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EDITOR’S MESSAGE 

“The phoenix must burn to emerge” 

At a time, we are getting ready to ease 
Covid-19 related social-health restrictions, Sri Lanka is 
hammered with the worst economic crisis in its history 
since obtaining independence in 1948. While general public 
is affected by shortage of fuel and food supplies the 
construction industry is facing a massive shortage of 
manufacturing materials and an unprecedented cost 
escalation. It should be noted that the contribution of the 
construction industry to Gross Domestic Product (GDP) of 
Sri Lanka was around 6% – 7% in the years 2019 and 2020 
despite the presence of Covid-19 pandemic and 
approximately 10% of the labour force of the country is 
associated with the construction sector. 

Construction industry is facing multiple shocks in 
its day-to-day operations due to risk factors associated with 
import restrictions and delays in logistics, increase in 
interest rates, fluctuation in foreign currency exchange 
rates, and various restrictions related to essential banking 
facilities. Failing to address and manage these risks can 
lead to a threat of spiralling negative impacts on the entire 
economy due to the interconnected nature of the industry 
itself.  

While many are fighting for survival, it has been a 
common slogan to blame the past and fear the future with 
negativity. As a group of professionals who are at the 
forefront of the creative task force and being benefited from 
free education funded by the Sri Lankan taxpayers, it is our 
prime duty to lead the way to rebuild the economy. It is 
worth remembering that our ancestors were able to develop 
an entire irrigation system thousands of years ago to 
cultivate dry zone which is presently done in the Middle 
East. Let us resurrect the creativity within our bloodline 
combining the state-of-the-art knowledge to revamp Sri 
Lanka back on track. It is time to search for the “Phoenix”, 
the immortal bird in Greek mythology that regenerates 
itself from the ashes. 

“Faith is the bird that feels the light and sings when the 
dawn is still dark.” — Rabindranath Tagore 

Modulus always has been a great medium of 
knowledge sharing on latest technological advancements 
and best practices among the members of SSESL. This 
edition of Modulus consists of three technical papers 
spanning from the basics of timber in structural 
applications to advance applications in concrete structures. 
The three technical papers are titled; “Towards a better 
understanding of timber in structural applications”, 
“Shrinkage-compensating concrete in the upper deck of the 
elevated steel road sections of the New Kalani Bridge 
Project” and “Shear strength of RC beams using prestressed 
deep embedded reinforcement: towards optimisation". 

The SSESL conducted a four-day design 
workshop titled “Transition to Eurocodes” to provide 
professional guidance and encourage practicing structural 
engineers to design following Eurocode standards. The 

seminar on “Trends and challenges in tall building designs 
and construction” was another successful event conducted 
this month to share knowledge on new trends and 
challenges in design of tall buildings. 

We believe that the efforts made by the SSESL in 
different forms will benefit our members and anticipate that 
our audience will similarly contribute towards the 
knowledge sharing process to overcome the challenges to 
be faced. Any new techniques, modified practices, 
enhanced technologies utilized in projects and found to be 
fruitful and worth sharing with your community are 
welcome to be forwarded to the editor of SSESL to be 
published in future editions of Modulus.   

Eng. (Dr) H.M.Y.C. Mallikarachchi 
BSc Eng. (Hons), PhD (Cambridge), 
CEng, MIE(SL), MSSE(SL)  

Editor,   
Society of Structural Engineers, 
Sri Lanka. 
e-mail: ssesl.editor@gmail.com
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COVER STORY 

 
 The developers have identified the requirement 

and strategic advantage of developing a luxury hotel along 
with lavish apartments in Male which is the nearest island 
to Hulumale in which the main airport of Maldives is 
located. Male is also the administrative capital of Maldives. 

The proposed Nasandura Palace Hotel and 
Apartment Complex would be a tourist attraction that is to 
be set up at Male to provide the best quality hotel and 
apartment experience for the customer. This is a single 
tower building consisting of 14 floors and the approximate 
floor area of the building is 36,000 m2, which makes 
Nasandura the largest building of this kind on the island of 
Male.  

