstream of Hanwella (Hettiarachchi, 

2018). This region is very important as an 

urban densely populated region and 

commercial hub of Sri Lanka (Strategic 

Environmental Assessment, 2018). The flood 

prediction and mapping of flood hazards play 

a vital role in the mitigation and prevention of 

flood damages (Nastiti et al., 2015). The annual 

reimbursement of the flood damage in the 

Kelani river basin is very expensive and for the 

recent flood (2016), estimated flood damage is 

about US $ 153 million (LKR 23 billion) (Final 

Report, 2017). Land-use change, population 

growth, and climate change cause exacerbate 

flood hazards (Shrestha, 2019). The 

identification of impacts of the combination of 

land-use and climate change on rainfall-

runoff-inundation modeling can be effectively 

used to improve flood prediction. However, 

the studies on the effects of land-use change on 

inundation with further consideration of 

climate variability for alteration of extreme 

flood events are limited. The 2-D Rainfall-

Runoff-Inundation (RRI) model capable of 

simulating flows and flood inundation 

concurrently was thus used in this study 

(Sayama et al., 2012). The model simulates 

flow-on slopes and channels separately using 

2D and 1D diffusive wave models, 

respectively (Nastiti et al., 2015). 
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2. LITERATURE REVIEW 

Kelani river basin is one of the major 

watersheds in Sri Lanka and 25% of the Sri 

Lankan population or about more than 4 

million (census of 2011) live in this basin 

(Strategic Environmental Assessment, 2018). The 

Kelani river basin is receiving a significant 

amount of rainfall throughout the year since it 

is entirely located in the wet zone. The basin 

average annual rainfall of the basin is about 

3,450 mm or 7,860 million cubic meters (MCM) 

(Dissanayaka & Rajapakse, 2018). The heavy 

storms carrying a huge amount of rainfall 

causes floods in the Kelani river basin. The 

Lower Kelani River Basin is significant as an 

area consisting of highly populated and 

semi/highly built-up areas (807.45 ha) 

including Colombo suburbs (Strategic 

Environmental Assessment, 2018). 

The Lower Kelani River Basin is 

experiencing floods frequently during 

monsoon/ intermonsoon periods due to high 

rainfall and inherent drainage issues. Severe 

floods (water level at Nagalagam Station > 5 ft 

above mean sea level) in the Lower Kelani 

River Basin have been recorded in 1837, 1872, 

1891, 1904, 1906, 1913, 1922, 1925, 1928 July, 

1930 May, 1930 October, 1933 May, 1936 May, 

1937 May, 1939 May, 1940 May, 1942 July, 1947 

August, 1952 October, 1966 September, 1966 

October, 1967 October, 1971 September, 1989 

June, 2011 May, and 2016 May (Strategic 

Environmental Assessment, 2018).  

The floods in 2016 and 1989 were the 

most severe extreme events that occurred in 

the Kelani river basin. The total 8-day rainfall 

over the catchment was the same in the 

aforementioned two flood events even the 

maximum one-day rainfall was higher in the 

2016 flood event (Hettiarachchi, 2020). 

According to flood analysis studies, floods in 

2016 and 1989 were 15-year and 50-year return 

period floods respectively concerning water 

levels at Nagalagam Street gauging station, 

while, those were 10-year and 25-year return 

periods respectively concerning water level at 

Hanwella station.  The recorded highest 

discharge at Nagalagam Street was 

approximately 2,267 m3s-1 (2.8 m MSL) during 

the 1989 flood event (Hettiarachchi, 2020). 

The previous studies on the impacts of 

land-use change on flood characteristics have 

shown a significant effect on flood risks in the 

future (Shrestha, 2019).  For these studies, 

various approaches such as Hydrological 

Engineering Center-Hydrologic Modeling 

System (HEC-HMS), Curve number-based 

methods, and distributed hydrological models 

(RRI) have been used (Shrestha, 2019). A study 

recently conducted in the Pampanga River 

basin of the Philippines using the RRI model 

reveals that the flood inundation depth and 

extended areas are in an increasing trend with 

the land-use change due to rapid urbanization 

(Shrestha, 2019). The climate variability such 

as rainfall, streamflow of the river, and 

temperature would also alter with the land-

use change and over time. According to a 

study on streamflow trend analysis of Kelani 

Basin for 1983-2013 using Mann-Kendell (MK) 

and Innovative Trend Approach (ITA) 

method, streamflow at Hanwella station has 

shown a decremental trend of  -766 m3s-1year-1 

and in contrast, the trend of rainfall at 

Hanwella and Colombo stations are indicative 

of a decremental trend of -15.03 mm year-1, 

and incremental trend of 9.73 mm year-1
, 

respectively (Jayasekara, Abeysingha, and 

Meegastenna, 2020). The mean annual 

temperature at Colombo station has a 

decreasing trend of -0.005 ⁰C year-1 

(Jayasekara, Abeysingha, and Meegastenna, 

2020). 

3. METHODOLOGY 

3.1. Study Region 

The Kelani River Basin is the third 

largest watershed concerning water resource 

characteristics. The catchment is located 

completely within the wet zone of Sri Lanka. 

Therefore, it receives a significant amount of 

rainfall annually and a major portion of 

rainfall by northeast monsoon and inter-

monsoon rain. The basin area is about 2,230 

km2 with an upstream watershed in steep 

terrain and the downstream watershed below 
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Hanwella in flat terrain (De Silva, et al., 2012). 

The lower catchment is exposed to heavy 

floods frequently owing to the steep terrain 

upstream that flattens beyond Hanwella. 

The Lower Kelani River Basin is a very 

important region which is located in the 

western province of Sri Lanka.  For this study, 

the Lower Kelani River Basin with ~500 km2 

was selected (Figure 1). 

 

 

Figure 1 Study Site Map 

3.2. Topographic Data 

The Shuttle Radar Topography 

Mission (SRTM) 3 arc-second resolution 

digital elevation model was used for this 

study. Flow direction and flow accumulation 

data were compiled using ArcGIS version 10.3 

(ESRI/ USA) hydro tools. 

3.3. Land-Use Data 

The Moderate Resolution Imaging 

Spectrometer (MODIS) yearly global land 

cover data version 6 for 2001, 2006, 2011, 2016, 

and 2019 were retrieved from the USGS Earth 

Explorer website. The land-use data was 

reclassified as shown in Table 1 according to 

International Geosphere - Biosphere 

Programme (IGBP) global vegetation 

classification scheme and further verified 

based on the maps intermittently updated by 

the Survey Department, Sri Lanka and other 

auxiliary maps. 

Table 1 Reclassified values of land-use 

Land-use Value 

Woody Savannas 1 

Savannas 2 

Crop lands/ Natural 
vegetation Mosaic 

3 

Urban/ Built-up 4 

Unclassified 5 

Grass land 6 

Forest 7 

3.4. Event Rainfall Data 

The rainfall data of the 2016 flood 

event at the Colombo and Hanwella stations 

were used for simulating the 2016 extreme 

flood event. The rainfall data for 2001, 2006, 

2011, and 2019 were defined by using rainfall 

data of the 2016 flood event and considering 

the decremental trend of -15.03 mm year-1 at 

Hanwella and the incremental trend of 9.73 

mm year-1 at Colombo station. For both 10-

year and 50-year return period floods, the 

same rainfall data were used since the total 8-

day rainfall has not changed during the 2016 

(15-year return period) and 1989 (50-year 

return period) flood events. 

3.5. Boundary Discharge Data 

The observed discharge at Hanwella 

station from 15th May 2016 to 23rd May 2016 

was acquired for a 10 year return period flood 

in 2016. Discharge data for the 10 year return 

period flood in 2001 was defined by 

considering the decremental trend of -766 m3s-

1year-1. When defining the discharge for 50 

year return period flood, the decremental 

trend of  -766 m3s-1year-1 at Hanwella station 

was considered and the value was 

additionally multiplied by a factor of 1.7897 to 

make it equal to the 50 year-return period 

discharge at Nagalagam street (2,267 m3s-1). 
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3.6. Evapotranspiration Data 

For the 2016 flood event, 

evapotranspiration was estimated based on 

observations at the Colombo agro-

meteorological station using Penman’s 

equation. The evapotranspiration was 

estimated for 2019, 2011, 2006, and 2001 by 

considering the decreasing trend of -0.005 ⁰C 

year-1 temperature, the evapotranspiration 

was 0.223 mm/h. 

3.7. RRI Model and Model Parameters 

The RRI model was developed for the 

downstream of Kelani Basin and the river 

width and depth were defined based on the 

Google Earth and digital elevation model as 

represented in Eq. (1) and (2), respectively;  

River Width = 7A0.35 

River Depth = 1.5A0.5 

where A is the upstream contributory area in 

km2. 

Manning’s roughness values (n) (Dorn, 

Vetter, and Hofle, 2014), effective porosity (e), 

and saturated hydraulic conductivity (Ksat) 

(Dioniio and Costa, 2019) are given in Table 2. 

Table 2 Parameters of the RRI model 

Land-use n e 
Ksat×10-

5 (ms-1) 

Woody 
savannas 

0.100 0.629 4.525 

Savannas 0.100 0.629 4.525 

Cropland 0.035 0.390 0.836 

Urban 0.400 0.001 0.647 

Unclassified 0.400 0.001 0.647 

Grass 0.035 0.390 1.730 

Forest 0.150 0.629 4.020 

 

Manning’s roughness of the river and soil 

depth were taken as 0.06 (Rasmy, Sayama, and 

Koike, 2019) and 1.75 m (Moormann and 

Panabokke, 1961), respectively.  

The RRI model was calibrated using 
the observed data for the flood event in 2016. 

4. RESULTS AND DISCUSSION 

4.1. Sensitivity Analysis 

Figures 2 and 3 show discharge 

variation of the river with different Manning’s 

roughness values and porosity of the soil, 

respectively. 

 

Figure 2 Runoff change with Manning’s 
Roughness 

According to Figure 2, peak discharge of the 

river at Nagalagam Street has increased with 

the increasing Manning’s roughness value. 

 

Figure 3 Runoff change with porosity 

According to Figure 3, peak discharge of the 

river at Nagalagam Street has increased with 

the decreasing porosity of the soil. 

4.2. Land-use Change Analysis 

The MODIS land-use maps of the 

Lower Kelani River Basin for 2001, 2006, 2011, 

2016, and 2019 are illustrated in Figures 4, 5, 6, 

7, and 8, respectively. 
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Figure 4 Land-use map for the year 2001 

 

Figure 5 Land-use map for 2006 

 

Figure 6 Land-use map for 2011 

 

Figure 7 Land-use map for 2016 

 

Figure 8 Land-use map for 2019 

According to Figures 4, 5, 6, 7, and 8, woody 

savannas, cropland, and urban/ built-up area 

can be identified as the major land-use of the 

Lower Kelani River Basin. Therefore, land-

uses have changed mostly between the 

croplands, urban/ built-up areas, and woody 

savannas. The woody savannas and croplands 

are located near the Hanwella and middle 

region of the Lower Kelani River Basin 

respectively, while the urban/ built-up areas 

extend from the outlet of the Kelani River.   

The total extent of each land-use of the 

Lower Kelani River Basin in 2001, 2006, 2011, 

2016, and 2019 are given in Table 3. 

Table 3 Total extent of each land-use 

Land-use Total extent of land-use 
(km2) 

200
1 

200
6 

201
1 

201
6 

201
9 

Woody 
Savannas 

51.
5 

34.
7 

31.
6 

27.
8 

28.
9 

Savannas 9.2 6.9 4.3 3.4 2.5 

Croplands 206 222 214 207 196 

Urban 88 94 108 119 130 

Unclassifie
d 

0.2 0.2 0.2 0.2 0.2 

Grass 0.2 0.0 0.0 0.0 0.0 

Forest 2.9 0.0 0.0 0.0 0.2 

 

According to Table 3, the areas with croplands 

and woody savannas are in a decreasing trend, 

while the urban/ built-up areas are in an 

increasing trend for the period from 2001 to 

2019. 

 

Figure 9 Net change area of each land-use 
from 2001 to 2019 

Figure 9 shows that the area gains only in 

urban/ built-up areas by about 42.1 km2 (48%) 

while the area loss is observed in other land-

use extents.  The area losses in woody 

-40 -20 0 20 40 60
Net change area (km2)

Forest
Grass land
Unclassiffied
Urban/ Built-up
Croplands
Savannas
Woody savannas

Loss Gain
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savannas and cropland are about 22.6 km2 

(44%) and 10 km2 (4.8%), respectively. 

4.3. RRI Model Results for 10 Years Return 
Period Flood 

The discharge, and water depth of the 

river at Nagalagam Street, and Kaduwela for 

the 10 year return period flood in 2016 and 

2001 are shown in Figures 10 and 11. 

 

Figure 10 Discharge of the river 

According to Figure 10, peak discharge at 

Nagalagam Street has decreased by about 20 

m3s-1 while the runoff at Kaduwela has 

increased about by 40 m3s-1 in 2016 compared 

to the year 2001. 

 

Figure 11 Water depth of River 

According to Figure 11, the peak water depth 

at Nagalagam Street has decreased by about 

0.41 m while the peak water depth at 

Kaduwela has increased by about 0.20 m in 

2016 compared to the year 2001.  

 

Figure 12 Flood inundation for 2016 and 
2001 floods 

According to Figure 12, the downstream flood 

inundation was higher in the 2001 flood while 

the flood inundation of the upstream was 

higher in the 2016 flood. However, the overall 

flood inundation has increased in 2016 flood 

by about 0.1134 km2 (0.4%). 

4.4. RRI Model Results for 50 Years Return 
Period Flood 

The discharge and water depth of 50 

year return period flood at Nagalagam Street 

and Kaduwela station for 2001, 2006, 2011, 

2016, and 2019 and flood inundation for 2001 

and 2016 are shown in Figures 13, 14, 15, and 

16, respectively. 

 

Figure 13 Discharge at Nagalagam Street 

According to Figure 13, the peak discharge at 

Nagalagam Street has decreased by about 50 

m3s-1 in 2019 compared to the year 2001.  
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Figure 14 Discharge at Kaduwela 

According to Figure 14, the peak discharge at 

Kaduwela has increased by about 120 m3s-1 in 

2019 compared to 2001. 

 

Figure 15 Water depth at Nagalagam Street 

According to Figure 15, the peak water depth 

at Nagalagam Street has decreased by about 

0.51 m in 2019 compared to 2001. 

 

Figure 16 Water depth at Kaduwela 

According to Figure 16, the peak water depth 

at Kaduwela has increased by about 0.37 m in 

2019 compared to 2001. 

Flood inundation extents of each year and 

flood maps in 2001 and 2019 are given in Table 

4 and Figure 17, respectively. 

Table 4 Flood Inundation Extent for the 50-

year return period 

Flood 
depth 

(m) 

Land extent (km2) 

2001 2006 2011 2006 2019 

0 296.9 296.3 296.4 296.3 296.2 

1 11.62 11.66 11.49 11.66 11.28 

2 11.05 10.77 10.73 10.77 10.8 

3 11.01 11.54 10.91 11.54 10.77 

4 7.91 7.82 7.40 7.82 7.44 

5 8.24 7.88 7.48 7.88 7.33 

6 9.72 9.34 8.47 9.34 7.78 

7 1.49 2.56 4.92 2.56 6.2 

8 0.00 0.02 0.09 0.02 0.11 

 

The flood inundation extent has increased by 

about 0.7 km2 in 2019 compared to 2001. 

Further, flood inundation depths have also 

increased correspondingly. 

 

Figure 17 Flood Inundation for 2016 and 2001 

According to Figure 17, the downstream flood 

inundation is higher in the 2001 flood while 

the flood inundation of the upstream is higher 

in the 2019 flood.  

4.5. Aggregate Parameters and Runoff 
Coefficient Values 

Aggregate Manning’s roughness, 

porosity, and saturated hydraulic 

conductivity were calculated based on the area 

fraction of each land-use type of the year as 

shown in Table 5. 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

420 



 
 

Table 5 Aggregate Parameters 

Aggre
gate 
Value 

Year 

2001 2006 2011 2016 2019 

n 0.137 0.139 0.152 0.162 0.173 

e 0.337 0.315 0.296 0.281 0.269 

Ksat 
x10-5 
(ms-1) 

1.44 1.21 1.15 1.09 1.093 

 

According to Table 4, the aggregate Manning’s 

roughness value is higher for the 2019 year, 

while porosity and saturated hydraulic 

conductivity are lower for the year 2019. As 

the results of sensitivity analysis, flood 

impacts shall be higher for the year 2019 due 

to higher Manning’s roughness and lower 

porosity value. 

The peak runoff (Qp), basin highest 

rainfall intensity (Ip), basin average rainfall 

intensity (Iavg), and runoff coefficient (C) are 

given in Table 6. 

Table 6 Runoff coefficient 

Value 
Nagalagam Kaduwela 

2001 2019 2001 2019 

Qp (m3s-1) 2340 2290 2330 2450 

Ip (mmh-1) 26.955 27.003 26.955 27.003 

Iavg  (mmh-1) 1.516 1.526 1.516 1.526 

C 0.146 0.142 0.162 0.170 

 

The highest runoff coefficient was obtained for 

the 2019 upstream flood of the Lower Kelani 

River Basin. 

5. CONCLUSION 

This research concluded that the 

discharge, water depth and flood inundation 

at the downstream of the Lower Kelani River 

basin are in a decreasing trend for 10 and 50 

year return period floods while the upstream 

of the Lower Kelani River Basin is in an 

increasing trend for the period from 2001 to 

2019 due to land-use and climate change. 

However, overall flood inundation extent is 

increasing due to the effects of land-use and 

climate change. The impacts of land-use and 

climate change on flood modelling are greater 

when considering the higher return period of 

a flood event. The Lower Kelani River Basin 

has urbanized by 12% of the total extent 

during the period from 2001 to 2019, while all 

other land-uses are in a decreasing trend.  
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Reservoir Sedimentation is the most critical issue associate with the reservoirs, 
caused due to the soil erosion in the watershed. The reduction of storage capacity in 
the reservoir is the major consequence of sedimentation. One of the most effective 
method to control sedimentation is by reducing the generation of sediments in the 
watershed.  This study aims to evaluate the soil erosion in the Urayama watershed 
in Japan using the Soil and Water Assessment Tool (SWAT). Meteorological data 
from 1999 to 2019, land use, soil type, and topographic data were used to simulate 
reservoir inflow. Sensitivity analysis was performed to determine the sensitive 
parameters for flow simulation.  The SWAT model was calibrated from 2002 to 2009 
and validated from 2010 to 2019. The model performance was evaluated using three 
indicators Coefficient of determination (R2), Nash and Sutcliffe efficiency (NSE), and 
Percent bias (PBIAS). For the calibration period R2 =0.71, NSE =0.69 and PBIAS 
=24% and for the validation period R2 =0.87, NSE =0.81 and PBIAS =25% were 
obtained. SWAT simulated the reservoir inflow well except for some peaks events. 
The soil erosion rate for each subwatershed was estimated, and it varies from 0.31 
to 0.73.  

 

1. INTRODUCTION  

Reservoirs are man-made water 
control systems constructed for energy 
production, flood control, irrigation, domestic 
and industrial water supply, etc. and the first 
reservoir has been constructed thousands of 
years ago. Worldwide, the main issue 
associate with the reservoir is sedimentation. 
Stream water conveys sediments and chemical 
substances from the hill slopes to the low lands 
and further to the oceans. Reservoirs are 
formed by constructing dams across the river 
and a dam across a valley interrupts these 
fluxes and caused sediment deposition in the 
reservoir. In worldwide, the estimated annual 
average reservoir sedimentation rate is 0.8% of 
their initial volume (Ivanoski, Trajkovic, and 
Gocic, 2019). The main consequences related to 
the reservoir sedimentation are reducing the 
storage capacity, depletion of the water 
quality, and disturbs the natural sediments 

flux in the watershed. Accumulated sediments 
can be periodically dredged, however, the 
activities required a substantial investment 
and cost. 

 
Reservoir sedimentation is caused due 

to the erosion occurring in the watershed and 
erosion rate varies across the watershed 
dependent on the geophysical and biophysical 
characteristics of the watershed. The main 
factors related to erosion are the precipitation, 
vegetation, topography, soil type, and the 
shape of the watershed (Sohoulande Djebou, 
2018).  Therefore, to reduce the soil erosion of 
the watershed a holistic approach through 
watershed management is required.  

 
Mathematical modeling is widely 

using to estimate the surface runoff and 
sediment production and transport in a 
watershed. The Soil and Water Assessment 
Tool (SWAT) is a physical-based hydrological 
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model and which is developed by the United 
States Department of Agriculture in 1994 to 
model water quantity, water quality, and soil 
erosion in a watershed. The SWAT model has 
been widely used to assess environmental 
issues related to soil erosion and water quality 
deterioration.  

 
The sediment concentration of the 

Japanese rivers is comparatively high with 
other countries, the main reason for the high 
sediment concentration is the topographical, 
geological, and hydrological conditions. 
(Sumi,2006) This has caused sedimentation 
problems in many reservoirs in Japan. 
Reservoir sedimentation is a serious issue in 
the upstream reservoirs of the Arakawa river 
(Kato et al., 2017). Reservoirs of the Arakawa 
River were constructed mainly for flood 
control, water supply, and irrigation. Arakawa 
River flows through the Saitama and Tokyo 
prefectures, where one-third of the population 
and industries of Japan are concentrated. 
Therefore proper functionality is important for 
the reservoirs located in the Arakawa River. 
Hence identifying the erosion-prone areas is 
essential for reservoir management. The 
objective of this study is to estimate the soil 
erosion rate for each sub-watershed in the 
Urayama Watershed. 