The main occupying areas include apartment 
units and suites, ballrooms, outdoor courtyards and 
gardens, kitchens, service areas and a 25 m long infinity 
pool at the top level. This building consists of a mechanical 
car parking system with a capacity of 60. 

The substructure of this building is designed as a 
raft foundation and the structural system of the 
superstructure comprises post-tensioned slabs, reinforced 
concrete beams, columns and shear walls.  

 

 
 
Basic information of the project is mentioned below. 
 
Client & Developer : NPH Investments (Pvt) Ltd 
Architect  : Vinod Jayasinghe Associates  
Structural Engineering  
Consultant  : URO Structural Consultants (Pvt)      
     Ltd 
M&E Consultants : K2 Consultants (Pvt) Ltd 

    Nimal Perera Associates  
    Chandana Dalugoda Consultants   

Main Contractor : Zhongtian Construction Group 
Project Value : $ 45 million   
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Associate Member Chapter Meeting – 2022 

Meeting of the Associate Member Chapter of the Society of 
Structural Engineers - Sri Lanka was conducted on  
2nd February 2022, at the SSESL's secretariat office as a 
hybrid event. Eng. (Mrs) Tharangika Jayasundara, the 
president of the executive committee, presided over the 
meeting with the Executive Committee vice president;  
Eng. R.M.A. Senerath and assistant editor;  
Eng. R. M. B. Prasad.  

 

Photograph 01 – Meeting of the Associate Member Chapter 
held at the secretariat. 

Following members were elected as the Associate Member 
Committee for the year 2022.  

 

AMC Office Bearers 2022 

President Eng. Pasansith Gamalath 

Vice President Dr. (Eng.) Samith Buddika 

Immediate 
Past President 

Eng. Dylan Ryan 

Secretary Eng. Arunan Thuraisingham 

Assistant 
Secretary 

Dr. (Eng.) Pasindu Weerasinghe 

Assistant 
Treasurer 

Eng. Shan Viduranga 

Editor Dr. (Eng.) Sumudu Herath 

Assistant 
Editor 

Eng. Sasanka Tharaka 

 
 
Committee 
Members 

Eng. Surenika Gamage 
Eng. Aswar Nasaeer  
Eng Sonali Hewage  
Eng. Shamitha Wijewardana  

Eng. Jogaprajahpan Yogapaarthiban  

 

 

Workshop on “Transition to Eurocodes” 

The society organized a four-day design workshop on 
"Transition to Eurocodes" at BMICH from 5th to 26th March 
2022. The workshop was sponsored by International 
Construction Consortium (Pvt) Ltd.   

The objective of the workshop was to provide professional 
guidance for practising structural engineers to design in 
accordance with Eurocode standards.  

Contents of the workshop included: Introduction to 
Eurocodes, basis of design, loading on structures, 
reinforced concrete designs-preliminaries, properties of 
concrete and steel, design of reinforced concrete beams, 
design of reinforced concrete slabs, design of reinforced 
concrete columns and walls; Specification of concrete, 
durability, fire resistance, and cover; Detailing of 
reinforcement; Design of water retaining structures and 
Design of foundations. 

Emeritus Prof. W.P.S. Dias (University of Moratuwa), 
Senior Prof. S.M.A. Nanayakkara (University of 
Moratuwa), Senior Lecturer Dr. Nihal Somaratne (SLIIT), 
Senior Lecturer Dr (Mrs.). M.T.P. Hettiarachchi 
(University of Moratuwa), and Senior Lecturer Dr. Hiran 
Yapa (University of Peradeniya), shared their expertise as 
resource persons. The Society of Structural Engineers, Sri 
Lanka takes this opportunity to express the society’s 
gratitude towards all the resource persons for successfully 
conducting the workshop. 

The workshop was successfully concluded with many 
positive feedback from the participants. 
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Photograph 02 – Participants in the workshop 
 
 
 
 

 
Photograph 04 – Prof. W. P. S Dias awarding a certificate 
to a participant 
 

Photograph 03 – President of the society; Eng. (Mrs.) 

Tharangika Jayasundara awarding a certificate to a 

participant 

 

 
Photograph 05 – Eng. Gamini Ramawickrama delivering 
the vote of thanks on the last day of the workshop 
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Seminar on “Trends and challenges in tall 

building designs and construction” 

The Society held a seminar on "Trends and problems in tall 
building designs and construction" on March 22nd at the 
Cinnamon Grand Colombo. SIAM City Cement (Lanka) 
Ltd. was the platinum sponsor whereas Alumex and MAGA 
Engineering jointly supported the event as silver sponsors. 
Renowned industry and academic professionals offered 
their knowledge and experiences, highlighting current 
successes and breakthroughs in tall building design and 
construction. 

The objective of the seminar was to impart and improve the 
knowledge in trends and challenges in tall building designs 
and constructions.  

The lighting of the oil lamp remarked the commencement 
of the event, and all participants, speakers and invitees were 
welcomed by the President of SSESL; Eng. (Mrs) 
Tharangika Jayasundara. 

The morning session of the seminar was chaired by Eng. 
Anuruddha Edirisinghe where three speakers presented 
their findings. Professor Anura Nanayakkara shared his 
knowledge on the topic of Temperature control 
requirements at early age for mass concrete elements,  
Ch.QS Lalith Ratnayake discussed the topic of 
Collaborative practical approaches to construction 
economics in RCC high rise buildings and, Eng. Nandana 
Abesuriya shared his experience in Challenges on the 
design and construction of transfer floor in high rise 
building.  

Dr. Udhaya Dissanayake chaired the afternoon session.  
Dr. Naveed Anwar shared his expertise on the topic “Key 
challenges and solutions for tall building structural 
systems: through research and practice” and Dr. Moussa 
Baalbaki shared his thoughts and findings on 
“Development in achieving carbon neural cement and 
concrete solutions for tall buildings”.  

The event was successfully concluded with the vote of 
thanks delivered by Eng. Lionel Gunawickrama, the 
President of the organizing committee for the event. 

 

Photograph 01 – Dr. Naveed Anwar lighting the oil lamp  

 

 

 

 

Photograph 02 – President of SSESL; Eng. (Mrs) 
Tharangika Jayasundara delivering the welcome address 

 

 

 

Photograph 03 – Eng. Dilina Hettiarachchi and  
Eng. (Mrs.) Narmadha Amarasinghe compering the event 

 

 

 

Photograph 04 – Resource personal and participants  
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Photograph 05 – Eng. Anuruddha Edirisinghe chairing the 
morning session 

 

 

Photograph 06 – Prof. Anura Nanayakkara sharing his 
knowledge on “Temperature control requirements at early 
age for mass concrete elements” 

 

 

Photograph 07 - Eng. Nandana Abesuriya sharing his 
experience in “Challenges on the design and construction 
of transfer floor in high rise building”  

 

 

Photograph 08 – Panel discussion in the morning session 

 

 

 

 

Photograph 09 - Dr. Moussa Baalbaki sharing his thoughts 
and findings on “Development in achieving carbon neural 
cement and concrete solutions for tall buildings” 

 
 

 

Photograph 10 – Panel discussion in the evening session 
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Annual Sessions 

Annual Sessions of the Society of Structural Engineers - Sri 
Lanka is scheduled to be held on 23rd August 2022. The 
event is organized to provide the Practicing Structural 
Engineers with an opportunity to disseminate their 
knowledge and share experiences on a variety of subjects 
relevant to Structural Engineering.  
 
The Executive committee wishes to invite Practicing 
Structural Engineers, researchers and students to take part 
in this annual event to pursue in research and innovation. 
 

Notice: Updating Member Details 

The executive committee wishes to inform all the members 
of the society to update their contact details.  
 