 
2. MATERIAL AND METHODS 

2.1. Study Area 

The watershed area of Urayama Reservoir 
in the Arakawa River, located in Saitama is 
considered for this study. The Urayama Dam 
is a concrete gravity dam with 56 million m3 
capacity of water storage. The Reservoir is 
constructed in 1998 mainly for flood control, 
water supply for domestic use, hydropower 
generation, and securing the natural flow of 
the Arakawa River. Urayama watershed area 
is 52.29km2. 

Figure 1 (a) shows the digital elevation 
map in the Urayama watershed, and the 
elevation of the watershed varies from 259m to 
1650m.  The main land-use type in the 
Urayama watershed is Deciduous Forest it 
accounts for 58.6% of the total land area, 36.6% 
of land area covers Evergreen forest, 1.9% of 
land area covers water(refer Figure 1(b)).  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 (a) Digital Elevation Map,(b) Land 
use Map (c) Soil type map, and (d)slope 
percentage map of Urayama watershed 

 

 (a) 

 (b) 

 (c) 

 (d) 
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The main soil type in the Urayama watershed 
is Loam soil it accounts for 74% of the total 
land area and Silt-loam soil accounts for 
26% (refer Figure 1(c)). Slope percentage is 
classified into 5 classes, which are 0 -8%(Flat), 
9-15% (Gently Sloping), 16- 25% (Undulating), 
26- 45% (Rather Steep), and more than 
46%(steep) (Barkey, Soma, Nursaputra and 
Mappeasse, 2019). Figure 1(d) shows the 
classification of slope in the Uarayama 
Watershed, 76% of the land area is categorized 
as a steep slope, 17% to Rather a Steep area and 
other categories are less than 3% from total 
land. 
 
2.2.  SWAT Model Input Data 

SWAT model input data and the data 
source are presented in Table 1. 
Meteorological data(Rainfall, Temperature, 
Relative Humidity, Solar Radiation, and 
Vapor pressure) of the Chichibu weather 
station was obtained from 1999 to 2019. 

 
Table 1 Model Input Data and Source 

Data Source 

Elevation 
Geospatial Information 
Authority of Japan 

Land use 
Japan Aerospace 
Exploration Agency 
(10m resolution) 

Soil type 
Food and Agriculture 
Organization of United 
Nations  

Meteorological 
data 

Japan Meteorological 
Agency 

 
2.3. SWAT Model 

In this study, reservoir inflow 
simulated using SWAT model and QGIS 
based QSWAT version 2.6 was used. In SWAT, 
the watershed is delineated into several sub-
watersheds and each sub-watershed is further 
delineated into the hydrological response 
units (HRUs). HRUs are characterized by 
homogeneous land use and land cover, slope, 
and Soil type.  In SWAT, hydrologic cycle 
simulates based on the water balance equation 
(Ivanoski D. et al., 2019) and it can calculate 
using the following equation: 

𝑆𝑊𝑡 = 𝑆𝑊0 + ∑ (𝑃𝑑𝑎𝑦 − 𝑅𝑠𝑢𝑟𝑓 − 𝐸𝑇 −𝑟
𝐼=0

𝑊𝑠𝑒𝑒𝑝 − 𝑄𝑔𝑤)…………………………..(1) 

 
where SWt is the final soil water 

content(mm), SW0 is the initial water 
content(mm), i is the time in days, and Pday is 
the daily Rainfall (mm), Rsurf is the surface 
runoff (mm), ET is the evapotranspiration 
(mm), Wseep is the percolation amount, Qgw is 
the return flow. 

 
SWAT uses the Soil conservation 

service curve number method (SCS-CN) 
method to quantify the surface runoff (Worku 
et al. 2017) and it can calculate using the 
following equation 

𝑄 =
(𝑃−𝐼𝑎)2

(𝑃−𝐼𝑎)+𝑆
… … … … … … … … … … . (2) 

 
where Q is the Surface runoff (mm), P 

is the effective rainfall (mm), Ia  is the initial 
abstractions (mm) and  S is the maximum 
potential retention. 
 
Initial abstraction of water,                   

𝐼𝑎 = 0.2𝑆………………………..(3) 
 
Maximum potential retention,      

𝑆 = (
25400

𝐶𝑁
) − 254 … … … … … … . . (4)  

 
SWAT uses Modified Universal Soil 

Loss Equation (MUSLE) to estimate the 
sediment yield (Ivanoski D. et al., 2019) and it 
can calculate using the following equation, 

𝑆𝑒𝑑 = 11.8(𝑄𝑠𝑢𝑟𝑓 . 𝑞𝑝𝑒𝑎𝑘 . 𝑎𝑟𝑒𝑎ℎ𝑟𝑢)
0.56

. 

                      𝐾𝑈𝑆𝐿𝐸 . 𝐶𝑈𝑆𝐿𝐸 . 𝑃𝑈𝑆𝐿𝐸 . 𝐿𝑆𝑈𝑆𝐿𝐸 . 𝐶𝐹𝑅𝐺.(5) 
 
where Sed is the sediment yield (metric 

tons), Qsurf is the surface runoff (mm/ha), qpeak 
is the peak runoff (m3/s), areahru is the area of 
the HRU (ha), KUSLE is the soil erodibility 
(MgMJ-1mm-1), CUSLE is the cover and 
management factor, PUSLE is the support 
practice factor, LSUSLE is the topographic 
factor, and CFRG is the coarse fragment factor. 
 
2.4. Sensitivity Analysis, Calibration, and 

Validation  

SWAT Calibration and Uncertainty 
Programs (SWAT-CUP) version 5.1.6 was 
used for calibration, validation, and sensitivity 
analysis of the model. In the sensitivity 
analysis, the p-value is used to identify the 
sensitive parameters, parameters that have 
p_value equal to or less 0.05 are considered as 
sensitive parameters for the model (Worku et 
al. 2017).  
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In this study, the performance of the 
SWAT model evaluates using three indicators, 
namely Coefficient of determination, R2 
[Equation 6], Nash–Sutcliff efficiency 
coefficient, NSE [Equation 7], and Percent bias 
PBIAS [Equation 8]( Sohoulande Djebou, D., 
2018) 

𝑅2 = [
∑ (𝑂𝑖 − 𝑂𝑎𝑣𝑔)(𝑃𝑖 − 𝑃𝑎𝑣𝑔)𝑛

𝑖=1

∑ (𝑂𝑖 − 𝑂𝑎𝑣𝑔)
2𝑛

𝑖=1 ∑ (𝑃𝑖 − 𝑃𝑎𝑣𝑔)
2𝑛

𝑖=0

]

2

(6) 

 
 

𝑁𝑆𝐸 = 1 −
∑ (𝑂𝑖 − 𝑃𝑖)

2𝑛
𝑖=0

∑ (𝑂𝑖 − 𝑂𝑎𝑣𝑔)
2𝑛

𝑖=0

… … … (7) 

 

𝑃𝐵𝐼𝐴𝑆 =  [
∑ (𝑂𝑖−𝑃𝑖)𝑛

𝑖=0 ∗100

∑ 𝑂𝑖
𝑛
𝑖=0

]……………(8) 

 
where Oi is the ith observed value, Oavg is 

the average of observed value for the entire 
study period, Pi is the ith simulated value, Pavg 

is the average of simulated value for the entire 
study period. 

 
The performance of the SWAT model 

for different indicators is given in Table 2. 
SWAT model simulations are continued until 
the model performance reaches to a 
satisfactory level for all the three indicators,  
which is considered the best simulation. 

 
Table 2 Model performance evaluation 
ratings for calibration and validation 

(Worku et al. 2017) 

Indicator Value Rate 

NSE ≥0.65 Very good 

0.54-0.65 Adequate 

>0.5 Satisfactory 

PBIAS <10% Very good 

10-15% Good 

15-25% Satisfactory 

>25% Unsatisfactory 

R2 >0.5 Very good 

<0.5 Unsatisfactory 

 
SWAT package consists of a large 

number of parameters.  Several researchers 
have studied the sensitive parameters for the 
SWAT model (Arabi, Govindaraju, Engel and 
Hantush, 2007, Arnold et al., 2012, Dakhlalla 
and Parajuli, 2019) and shortlisted based on 
the simulation type. Therefore SWAT model 
can be calibrated using the specific parameters 

instead of using the entire parameter list.  For 
this study aligning with the literature, 19 
parameters listed in table 3 were selected to 
calibrate the model.   
 
 
2.5. SWAT Model Development 

The watershed was delineated into 13 sub-
watersheds and further delineated in 291 
HRUs according to the Land use, soil type, and 
slope data. Three years warmup period has 
been considered for the model simulation, the 
model was calibrated from 2002 to 2009 and 
the model was validated from 2010 to 2019. 

3. RESULTS AND DISCUSSION 

3.1. SWAT Model Sensitivity Analysis, 
Calibration, and Validation 

The sensitivity of the model parameters 
and details of calibration parameters 
represents in Table 3. Maximum canopy 
storage, Manning's "n" value for the main 
channel, Baseflow alpha-factor, SCS runoff 
curve number, Saturated hydraulic 
conductivity, Effective hydraulic conductivity 
in main channel alluvium, and Average slope 
length are the sensitive parameters for the 
SWAT model. 

Table 3 Details of calibration parameter and 
sensitivity of the parameters 

Description Best 
Simula 

-tion 

Initial 
Range 

P-
Valu

e Mi
n  

Max  

Maximum 
canopy 
storage 

14.95 1 100 0.00 

Manning’s 
“n” value for 
the main 
channel 

0.020 0.01 0.3 0.00 

Base flow 
alpha factor  

0.418 0 0.5 0.00 

SCS runoff 
curve 
number 

0.157 -0.2 0.2 0.00 

Saturated 
hydraulic 
conductivity  

434 0 2000 0.000 

Effective 
hydraulic 
conductivity 
in main 

326.9 200 500 0.007 
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channel 
alluvium 

Average 
slope length 

124.9 10 150 0.036 

Available 
water 
capacity of 
the soil layer 

0.647 0 1 0.059 

Moist bulk 
density 

0.29615 0.9 0.25 0.114 

Manning’s 
“n” value for 
tributary 
channel 

0.22721 0.01 0.3 0.215 

Soil 
evaporation 
compensatio
n factor 

0.413 0 1 0.391 

Plant uptake 
compensatio
n factor 

0.35445 0.1 0.45 0.595 

Manning’s 
“n” value for 
overland 
flow 

0.22721 0.01 0.3 0.603 

Average 
slope 
steepness 

0.985 0 1 0.646 

Surface 
runoff lag 
time 

6.588 6 18 0.699 

Effective 
hydraulic 
conductivity 
in 
tributary  

53.69 0 70 0.779 

Threshold 
depth of 
water in the 
shallow 
aquifer for 
return flow  

702.5 500 3000 0.799 

Groundwater 
delay time  

37.2 0 400 0.842 

Deep-aquifer 
percolation 
fraction 

0.091 0 0.2 0.897 
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Figure 2 Observed and simulation data for the calibration period 

Figure 3 Observed and simulation data for the validation period 
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3.2. Reservoir Inflow  

 The observed and simulated reservoir 
inflows for the calibration period and the 
validation period are shown in Figure 2 and 
Figure 3 respectively. SWAT model has 
simulated the reservoir inflows well except for 
some peaks events recorded in 9/3/2002, 
7/11/2002, 8/26/2005, 09/07/2007, 
9/2/2011, 9/3/2011, 9/4/2011,9/5/2011, and 
5/3/2012, and 6/20/2012, and most of these 
events are more than 50m3/s. The 
performance evaluation of the simulated 
SWAT model represents in Table 4. According 
to the results, the performance of the SWAT 
model in the Urayama Watershed is 
satisfactory. 

Table 4 Performance Evaluation of the 
SWAT model 

Indicator Calibration period  

Value Performance 
Rating 

R2 0.71 Satisfactory 

NSE 0.69 Satisfactory 

PBIAS 24% Satisfactory 

 Validation Period 

R2 0.87 Satisfactory 

NSE 0.81 Satisfactory 

PBIAS 25% Satisfactory 
 
 
3.4. Estimation of sub watershed sediment 

erosion rate 

Figure 4 Erosion rate of the subwatershed 

 
 

The SWAT model estimated the 
sediment erosion rate for each subwatershed 
and table 5 and Figure 5 show the estimated 
sediment erosion rate for each subwatershed. 
The sediment erosion rate of sub-watersheds 
in the Urayama watershed ranges from 0.31-
0.73 tonnes/ha/year. The highest sediment 
erosion rate was observed in sub-watershed 1, 
where 83% of the land area covers by forest, 
except sub-watershed 1 all other watersheds 
cover more than 95% by forest. The second 
highest sediment erosion rate is observed in 
sub-watershed 9, where more than 66% of soil 
is silt loam, in other watersheds more than 
90% or 100% soil type is loam.  
 

Table 5 Erosion rate of the subwatershed 

Subwatershed 
Sediment erosion 
rate tonnes/ha/year 

1 0.73 

2 0.41 

3 0.56 

4 0.51 

5 0.39 

6 0.38 

7 0.31 

8 0.45 

9 0.64 

10 0.40 

11 0.51 

12 0.58 

13 0.52 

 
 
4. CONCLUSION 

Urayama Reservoir located in the 
Arakawa watershed in Japan is a mountainous 
watershed majority of land cover is covered by 
forest. Reservoir sedimentation is a serious 
issue in the Urayama watershed. SWAT, a 
physically-based hydrological model was 
utilized to model the reservoir inflows and 
sedimentation rates of sub-watersheds.  
Reservoir inflow to the Urayama Reservoir 
watershed was successfully simulated using 
the SWAT model. SWAT Model runs from 
1999 to 2019 with 3 years warm-up period, 8 
years (2002-2009) model calibration period, 
and 10 years (2010-2019) model validation 
period. The model performance was evaluated 
using three indicators and the performance of 
the model for both calibration and validation 
period was satisfactory, with achieving R2 > 
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0.5, NSE > 0.5, PBIAS < ±25% values. 
Sensitivity analyses were performed to 
identify the sensitive parameters for model 
calibration and Maximum canopy storage, 
Manning's "n" value for the main channel, 
Baseflow alpha factor, SCS runoff curve 
number, Saturated hydraulic conductivity, 
Effective hydraulic conductivity in main 
channel alluvium, and Average slope length 
were identified as the sensitive parameters for 
this SWAT model. Using the SWAT model the 
spatial distribution of sediment erosion rates 
for each subwatershed were generated and it 
ranged from 0.31 to 0.73.   

 
Reservoir watershed is a complex 

system, therefore managing a watershed is 
difficult.  SWAT estimates the spatial 
distribution of soil erosion in the watershed. 
Identification of erosion-prone areas allows 
decision makers to plan and implement soil 
erosion management strategies at the source 
level. 

 
Overall SWAT model performance is 

satisfactory, however, some peak flows (most 
of the events are more than 50m3/s) were not 
accurately simulated in the SWAT. Heavy 
rainfall induced soil erosion in the watershed. 
Therefore, the ability of SWAT to quantify soil 
erosion depends on the capacity of the model 
to generate realistic surface runoff. Therefore 
simulation of accurate peak flows is a 
significant factor for estimating the soil 
erosion in a watershed. For future research 
studies, it is recommended to calibrate the 
peak flows and base flow separately to model 
accurate flood events/peak flows. 
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The Tsunami risk in populated coastal areas is escalating due to population growth 
with unprecedented development. Tsunami risk management in Sri Lanka 
primarily depends on Early Warning Systems and, they can only save human lives. 
Expensive hard defensive structures are needed to protect the properties against a 
tsunami. Developing countries like Sri Lanka have no sufficient budgetary 
allocations for such measures. However, some coastal infrastructure such as coastal 
railway embankments could be upgraded to function as defensive structures as a 
co-benefit. This study identified the viability of upgrading the coastal railway 
embankment between Panadura and Pinwatta as a case study by considering the 
most probable tsunami. The Tsunami inundation, propagation, and generation were 
modelled using the ComMIT model. The Tsunami induced damage on the housing 
sector was estimated in monetary terms before and after upgrading the 
embankment. Results emphasized a massive reduction in the property damage 
worth Rs 0.36 billion due to upgraded embankment with an estimated co-benefit of 
Rs 0.17 billion. It is economical to upgrade some coastal railways as co-beneficial 
structures for Tsunami damage mitigation. Coastal railway designs should be done 
considering both economic development and Tsunami risk reduction perspectives 
to make those public fund investments more fruitful. 
 

 

1. INTRODUCTION  

Tsunami threats around the globe are 
rising due to the high rate of population 
growth and rapid developments of housing 
and infrastructure in coastal communities. 
2004 Indian Ocean Tsunami (IOT) devastated 
the eastern, southern, and certain parts of the 
western coasts of Sri Lanka, bringing forward 
the need for protective measures against 
tsunamis.  Since then, the government has 
taken various actions to manage or mitigate 
Tsunami risks. Introducing a coastal buffer 
zone for constructions and establishment of 
Disaster Management Center were some of 
those measures.  However, Sri Lanka currently 
does not have structural protection 
mechanisms against tsunamis, and thus the 
damage to the properties in the case of a 
Tsunami can be massive.  

 
For mitigation of such Tsunami risks, 

spatial planning, Early Warning Systems 
(EWS), and hard defensive structures had 
been introduced as strategies to improve the 
preparedness and resilience of coastal 
communities worldwide (Esteban et al., 2013). 
(Tsimopoulou et al., 2012). Even though all 
these countermeasures are effective against 
Tsunami disasters, Early Warning Systems 
(EWS) are the most preferred solution around 
the world due to budgetary limitations. For 
example, IOTWS (Indian Ocean Tsunami 
Warning System) is the early warning system 
primarily used by Sri Lanka. Since Tsunami 
disasters have very long return periods, 
investing large amounts of funds in hard 
defensive structures against those far-fetched 
tsunamis is not economical.  
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Even though EWSs are effective in 
saving human lives during Tsunami disasters, 
their major disadvantage is the inability to 
protect against damage to the properties as 
hard defensive structures do. Therefore, the 
present study is focused on developing a 
comprehensive methodology to assess the 
viability of hard defensive structures 
concerning both Tsunami damage mitigation 
and economic development perspectives. The 
present study suggests using the co-benefit 
concept to achieve Tsunami resilience through 
hard defensive structures economically. Thus, 
the Tsunami damage mitigation potential of 
coastal structures that have another primary 
function must be studied. Sri Lanka has a 
railway network that is widely spread 
throughout the island. Some of its parts run 
through coastal areas and these coastal 
railways can be seen in western, southern, and 
a small part of eastern coasts. Therefore, in 
such areas of the island, these coastal railway 
embankments provide an ideal case to explore 
the adaptability of the co-benefit concept for 
Tsunami damage mitigation.  

2. LITERATURE REVIEW 

2.1. Applicability of Co-Benefit Concept for 
Tsunami Damage Mitigation in Sri 
Lankan Context 

The total damage to the assets in Sri 
Lanka due to the 2004 IOT was estimated to be 
between US $970 million to US $1000 million 
which is 4.4%-4.6% of the GDP of the country 
in the contemporary time (ADB, JBIC and WB, 
2005). The National Disaster Management 
Policy of Sri Lanka encourages the 
incorporation of Disaster Risk Reduction 
(DRR) concepts in development projects 
(Ministry of Disaster Management, 2013). In 
the light of these facts, Samarasekara et al., 
(2017) had explored the co-benefits of coastal 
structures for Tsunami damage mitigation, 
which is a better approach to address the need 
for hard structural countermeasures for 
developing countries that cannot afford hard 
defensive structures against tsunamis. 
Samarasekara et al., (2017) had found that 
even though upgraded coastal structures had 
a Tsunami damage mitigation co-benefit, it 
was not economical for loosely populated 
rural settings and suggested that further 

research need to be done on the applicability 
of the concept to urban settings. In this 
research, it’s expected to further explore the 
utilization of co-benefits of coastal structures 
for Tsunami risk reduction with further 
enhancements of methodology and using a 
different case study area.  

2.2. Tsunami Hazard and Vulnerability 
along Sri Lankan Coast 

When considering the impact of 
Tsunami waves during 2004 IOT, the Eastern 
coast of Sri Lanka was exposed to the direct 
attack of Tsunami waves while the Southern 
coast and certain parts of the West Coast were 
affected by less severe diffracted waves from 
the tsunamigenic earthquake that happened in 
Sunda subduction zone (Hettiarachchi and 
Samarawickrama, 2006). The population 
density of the Eastern coast is low compared 
to the Southern and Western coasts (DCS, 
2021). Therefore, in the case of the East coast, 
the hazard is high, but the vulnerability of 
people is low. The economy of the Eastern 
coast is much underdeveloped, and thus the 
infrastructure and private properties of this 
area possess less value in monetary terms 
(Nayanananda, 2007)(Koralagama, 2008). In 
the case of Southern and Western coasts, the 
hazard is less, but vulnerability is high. On the 
other hand, the Western coast is much 
economically developed, and thus the 
infrastructure and private properties of this 
area possess a considerable monetary value. 
Therefore, given the economic considerations 
described above, upgrading coastal railway 
embankments as a hard defensive structure 
against tsunamis in addition to EWS would be 
a more appropriate solution for Western coast.  

2.3. Identification of the Tsunami Hazard in 
the Selected Area 

The Tsunami hazard in Sri Lanka is 
primarily caused by the Andaman zone in the 
Sunda fault (Burbidge et al., 2009). Burbidge et 
al. (2009) had done a probabilistic Tsunami 
hazard and showed the probable 
tsunamigenic areas and their probable 
earthquake magnitudes.  

 
Community Modelling Interface for 

Tsunamis (ComMIT) is a web-based tool for 
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providing site-specific inundation forecasts. 
ComMIT uses the output from a pre-
computed Tsunami propagation database, 
WebSIFT, as the initial condition and has a 
graphic user interface to output modelled 
results. While some other numerical 
inundation models like COMCOT are 
available, ComMIT is a user-friendly real-time 
interface to generate accurate results. ComMIT 
model was initially developed for the Indian 
Ocean Tsunami Warning and Mitigation 
System (IOTWS), and now this model is 
widely used to make Tsunami inundation 
maps under different scenarios in Indian 
ocean countries (Titov et al., 2011).  

2.4. Assessment of the Tsunami Mitigation 
Co-Benefit of the Selected Railway 
Embankment 

For the assessment of the exact 
Tsunami mitigation co-benefit, a 
comprehensive economic analysis should be 
done to estimate the probable damages of the 
modelled Tsunami scenarios and the cost of 
required upgrades to the railway 
embankment. Following the 2004 IOT and 
2011 Great East Japan Tsunami, several 
researchers have developed fragility curves to 
determine the conditional probability of 
structures reaching or exceeding a specific 
damage state under a Tsunami situation 
(Reese et al., 2011) (Murao and Nakazato, 
2010) . The demand parameter for these 
fragility curves is the inundation depth at the 
point of each structure.  

 
Various researchers had studied the 

failure of coastal structures due to tsunami-
induced scouring, erosion, and overturning. 
Kato et al., (2012) had explored different 
mechanisms of coastal dike failure due to 
tsunamis. Suppasri et al., (2016) had proposed 
methods to improve the resilience of coastal 
embankments against tsunamis considering 
the failure mechanisms proposed by Kato et 
al., (2012).  

3. METHODOLOGY 

The methodology shown in Figure 1 
was used during the study. A suitable case 
study area was selected according to the 
hazard and vulnerability and then Tsunami 

generation propagation, inundation and 
relevant damage estimations were done. Then 
a set of upgrades were proposed to the 
existing railway and the damage after 
upgrading was estimated.  

3.1. Case Study Area 

Based on the facts discussed in section 
2.2 it was decided to select a case study in the 
western province. Therefore, the coastal 
railway embankment between Panadura 
railway station and Pinwatta railway station 
was identified as the case study. The study 
area faced critical property damages during 
the 2004 IOT; 551 housing units were 
completely destroyed, while 96 housing units 
were partially damaged up to an unusable 
state (DCS, 2020). The railway embankment 
establishes a clear boundary between the 
coastal properties and the sea. This is a 
relatively urban area, and thus the monetary 
value of the properties is relatively high 
compared to the case study used by 
Samarasekara et al. (2017).   

 

Figure 1 Case study area 

Scale 1:6,000,000 

Scale 1: 63000 

Railway 

Coastline 

Buildings 
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3.2. Simulation of Inundation Heights for  
the Most Probable Tsunami  

ComMIT model was used to model 
the Tsunami event and calculate inundation 
heights in this research. ComMIT uses the 
Method Of Splitting Tsunamis (MOST) for its 
simulations (NOAA Center for Tsunami 
Research, 2020). MOST is a suite of numerical 
simulation codes capable of simulating three 
distinct stages of Tsunami evolution: oceanic 
floor deformation phase, transoceanic 
propagation phase, and inundation phase to 
predict coastal flooding and inundation using 

a multi-grid “run-up” algorithm (NOAA, 
2006). The following parameters were used in 
modelling by ComMIT. 

• Position and extent of earthquake 
rupture zone (earthquake source) 

• Magnitude of earthquake 

• Manning’s roughness coefficient  

• Bathymetric and topographic data 

3.2.1. Position and extent of earthquake 
source 

The Tsunami hazard in Sri Lanka is 
primarily caused by Andaman and Sumatra 
subduction zones of the Sunda Arc (Burbidge 
et al., 2009). Historical earthquake probability 
was used for selection of both earthquake 
source area and magnitude. Burbidge et al., 
(2009) showed that most of the recorded major 
tsunamigenic earthquakes in Andaman and 
Sumatra subduction zones happened in the 
segment showed in Figure 3. The largest 
earthquake that happened in this segment had 
a magnitude of 9.2 Mw.  

 

Figure 2 Flowchart of methodology 

Propose upgrades 

to the railway 

embankment and 

apply them to the 

topographic data 

along the railway 

embankment 

Recognize the most probable Tsunami event 

using ComMIT model 

Extracting the required topographic/bathymetric 

data from ETOPO 1 & CGIAR SRTM 

Identification of a suitable case study area  

Converting the extracted coarser data set 

into a finer data set using ArcGIS 

interpolation tools 

Updating the elevation data using Survey Department 

data 

Tsunami generation and propagation modelling 

using ComMIT model 

Extract the inundation depths for case 

study area to ArcGIS 

Verify the output inundation depths  

Estimate the number of 

completely destroyed 

building units using 

fragility curves 

Overlay the obtained inundation depths on a 

housing structure of the study area and 

obtain the inundation height at each structure 

Estimate the damage in 

monitory terms and 

Tsunami damage 

mitigation co-benefit in 

monitory terms 

Estimate the cost of 

upgrading  

Estimate the damage in 

monitory terms 

Figure 3 Earthquake source area used in 
ComMIT model 

Source area 
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Therefore, the source area for ComMIT 
modelling was selected as this segment with a 
magnitude of 9.2 Mw, and such an earthquake 
would correspond to a return period of 1500 
years (Burbidge et al., 2009). 

3.2.2. Manning’s roughness coefficient. 

Bricker et al., (2015) had estimated 
Manning’s roughness coefficients for Tsunami 
models. The case study area was considered a 
medium-density urban area. Therefore, 
Manning’s roughness coefficient was 
considered as 0.06, as shown by Bricker et al., 
(2015). 

3.2.3. Bathymetric data, topographic data, 
and model grids. 

At the beginning of ComMIT 
modelling, A, B, and C model grids had to be 
selected to allow the ComMIT model to get the 
required topographic and bathymetric data 
from its database.   

Table 1 Details of A, B, and C grids 

  The default database used by 
ComMIT for grid C contained topographic 
data obtained by modifying the ETOPO 1 data 
set using DEM of CGIAR SRTM 90 m version 
4 (Digital Elevation model of Consultative 
Group for International Agricultural Research 
Shuttle Radar Topography Mission 90 m 
version 4) (NOAA Center for Tsunami 
Research, 2020). The grid resolution given by 
this data set for Grid C was limited to 3 arc 
seconds (≈92.5 m) (Table 1). Therefore, this 
topographic data was interpolated to a finer 
5m grid by ArcGIS software. Furthermore, 

elevation data along the railway embankment 
was purchased from the Survey Department, 
Sri Lanka since a higher accuracy should be 
maintained for the elevation along the railway 
for precise estimation.  

 

Inundation heights were calculated 
both before and after upgrading the railway 
embankment and verified using the wave 
heights observed during 2004 IOT as recorded 
by Geological Survey & Mines Bureau. 

3.3. Definition of Damage 

𝐃 =  ∑ ∑  

𝟔

𝐣 =𝟏

𝐂𝐢𝐀𝐢𝐟(𝐡𝐣)𝐍𝐢𝐣  

2

𝐢 =𝟏

      

D = The expected damage for the 
housing sector 

m = 
The construction material of the 
building units. Two materials were 
considered: Reinforced Concrete 
(RC) and Masonry(M) 

i = 
Building category: i=1 for housing 
(Masonry) units and i=2 for 
nonresidential buildings (RC) 

Ci = 
The unit construction cost of an i-
category building unit 

Ai = Mean area of i building category 
j = Tsunami inundation depth range 

(j=1,2…,6) 
hj = Mean of j inundation depth range 
f(hj) = Fragility under hj inundation 

depth 
Nij = Number of building units of i 

category under j inundation depth 
range 

Fragility, f(hj) was determined using 
fragility curves given by both Reese et al., 
(2011) and Murao and Nakazato (2010) 
separately. 

Table 2 j, Inundation Depth Rage and hj 

Parameter  Grid A Grid B Grid C 

Data source ETOPO 1 ETOPO 1 

Modified 
(ETOPO 1 
& CGIAR 

SRTM) 

Latitude 
extent 
degrees 

3.51140 to 
11.63640 

5.98120 to 
7.11120 

6.55420 to 
6.73010 

Latitude 
spacing ΔX 
arcsec 

90.0 18.0 3.0 

Longitude 
extent 
degrees 

77.5391o 
to 

84.1391o 

79.0136o to 
80.35860 

79.86720 to 
79.98390 

Longitude 
spacing ΔY 
arcsec 

90.0 18.0 3.0 

j Inundation Depth Range (m) hj 

1 0-0.5 0.25 

2 0.5-1.0 0.75 

3 1.0-2.0 1.50 

4 2.0-3.0 2.50 

5 3.0-4.0 3.50 

6 4.0 < 4.00 

(1) 
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(2) 

3.3.1. Expected reduction of damage 

The expected reduction in damage E 
(ΔD) was calculated by using equation (2), (3), 
and (4) (Hydrologic Engineering Center 
USACE, 1989): 

E(ΔD) = ∑ P(X = r)(r(ΔD))(1 + k)−r 

n

r=1

 

ΔD = D1 − D2 

P(X = r) =
n

Cr (
1

T
)

r

(1 −
1

T
)

n−r

 

Where ΔD is the reduction of damage, 
D1 and D2 are the damage before and after 
upgrading, respectively, n is the design life (in 
years) of a structure, p (X= r) is the probability 
that the number of Tsunami occurrences is r 
within n years, T (in years) is the return period 
of selected tsunamigenic earthquakes, k is the 
discount rate. The design life of the railway 
embankment was taken as 40 years. 

3.4. Definition of co-benefit 

CB = E(∆D) − CU 

CB = Co-benefit of the railway 
embankment 

E(∆D) = Expected Reduction of 
Damage 

CU = Cost of upgrading the railway 
embankment 

4. RESULTS AND DISCUSSION 

4.1. Results     

Maximum output inundation depths 
near the coast obtained from the model for 
both cases (if the railway embankment was not 
upgraded and if the railway embankment was 
upgraded) were between 3 to 4 m. Observed 
wave heights of the study area during 2004 
IOT as recorded by Geological Survey & Mines 
Bureau of Sri Lanka were approximately 
around 3 m. Therefore, the inundation depths 
could be considered verified. 

The following structural upgrades were 
proposed to mitigate overtopping of water 
across the embankment and to minimize 
scouring due to water flow based on Suppasri 
et al., (2016). 

• A 2 m elevation increase was proposed for 
the railway embankment with which it 
would be easier to construct grade 
crossings where required (if underpasses 

were provided instead, they would 
neutralize the Tsunami damage mitigation 
effect of the embankment).  

• Strengthened heel construction at the 
landward toe of the embankment to reduce 
the possibility of failure due to scouring. 

• The embankment would be adequately 
armoured to avoid soil erosion due to 
water flow. 

• Figure 5 and 6 shows inundation contours 
obtained before and after upgrading the 
railway embankment, respectively.  

 

 

Figure 4 Schematic diagram of proposed 
modifications to the railway 

embankment 

 

 

 

Figure 5 Inundation depths contours for the 
most probable Tsunami (9.2Mw) if railway 
embankment was not upgraded, overlayed 

on a map of existing building structures 
(scale 1: 80,000) 

(3) 

(4) 

(5) 
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Figure 6 Inundation depth contours 
obtained for the most probable Tsunami (9.2 
Mw) if railway embankment was upgraded 

overlayed on a map of existing building 
structures (scale 1: 80,000). 

 
Table 3 shows the estimated values. 

 

Table 3 Total damages estimated using 
different fragility cures 

 Value (Rs million) 

Fragility 
curve used 

Murao and 
Nakazato 

Reese Mean 
value 

Damage 
without 
upgrading 

722 751 736.5 

Damage with 
upgrading 355 391 373 

Reduction of 
damage 

- - 363.5 

Expected 
reduction of 
damage 

- - 356.5 

Cost of 
upgrading 

184 

Tsunami 
damage 
mitigation Co-
benefit 

- - 172.5 

4.2. Discussion 

The results showed that the number of 
completely damaged building units were 
considerably reduced after upgrading the 
railway embankment. 

4.2.1. Assumptions and limitations 

 The grid size of the topographic data 
set of the area used was 3 arcseconds (~92.5 
m). It was interpolated to a grid of grid size 
0.166 arcseconds (4.98 m) to insert elevation 
data along the railway. But this interpolation 
process did not increase the accuracy of the 
topographic data used. This study did not 
incorporate the damages to other sectors such 
as fisheries, roads, tourism etc., due to the lack 
of reliable data. Thus, only the cost of 
reconstruction of completely damaged 
building units was assumed as the damage. 
Therefore, the estimated damage in the 
present study is a rather conservative value. 
The proposed methodology can be extended 
to river floods by using fragility curves 
developed for river floods. However, 
structural damage due to river floods would 
be lesser in most situations because of lower 
flow velocities compared to Tsunami waves.  

4.2.2. Effect of the proposed upgrades 

From the proposed upgrades, only the 
2 m elevation increase of the railway 
embankment was fed into the ComMIT model 
due to the software limitations. Other 
proposed upgrades were introduced to make 
the embankment more durable against 
scouring of embankment toe and soil erosion 
in the case of a tsunami.  

4.2.3. Comparison with previous studies. 

Samarasekara et al., (2017) had also 
done a co-benefit assessment of the coastal 
structures in Tsunami damage mitigation 
using a case study in Dimbuldooa and 
Wenamulla villages around Hikkaduwa city. 
During this previous study, it was found that 
even though the upgraded coastal railway 
embankment could mitigate the damage to the 
properties, upgrading the embankment was 
not economical. In contrast, the present study 
found that upgrading the railway 
embankment from Panadura railway station 
to Pinwatta railway station was economical. 
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Table 4 Comparison between the present 
study and the study by Samarasekara et al., 

(2017). 

5. CONCLUSIONS 

It is concluded that the upgraded 
coastal railway embankment could effectively 
mitigate the damage to the properties, and it is 
economical to upgrade the embankment to be 
a co-beneficial structure for Tsunami damage 
mitigation. Furthermore, by comparing the 
results with the study done by Samarasekara 
et al., (2017), it was concluded that coastal 
railway embankments in populous coastal 
areas could be used as co-beneficial structures 
for Tsunami damage mitigation, even with 
upgrades. 
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Local scouring around cylindrical pile foundations is a major reason for the collapse 
of marine structures worldwide. While there is a significant body of research work 
carried out for current alone and wave alone flow conditions, scour processes in 
wave-current combined flow are not fully understood. In the present work, 
characterization of the scour hole geometry developed in a sand bed flume 
experiment was achieved by means of a laser distance measuring method. These 
advanced survey and sensor technologies offer efficient techniques for deriving 
point clouds and Digital Elevation Models (DEM). It was found that the relative 
scour depth (S/D) reached an equilibrium value with the elapse of time equal to that 
for a current alone case when, Ucw>0.59, i.e., in a situation where current dominated 
flow conditions prevail. A comparison of present test results showed that the 
relative equilibrium scour depths agree well with the magnitudes and trends 
exhibited by previously published data.  
 

 

1. INTRODUCTION  

Mono-pile is the foundation type most 

commonly used for offshore structures. The 

local scour, created by the incoming shear flow 

at a mono-pile base, has significant influence 

on both quasi-static lateral responses and 

mono-pile dynamic responses. Mono-pile 

diameters of up to 10 m have become a feasible 

choice as industry is heading into deeper 

waters at present. 

The local scour around a monopile 

under steady flow or current alone has been 

studied for the scour protection designs in the 

past. It has been investigated extensively from 

various aspects, e.g., scour mechanism, time 

scale, the maximum scour depth prediction., 

e.g., Chiew and Melville (1987) and other 

researchers as cited in Qi & Gao (2014): 

Raudkivi & Ettema (1983), Melville and 

Sutherland (1988), Breusers and Raudkivi 

(1991), Hoffmans & Verheij (1997), Ettema 

et al., (1998), Melville & Chiew (1999) and 

Whitehouse (1998). Many empirical formulas 

have been proposed to predict the depth, 

extent and rate of scour. Meanwhile, quite a 

substantial knowledge of scour around piles in 

waves has accumulated. Sumer et al., (1992) 

and Kobayashi & Oda (1994) demonstrated 

that the Keulegan-Carpenter number (KC) is 

the main parameter governing the scour 

process on a live-bed. However, scour 

processes for wave-current combined flow are 

still relatively less understood. 

The interaction between the mean 

flow of the currents and surface gravity waves 

is wave – current interaction. Energy is 

exchanged due to the interaction. After the 

start of the interaction both the waves and the 

mean flow are mutually affected. As stated by 

Soulsby and Clark (2005) in stronger currents 

and waves the flow will be turbulent and the 

turbulence generated in the wave and current 

boundary layers adds in a non-linear fashion. 
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Because of this, the mean and oscillatory 

components of the bed shear stress are 

enhanced beyond the values which would 

result from a simple addition of the steady 

current-alone stress and oscillatory wave-

alone stress. 

Scouring at the pile foundation in 

combined waves and current is a complicated 

coupling process between fluid, structure and 

soil. The experimental results of Eadie and 

Herbich (1986) indicated that the scour 

development is faster and the equilibrium 

scour depth is greater under combined waves 

and current, compared with the case of 

current-alone. The scale and shape of the scour 

hole depend on the relative magnitude of the 

current velocity and the oscillatory flow 

velocities. Sumer and Fredsøe (2001) 

conducted a series of tests of irregular waves 

propagating either with or perpendicular to 

the currents, indicating that the scour depth 

for combined waves and current is influenced 

by the KC number and the ratio of velocities 

(Ucw = Uc / (Uc + Uwm). Rudolph and Bos (2006) 

carried out model tests on scour around a 

monopile under combined waves and current 

with oblique directions, focusing on the range 

1<KC<10. They proposed an improved scour 

depth prediction formula by analyzing their 

new data and preceding data. Sumer and 

Fredsøe conducted the tests within 0<KC<30 

range whilst Qi & Gao (2014) conducted their 

tests within 0< KC<3 range. 

In the present study, a series of flume 

tests were conducted for the combined case of 

waves in the region of 0<KC<8 and a co-

directional current (i.e., waves following the 

current) to understand the local scour 

behaviour around a monopile foundation. The 

equilibrium scour depth, wave height and 

flow velocity were measured for each test. 

2. METHODOLOGY 

The experiments were conducted in a 
small multipurpose teaching flume (4710 mm 
long, 80 mm wide and 250 mm high) at the 
Faculty of Engineering, University of Ruhuna. 
The flume is capable of simultaneously 
generating waves and currents. A wave 

generator was located at the upstream end of 
the flume and a porous type of sloped wave 
absorber at the downstream end to minimise 
the wave reflection. A specially designed soil-
box (1000 mm long, 40 mm deep and 80 mm 
wide) was placed in the middle section of the 
flume. The water depth was kept constant at 
120 mm and regular waves were generated. A 
saturated sand-bed consisting of sand with 
mean grain size, d50=0.32 mm, was adopted to 
simulate a sandy seabed. Cylindrical model 
mono-pile made of Perspex with diameter 
D=10 mm was vertically installed at the centre 
of the soil-box.  

 
When selecting a pile diameter, the 

influence of the side walls of the 80 mm wide 
flume was considered. For this purpose, test 
runs were carried out using 10 mm and 15 mm 
diameter model piles. Waves were run for 90 
min for each test until equilibrium of the scour 
hole was reached. Boundary of the scour hole 
reached the walls when using 15 mm diameter 
pile. However, this did not happen while 
using 10mm diameter pile. This resulted in a 
pile diameter to flume width ratio (blockage 
ratio) of 12.5%. Okajima et al., (1997) noted 
that as flume wall proximity to the test object 
became sufficiently close, flow around an 
object was confined owing to acceleration of 
the flow in the vicinity of that object (i.e., 
through a reduced cross-section). 
Zdravkovich (2003) noted negligible blockage 
effects for cylinders with blockage ratios <10% 
and moderate effects on drag for ratios of 10-
60%. At ratios >60%, blockage effects are 
considered to significantly affect mean values 
of drag. The blockage ratio is commonly 
defined in literature as the width of the test 
object relative to the width of the flume 
(Cooper et al., 1997). Dey et al., (2006) 
conducted scour tests for a 6 cm diameter pile 
in 0.6 m wide wave flume. Combined wave-
current scour tests conducted by Qi & Gao 
(2014) were performed for a 0.2 m diameter 
pile in a 1 m wide flume. Therefore, a majority 
of researchers have preferred to maintain a 
diameter/flume width ratio of less than 10% 
whilst higher values up to 20% are not 
uncommon. Therefore, the present tests are 
consistent with the existing good practice in 
terms of reducing wall proximity effects on the 
flow. 

 
 The far-field wave height was 

measured using digital wave gauges. For the 
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tests conducted, the current velocity was kept 
a constant 0.19 m/s changing the wave height 
between 37 to 71 mm and wave period 
between 0.4 and 0.6 seconds. Scour depths 
were measured after each test using TOF10120 
laser sensor (Figure 1) which was calibrated 
and verified against known depths. Using 
measured discharge of the flume, mean 
current velocity was calculated. 
Ucw=Uc/(Uc+Uw) ratio between 0.59 and 0.65 
were maintained, where Uc is current velocity 
and Uw is maximum wave bottom orbital 
velocity which was calculated using linear 
wave theory.  As the water depth to 
wavelength ratio fell within the intermediate 
water depth region, this assumption to use 
linear wave theory to calculate the bottom 
orbital velocity could be justified. The various 
test scenarios are presented in Table 1. 
 
Table 1 Test cases: wave height, period and 

wave bottom orbital velocity 

 
 
 

Figure 1 Scour depth measuring device 

The depth averaged current velocity 

was calculated using flume discharge data. 

Wave heights were measured using wave 

gauges via HR DAQ data capture software 

(Figure 2). Regular waves with wave height, 

H= 38-71 mm and period, T=0.4-0.7 seconds 

were generated using a wave pedal placed at 

the upstream end of the flume.  Arduino 
TOF10120 Laser sensor used for depth 

measurements is shown in Figure 1.  

 

 

Figure 2 Measured water surface profile 

3. RESULTS AND DISCUSSION 

Before the tests were carried out, scour 
depth was pre-determined using an equation 
obtained by Sumer and Fredsoe (2001).  

 
S/D = Sc/D {1-exp [-A (KC-B)]}                  (1) 
A=0.03+0.75 (Ucw)2.6                                   (2) 
B=6 exp (-4.7 Ucw)                                  (3) 
 Sc/D = 1.3+                                               (4)  
 

Ucw=Uc/(Uc+Uw) is velocity ratio, Sc is 
equilibrium scour depth for a current alone 
case, D is the diameter of the model pile. 
Sumer and Fredsoe (2001) reported a standard 
deviation ( ) of 0.7 for S/D which will mean 
such variation between 2.0 and 2.7 would be 
possible. 

 
A photo showing the pile and scour 

hole developed around it and the digital 
elevation model developed after taking 
measurements of sand bed surface elevation, 
are shown in Figure 3 and 4, respectively. The 
test results are tabulated in Table 2.  

 
Sumer and Fredsoe (2001) conducted 

their tests within the range 0<KC<30 and Qi & 
Gao (2014) conducted tests for the region 
0<KC<3. In the present study, tests were 
carried out in the range for 8<KC<0 and 
0.59<Ucw<0.65 indicating the dominance of the 
currents. Figure 5 shows the variation of 
relative scour depth against KC number 
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measured in the current test program. Table 3 
provides a summary of the past and present 
test results of relative scour depths. 

 

 

Figure 3 Scour hole around monopile 

 
 
 
 
 
 
 
 
 
 
 

Figure 4 Measured DEM of the scour hole 

 

Table 2 Test results for local scour for a 
monopile: waves following the current 

Test Ref. 
KC 
(-) 

Ucw 
(-) 

S/D 
(-) 

A 7.6 0.63 2.3 

B 8.0 0.59 2.2 

C 7.3 0.59 2.1 

D 6.0 0.62 2 

E 4.8 0.65 1.9 

F 
(Current 

only) 
- 1.0 2.2 

 
Sumer and Fredsoe (2001) concluded 

that the scour depth is a function of KC and 

Ucw ratio in the case of wave-current combined 

flow. They also observed that equilibrium 

scour depth reached that for the current alone 

case when Ucw>0.7. The present tests were 

conducted for Ucw in the range of 0.59 and 0.65. 

The scour depth observed for current alone 

case in the present tests was S/D=2.2. As 

shown in Figure 5, scour depths for wave-

current combined flow appeared to approach 

the value for currents.  Experiments conducted 

by Sumer and Fredsoe (2001) for current alone 

case showed that the relative equilibrium 

scour depth, S/D reached 2.0.  

Table 3 Relative equilibrium scour depths 
of the present study and data of others 

KC 
S/D 

Measured 

S/D (Qi 
& Gao,  
2014) 

S/D  
(Sumer 

& 
Fredsoe, 

2001) 

7.6 2.3  1.86 

8.0 2.2  1.78 

7.3 2.1  1.73 

6.0 2  1.65 

4.8 1.9  1.57 

26   1.67 

8   1.06 

4   0.83 

2.9  0.70  

1.09  0.44  

0.75  0.34  

 
For the present wave-current 

combined flow test cases which are above 

Ucw=0.59 (Table 2), the equilibrium scour 

depth approached that of a current alone case, 

i.e., S/D=2.2. Therefore, for the current 

dominated flow condition, as confirmed by 

Sumer and Fredsoe (2001), the final 

equilibrium depth would be of the same 

magnitude as for a current alone case. 

Table 4 Comparison of sand particle size 

    Median grain size of sand, d50 (mm) 

Present tests 
Qi & Gao  

(2014) 

Sumer & 
Fredsoe 
(2001) 

0.32 0.38 0.16 and 0.2 

 

The relative scour depths for the 

present tests showed a higher value for lower 

KC values than for Sumer & Fredsoe (2001) 

and Qi & Gao (2014). This could be due to the 

effect of sediment size, d50 and particle size 

distribution. The fraction of finer particles in 
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the present tests appeared to be significant 

with d85/d15=11. A comparison of sediment 

sizes used in the past and present tests is 

shown in Table 4. 

 

Figure 5 Equilibrium scour depth, comparison 
of present data with data of others 

4. CONCLUSIONS 

Measured relative scour depths agree 
well with the trends exhibited in previously 
published data by others on scour under 
wave-current combined flow.  For current 
dominated conditions where, Ucw>0.6, 
equilibrium scour depth reaches a value which 
is approximately equal to that for a current 
alone case. This observation reconfirms the 
results and conclusions made by Sumer & 
Fredsoe (2001).  
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1. INTRODUCTION 

Economic growth and industrial 
consumption have created a significant 
environmental issue of increasing the amount 
of garbage throughout the world. In most of the 
developing countries including Sri Lanka, there 
is no definite way to dispose of the garbage that 
accumulates, and open dumping is commonly 
used in Sri Lanka due to the low cost. 
 

Worldwide generation of municipal 
solid waste (MSW) approaches 1.3 billion tons 
per year and is expected to rise to 2.2 billion 
tons per year by 2025 (Gunarathne et al., 2019). 
In Sri Lanka, total waste generation is 
approaching an average of 12400 MT per day or 
approximately 4.5 million MT per year with an 
average waste generation intensity of 0.62 kg 

per person per day(Gunaruwan and 
Gunasekara, 2016). 

 
There are more than 200 garbage 

dumps in Sri Lanka. Karadiyana open 
dumpsite is one of the main open dumpsites in 
Sri Lanka. It is located in the Western Province 
of Sri Lanka with a total area of about 25 acres. 
This open dumpsite is situated very close to the 
Weras Ganga - Bolgoda Lake wetland system 
(Koliyabandara et al., 2020). Currently, the re-
opened site accepts 60-70 percent of the 500 
tons of waste per day from the eight local 
authorities that are legally permitted to dispose 
of waste at Karadiyana. 
  

This paper aims to prepare an open 
dumpsite emission inventory and design a soil 
cover using biochar for a medium-scale 
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Most developing countries use open dumping methods for waste disposal. 
Therefore, most of the lands are polluted by leachate and gaseous emission. 
Appropriate waste management contributes to reducing not only the emission of 
greenhouse gases (GHGs) but also the emission of water/atmospheric pollutants, 
leachate, and bad odors, Quantification of gaseous emission is rarely done in Sri 
Lanka. In this paper, the gaseous emission of Karadiyana open dumpsite was 
investigated to assess the impact of the dumpsite on air quality deterioration and to 
mitigate GHG emission using biochar. Five locations were selected and prepare an 
inventory was to investigate the gaseous emission.  Four categories of emissions 
were considered. Namely, CO2, H2S, NH3, CH3. High-risk and low-risk areas can be 
identify using inventory.  Select the high-risk areas using the inventory and use the 
prototype with biochar to observe how the gas emission is reduced. Later different 
types of biochar are used and different proportions and different thicknesses of 
landfill cover have been modified and the minimum value of greenhouse gas 
emission is used to create landfill cover to mitigate GHG emission of Karadiyana 
open dumpsite. 
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dumpsite to reduce greenhouse gas (GHG) 
emissions. 
 

The main objectives are to assess the 
emissions of greenhouse gases from the 
Karadiyana open dumpsite and prepare an 
inventory, design and fabricate a prototype to 
investigate the reduction of gas emission using 
Biochar, and design a soil cover using biochar 
and assess GHG emissions through field 
testing. 

2. METHODOLOGY  

Landfill gases such as CH4, CO2, NH3, 

and H2S and, biochar production were 

conducted at the Karadiyana dumpsite. Five 

sampling locations were selected for the 

characterization and it was conducted every 

week. Above gases were measured by 

Aeroqual PM Sensor with series 500. 

After the readings were taken, we can 

find the highest point of the gas emission is 

located at. 

 

Figure 1 Karadiyana open dump site 

 

3.1 Measuring Open Dump Gaseous 

Emissions and Prepare an Inventory 

 

 

 

 

 

Table 1 Gas emission at the relevant 
locations in every two hours 

 

Table 2 Average gaseous emissions 

 

3.2 Biochar Preparation and Characterization  

Biochar was produced using site-
specific pyrolysis using the compost rejection of 
Municipal Solid Waste (MSW) obtained from 
the Karadiyana dumpsite, providing specific 
temperatures and reaction time. 

3.3 Identification of Reduction of Open 
Dump Gaseous Emission Using Biochar 

Then the biochar was put on the 
prototype we created and see how much gas 
percentage is absorbed. Then different types of 
biochar were used and were monitored for the 
absorption of the above-mentioned gases. 
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3.4 Design of Covering Material 

Landfill cover is one of the best options 

for the mitigation of GHG emissions. It 

Increases the permeability coefficient & water 

content of the cover due to the addition of 

biochar also affects the GHG removal 

efficiency. 

Landfill cover has Water holding 

capacity, Height of cover, Temperature, Gas 

retention time, GHG concentration, Oxidation 

rates, Mixed ratio, Specific Surface Area. 

4. RESULTS AND DISCUSSION 

Average gaseous emissions were 

collected for three times in a day; morning – 

8.00-10.00 a.m; noon – 12.00-2.00 p.m.; 

afternoon – 3.00-5.00 p.m. Figure 2, 3, 4 and 5 

show the CH4,  CO2,NH3, and  H2S respectively.  

  
Theoretically, when the temperature 

increases gaseous emission also should 

increase due to the opening of pores in the 

waste, but results contradict the theory by 

decreasing in concentrations with temperature 

rise. 

The maximum CO2 emission was 

observed at site A due to the Organic waste 

meanwhile the lowest CO2 concentration was 

observed at Site B as it is dumped with 

Inorganic waste. Road site has a concentration 

of CO2 less than that of Site A and more than of 

Site B as the sampling location is in between 

Site A & Site B. The concentration of CO2 at the 

university is higher than that at the Karadiyana 

Dumpsite. This may happen as the CO2 

disperse through the wind. 

The emission of CH4 is high at site A as 

it is filled with Organic waste and the 

concentration of CH4 decreases from morning 

to evening where is an opposing result for the 

theory.  

The maximum H2S concentration was 

at the house site. This is due to a spill in the 
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sewer due to an improper Sewage pit. The H2S 

level at the university is high in the morning 

which is quite unusual as the level of gas 

should be low with low temperature. 

There was no NH3 concentration in 

ppm was observed at Site B and Road site.  The 

instruments we used measure in ppm whereas 

the typical concentration of NH3 is in ppb 

where the measuring instrument was the 

limitation. 

4.1 Gas emission at the relevant location in 

every two hours 

Gas emmision related the selcted 

locations in every two hours are shown in the 

Figures 6, 7, 8 and 9.  

Figure 6 CO2 emission 

 

Figure 7 CH4 emission 

 

Figure 8 NH3 emission 

  

Figure 9 H2S emission 

 

Figure clearly shows that the Site A 

where organic matters are accumulated 

gives higher emissions than all other 

locations. Therefore, it is utmost important 

to place a daily cover for these dumping 

sites. Hence this research study also pay 

attention on the landfill cover to avoid gas 

emissions as well as to reduce the 

infiltrations which exaggerate the amount 

of the leachate. Figure 10 shows the 

proposed land fill cover which makes out 

of the MSW biochar. Investigations of the 

composition of the landfill cover is still 

under research. 
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5. CONCLUSIONS 

The objective of this study was to 

assess the emissions of greenhouse gases from 

the Karadiyana open dumpsite and prepare an 

inventory, to design and fabricate a prototype 

to investigate the reduction of gas emission 

using Biochar. In this review, the gaseous 

emission data gathered in this study provide 

evidence from the surrounding Karadiyana 

dumpsite.  As the dumpsite doesn`t have a liner 

system to collect gaseous emissions and not 

having a proper mechanism to mitigating 

gases. The main conclusion we drew from this 

is the concentration of gases increases as they 

move away from the dumpsite. Thus, these 

gases travel in a very wide range with air. 

Besides, the gas emission varies through the 

day with temperature and weather conditions. 

It is highly recommended to use soil 

cover using biochar to reduce air pollution. 
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Continued eutrophication of lake systems is hazardous to the biodiversity of 
wildlife species that live in those ecosystems, as well as the task of transforming 
human thinking toward an eco-consumerism mindset. The Beira Lake is considered 
to be a shallow lake with a thick layer of nutrient-rich sediments. The study of 
nutrient concentrations did not stop at the surface and deep water; sediment 
samples were also collected by boat, which was a first in this field. Nutrient 
concentrations were assessed using a combination of strong filtration and Powder 
Pillow reagent techniques. The variation of parameters and the nutrient 
concentration along with varying hydrodynamic disturbance through sea water 
currents indicated that waves have caused resuspension and created an increase in 
phosphate concentration in the deep-water in the Galle Face Lake while Floating 
Market had no effect due to tide as of its stagnant nature. The pH level in the South 
West Lake has limited the growth of algal blooms due to past restorations by which 
the eutrophication is being limited. Measures like dredging, control of municipal 
waste disposal, and sewage control are needed for effective control of the eutrophic 
state of the Beira Lake. 
 

 

1. INTRODUCTION 

Beira Lake is located in Colombo, the 
largest city and the main commercial hub of 
Sri Lanka, Beira Lake is a man-made water 
body constructed by the Portuguese in 1521. 
The sole purpose intended for the Beira Lake 
by the Portuguese was for defensive purposes. 
While it is noted that the presence of the water 
body was “magnificent” back in the 
Portuguese Era, it is understood that the 
decline of the Beira Lake began with the 
ending of the 19th century (Kamaladasa & 
Jayatunga, 2007). This decline is understood to 
have started with the reclamation of land from 
various sections of the lake for construction 
purposes and with the increasing discharge of 
industrial and municipal wastewater.   

Interactions in freshwater systems like 
lakes depend on the tidal influence, biological 
activity, and anthropogenic influence 
(Ratnayake et al., 2018). Enrichment of the 
Beira Lake with sedimentary nutrients such as 
nitrogen and phosphorous to tidal currents 
across the coastal interface has a major impact 
on the water quality. Furthermore, rapid 
urbanization in the commercial capital has a 
prerequisite for proper urban planning of the 
waterways in Colombo. This investigation is 
carried out to determine the trend that 
nutrients and tidal currents exhibit in the 
overall increment of eutrophication. 
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1.1. Impact of Seasonal Conditions 

It must be understood that the mixing 
process that occurs between the downstream 
flow of freshwater from the regional basin and 
the seawater is heavily influenced by tidal 
currents as expounded upon previously in the 
“Role of Tidal Currents”. However, the 
drainage basin has also been identified to exert 
influence on the composition of the mixing 
process of the downstream water and the 
seawater through variations in discharge and 
geographical properties (Biggs & Cronin, 
1981). Seasonal conditions have also been 
identified to alter the composition of the 
sediment nutrients in both downstream 
discharges of fresh water and the seawater 
(Kotagama et al., 2006). In the estuarine 
environment, the seasonal conditions have 
caused the concentration of sediment 
nutrients in both freshwater and rainwater to 
have large variations (Biggs & Cronin, 1981).  
 

In monsoon periods, discharge of 
freshwater from the drainage basin sees a 
large increment, and it is understood that 
nitrates gain a big increment in the estuarine 
environment during the monsoon period 
(Kotagama et al., 2006). Furthermore, the post-
monsoon period sees a stable high 
composition of nitrates in the estuarine waters 
however, the seasonal variations prominently 
seen in Nitrates are not seen in Phosphates 
(Kotagama et al., 2006). Drainage basins are 
subject to overflow during extreme flooding 
events hence the downstream freshwater 
discharge overflows estuaries in these adverse 
weather conditions (Biggs & Cronin, 1981). 
Monsoon periods are understood to cause 
extreme flooding events therefore, high levels 
of nitrates are recorded during the time 
duration of the adverse condition and post-
adverse condition. It is understood that no net 
gains or losses of phosphate levels were 
recorded during the adverse condition or post-
adverse condition time durations (Biggs & 
Cronin, 1981). However unsupervised 
anthropogenic activities can alter phosphate 
levels in estuarine environments and raise the 
risk of over-enrichment in the estuarine 
waters, thus raising the risk of leading the 
estuary to a eutrophic state (Kotagama et al, 
2006). 

2. METHODOLOGY 

2.1. Study Area   

  The sampling was carried out in Beira 
Lake on the 16th and 17th of July 2020 from 
09.00 a.m. to 5.00 p.m. where 20 sampling 
stations from the Floating Market, East Lake, 
South West Lake, and Galle Face Lake were 
placed at locations provided by the Sri Lanka 
Lank Development Cooeration (SLLDC) 
(Figure 1). The sampling at the sample stations 
located in the East Lake was carried out on the 
16th of July while the sampling at the sample 
stations located in the Floating Market, South 
West Lake, and Galle Face Lake was carried 
out on the 17th of July. These locations cover 
outlets to the Beira Lake and other disposal 
routes thereby providing fluctuations of 
parameter and nutrients at those specific 
points. The sampling stations were reached 
through boats provided by the Sri Lanka Navy 
and the SLLDC. 

The parameters tested were 
Temperature, Salinity, Nutrients (Phosphates, 
Nitrates. Nitrites & Ammonia), Conductivity, 
pH, Dissolved oxygen (DO), and Total 
Dissolved Solids. 

2.2. Sampling & In-Situ Testing 

Water samples were collected at the 
surface through the normal use of a bucket 
and then the Hach HQ40d multi-meter was 
used to conduct an in-situ measurement and 
measure the salinity value in percentage, 
conductivity in µS/cm, pH, and TDS. 
Deepwater samples for salinity, nutrients 

Figure 1 Sample Locations of Beira Lake 
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(Phosphates, Nitrates, Nitrites & Ammonia), 
conductivity, pH, and TDS measurements 
were obtained through deep-water samplers 
where the depth varied from 2 to 4 m and 
collected in sample bottles for laboratory 
testing. The deep-water sampler glass bottle 
and the sample bottles were rinsed with water 
from that sampling location at Beira Lake so 
that any contamination of the sample did not 
take place. 

The bottle was filled to its neck, with a 
pocket of space left and sealed. Storage of 
sample bottles was carried out in cool boxes 
with ice packs at a temperature of 4 °C.  

For nutrient concentration 
determination of the sediments in the twenty 
sampling stations, a grab sampler was used for 
procuring sediments from the bottom and 
they were collected into garbage bags for 
storage purposes and later testing at the 
laboratory. 

The DO was measured using the Trans 
Instruments Aquacombo HM3070 multi-
meter. The in-situ measurement was done for 
surface water samples. 

2.2.1 Salinity, Conductivity, pH & TDS 

These samples were then used for the 
measurement of the salinity, conductivity, pH 
& TDS via the Hach HQ40d multi-meter. 

The sample bottles used for the 

collection of the deep-water samples were 

stored at a temperature of 4°C in a refrigerator 

once taken to the lab. 

The laboratory testing was performed 

within two days of the sampling. All water 

and sediment samples were allowed to come 

for room temperature before carrying  out the 

experiments.   

2.3. Laboratory testing 

2.3.1. Nutrients (Phosphates, Nitrates, 
Nitrites & Ammonia) 

The determination of surface and deep-
water nutrient concentrations was carried out 
by initially filtering the samples using 450 µm 
filter papers. The filtrate obtained from this 
initial filtration was again filtered through the 
microbiological filter using 0.45 µm filter 

papers. The Hach DR 900 instrument was used 
for the determination of surface and deep-
water samples.  
 

The 490 P React. PV program was used 
for the Phosphate concentration 
determination of the filtered surface and deep-
water samples. The PhosVer 3 Phosphate 
reagent powder pillows were used per sample 
in this program.  
 

The 355 N Nitrate HR PP program was 
used for the Nitrate concentration 
determination of the filtered surface and deep-
water samples. The NitraVer 5 Nitrate reagent 
powder pillows were used per sample in this 
program.  
 

The 371 N Nitrite LR PP program was 
used for the Nitrite concentration 
determination of the filtered surface and deep-
water samples. The NitriVer 3 Nitrite reagent 
powder pillows were used per sample in this 
program.  
 

The 385 N Ammonia Salic program 
was used for the Ammonia concentration 
determination of the filtered surface and deep-
water samples. The Ammonia Salicylate 
reagent powder pillows were used twice (for 
both vials) per sample in this program while 
the Ammonia Cyanurate reagent powder 
pillows were used twice (for both vials) per 
sample in this program. Testing for the 
nutrient concentrations of the sediment 
samples was carried out by initially measuring 
each sediment sample using a mass balance 
and transferring it into a glass jar. These jars 
were then inserted into a Technico Water Bath 
Shaker and shaken at 1500 rpm for two hours.  
The contents of these jars were then filtered 
through 450 µm filter papers and transferred 
into conical vials for storage purposes. The 
contents of these jars were then transferred to 
smaller conical vials and inserted into the 
Hermle 300 centrifuge for five minutes at 
4000 rpm. 
 

Once the samples were centrifuged, 
the contents of those vials were transferred 
and then filtered through the microbiological 
filter using 0.45 µm filter papers. The filtrate 
was then used for the testing of nutrients 
similarly as mentioned above for surface and 
deep-water samples. 
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3. RESULTS & DISCUSSION 

The surface water temperature 
ranged from a high of 34.1°C to a low of 
29.5°C while the deep-water temperature 
ranged from a high of 28.5°C to a low of 
27.2°C. The surface water pH value ranged 
from 10.3 considerably alkaline, to 7.86 which 
is a near-neutral condition. Meanwhile in the 
deep-water, pH ranged from a value of 7.09 
which indicates a neutral condition in deep-
water to 5.95 which is somewhat acidic. 

 
The surface water salinity value 

ranged from a high value above 0.2% at the 
Floating Market to an average value between 
0.1% and 0.2% at the other 3 sections. 
Furthermore, the deep-water salinity value 
ranged from a high value of 0.6% in the 
Floating Market to an average value of 0.5% in 
the other 3 sections. The surface water 
conductivity value was considerably higher in 
the Floating Market section in comparison to 
the other 3 sections. The same case has applied 
to the deep-water conductivity value which 
again has a high value in the Floating Market 
section in comparison to the other 3 sections. 

 
The TDS concentration was highest in 

the deep water at the sampling stations located 
at the Floating Market while the East Lake had 
the lowest TDS concentration in the deep 
water The results show that the TDS 
concentration increases with depth and in the 
surface water as well the TDS concentration 
was highest in the sampling stations located at 
the Floating Market. The DO in the lake varied 
from low as 5.2 mg/l to high as 18.8 mg/l.  

 
GIS visualization maps were created 

for easy understanding of the variations in the 
Nutrients in the lake. 

 
The Phosphate concentration sees its 

highest concentration at the sediment level at 
sample station 3 (4.5 mg/l) of the East Lake. 
There is no clear trend seen in the sampling 
stations located at the Floating Market with 
regard to variation of Phosphate concentration 
with depth, apart from the fact that the surface 
water in those 2 stations has the lowest value 
for Phosphate concentration. Sample stations 8 
to 10 of the East Lake indicate their highest 
Phosphate concentration in deep water 

although sample station 10 showcases a highly 
unusual instance of surface Phosphate 
concentration (1.3 mg/l) exceeding its 
sediment value (0.74 mg/l) as of figure 2. 
Sample stations 14 to 17 located in the South-
West Lake showcases high Phosphate 
concentration at the deep water while sample 
stations 14,16 and 17 have surface Phosphate 
concentrations greater than their sediment 
counterparts. 

Sample station 1 has a higher 
Phosphate concentration at deep water (1.64 
mg/l) when compared with surface water 
(0.61 mg/l) and the bottom sediment (0.88 
mg/l). In stark contrast, sample station 2 
shows a gradual increment of the Phosphate 
concentration values from the surface water 
(0.75 mg/l) to the bottom sediment (1.7 mg/l) 
beneath the lake. The increase of the 
Phosphate concentration of the 1st sample 
station may be in reflection towards the 
reduced temperatures at the deep water 
(28.1°C) in comparison to the surface water 
temperatures (30.8°C), decrease in pH values 
from the surface water (8.16) to the deep water 
(6.31) or an increase in the salinity values from 
the surface water (0.21%) to the deep water 
(0.61%). The general trend shown in Figure 2 
indicates that Phosphorous release from the 
sediments at the bottom leads to a higher 
concentration of Phosphates at the deep water 
and a lower concentration of Phosphates at the 
surface. It has been understood that the release 
of phosphorous from surface sediments in 
shallow lakes has a potential of inflicting high 
concentrations of Phosphates in the water near 

the sediment floor (Wu et al., 2012). 

Figure 2 Sediment Phosphate of Beira Lake 
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Phosphate levels at the Galle Face 
Lake indicate that the deep water at sample 
stations have high Phosphate concentration 
values. However, at all of the three sample 
stations above the surface water exhibits 
relatively low Phosphate concentration values 
which show that pumping of sea water in this 
section of the Galle Face Lake has helped in 
lowering surface water Phosphate 
concentration values (Kamaladasa & 
Jayatunga, 2007). 

 
The highest Ammonia concentration 

values were recorded in the East Lake, South-
West Lake, and the Galle Face Lake with all of 
them being in the sediment level as presented 
in figure 3. The highest recorded value of 
Ammonia concentration was in the sediment 
of sample station 19 located in the Galle Face 
Lake with a value of 21 mg/l. Surface water 
Ammonia concentration values were the 
lowest with the exception of sample station 4 
(2.08 mg/l) located in the East Lake. The 
general trend seen here is the that the 
concentration of Ammonia decreases in a 
descending order from the sediment level to 
the surface water level with an intermediate 
level at deep water. 

 
The Ammonia concentration is very 

high at the sediment level at the sample 
stations 11, 14 and 17. This points to the fact 
that nutrient loadings occur frequently 
through outlets located in near proximity to 
those sample stations. 

The highest Nitrate concentration 
value was recorded at the surface water level 
at the sample station 18 (5.35 mg/l) located at 
the Galle Face Lake. This is somewhat in stark 
contrast to the other two sample stations 
located in the vicinity of the Galle Face Lake 
with all of them recording higher Nitrate 
concentrations at the deep-water level. 
Furthermore, sample stations 11 to 13 located 
at the South West Lake show that the highest 
Nitrate concentrations were recorded at the 
deep-water level while the other sample 
stations at the South West Lake had a more 
variable approach with sample station 17 
having a higher Nitrate concentration at the 
surface water level. 

 
A general trend can be seen with 

Nitrate concentration at the 2 sample stations 
excluding the sudden increase at the surface 
water (0.9 mg/l) at sample station 1 in the 
Floating Market. It must be noted that outflow 
of nitrates could suddenly disassociate the 
general trend seen here. Hence an outflow 
from the surrounding area might have 
disrupted the increasing trend here and 
indicated a drastic increase in the 
concentration of Nitrates in the surface water 
of sample station 1. 

A high nitrate concentration value at 
sample station 5 at the sediment level (1.6 
mg/l) in the East Lake as in figure 4. A trend 
can be seen at sample stations 3 (1.2 mg/l) and 
4 (0.7 mg/l) with surface water having an 
overall high Nitrate concentration.  

 
Figure 3 Sediment Ammonia of Beira Lake 

Figure 4 Sediment Nitrate of Beira Lake 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

454 



 
 

Loading of sewage through outlets 
closer to sample stations 3 and 4 could give 
rise to this problem. Sample stations 6 (1.1 
mg/l) and 8 (0.8 mg/l) indicate that the deep 
water has a high nitrate concentration. 
Dredging work carried out in the East Lake 
could be accountable for this exception. 

The drastic increase in the surface water nitrite 
value at sample station 1 (0.5770 mg/l) 
indicates the presence of pollution loadings 
where oxidation of nitrite to nitrate has not 
occurred (Kamaladasa & Jayatunga, 2007). 

The highest recorded nitrite 
concentrations include the sediment values 
(Figure 5) at sample station 7 (0.028 mg/l) and 
8 (0.028 mg/l). In a similar fashion to the 
Floating Market, loading of nutrients through 
outlets could be accountable for high surface 
water level nitrite concentrations in this 
situation. 

 
The high Nitrite concentration values 

at the surface water level at sample station 12 
(1.79 mg/l) and 17 (0.5515 mg/l) points to the 
fact that new nitrite loadings have occurred 
during procurement of sample. This is 
especially justified with the sample stations 12 
and 17 located close to the banks near Perahera 
Mawatha. 

 
The sample station 18 has the highest 

Nitrite concentration at the surface water level 
(1.7075 mg/l) while a similar trend can be seen 
across the Galle Face Lake at the other 2 

sample stations with higher Nitrite values at 
the surface water level compared to the deep-
water level while Nitrite concentration at the 
sediment level as of figure 5 is virtually non-
existent. 

 
It’s interesting to note that 2 to 10 

sample stations located in the Floating Market 
and East Lake respectively have virtually non-
existent Nitrite concentrations in both surface 
and deep water. 

 
Although the tidal height of the Low 

Tide on the 16th of July was unable to cause a 
significant disturbance, tidal heights less than 
0.3 m can cause re-suspension of solids at the 
deep-water layer (Wu et al., 2012).  This is 
backed up by the results revealed in Figure 6 
where the sample stations 8,9 and 11 all 
indicate higher Phosphate concentrations at 
the deep-water layer in comparison to their 
sediment counterparts. 

 

The values indicated in stations 1 and 
2 may be independent of hydrodynamic 
disturbance as it is hard to distinguish the 
activities affecting the Phosphate 
concentration in those 2 sample stations. 
However, Figure 6 indicates that re-
suspension of Phosphorous containing matter 
was affecting the Phosphate concentration 
values at sample stations 14, 15, 16, and 17.     

Figure 5 Sediment Nitrite of Beira Lake 

Figure 6 Deep - water Phosphate of Beira Lake 
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This is because deep-water Phosphate 
concentration values were the highest 
recorded. 

 
Furthermore, the sample stations 16 

and 17 (from Figure 6) located at the Galle Face 
Lake were exhibiting high deep-water 
Phosphate concentration values although the 
highest recorded value was the sediment 
Phosphate value at sample station 20. 
Phosphorus tends to be the more significant 
controlling factor of eutrophication in 
freshwater systems while nitrogen is the main 
factor of productivity in marine environments 
(Wu et al 2012). 

 
Hence it can be assumed that 

disturbance at the sediment level and re-
suspension was occurring simultaneously at 
the Galle Face Lake.  

3.1. Effect of pH on nutrient concentration 

The parameters and nutrient 
concentrations obtained for each of the four 
lakes indicate that the nutrient loading has not 
subsided with the rapid urbanization around 
the Beira Lake area. pH values show the 
surface water of the East Lake achieving high 
alkaline values of 10.3. It must be understood 
that pH in water primarily acts as the limiting 
factor of plant growth and that the ideal pH 
range for the preservation of aquatic 
organisms in water should lie in between 6-8.5 
(Yang et al., 2008). However, from the results 
obtained only the sample stations (both 
surface and deep water) in the South-West 
Lake has the required pH for the continued 
existence of aquatic life. This improvement in 
pH for the South-West Lake can be traced back 
to the restoration activities carried out in the 
year 2004 through the Sri Lankan Ports 
Authority (Kamaladasa & Jayatunga, 2007). 
These restoration activities included closing 
much of the outlets in the area and pumping 
seawater for better circulation. 

3.2 Impact of dredging and sewage outfalls 

  In the case of Beira Lake, population 
growth in the surrounding area continues to 
affect the nutrient loadings into the lake. 
Dredging activities carried out in the lake are 
effective in removing Phosphorous containing 
sediment material however even with the 
dredging activities carried out in the South-

West Lake, it was seen that the polluted green 
color was persistent which negatively affects 
the sightseeing public. The improvements that 
could be recommended include drastic 
measures to curb the sewerage outlets 
entering Beira Lake. The primary disposal of 
sewage from the Colombo sewer network 
occurs through the Mutwal outfall located in 
the North and the Wellwatte outfall located in 
the South. The sewer network in Colombo is in 
dire need of regular maintenance since small 
gradients exist in the system which contributes 
to overwhelming silting and frequent 
overflows. These overflows should be 
plugged, the pump stations should be 
rehabilitated. 

4. CONCLUSION 

Sewage discharge plays a larger role in 
nutrient pollution, and therefore, there is a 
requirement for sewage treatment in order to 
mitigate the effects of eutrophication. This 
could be achieved by the use of a chemical 
precipitation method. Chemical precipitation 
is used to remove phosphorus from water by 
the addition of a coagulant, which then mixes 
and reacts with the phosphate in the 
wastewater, forming a product that is not 
soluble, and can be easily filtered off. 

 
Dredging measures can remove 

nutrient-rich sediment from the bottom of the 
Lake especially in the Floating Market area. 
Removal of the sediment paves a successful 
step in mitigating the nutrient release and 
reducing the overall nutrient concentration at 
the deep waters of the Lake. This process 
would hinder the growth of algal blooms 
drastically. Safe disposal of this dredged 
material should be supervised by the relevant 
environmental authorities and re-use options, 
especially as substitutes in manufacturing 
processes after treatment should be explored. 

 
It has been understood that the lack of 

proper disposal measures like garbage 
collection points in and around Beira Lake has 
contributed to the overall increase in 
distribution and discarding of waste in the 
waters of Beira Lake. The initiative must be to 
drastically increase the frequency of collection 
of municipal garbage through trucks and the 
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installation of new, easy-to-follow and 
pleasant garbage collection points. 

 

Nitrogen and phosphorus are the two 
limiting nutrients of eutrophication. These 
two limiting nutrients are found in abundance 
in many commonplace items. Controlling the 
input of nutrients specifically Phosphorus into 
waterways is vital to the mitigation of the 
effects of eutrophication, and it is important to 
do so, because overall prevention of 
eutrophication is always better in comparison 
to trying to remediate it.  
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 Ephemeral streams are common headwater streams, classified as zero order and 
have phases of flow and no-flow. Perennial streams on the other hand have 
continuous flow and are assigned orders starting from one. These streams that make 
up tributaries of much larger rivers, accumulate and eventually load the larger 
rivers with nutrients. The investigation of the water quality of these tributary 
streams and a large river was done in one of upper sub catchments of Walawe River, 
in order to determine the impact on the water quality of the Walawe River by its 
tributaries, the variation of water quality depending on stream type and the 
comparison of the nutrient discharges of perennials and ephemerals. It was 
observed that the Walawe River had the highest nutrient concentrations while 
perennials had the lowest, however due to the higher discharge compared to 
ephemerals, perennials had higher nutrient load per stream. With estimation of the 
number and type of tributary streams, where ephemerals outnumbered perennials 
(15:1), it was observed that the total nutrient load per stream type was higher from 
ephemerals. The impact of nutrient loads of tributaries on the Walawe river was 
noticeably high, where impact percentage was observed to be as high as 54%. 

 

1. INTRODUCTION  

Strahler’s stream order classifies 
individual streams that make up a stream 
network into order, based on the top down 
approach, of which the outermost tributaries 
is assigned the lowest numerical order 
(Scheidegger, 1965). This order is designed to 
reflect the morphology of a catchment and 
gives important hydrological indicators and 
size of each classified stream. According to this 
classification, if two lower order streams, with 
the same assigned numerical order merge, 
they form a higher order stream, and if two 
streams with different numerical orders 
merge, the resulting stream is assigned the 
higher numerical order of the merging 
streams. Temporary streams (non-perennial 
streams) commonly make up the zeroth order, 
headwater streams of the network, and are 
commonly referred to as ephemeral streams. 

As the name indicates, these streams are 
defined by their characteristic of varying flow, 
no-flow phases, which repeat as a cycle 
depending on environmental conditions. 
Flowing during periods of high precipitation 
and low evaporation, these streams commonly 
merge, or flow into perennial streams, which 
have constant flow throughout the year, 
unless in periods of severe drought. While 
ephemeral streams are maintained by only 
precipitation, perennial streams are 
maintained by both precipitation and 
groundwater. Ephemeral streams undergo 
stages of gradual drying, where ceasing flow 
give rise to disconnected pools where water 
remains stagnant. During these periods, 
organic matter accumulates, and 
decomposition of this collected organic 
matter, along with the lack of reaeration lead 
to hypoxic (very low dissolved oxygen) 
conditions in these pools. Further anaerobic 
decomposition leads to rise of nutrient 
concentrations in these pools as well. 
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Reinstatement of flow in ephemeral streams 
during or after drying of disconnected pools 
lead to flowing of accumulated organic matter 
and nutrients into the higher order streams, 
possibly causing hypoxic blackwater events. 
Blackwater events, characterized by low 
dissolved oxygen (DO) levels can potentially 
cause the rise of nutrient concentrations up to 
levels that are several times higher than that of 
the usual status quo. Perennials due to its 
yearlong availability of water is extensively 
used by humans for end uses and undergo 
pollution, causing an accumulation effect of 
pollutant load as streams merge to flow into 
higher order streams. As stream order 
increases and they become more perennial, the 
higher the use for domestic and anthropogenic 
activities. For larger streams (or rivers) having 
higher number of tributaries, the 
accumulation effect of pollutants could 
potentially cause detrimental water quality 
with hazardous conditions for aquatic life and 
domestic use. The analysis of the nutrient load 
flowing into these larger rivers by their 
tributaries will be important in water quality 
management of rivers. The determination of 
the individual nutrient loads of the 
contributing tributaries and their discharges 
would enable this study to be done efficiently. 
This study investigated the influence of 
ephemeral and low order perennial streams on 
high stream order rivers by investigation of 
the nutrient loads of the tributaries and their 
discharges. This will enable the conclusion if 
there is a significant impact of the water 
quality of these lower order tributaries on the 
water quality of the higher order river. This 
study will also investigate the variation of the 
water quality and nutrient loading of 
ephemeral streams and enable a comparison 
to perennials, finally determining the 
collective impact of these ephemerals and 
perennials on the larger river. 

2. LITERATURE REVIEW  

Streams can be classified into two 
categories based on their flow permanency. 
Perennial streams are waterbodies that flow 
continuously throughout the year, while 
ephemeral streams undergo cyclic flowing 
and no-flow states (Levick and Goodrich., 
2008).  Unlike in ephemerals, the base flow in 
perennials during periods of low or no rainfall 
is present by contribution from underground 

stored water, as perennials are situated below 
the ground water table. However, for both 
ephemerals and perennials, during periods of 
heavy rainfall, direct precipitation to the 
streams, or runoff into the stream reinstates 
flow or increases flow respectively (Dorney 
and Russel, 2018). In arid and semi-arid 
climatic zones, ephemeral streams are an 
important natural resource, performing a vital 
role in drainage and flood control (Tal et al., 
2010). The flow of ephemeral streams can be 
unpredictable, starting and ending at any 
time, as is influenced by environmental factors 
and dimensions of the stream (Costigan,2017). 
Organic diversity and ecosystem variety is 
identified to be noticeably complex along 
ephemeral streams (Levick et al., 2018). 
During flow of ephemeral streams, they 
perform various hydrological functions such 
as hydrological connectivity, transportation of 
sediment and nutrient recycling, that affects 
the quality of water and ecosystem. It is 
notable that ephemerals transport material as 
bulk responses while perennials transport 
material with continuous flow. They form a 
major part of the physical, biological and 
biochemical part of the ecosystem and must be 
given similar importance as other streams in 
regards to water quality management (Levick 
and Goodrich, 2008). 

 
 Environmental changes during the 

drying process of ephemerals can be slow at 
first, however cease of flow causes changes to 
the surrounding in addition to breaking up the 
hydrological network (Acuna et al., 2005). 
Climate change and human interference is 
noticeably changing the rate, period and 
frequency of streams drying (Datry, 2014). 
After the cease of flow in ephemeral streams, 
they eventually dry up to form disconnected 
pools, causing physiochemical 
transformations, and reinstatement of flows 
can lead to hypoxic blackwater events. 
Characterised by conditions of low DO, and 
dark and tea coloured water due to high 
dissolved organic carbon and nutrient 
concentrations, this deteriorated quality of 
water can lead to fish deaths (Hladyz, 2011). 
Drying can also lead to increase in electrical 
conductivity, soluble reactive phosphate 
(SRP), nutrients and organic matter, while 
decreasing DO (Acuna et al., 2005). Dry period 
and wet period river assessments must be 
joined when reporting on the overall health of 
a river system, and dry riverbeds also need to 
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be combined into the governments rules and 
legislations (Steward at al., 2012). 

 
Population growth and industrial 

development have caused a variety of effects 
on streams and rivers, subsequently 
increasing the demand for water quality 
management. In addition, increasing nutrient 
stocking and sediment loading in urban 
waterways as well as in streams impact the 
quality of water severely (Wickramarachchi, 
2013). Industrial pollution of water is caused 
by the release of chemicals medicines and 
other hazardous material into water bodies 
(Uddin, 2014). Human activities cause habitat 
loss, water quality changes, channel 
characteristics changes, and urbanization is 
one of the main causes of hydrological 
changes, by increasing the area of impervious 
surfaces, flooding frequency, erosion, 
sedimentation and pollution (Levick and 
Goodrich, 2018). With these effects increasing 
with rapid urbanisation and climate change, 
the study of the eco-hydraulics of lower order 
streams becomes vital in water quality 
management and rehabilitation efforts. 

3. MATERIALS AND METHODS  

3.1. Study Area  

The research was carried out in the 
upper catchment of the Walawe river (Figure 
1). Five perennial streams, ten ephemeral 
streams, and the Walawe river, at locations 
having similar weather and geological 
conditions were selected for sampling. This 
area falls under the intermediate climatic zone 
of Sri Lanka, having a mean annual rainfall of 

1000mm, mainly gained via the South-West 
monsoon. All streams except were below the 
stream order of less than 2 and the active 
channel widths were less than 6m.  

 
The selection of the streams was done 

by analysis of the terrain via HEC-HMS 
version 4.7.1. The drainage network of the area 
was generated which enabled the 
identification of the streams and consequently, 
with a reconnaissance survey, the sampling 
points that were accessible for sampling. 
Figure 1 shows the location of the sampling 
points selected, where the prefix “P” 
represents perennial streams, and “E” 
represents ephemeral streams.  

3.2. Sampling Details  

Detailed sampling for all streams 
were conducted on the 20th of June during the 
dry season and 8th and 23rd of August during 
the wet season. During the dry season, it was 
noted that disconnected pools were present in 
ephemeral and during the wet season, the 
streams had surface flow. The results were 
analyzed with consideration of the annual 
cycle without separating the seasonal effects, 
in order to obtain an overall representative 
conclusion of the results. Three samples were 
taken from each stream during all instances of 
sampling, for ephemerals from three 
disconnected pools, and for perennials from 
three representative locations showing 
different flow conditions.  

 
Three cross sections were considered 

from each stream for discharge calculations for 
which depths and widths were measured 
using a steel tape, and velocity was measured 
using the Flow-watch velocity meter. 
Discharge was measured using the area 
velocity method (Eq 1) (Subramanya, 2013), 
and Manning’s equation (Eq 2) was used to 
calculate the bank-full discharge. Where 
possible, the discharge was measured using 
the bucket method.  

𝑄 = 𝑉 × 𝐴…………………... (1) 

𝑄 =
1

𝑛
 × 𝐴 × 𝑅

2

3  ×  √𝑆……... (2)  

Q is the discharge of the stream (m3 
/s), R is the hydraulic radius of the cross-
section considered (m), V is the velocity of 
stream flow, A is the flow area of the particular 

Figure 1 Sampling locations on the stream 
network 
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cross-section considered (m2) and S is the 
Slope of the reach portion considered.  

3.3. Water Quality Analysis  

Eight water quality parameters were 
measured in this study. DO, nitrite and 
ammonia was measured on site, nitrate and 
soluble reactive phosphate (SRP) was tested 
within 24 hours and pH, electrical 
conductivity (EC) and total dissolved solids 
(TDS) were tested within one week of 
sampling. The standards of the American 
Public Health Association (APHA (2005)) 
were used in analyzing the water quality 
parameters using a colorimeter (HACH – 
DR900). DO was measured using the DO 
meter (Milwaukee-MW 600), nitrite using the 
USEPA Diazotization method, nitrate using 
the cadmium reduction method, ammonia 
using the salicylate method, SRP using the 
ascorbic method, pH using the pH meter 
(Milwaukee-MI 805), EC using the EC meter 
(Milwaukee MI 150) and TDS using the TDS 
meter (Milwaukee MI 150, the meter considers 
EC to be proportional to TDS) These results 
were analyzed graphically and statistically.  

3.4. Data Analysis  

The independent sample t-test was 
done using the software IBM SPSS statistics 22. 
This is an inferential statistics test used to 
compare differences between two groups with 
similar features. This test was done using the 
unequal variance test assuming a confidence 
level of 95% where significant differences 
between average values were evaluated at P < 
0.05.  

 
The discharges from each stream 

during to Walawe river during sampling was 
calculated using the hydraulic parameters 
measured and the Manning’s equation. The 
nutrient discharges per stream were 
calculated using the median nutrient 
concentration and the discharge per stream. 
For the calculation of the total nutrient load 
into the Walawe river, the estimation of the 
number of tributaries was done by reference 
from maps, modelled drainage paths and 
consultation with relevant officials. The 
number of perennials was estimated to be 10 
and the number of ephemerals estimated was 

150. The median nutrient concentrations of 
stream types were considered for calculation 
of total nutrient loads from tributaries into the 
Walawe river. The median nutrient load 
discharge from each type of low order streams 
were multiplied by the number per type and 
added to obtain the total load into the Walawe 
river. The percentage contribution to the river 
by tributaries was analyzed.   

4. RESULTS AND DISCUSSION  

4.1. Water Quality Variation of Stream 
Types 

The graphical representation of data 
was done by calculation of the median, 1st 
quartile, 3rd quartile, maximum and minimum 
values, for box-whisker plots. The reporting of 
these values will be in the format of median (1st  
quartile, 3rd quartile). The box plots 
summarize the data measured on an interval 
scale.  

 

Figure 2 Nutrient concentrations in streams: 
(a) Nitrate, (b) Nitrite, (c) Ammonia, (d) 

Soluble Reactive Phosphate, (e) Dissolved 
Oxygen, (f) Electrical Conductivity, (g) pH, (h) 

Total Dissolved Solids 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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The ends of the box are the upper and lower 
quartiles (so the box spans the interquartile 
range), the median is marked by the vertical 
line inside the box and the whiskers are the 
two lines outside the box extending to the 
highest and lowest observations.  

 
The measurements indicated that the 

highest concentrations of nitrate were present 
in the Walawe river, median 0.8 mg/l (0.7,1). 
Ephemerals were observed to have a 
significantly higher range, median 0.5 mg/l 
(0.3, 1), compared to perennials, median 0.5 
mg/l (0.4, 0.6), possibly due to the proximity 
to human habits resulting in disposal of waste 
into these streams. There was no statistically 
significant difference between the 
concentrations in ephemerals and perennials 
(t-test; P>0.05). It was noted that the nitrate 
concentrations in all streams are well below 
the allowed nitrate percentage (10 mg/l) in 
drinking water (WHO, 2003). Typically, 
nitrate is produced in streams via nitrification 
of ammonia released by aquatic life waste and 
decomposition of organic matter. It can also be 
released into water by algae and nitrogen 
fixing bacteria which turn atmospheric 
nitrogen gas into nitrates (Johnston,1991). 
However, in most cases, excessive nitrate 
amounts are discharged into streams by 
human activities such as agriculture, 
industrial pollution and human waste (WHO, 
2003). Nitrates can be removed from water 
bodies by assimilation by plants and 
denitrifying bacteria (Johnston, 1991). In 
addition to this, in waters that are hypoxic 
(having low water levels), nitrification is lower 
as nitrite is used as an oxidant for organic 
matter (Pena and Gilbert, 2010).   

 
The Walawe river, median 0.009 mg/l 

(0.007,0.01) had the observed nitrite highest 
concentrations. Ephemerals are shown to have 
higher concentrations, median 0.007 mg/l 
(0.005, 0.013), than perennials, median 0.003 
mg/l (0.003,0.007). There was no statistical 
significant difference between the 
concentrations in ephemerals and perennials 
(t-test; P>0.05). Nitrite is a product of the 
nitrification of ammonia, and high values of 
nitrite is toxic and represent water pollution 
(Bernhard and Donn, 2005). The typical 
amounts of nitrite present in drinking water is 
below 0.1 mg/l (WHO, 2003), and two 
ephemeral samples were observed to be 
higher than this level.  

Relatively similar median levels of 
ammonia were observed in the Walawe river, 
perennials and ephemerals, median 0.09 mg/l 
(0.09,0.09), 0.07 mg/l (0.07, 0.09), 0.09 (0.06, 
0.11) respectively. However, ephemerals were 
noted to have a higher range of values, also 
having the highest value observed. There was 
no statistical significant difference between the 
concentrations in ephemerals and perennials 
(t-test; P>0.05). Ammonia is produced in 
streams by the biological decomposition of 
nitrogenous compounds in organic matter and 
direct discharge from urban and domestic 
sewerage. Ammonia levels can increase by 
ammonification and nitrogen fixation as well 
(Bernhard and Donn, 2005). Natural 
unpolluted waters have ammonia levels of less 
than 0.02 mg/l (USEPA,1987). All the streams 
samples for this study were noted to have 
ammonia levels higher than the specified 
standard for drinking water, indicating a 
presence of high levels of organic matter or 
pollution due to anthropogenic activities. 

 
The highest SRP concentrations were 

observed in the Walawe river, median 0.3 
mg/l (0.23, 0.55). On average, the SRP content 
of ephemerals, median 0.2 mg/l (0.12,0.33) 
were observed to be higher than perennials, 
median 0.12 mg/l (0.1, 0.14). A significant 
difference was present between the 
concentrations in ephemerals and perennials 
(t-test; P<0.05). The presence of SRP in water 
bodies can mainly be credited to geological 
sources, where phosphates occur in rocks and 
mineral deposits. Weathering of these rocks 
release SRP into water along with release from 
living and decaying plants (Tzoraki and 
Nikoladis, 2007). The phosphate levels of 
natural streams usually range from 0.005 to 
0.05 mg/l. It was observed that all a majority 
of the streams sampled exceeded phosphorous 
concentrations than that of the standard for 
natural streams. This could be due to the 
presence of phosphorous rich geological 
sources in the river bed.  

 
The DO content was noted to be 

higher and similar in the Walawe river, 
median 5.7 mg/l (5.6, 5.8) and perennials, 
median 5.3 mg/l (5.1, 5.5) compared to 
ephemerals, median 3.7 mg/l (3.3, 4). This is 
theorized to be due to the flowrate of larger 
rivers being higher, causing higher reaeration. 
A significant difference was present between 
the concentrations in ephemerals and 
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perennials (t-test; P<0.05).DO is vital for the 
survival of aquatic life and a major indicator of 
the level of pollution in water bodies. It 
represents the level of free, non-compound 
oxygen present and is used for decomposition, 
nitrification and respiration (Penna and 
Glbert, 2010).  Larger aquatic fauna, like fish, 
require DO concentrations of 5mg/l to 6mg/l 
for good health, and cannot survive under 1 
mg/l. The standard value of DO 
concentrations in rivers is approximately 6.5 
mg/l (APHA, 2005), and the ephemeral 
samples were observed to be well below that 
level.  

 
pH levels were observed to be 

relatively similar between each stream, with 
ephemerals, median 7.29 (6.69, 7.49), and 
perennials, median 7.21 (7.08, 7.7), having 
slightly lower, and Walawe river, median 8.02 
(8, 8.04), having slightly higher pH levels. 
There was no significant difference between 
the concentrations in ephemerals and 
perennials (t-test; P>0.05). pH is a 
representation of the hydrogen ion 
concentration of water, where a pH of 7 is 
considered neutral, below 7 is considered 
acidic and above is considered alkaline. 
Respiration and decomposition of aquatic 
organisms as well as the dissolving of the 
atmospheric carbon dioxide decreases pH 
while dissolving of carbonates, bicarbonates 
and hydroxide ions increase pH (Duttah and 
Baruah, 2013).  

 
The TDS levels of ephemeral streams, 

median 166 mg/l (58, 239) were observed to be 
significantly higher than that of the perennials, 
median 57 mg/l (55, 66) and the Walawe river, 
median 65 mg/l (63, 69). This could be 
attributed to the smaller size and lower 
flowrate of ephemerals providing lower 
distribution of particles. A significant 
difference was present between the 
concentrations in ephemerals and perennials 
(t-test; P<0.05). TDS concentration can be 
defined as the total particle components 
dissolved in water bodies. The standard for 
TDS range from 50 to 250 mg/l and excessive 
presence of TDS causes detrimental effects on 
waterways. Ephemeral streams were observed 
to have higher TDS values than the standard.   

 
It was observed that the EC content of 

ephemerals, median 177 µS/cm (120, 489) 
were higher than perennials, median 132 

µS/cm (112, 142) and the Walawe river, 
median 132 µS/cm (126, 139). This could be 
due to the concentration effect on ephemerals 
with decreasing water volume during drying, 
and the overall lack of dilution ability since 
these streams are relatively smaller with less 
flow. A significant difference was present 
between the concentrations in ephemerals and 
perennials (t-test; P<0.05). EC signifies the 
ability of water to conduct an electrical 
current, and is mainly dependent on ions from 
dissolved salts, inorganic matter, alkaline, 
chloride, sulfides and carbonates of the stream 
catchment (Moore and Richards, 2008). The 
acceptable range for recreational water is 500 
µS/cm, therefore all samples were observed to 
be below standard (Uddin et al., 2017).  

4.2. Nutrient Discharge from Streams  

 
Perennials are noted to have higher 

nutrient discharges into the Walawe river for 
all parameters, as well as having a higher 
variation of nutrient loads. This can be 
attributed to the difference in discharge, as 
perennial streams are usually observed to be 
much larger in size than ephemeral streams, 
consequently having a higher discharge which 
is multiplied by the average nutrient 
concentrations to derive nutrient load. This 
indicates that individual perennials can have 
higher impacts on the water quality of Walawe 

Figure 3 Nutrient load per stream type: (a) 
Nitrate, (b) Nitrite, (c) Ammonia, (d) 

Soluble Reactive Phosphate, (e) Dissolved 
Oxygen, (f) Total Dissolved Solids 

(a) (b) 

(c) (d) 

(e) (f) 
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river compared to individual ephemerals. This 
claim can also be backed up by the fact that 
they flow throughout the year. However, 
when the independent sample t-test was 
carried out, it showed no significant 
differences between the nutrient loading of 
these stream types (t-test; P>0.05). 
Alternatively, ephemerals have high 
concentrations of nitrate, SRP, EC and TDS 
than perennials, therefore if a large number of 
ephemerals flow into a downstream river, this 
could collectively impact the water quality 
significantly. This hypothesis is further 
supported by the fact that ephemeral streams 
constitute of more than half of the length of all 
the stream networks in the world (Baldwin 
and Michelle, 2002). Furthermore, after long 
periods of drought and high organic matter 
accumulation, studies (Hladyz e al, 2011; 
Howitt et al., 2006) have stated that 
reinstatement of flows in ephemerals can 
cause detrimental water quality, and even 
blackwater events, in downstream perennials.  
The number of perennials (estimated to be 10) 
had an average discharge rate of 0.22 m3/s per 
stream and the number of ephemerals 
(estimated to be 150) had an average discharge 
rate of 0.133 m3/s per stream. The contribution 
of nutrient load from the tributaries to the 
Walawe river is shown as a percentage of the 
nutrient load of the Walawe river in Table 1 
and this percentage was used to determine the 
impact.  

Table 1 Percentage contribution of nutrient 
load to the Walawe river by tributaries 
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Nitrate 43583 80 73 11684 27% 

Nitrite 436 1 1 175 40% 

Ammonia 5699 10 9 1481 26% 

Total 
Nitrogen 

49718 92 83 13340 27% 

SRP 32184 30 26 4179 13% 

DO 210538 492 451 72602 34% 

TDS 4592925 16878 15496 2493114 54% 

 

It was noted that the nutrient loading 
from tributaries impact the Walawe river up to 
even percentages of 54%, observed for TDS, 

which is a significant value as this indicates 
that more than half of the TDS load in the river 
comes from its tributaries since this area is 
relatively pristine. It was also observed that 
ephemerals contribute to a higher extent than 
perennials in nutrient loading. This highlights 
the importance in managing the water quality 
of lower order streams which are often not 
regarded highly in rehabilitation and 
protection efforts. It must be noted that even 
though DO load is shown, this is highly 
variable as stream flow causes aeration, 
increasing DO levels. Accurate estimation of 
the number and type of tributaries will enable 
the determination of the impact of the 
tributaries on the river health so that the level 
of water quality management of these lower 
order tributaries can be focused on. 

5. CONCLUSION 

The tributary streams considered in 
this study were found to be able to impact the 
larger Walawe river, and this was concluded 
by consideration of the nutrient discharge by 
these streams. By comparison of the nutrient 
concentrations of perennials and ephemerals, 
it was observed that for nitrates, nitrites, SRP, 
EC and TDS, the concentrations in ephemerals 
were noticeably higher. However, with 
comparison of the nutrient loads, taking the 
discharge into account, individual perennials 
were observed to have higher loads than 
individual ephemerals. Consequently, the 
addition of the loads from each type of streams 
showcased that due to the larger number of 
ephemerals, they conclusively had higher 
loads than the total load from perennials. Even 
with the very high discharge of Walawe river 
compared to that of its tributaries, the nutrient 
load after considering all the estimated 
tributaries were significant enough to alter the 
water quality of the river. These results can be 
used to determine how many tributary 
streams are required in this sub catchment to 
alter the water quality in the Walawe river by 
defining a percentage difference from the 
original water concentrations after the inflow 
of the nutrient load. Alternatively, if a 
comprehensive survey can be done on the 
exact number and type of tributaries on a 
larger river used for domestic purposes, the 
impact of the tributaries can be determined in 
order to impose regulations or attempt 
rehabilitation of tributaries in order to 
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improve the quality and health of the larger 
river. This can be used to develop a model for 
sub catchments when required to determine 
the impact, further enhancing the study. 
Ephemeral streams are largely ignored in 
efforts of protection and rehabilitation 
compared to perennial streams. This study 
proves that ephemerals are equally as 
important in imposing protective laws and 
regulations, especially as due to climate 
change, the frequency of streams undergoing 
a dry phase, similar ephemerals, is increasing.  
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Microplastics (MPs) as a widespread emerging contaminant have gained great 
attention worldwide. The present knowledge on the existence of MPs in aquaculture 
environments in Thailand remains meagre. This study investigates the MPs 
pollution in terms of abundance, polymer type and the morphological 
characteristics in the aquaculture area in Sriracha Bay Chonburi Thailand. The 
average MPs abundance in Sriracha farm mussels and water was quantified as 
3.2±1.6 items/individual (2.4±0.8 items/g wet weight) and 41.5±6.0 particles/L 
respectively. Smaller size MPs (0.05-0.3 mm) predominated in all the water samples. 
The most common morpho type of MPs was fragments in both water (79%) and 
mussels (60%). Water samples were contaminated with five different polymer types 
while all the analyzed particles in mussel were high density polyethylene. This 
study provides an insight into the MPs pollution in aquaculture area in Sriracha Bay 
Thailand indicating potential of human ingestion of MPs via green mussel 
consumption. 
 

 

1. INTRODUCTION  

Plastic particles smaller than 5 mm in 
size, called microplastics (MPs), have been 
ubiquitously detected to be in more than 600 
terrestrial to aquatic animals (Ta & Babel, 
2020b). Recently, there is a growing concern in 
public and scientific sector on the ingestion of 
MPs by wide variety of aquatic species from 
plankton to mammals (Teng et al., 2020). These 
organisms  mistakenly ingest MPs due to their 
tiny sizes which make difficult for them to 
separate prey from the MPs (Zhang et al., 
2019). 
    
  Ingestion of MPs cause physical harm 
to the organism such as invade and harm the 
digestive organs, cause for illusion of satiety, 
lower ingestion, substitute nutrition and 
energy and may cause death sometimes 
(Zhang et al., 2019). These ingested MPs 
particles can also cause various cellular and 
molecular level toxic effects to the organisms 

(Farrell & Nelson, 2013). Moreover MPs act as 
a vector for hydrophobic environmental 
contaminants and chemical additives used 
during the plastic manufacturing (Teng et al., 
2020).  

 
Ingested MPs accumulate inside the 

organism body creating the pathway for MPs 
to go along the food chain and reach to human 
through the seafood consumption (Diepens & 
Koelmans, 2018). Human ingestion of MPs 
found to be cause of many potential adverse 
health effects such as translocation to various 
tissues, immunosuppression, etc.  (Rahman et 
al., 2021). Hence quantification of abundance, 
polymer type and morphotypes of MPs is 
important for the sake of human health 
protection. 

 

The green mussels (Perna viridis) have 

known to be a popular seafood among Thai 
population for decades. Mussels are highly 
vulnerable to MPs pollution due to their 
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excessive filter feeding activity. Field 
investigations have reported the abundance of 
MPs in mussels in a wide range (Li et al., 2019). 
However, majority of the studies are 
concentrated in European region while very 
few studies are from the Southeast Asian 
(ASEAN) region (Li et al., 2019). Thailand is 
listed in the top five marine plastic polluting 
countries contributing to 1.03 million tonnes of 
mismanaged plastic waste yearly to the 
aquatic environment (Jambeck et al., 2015). 
Thus, it stresses the potential of exposure of 
aquatic animals to MPs.  

 
Use of massive quantity of plastics for 

packaging a variety of input and to fabrication 
of various equipment has become a very 
common practice in aquaculture sector. 
Characteristics like resistant to abrasion, 
durability, resistant to rust, light weight, low 
coast, ability to mold into specific shapes and 
improvement of longevity and reliability of 
equipment, has made plastics an excellent 
choice for equipment to be used in an aquatic 
environment (Huntington, 2019). Thus, there 
is a high possibility of introducing MPs into 
green mussels through the farming 
environments. Sriracha Bay in Chonburi is one 
of the main green mussels farming areas in 
Thailand where green mussels are cultivated 
for local and export consumption.  

 
To date, there is no study reported on 

presence of MPs in green mussel aquaculture 
areas in Sriracha Bay Chonburi Thailand. 
Hence, this study aimed to investigate MPs 
pollution in the Sriracha Bay Chonburi 
Thailand. Abundance, polymer type and the 
morphological characteristics of the 
microplastics in green mussels and the water 
in aquaculture farming area in Sriracha Bay 
are identified.  The study will help to identify 
the current MPs pollution status in the 
Sriracha Bay Chonburi, Thailand. 

2. 2. METHODOLOGY 

2.1.  Study Area 

Three sampling sites were selected 
from a green mussels farming area in Sriracha 
Bay. Approximate distance between the 
sampling sites was 10 km. Figure 1 shows the 
water and the green mussels sampling sites at 

the   Sriracha Bay. These green mussels 
farming area practice the long line floating 
culture system for mussels farming to depth 
over 6 m. The long line floating culture system 
consist of long ultraviolet- resistant 
polypropylene ropes set in parallel few meters 

apart and suspended from 200 L buoys of 
plastic barrels. 

Figure 1 Sampling sites at Sriracha bay 
Chonburi 

2.2. Green Mussels and Water Sampling 

Green Mussels and water samples 
were collected from three places in an 
aquaculture farm in Sriracha, Chonburi, 
Thailand.  

 
Three months old green mussels were 

collected to identify the microplastic 
contamination levels. Forty green mussels 
were collected from each location and 
altogether 120 green mussels were collected 
from the Sriracha farm. Individuals were 
wrapped with aluminum foil placed in zip 
lock bags and transported in coolers on ice to 
the laboratory. The collected green mussel 
samples were immediately stored at −20 °C in 
the laboratory until further analysis. 

 
Grab water samples of 5 L were 

collected using steel sampling buckets from 
the surface layer. Three replicates were 
sampled from three different locations at the 
farm. Samples were then stored in the glass 
bottles. Glass bottles were rinsed twice with 
the aquaculture water and surface water 
samples were collected. Altogether 15 L of 
aquaculture water was collected from the 
Sriracha farm. Water samples were stored 
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inside the thermally insulated Styrofoam 
boxes and transported to the laboratory to 
minimize the thermal impact. Samples were 
stored in the refrigerator at 4°C in the 
laboratory until analysis.  

2.3. Microplastic Analysis 

2.3.1.  Quality assurance and quality control 

MPs samples are highly sensitive to 
external contamination which can be air-
borne, water-borne or contamination by 
uncleansed equipment. Thus, precautions 
were taken to avoid contamination of samples. 
Blank samples with DI water were conducted 
along with samples in triplicates to identify 
background contamination.  

2.3.2.  Green mussel analysis 

Randomly selected 30 green mussels 
were grouped into 6 replicates of 5 individuals 
and analyzed for each sampling site at 
Sriracha Bay. All together 18 replicates were 
prepared and analyzed from Sriracha Bay 
green mussel farming area. 

 
The extraction and analysis of MPs in 

mussels were based on Li et al., 2016. Mussels 
were cleaned with de-ionized water (DI water) 
to wash off external contaminants after 15 min 
thawing at room temperature. Biological data 
(length, weight, and depth) of each individual 
was measured using vernier caliper (0.05mm 
precision). Then mussels were opened by 
removing the shell using a metal spatula. 
Glass dishes were used to perform dissection 
of mussels. The soft tissues of 5 individual 
mussels were pooled as a one replicate and 
wet weight were measured. Then replicates 
were put in glass beakers (1 L) and covered 
with foil to limit airborne contamination. Six 
replicates were used for each sampling site.  

 
Next, 300 mL of 30% hydrogen 

peroxide along with the iron (II) catalyst was 
inserted to each glass beaker to digest the 
organic matter of the mussels’ soft tissue at 
room temperature. Once the content in the 
beaker appeared clear without any obvious 
particles being visible, digestion was 
terminated.  

 

After digestion, digested solution was 
sieved via a 53 µm size sieve and then washed 
using DI water. The retaining particles on the 
sieve were transferred to a beaker by rinsing 
with DI water. Next, density separation was 
conducted using a concentrated sodium 
iodide (NaI) solution (1.5 g/cm3). After 
density separation, residual particles were 

filtered through a weighted 1.2 µm pore-size, 

47-mm diameter Whatman GF/C glass 

microfiber filters using a vacuum system. 
After that, filters were dried, covered with 
Nile Red (NR) solution and kept overnight for 
proper staining. Quantity and morphotypes of 
MPs of stained filters were examined by a 
fluorescence microscope (DeltaVision™ Elite 
cell imaging system) utilizing an excitation 
DAPI of 390/18 nm and an emission DAPI of 
435/48 nm (Tamminga, 2017).  

 
A separate sample set was prepared 

following the same procedure and filtered 
through 0.45 µm pore size, 90 mm diameter 
cellulose nitrate membrane filters and kept in 
an oven at 60 ℃ overnight. Then the randomly 
selected spots were checked for the polymer 

composition using a Thermo Science micro-
FTIR (Nicolet iN10MX). Obtained spectra were 

matched with a series of polymer library 

databases (Aldrich Condensed Phase sample 

Libra, HR Hummel Polymer and Additives, 
HR polymer Additives and Plasticizers, HR 
spectra Polymers and Plasticizers by Hummel 
Polymer sample Library, Polymer Laminate 

Films). A hit index with a minimum of 80% 
similarity was considered acceptable. 

2.3.3.  Water sample analysis 

The analysis of MPs in water samples 
were followed an earlier method by Ta & 
Babel. 2020 with modifications. First water 
samples were sieved through a set of stainless-
steel sieves with the mesh sizes of 0.05, 0.3, 0.5, 
1.0, and 5.0 mm by rinsing with DI water to 
move all the solids through the sieves. Organic 
materials like leaves, woods, larger algae and 
bugs were retained on the 5.0 mm sieve. No 
plastics particles were retained on the 5.0 mm 
sieve which can observe through naked eye 
and picked out using a tweezer. Particles 
bigger than 0.5 mm can be visually examined 
without the aid of any instrument.  
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Particles less than 5.0 mm (particles 
retain on the 1.0 mm, 0.3 mm and 0.05 mm 
sieve) are hard to visually identify as they mix 
with lots of sediment and other organic 
matter.  

 
Therefore, the digestion and density 

separation were conducted as the same way 
mentioned in the section 2.3.2 for mussel 
analysis. 

 
After the density separation, 

remaining solids on 1.0 mm, 0.3 mm and 0.05 

mm size category were passed through 1.2 µm 

pore-size, 47-mm diameter Whatman GF/C 

glass microfiber filters by using vacuum 
pump. Then the Nile red tagging, fluorescence 
microscope analysis and micro FTIR analysis 
was also carried out in the same way as 
mentioned above. 

2.4. Statistical Analysis  

Statistical analysis was performed 

using IBM SPSS version 23. One-Way ANOVA 

test followed by Tukey's HSD test was 
performed to test the normality of the data, 
followed by multiple pairwise comparisons, to 
identify any differences in the abundance of 
MP in the water in three different sampling 

sites. Statistical significance was accepted at p 

< 0.05. The data are presented with the 

subtraction of the background contamination. 
A linear regression analysis was used to 
determine the relationship between the 
abundance of MPs in water and mussels (p < 
0.05) 

3.  RESULTS AND DISCUSSIONS  

3.1.  Abundance of MPs in Water and 
Mussels in Siracha Bay 

Figure 2 shows the MPs in water and 
mussels in Sriracha farm. No macro plastics 
were detected in any of the water samples 
which had clear water. MPs were detected in  
in all water samples from all the three 
locations in Sriracha farm. Abundance of MPs 
in water in site 1, site 2 and site 3 were 
38.6±23.3 particles/L, 37.4±15.9 particles/L 
and 48.4±10.9 particles/L respectively after 
deducting the MPs contamination values 

found in the blank sample filters. The 
abundance of MPs in water samples were 
varied from 37.4±15.9 to 48.4±10.9 particles/L 
with an average of 41.5±6.0 particles/L for the 
Sriracha Bay. There was no significant 
difference of abundance of MPs in three 
sampling sites (ANOVA, Tukey's HSD test, p 

< 0.05).  

 
Table 1 gives the average size and 

weight (mean ± SD) of 90 green mussels 

analyzed from each sampling sites in Sriracha 

Farm. The average length, width, and 

thickness of the green mussels were 40.7 mm, 

19.5 mm, and 14.5 mm, respectively. The 

average total weight of the green mussels was 

4.1 g while the soft tissue weight was 6.7 g.  
 
All the analyzed mussels were 

contaminated with MPs. Abundance of MPs in 
mussels in site 1, site 2 and site 3 were 5.1±4.8 
particles/individual, 2.4±1.8 
particles/individual and 2.2±1.1 
particles/individual after deducting the MPs 
in blanks. The average MPs abundance in 
Sriracha farm was quantified as 3.2±1.6 

items/individual and 2.4±0.8 items/g (wet 

weight). There was no significant difference of 

abundance of MPs in mussels in three 
sampling sites (ANOVA, Tukey's HSD test, p 

< 0.05). 
 
No significant linear relationship was 

observed between the abundances of MPs in 
the mussels and surrounding water (p > 0.05, 
p=0.920256). This can be due to the limited 
number of sampling sites used in our study. 
However, some previous studies have found a 
positive relationship between abundance of 
MPS in mussels and surrounding water (Qu et 
al., 2018). Li et al., 2018  also reported of  not 
having a quantitative relationship between 
MPs in water and mussels.  

 

Many studies have found out the 
abundance of MPs contamination in 
aquaculture areas globally. Table 2 shows the 
comparison of MPs abundance in aquaculture 
mussels in this study with the literature 
studies. Abundance of MPs in farmed mussels 
in this study is higher than the studies from 
UK and Greece while lower than from Canada, 
Italy and Netherlands. These differences can 
be due to the differences in the analytical 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

470 



 
 

method applied for the extraction and 
identification of MPs, differences in 
background contamination and regional 
differences in MPs content. Still, there’s no 
standard methodology for MPs analysis in 
biota and thus the urgency of establishing 
standardized methodologies soon, is 
important. 

3.2. Characteristics of Microplastic 
Pollution in Sriracha Bay 

3.2.1.  Size distribution of microplastics  

Relative abundance of MPs by size  
differs between three sampling sites (Figure 3). 
However, in all the three sampling sites, 0.05- 
0.3mm account for the highest percentage of 
the total abundance. Smaller size MPs were 
predominated in all the water samples 
analyzed in the Sriracha farm.  

In our preliminary analysis prepared 
mussel samples before Nile Red tagging, were 
observed under an optical microscope 
(Olympus CX41) at 4x and 10x magnification. 
Very small particles were visible under the 
microscope which were too small to handpick 
using tweezers. Hence, samples were decided 
to stain with NR and utilized the fluorescence 
microscope. The critical size boundary of the 
fluorescence microscope imaging system is 6.5 
μm (Kankanige & Babel, 2020a). Therefore, the 
green mussel particles analyzed in this study 

ranged from 6.5 μm to 53 μm. Studies have 
reported that ingestion of smaller sizes of MPs 
by mussels is higher compared to the adjacent 
environmental media (Digka et al., 2018).  

3.2.2. Morphology of Microplastics  

MPs in fluorescence images were 
categorized as fibers and fragments  (Figure 4). 
Thing long items were recognized as fibers 
while other irregular shapes particles were 
categorized as fragments. The most common 
morpho type of MPs was fragments in both 
water (79%) and mussels (60%) (Figure 5).  

3.3.  Microplastic Composition 

Polymer composition of MPs can be 
used to identify the origins of those MPs. 

Hence policies can be implemented to reduce 
generation of such MPs in order to reduce the 
MPs loads in water and mussels. Figure 6 
shows the microplastics composition in water. 
According to the micro FTIR results of the all 
the analyzed particles with the hit index over 
80%, in mussels were high density 
polyethylene (PE-HD). This can be due to the 
limited number of particles analyzed. High 
density polyethylene can be derived from the 
plastic barrels used as buoys in the long line 
floating culture system. Though the mussels 
were cultured in hanging polypropylene 
ropes, they haven’t uptake the polypropylene. 
Moreover, PE-HD can be originated from the 
withering of larger plastic waste. Previous 
studies have found that characteristics of MPs 
pollution in biota varies due to the different 
aquaculture equipment, different farming 
depths, and different contamination level in 
the farming media. . Specific density and 
shape of the MPs particles also affect the MPs 
contamination in aquatic biota (Cho et al., 
2019).  

 

Water samples were contaminated 
with five different polymer types.  30% High 
density polyethylene, 30% 
Ethylene/propylene copolymer, 20% 
Polyethylene terephthalate (PET), 10% 
Polystyrene (PS) and 10% Polyester were 
presented in the water samples. 

Ethylene/propylene copolymer use as a 

packaging material, in the automotive pipe 

industry (Fan et al., 2019). Ethylene/propylene 

copolymer was detected as the major polymer 
type in commercial green mussels in Thailand 
in another study from our lab. Kankanige & 
Babel, 2020c and 2020b observed PET in single 
use PET water bottles and tap water in 
Thailand. PS is used in dairy and fishery food 
packaging, electrical and electronic 
equipment, building insulation etc. (Europe, 
2020).  

Water samples were contaminated 
with five different polymer types while all the 
analyzed particles in mussel were high density 
polyethylene. This can be due to the limited 
number of particles analyzed in the study.  
However, mussels have been utilized as a 
sentinel organism for MPs pollution around 
the globe (Li et al., 2019). 
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Table 1 Biological data of the cultured green mussels in Thailand (mean±SD). 

 

Table 2 Comparison of abundance of MPs with previous studies 

Location Species Abundance Reference 

Thailand Perna viridis 
3.2±1.6 

items/individual 
This study 

Netherlands Mytilus.edulis 37 (items/g.dw) (Karlsson et al., 2017) 

Canada Mytilus.edulis 
34-178 
items/individual 

(Mathalon & Hill, 
2014) 

Greece M. galloprovincialis 1.83 particles/mussel (Digka et al., 2018) 

UK Mytilus.edulis 1.05-4.44 Items/g w.w 
(Courtene-Jones et al., 
2017) 

Canada Mytilus.edulis 259±11 Items/g w.w (Murphy, 2018) 

Italy M. galloprovincialis 60.01±38 Items/g w.w (Bonello et al., 2018) 

 
 

 
 
 
 
 
 

 
 
   
 
 
 
 
 
 
 
 

 
 

Sampling site N 
Size (mm) Mass (g) 

Length Width Thickness Total Soft tissue 

Site 1 30 44.4±3.9 20.9±1.7 14.5±2.0 4.9±1.1 7.9±1.0 

Site 2 30 40.5±3.9 19.5±1.2 15.4±4.1 4.0±1.1 10.0±7.1 

Site 3 30 37.3±4.2 18.1±1.6 13.4±1.6 3.4±1.0 6.0±5.1 

Average  77.0±6.0 31.4±3.1 25.6±4.0 20.6±7.8 6.7±2.9 

 Figure 2 Abundance of MPs in water and mussels 

Figure 3 Relative abundance of different sizes of MPs in water  

in Sriracha Bay 

8th International Symposium on Advances in Civil and Environmental Engineering
                                                  Practices for Sustainable Development (ACEPS – 2021)

472 



 
 

 

4. CONCLUSIONS 

Our results shows that Sriracha Bay is 
contaminated by MPs in all studied 
compartment, water, and mussels. The 
abundance of MPs in water samples varied 

from 37.4±15.9 to 48.4±10.9 particles/L with an 
average of 41.5±6.0 particles/L. The range of 
MP abundances in mussels were 1.6-3.2 
particles/gram (wet weight) and 2.2–5.1 
particles/individual for all sites. The average 
MPs abundance in Sriracha farm mussels was 
quantified as 3.2±1.6 items/individual. There 
was no significant difference of abundance of 
MPs in water and green mussels in three 
sampling sites. No significant linear 
relationship was observed between the 
abundances of MPs in the mussels and 
surrounding water which may be due to the 
limited number of sampling sites used in our 
study. Smaller size MPs predominated in all 
the water samples analyzed in the Sriracha 
farm. The most common morpho type of MPs 
was fragments in both water (79%) and 
mussels (60%). All the particles analyzed in 

mussels by micro FTIR   were identified to be 
high density polyethylene (PE-HD). Water 
samples were contaminated with five different 
polymer types.  High density polyethylene 
and, Ethylene/propylene copolymer 
contributed to 30% each.  MPs in mussels in 
Sriracha Bay appears to be not consistent with 
the MPs pollution in their adjacent 
environmental media in terms of abundance 
and polymer composition. However, this 
study shows the MPs contamination in 
Sriracha Bay Thailand. Sriracha bay is one of 
the main green mussels farming area in 
Thailand. Hence there’s a possibility of human 
ingestion of MPs via green mussels 
consumption. Previous research has proved 
that MPs pose potential negative effects on 
human health. Therefore, more research 
covering aquaculture areas with more 
sampling sites is needed for clear 
understanding of the microplastic 
contamination in aquaculture areas. 

Figure 4 Photographs of fluorescence 
image of MPs particles 

Figure 5 Morphology of MPs in mussels and water 

Figure 6 Composition of MPs in water 
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Grazed pastures can be introduced as a dominant source of nitrous oxide (N2O), a 
high potent greenhouse gas. Although past studies have examined N2O emissions 
in relation to soil physical properties, linking emissions with soil gas diffusivity 
(Dp/Do) and its dependency on soil physical properties and soil moisture are 
lacking. This study to empirically correlated the N2O emission dynamics in 
differently-sized aggregated soils using coarse (2–4 mm) and fine (< 0.2 mm) 
aggregates, and seven different combinations with varying fine aggregate fractions 
(F = 0, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 1.0). Repacked samples of different 
combinations were saturated with KNO3 (1800 μg mL−1) solution and were 
systematically drained to nine different matric potentials (−1 kPa to −10 kPa), 
followed by an air-dry step (−30 kPa). At potential levels, N2O flux and Dp/Do were 
measured. The highest and lowest peak of N2O were observed as F = 1.0 at Dp/Do = 
0.002 and F = 0.7 with the lowest Dp/Do respectively.  

 

1. INTRODUCTION  

Grazed pasture is commonly enriched 
with N due to ruminant urine and fertilizer 
inputs, leading towards N2O emission. The 
main release pathway of N2O to the 
atmosphere occurs mainly as direct emissions 
from urine-affected soil or fertilized pasture 
soil (Oenema et al., 2005; Davidson, 2009). In 
response to these N inputs, N2O is produced 
via a range of microbial transformation 
pathways including nitrification, nitrifier-
denitrification, and denitrification (Kool et al., 
2010; Clough et al., 2017; Wrage-Mönnig et al., 
2018). Nitrous oxide (N2O) is considered the 
single most important stratospheric ozone-
depleting substance (Ravishankara et al., 2009) 
and it is the third most potent greenhouse gas 
after CO2 and CH4 with a global warming 
potential 298 times that of CO2 over a 100-year 

horizon (Myhre et al., 2013). The provision of 
oxygen is a vital determinant of producing and 
consuming N2O through the biological 
pathway (Wrage-Mönnig et al., 2018). Pasture 
soils get gradually transformed to aggregated 
bimodal structure due to higher carbon inputs 
such as livestock manure, soil-moisture 
dynamics, vegetation root penetration-
exudate-entanglement, soil fauna, and 
microbial activities (Six et al., 2004; Ghezzehei, 
2012). Well-structured pasture soil consists of 
two-pore regions; inter-aggregate regions 
which include the pore spaces between the 
aggregates, and intra-aggregate regions or the 
pore spaces within individual soil aggregates 
arranged hierarchically (Ghezzehei, 2012) and 
often assumed to have similar characteristics 
with important soil physical properties 
(Durner, 1994). Mitigation of N2O emission 
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depends on soil aeration occurs primarily via 
soil-gas diffusion.  

Among bimodal pore structures, 
diffusion occurs predominantly inside the 
inter-aggregate pore space while intra-
aggregate pores are filled with water. Further 
drying causes the draining of aggregates, 
enabling gas diffusion through intra-aggregate 
pores (Currie 1984). As confirmed by Balaine 
et al., (2013); Owens et al., (2017), Dp/Do was 
found as a key predictor of N2O fluxes by 
showing a strong relationship between Dp/Do 
and N2O fluxes. Moreover, Chamindu 
Deepagoda et al. (2018a) introduced a critical 
diffusivity window (Dp/Do ~ 0.005–0.01) 
where peak N2O for both intact and repacked 
soils, regardless of the soil texture, structure, 
and moisture status. It can be seen that most of 
the studies have not considered the potential 
effects of soil aggregation on soil-gas 
diffusivity on net N2O fluxes. Hence in this 
study effect of soil aggregation on soil-gas 
diffusivity, and their combined effect on N2O 
fluxes in pasture soils were investigated. 

2. MATERIALS AND METHODS 

2.1. Material Characterization and Sample 
Preparation  

In this study, Wakanui silt loam soil 
(classified as a Mottled Immature Pallic Soil 
(Hewitt, 2010)) was used from a grazed 
pasture at Lincoln University – New Zealand. 
This soil was characterized with an organic 
matter content of 52 mg g−1, total N content of 
2.8 mg g−1, total C content of 29.7 mg g−1, a C: 
N ratio of 10.6, and a pH of 5.9. First, the 
natural soil moisture was removed by air 
drying and then sieved to obtain the two 
desired fractions of coarse (2 – 4 mm) and fine 
(< 0.2 mm) aggregates. These coarse and fine 
aggregates were premixed and packed into 
stainless-steel rings with 7.3 cm internal dia., 
and 7.4 cm height, in three layers up to a depth 
of 5.0 cm, replicated three times according to 
the pre-decided mass fraction (mass ratio 
between fine and coarse aggregates adding up 
to unity). When preparing these combinations, 
care was taken not to crush aggregates during 
packing with an equal number of tappings 
(four) on the outside of the ring for each 
replicate. Before transferring the repacked 
cores onto tension tables, samples were 

saturated for 72 h by immersing the cores in a 
KNO3 (1800 μg mL−1) solution. The basic 
properties of each aggregate combination are 
shown in Table 1. 

Table 1 course (c) and fine (F) aggregate 
combination details 

# air dry at -30 kPa 

2.2. Measurement Methods 

2.2.1. Aggregate size distribution 

According to the extended 
modification of Rosin and Rammler (1933) 
two-region grain size distribution function by 
Chamindu Deepagoda et al. (2018b), the 
aggregate size distribution was analyzed and 
the mean aggregate size, D50, of the 
characteristic aggregate size of the distribution 
was as mentioned below. 

𝑃(𝑥) = 100 [𝑤 (1 − 𝑒
−𝑙𝑛2(

𝑥

𝐷50,𝑐
)

𝜎𝑐

)  + (1 −

𝑤) (1 − 𝑒
−𝑙𝑛2(

𝑥

𝐷50,𝑓
)

𝜎𝑓

)]                                       (1) 

where, P(x) is a function of aggregate 
size, x (mm); D50,c and D50,f (mm) are 
corresponding mean aggregate sizes of coarse 
and fine aggregates, σc and σf (dimensionless) 
are empirical coefficients representing the 
spread of the distributions for coarse and fine 
aggregates, respectively, and the weighting 
parameter, w (dimensionless) is also used as 
the coarse aggregate fraction in the mixture. As 
per Eq. (2), the mean aggregate size for the 

Combination 
Fine 

fraction 

Ρ 
 (g 

cm-3) 

Φ  
(cm3 
cm-3) 

Dp/Do 
at Air 
dry 

stage# 

C10F0 0.0 0.804 0.696 0.160 

C8F2 0.2 0.866 0.673 0.110 

C7F3 0.3 0.884 0.666 0.107 

C6F4 0.4 0.878 0.669 0.122 

C5F5 0.5 0.906 0.658 0.109 

C4F6 0.6 0.933 0.648 0.100 

C3F7 0.7 0.919 0.637 0.080 

C2F8 0.8 0.919 0.653 0.085 

C0F10 1.0 0.919 0.653 0.095 
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entire distribution, D50, can be determined as 
follows: 

  1 + 2𝑤 (𝑒
−𝑙𝑛2(

𝐷50
𝐷50,𝑓

)

𝜎𝑓

− 𝑒
−𝑙𝑛2(

𝑥𝐷50
𝐷50,𝑐

)
𝜎𝑐

) −

   2𝑒
−𝑙𝑛2(

𝐷50
𝐷50,𝑓

)

𝜎𝑓

=         0                                        (2)                                                                  

2.2.2. Soil gas diffusivity 

Numerical characterization of the 
measured soil-gas diffusivity data was 
determined using the Density- Corrected (DC) 
model (Eq. (3)) developed by Chamindu 
Deepagoda et al. (2011) and measurements of 
Dp/Do within the intra-aggregate region 
(mostly above pF 3 or −100 kPa) were not 
available to extend the model for a two-region 
Dp/Do model as was done in previous studies 
(e.g., Jayarathne et al., 2019). 

𝐷𝑝

𝐷𝑜
=  0.1 [2 (

𝜀

∅
)

3

+ 0.04 (
𝜀

∅
)]                            (3) 

where, Dp/Do is the soil-gas diffusivity, ε 
is the soil air-filled porosity (cm3 cm−3), and ϕ 
represents the soil total porosity (cm3 cm−3).  

2.2.3. Nitrous oxide flux measurement 

After saturation, using tension tables, 
samples were drained to eight matric 
potentials (ψ) −1, −2, −3, −4, −5, −6, −8, and −10 
kPa, followed by an air-dry step corresponding 
to a matric potential of −30 kPa. Drained 
samples to each matric potential were placed 
in a 1-L air-tight glass jar with a rubber septum 
lid and gas samples (10 mL) were extracted at 
30 and 60 min after sealing the container. Gas 
samples were analyzed using the gas 
chromatography method with an electron 
capture detector; GC, SRI- 8610, Torrance, CA. 
Accordingly the proposed method by 
Hutchinson and Mosier (1981), a three-point 
linear regression method was used to calculate 
nitrous oxide emissions using ambient 
laboratory air samples and the samples which 
were taken at 30 and 60 min. 

2.2.4. Soil gas diffusivity measurement 

To obtain the soil gas diffusivity 
measurements, one chamber diffusion method 
which was presented by Taylor (1949), was 
used at each of the matric potential levels 

diffuse through the soil sample into the 
chamber. The values of Dp/Do through 
repacked soil samples were calculated using 
the method developed by Currie (1960). 
Moreover, using a pre-calibrated galvanic O2 

sensor (KE-12, Figaro Inc.), increment of partial 
pressure of O2 inside the chamber was 
monitored continuously. Chamber was 
flushed with 99.99% N2 gas to make the 
chamber free of O2 and then repacked soil 
sample was placed on the chamber 
allowing atmospheric O2 to diffuse through 
the soil sample into the chamber. The values of 
Dp/Do through repacked soil samples were 
calculated using the method developed by 
Currie (1960). Moreover, using a pre-calibrated 
galvanic O2 sensor (KE-12, Figaro Inc.), 
increment of partial pressure of O2 inside the 
chamber was monitored continuously. 

2.3. Statistical Analysis 

Statistical analyses (ANOVA, 
regression, Pearson correlation) were 
performed using Minitab® 19. ANOVA was 
performed to test the effects of matric potential 
and fine fraction on nitrous dioxide flux 
emission.  

3. RESULTS AND DISCUSSION 

3.1. Aggregate Size Distribution and Total 
Porosity 

Using the extended Rosin and 
Rammler (1933) two-region grain size 
distribution function (Eq. (1)), the measured 
aggregate size distribution (scattered points) 
and the corresponding simulated data (solid 
lines) are plotted on the same graph and the 
agreement between the measured and the 
model-determined coarse fraction (w) of each 
combination are shown in Figure 1a and 1b, 
respectively. 

 
Except coarse (C10F0) and fine 

(C0F10) only combinations, all mass fractions 
show a bimodal grain size distribution. While 
C10F0 and C0F10 show uniformly distributed 
profiles, all other aggregate-distribution 
profiles present typical gap-graded 
distributions, demonstrating the mixing of two 
discrete size distributions.  
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The measured variation in size 
distribution well configured the extended 
Rosin and Rammler (1933) two-region grain 
size distribution function for each mass 
fraction combination with small RMSE values  
ranging from 0.11 to 4.81. As per Eq. 2, D50 was 
mathematically derived and the respective 
values for each combination are mentioned in 
Table (1). It can be seen a gradual increment of 
D50 values with the increase of the fraction of 
coarse aggregates.  

 
While the uniformity coefficients Cu, 

for C10F0 as 1.11 and C0F10 as 3.12, (Cu < 4) 
show they were uniformly graded, the mixed 
aggregate soils show the gap gradation 
characteristics according to Cu values. Figure 
2 depicts that the variation of measured total 
porosity with the fine fraction of the aggregate 
combinations and the coarse only combination 
(C10F0) represent the highest porosity value as 
0.697.  

 
It can be noted that the 0.637 as a 

minimum porosity value (p < 0.001) and 
measured porosity gradually decreased with 
the introduction of fine particles into mixtures. 
Theoretically, when the pore volume of coarse 
aggregates equates to the fine aggregate 
volume, finer aggregates fill the pores between 
coarser particles (Koltermann and Gorelick, 
1995) and are further explained by the Porosity 
Exclusion Principle by Dexter (1988). Also, it 
can be generally observed the densest 
arrangement in C3F7 (Table 1) and further 

inclusion of fine aggregates into the mix 
resulted in increment of total porosity of C2F8 
and C0F10. Normally, fine only aggregate 
mixture shows lower porosity than that of the 
coarse-only aggregate mix since when finer 
particles dominant in the mixture, coarse 
particles are scattered and supported by a 
matrix of finer grains. Hence interaggregate 
pores will subsist when only the inter-grain 
pore diameters are less than the fine-grain 
diameter. 

Figure 1 (a) Grain Size Distribution of aggregate combinations where F = fine fraction (< 0.2 mm) 
and C = coarse fraction (2 – 4 mm). Data points are measured values and solid lines are simulated 

using the extended Rosin Rammler two-region grain size distribution function, Eq. (1). 

(b) Comparison between measured and simulated coarse fractions, where the solid line is the 
regression between measured and modelled variables. 

Figure 2 Variation in total porosity (Φ) with 
increasing fine aggregate fraction 
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3.2. Nitrous Oxide Fluxes and Soil Gas 
Diffusivity 

In this section, we considered 
measured N2O net fluxes; the difference 
between the production of N2O and its 
consumption within the soil aggregates, and 
the data represent the fluxes corresponding to 
each matric suction and not the cumulative 
fluxes across different suction levels. The N2O 
flux variation across all aggregate 
combinations with variation in Dp/Do is 
shown by Figure 3. Soil Gas diffusivity 
(Dp/Do); (ratio of air-filled porosity to the total 
porosity; ε/Φ) was the measure for all 
aggregate combinations at nine different 
matric potentials (-1 to −30 kPa). Diffusive flux 
of N2O and O2 into and out of the aggregate 
structure is unidirectional as stated by Schlüter 
et al., (2018). Since the Dp/Do being a function 

of air-filled pore space and due to its moisture 
dependency, with the increasing soil moisture, 
N2O fluxes also increased. Further, coarse-only 
(C10F0) aggregate with highest diffusivity 
generated lowest N2O fluxes.  

 
Moreover, coarse-only grain mixture 

gradually shows an increment in N2O fluxes 
(25, 334, 418, and 673 μg N m-2h−1) with the 
decreasing of Dp/Do values (0.1627, 0.0882, 
0.0827, 0.0701) (see Figure 3). According to 

Diba et al., (2011), when the aggregate size is 
large, they tend to develop anaerobic 
conditions and Sexstone et al. (1985) used 
microelectrodes to demonstrate exponentially 
declined O2 concentrations from the aggregate 
surface towards the middle. As Stein, (2019) 
noted, at the highest values of Dp/Do, soil 
moistures were the lowest, and relatively low 
N2O fluxes were observed in the C10F0 coarse 
only mixture likely due to microbial driven 
nitrification or nitrifier-denitrification 
processes producing N2O. In addition, 
tortuosity of the diffusive pathway increases in 
response to the barrier for O2 diffusion due to 
the packing of aggregates. Stepniewski (1981) 
and Balaine et al. (2016), who stated anaerobic 
conditions occur at Dp/Do < 0.02 and N2 
production, denitrification, only occurred 
when repacked silt loam soil at Dp/Do was < 

0.005. Since likely, C10F0 were also anaerobic 
zones within aggregates where intra-aggregate 
diffusivity was indeed < 0.005 and the pF 
required to drain intra-aggregate pores (pF > 
3) was not applied during N2O flux 
measurement. 

 
With the increase of intrusion fine 

grains to the soil mixtures, N2O flux initially 
increased to 925 μg N m-2h−1 in C8F2 due to 
declination of Dp/Do to < 0.015. With further 

 

Figure 3 Variation in N2O fluxes (vertical axis) for different fine fractions (horizontal axis) under 
different Dp/Do variations 
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increase of fine grains, it was clearly observed 
a lower magnitude two peaks under Dp/Do 
value of 0.005 in C6F4 as 819 μg N m-2h−1 and 
C5F5 as 792 μg N m-2h−1, respectively. 
Minimum N2O flux can be noted as 346 μg N 
m-2h−1 for C3F7 with the lowest diffusivity 
(Dp/Do = 0.0015), (Fig 3; P < 0.05). This 
diminishing fluxed from C8F2 to C3F7 was 
due to a decrease in total porosity. Although 
the decrease in porosity should increase the 
anaerobic microsites and the potential for N2O 
production, according to the explanation; at 
80% WFPS denitrification, N2O production 
under acetylene, in fine aggregates (< 0.25 mm) 
was dominated by denitrification and O2 

diffusion was constrained into and around 
aggregates. In line with Sey et al. (2008), the 
lowest recorded N2O peak in C3F7 can be 
ascribed to enhanced anaerobiosis promoting 
N2O consumption via denitrification and 
produced N2O can be partially or fully 
entrapped in result reducing N2O emission 
from C8F2 to C3F7 (Letey et al., 1980; Clough 
et al., 2001; Balaine et al., 2016). Since the 
draining of aggregates was limited to a suction 
< pF 3 (100 kPa), the Dp/Do measurements in 
this study were largely confined to the inter-
aggregate pore space. It can be seen that all 
N2O production in this study is within the 
Dp/Do range of 0.001–0.015. According to the 
literature, Balaine et al. (2013) and Balaine et al. 
(2016) reported a highly sensitive range of 
Dp/Do between 0.006 and 0.02 and lower and 
upper Dp/Do limits of 0.005 and 0.02, 
respectively. Chamindu Deepagoda et al. 
(2019b) presented a “critical Dp/Do window” 
of 0.005 ~ 0.01, which yielded peak N2O fluxes. 
As reported by Stepniewski, (1981); 
Schjønning et al., (2003), the upper range value 
begins at a Dp/Do of 0.02 occurs due to the 
onset of anaerobiosis with the lower range, 
Dp/Do < 0.005, due to entrapment of N2O 
and/or further reduction to N2 (Balaine et al., 
2016).  In this study, it is worthy to mention 
that the altered pore network under 
pronounced soil aggregation has accompanied 
a shift in the diffusivity window (lower 
boundary) and N2O flux peaks were observed 
over a WFPS range of 59.5 – 90.6%, while the 
majority of the peaks were observed at an 
average WFPS of 81.4%. 

 
Also, the lowest peak N2O flux of 34 

μg N m-2h−1 in C3F7 occurred at a WFPS of 
83.3% which is very close to the average WFPS 
where N2O flux peaked. This further verifies 

that WFPS cannot always be used as a 
predictor of N2O emissions, especially when 
comparing density varying soils (Farquharson 
and Baldock, 2008; Balaine et al., 2013). By 
considering the results of this study it has to be 
mentioned that when Dp/Do increases with an 
increasing volume of air-filled pore space and 
developing connectivity of the functional 
gaseous pore network leads to minimizing 
N2O emissions. Nevertheless, comparing the 
results of this study with other studies where 
undisturbed soils and field-scale 
measurements are involved, additional soil 
and environmental complexities may cause a 
considerable discrepancy with carefully 
controlled laboratory measurements in sieved 
and repacked soils, with aggregate sizes 
confined to < 0.2 mm and 2 – 4 mm fractions. 

4. CONCLUSIONS 

Under this study, the impact of 
differently-sized agricultural soils were 
investigated in relation to soil-gas diffusivity 
(Dp/Do) and N2O emission dynamics in 
repacked soil sampled from a perennial 
pasture site. Two aggregate fractions, coarse (2 
– 4 mm) and fine (< 0.2 mm), and seven 
different combinations thereof were 
investigated. Increasing fine fraction enhanced 
nitrifier-denitrification, but further increasing 
fine fraction lowered N2O peak emission likely 
due to a shift from nitrifier-denitrification to 
denitrification and entrapment Lowest N2O 
peak occurred at 70% fine fraction (C3F7) with 
lowest diffusivity. Future studies are needed 
due to extend the data generated to generalize 
the analyses carried out in this research. 
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Determining resource consumption patterns and their dependency on socio 
demographic factors can be utilized in fruitful manner in demand management and 
policymaking.  Hence, this study assimilates measured water and electricity 
consumption to understand the relationship between socio-demographic factors 
and consumption behaviors on water and energy consumption. The study was 
conducted in four districts which most industrialized and covered by pipe born 
water and electricity supply in Sri Lanka. Consumers living in Colombo and 
Gampaha districts consume more water and electricity than consumers living in 
Galle and Kaluthara districts. Per capita water consumption and energy 
consumption both have dependency on family income. Although the water and 
electricity consumption does not show direct relationship between each other, 
people with positive behaviors in water consumption have positive behaviors in 
electricity consumption and vice versa. Therefore, it highlights the importance of 
improving public behavior in resource consumption. 

 

1. INTRODUCTION  

Sri Lanka is a country struggling to 

supply electricity and safe water for all. All the 

city centers and most of the suburbs enjoy 

piped water supply, while rural population 

use their own water supplies, most frequently 

sourced from groundwater. Shallow wells and 

deep wells are used commonly in Sri Lanka 

(Chandrajith et al., 2010). Regarding electricity 

98% of grid connectivity is achieved, hence 

leaving only 2% of populations behind.  

 

Ceylon Electricity Board (CEB) and 

Lanka Electricity Company provide electricity 

in the country. According to the CEB website 

43.1% of country’s electricity is generated 

using coal, 18.5% is generated using oil and the 

rest is generated through hydropower systems 

and wind power systems (CEB, n.d.). Thus, 

61.6% of electricity generated is via non-

renewable resources and coal and oil are 

imported resources to the country, hence 

becoming a huge burden on country’s 

economy. The need for energy consumption 

reduction is associated with energy supply 

security, affordability for energy as well as 

climate change management strategies 

(Gouveia 2016). Domestic sector is an 

important sector in energy consumption in 

many countries and in Sri Lanka, domestic 

sector utilizes 33% of electricity generated in 

the country (Ceylon Electricity Board, 2016). 

 

National Water Supply and Drainage 

Board (NWS&DB) is the main agency 

responsible for pipe borne water in Sri Lanka. 

Water supply coverage was 53.1% by the end 

of fourth quarter 2020, while local authorities 

and community water supply schemes 

accounts for another 10% (NWS&DB, 2020). 

NWS&DB strive to supply safe water for all, 

however, 6.8% of country’s population still 
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does not have access to safe drinking water. 

Concurrently, most of the water supply 

projects are funded by foreign loans, hence 

public is responsible for getting maximum use 

out of those projects.   

Modification of public behavior of 

water and energy consumption can be used as 

an effective tool in demand management. 

Through the understanding of public behavior 

on water and electricity consumption, 

development of necessary intervention 

strategies can be initiated. Thus, this approach 

would be capable of producing sustainable 

and substantial reductions in domestic energy 

and water consumption (Shan et al., 2015). 

 

This study aimed to investigate 

whether there is an interrelationship between 

water and electricity consumption of 

household hypothesizing higher energy 

consumers may be the high water consumers 

too. Meanwhile, study aimed to understand 

the influence of residing location, income and 

education on water and energy consumption.  

2. METHODLOGY 

2.1. Study Area 

The study was conducted in Colombo, 
Gampaha, Kaluthara and Galle districts. Those 
are the high-income ranking districts in Sri 
Lanka (Department of Census and Statistics, 
2016). Colombo is the capital of the country 
while Kalutara, Gampaha and Galle are near 
surrounding districts of the capital. This is one 
of the main reason for these districts were most 
industrialized and getting more income than 
other districts. These districts have 
comparatively higher energy consumption 
(CEB, 2018) in the country. Therefore, these 
districts were selected for the study.  

2.2. Data Collection  

The study was conducted via a 

questionnaire survey. Study was conducted 

during October 2020 to January 2021. A 

carefully designed questionnaire was 

circulated in google forms to more than 2,500 

people living in Colombo, Gampaha, Kalutara 

and Galle districts. This was completed with 

the help of known people who already 

instructed about the study. Then, they can 

contact and manage their known social circle 

to collect data. In an accompanying massage, 

household representatives were asked to 

participate in the study. After three days, and 

one week a reminder were sent to those 

people. In total, 632 respondents filled the 

google forms questionnaire, a response rate of 

25.28% and finally 517 acceptable responses 

were selected for statistical analysis. For other 

users, problems were encountered related to 

their responses, either incomplete or not 

provided energy consumption data, which 

was critical for the analysis. Table-1 shows the 

demogrpahic characteristics of the 

respondents (n=517). 

 

The questionnaire was aimed to collect 

water and electricity consumption of a 

household, district of residence, number of 

family members, income of the family and the 

education level of the respondent. In addition, 

it was targeted to collect several behaviors 

related to the water and electricity 

consumption, switching off lights when 

leaving a room, switch off appliances when not 

in use, switch off standby mode of appliances 

when leaving home, used to have shorter times 

for showering and full loaded washing 

machine use.   

 

Table 1 Demographic information of the 
respondents 

 

One-way ANOVA with TukeyHSD 
multiple comparisons was used to distinguish 
significant differences in electricity and water 
consumption related to demographic 
characteristics. Multiple correspondence 

Variable Categories Percentage (%) 

Districts Colombo  
Galle  
Gampaha  
Kalutara  

29.3 
23.7 
9.8 
36.8 

Average 
household 
income per 
month (LKR) 

Less than Rs.25'000 
Rs.25'000-Rs.50'000 
Rs.50'000-Rs.75'000  
Rs.75'000-Rs.100'000  
More than 100'000 

17.2 
32.1 
27.9 
10.8 
11.4 

Education level Not completed O/L 
Completed O/L 
Completed A/L 
Completed degree or 
under university studies 

1.7 
7.2 
32.7 
58.4 
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analysis was used to develop 
interrelationships between water and 
electricity consumption behaviours. All 
analysis was carried in R statistical software. 

3. RESULTS AND DISCUSSION 

Energy consumption and water 

consumption did not have a significant linear 

or non- linear relationship (Figure 1), hence the 

initial hypothesis was rejected. However, 

Colombo and Gampaha districts had 

significantly higher per capita water and 

electricity consumption compared to Galle and 

Kaluthara districts (ANOVA, F=21.73, 

p<0.001).  

Water and electricity consumption 

both had significant variations with income of 

the family, while education of the respondent 

was not so. Families with more than Rs. 100000 

monthly income, have a significantly high 

electricity consumption compared to all the 

other income groups (ANOVA, F=31.94, 

p<0.001).   

 

Figure 1 Per capita electricity consumption 
versus per capita water consumption

 

 

 

 

 

 

Figure 2 Interrelations between water and energy consumption behaviours 

Note: Switch off light in leaving a room (Always/Occasionally, Never), switch off electrical appliances 

when not in use (Always/Occasionally, Never), switch off standby mode (Always/Occasionally, 

Never), having short showers (Yes/No), having full load washing in the washing machine (Yes/No) 

were the parameters subjected to the analysis. 
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Meanwhile, the lowest income group 

has the lowest per capita electricity 

consumption compared to all the other 

middle-income groups too. However, when it 

comes to water consumption, the income-

based difference was significant, but not that 

clear (ANOVA, F=3.73, p<0.005). The lowest 

income group has a significantly lower per 

capita water consumption compared to the 

income groups having above Rs. 75000 

monthly income, nevertheless per capita water 

consumption does not significantly vary 

between groups having less than Rs. 75000 

monthly income. These difference trends 

between electricity and water consumption 

may occur due to several reasons. Firstly, the 

appliance penetration may play a significant 

role in this regard, because with higher 

monthly incomes affordability will be 

increased. Secondly, electricity is expensive 

compared to water in Sri Lanka. Finally, 

sanitary appliances, which used only water, 

are essential in all households, while the 

appliances, which combine water and 

electricity usage (eg. Clothes washer, 

dishwasher, bathroom water heater) are not 

essentially available with lower income groups 

(data not shown.). This final reason may 

influence in not to have a relationship between 

water and electricity consumption. 

Dharmaratna & Harris (2012) also report that 

the water consumption in Sri Lanka is not very 

responsive to the price changes and income 

elasticity is also relatively small, reasoning that 

the water bill comprises a small component 

from household budget. For example, average 

electricity consumption in Colombo district is 

138 kWh per month and the bill is Rs. 2584.95 

(CEB, nd), while for water it is 22 m3 and the 

bill is Rs. 656.00. For a family with Rs. 50000 

per month electricity bill is nearly 5% of the 

monthly income, while the water bill is nearly 

1% of the monthly income.  

Although, water and electricity 

consumption does not display a clear 

interdependency, multiple correspondence 

analyses shows that the negative behaviors 

and attitude towards water and electricity 

consumption are interrelated (Figure 2). 

Related to electricity consumption people who 

used to always switch off lights when leaving 

a room, switch off appliances when not in use, 

switch off standby mode of appliances when 

leaving home and used to have shorter times 

for showering, full load washing machine use 

are combined together, while negative 

behaviors related to water and electricity 

consumption was grouped together. 

Therefore, there are possibilities of resource 

waste due to negative behaviors of consumers 

and the most important fact is people with 

negative behaviors behave in a similar manner 

in using both water and electricity. As well as 

after the awareness campaigns carried out for 

many years by CEB, still there are people who 

do not used to switch off the lights when 

leaving a room. It highlights the need of 

awareness campaigns targeted for improving 

public behavior related to resource use.  

4. CONCLUSION 

This study concludes that the 

electricity consumption and water 

consumption are not directly interrelated 

related to this case study area. Average per 

capita water consumption was 161 L/day and 

electricity consumption is 0.94 kWh/ day in 

the sample. Colombo and Gampha districts 

had significantly high electricity and water 

consumption compared to Galle and 

Kaluthara districts. Electricity consumption 

and water consumption showed a dependency 

on income of a family, in which the 

dependency in electricity consumption on 

income was more prominent.  

 

Although water and electricity 

consumption was not directly interrelated, 

behaviors related to water and electricity use 

was interrelated. Respondents with positive 

behaviors have positive behaviors in 

consuming both resources while those who 

show negative behavior also same.  
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