Members are requested to update their contact details by 
contacting the SSESL secretariat on +94112 698 726 or by 
sending an email to ssesl.general@gmail.com. 
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M.T.P. Hettiarachchi  
B.Sc. Eng. Hons. (Moratuwa), DIC, PhD (London)  

Department of Civil Engineering,  
University of Moratuwa 
e-mail: premini@uom.lk 

 

 Towards a Better Understanding of Timber in Structural Applications 

M.T.P. Hettiarachchi 

 

Abstract 

Timber a natural and renewable resource has been used from ancient times to bridge gaps and support loads. 
The decision whether to use timber for structural applications depends on its fitness for purpose and location. 
While factors such as mechanical properties, constructability, durability, availability, affordability and 
aesthetics will be considered in the decision making, aspects such as impact on environment, sustainability and 
health and safety issues may be of greater influence. It is widely accepted that the manufacture of timber 
consumes less energy and causes less pollution when compared to other conventional construction materials. 
Hence despite some of its drawbacks timber is favoured in structural applications. Today, in some parts of the 
world, with indiscriminate felling of trees, forest cover is dwindling and timber though renewable has become a 
scarce resource. With judicious forestry management there is still potential for an endless supply of timber and 
timber based materials. This however, does not mean that timber should be exploited in a wasteful manner.  It is 
incumbent upon us to make efficient use of timber so that future generations will be ensured the availability of 
timber for structural applications. In order to use timber efficiently one needs to understand the material. 

 

1. Timber in Structures 

Timber has been and is still widely used in 
structural applications ranging from temporary 
works to roof supports, entire buildings, bridges 
and tower. Figure 1 is evidence of such a range of 
timber structures in Switzerland. 

 

Figure 1: Timber Structures in Switzerland 

When man uses timber to bridge a gap or as 
upright supports as shown in Figure 2 he is 
exploiting the strength of timber in compression 
and bending which nature has bestowed. 

Timber is different from other construction 
materials in that it is a natural material. Unlike a 
man-made product, whose properties are dependent 
on the quality of raw materials, the proportion in 
which they are used and the manufacturing process;   

 

 

in order to understand the behaviour of timber one 
needs to learn about the source of timber: i.e. trees 
and their growth.  

 

 

Figure 2: Strength of Timber in compression and 
bending 

2. Structure of Timber 

2.1 Role of the trunk of the tree 

Timber for structural applications is obtained 
from the trunk of the tree.  The behaviour of timber 
is related to the role the trunk of the tree performs 
in the living tree; that of a structural role, in that it 
supports the crown of leaves, which is the food-
producing organ of the tree, that of a conducting 
role, in that it moves water and essential nutrients 
for food production from the roots of the tree to the 
leaves, that of a storage role in that it stores food. 
The roles of the main stem of the tree in a living 
tree are depicted in Figure 3. 

Thus nature has provided a material strong in 
compression and bending as seen in Figure 3 but 
susceptible to biological attack due to moisture and 
food contained within. 
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   Figure 3:  Understanding the Source of Timber 
 

2.2 Sapwood and Heartwood 

The outer cylinder of the tree trunk is sapwood, 
while the inner core of the trunk is heartwood. In 
some species the sapwood and heartwood can be 
distinguished by a difference in colour, the 
heartwood being darker in colour. In other species 
there is no distinct difference in colour between the 
heartwood and the sapwood.  

The whole cross section of timber contributes to 
the structural performance, while the conduction of 
water and storage of food take place within the 
sapwood. Thus the sapwood is more susceptible to 
attack during its storage role (the presence of food). 
Fortunately, most sapwood is more amenable to 
preservative treatment (the passage of liquid). Due 
to its conducting role it is more porous. Heartwood 
forms when the food material in the sapwood is 
converted into complex organic substances. This is 
also accompanied by blocking of the conducting 
channels; so that heartwood is less permeable and 
hence less amenable to preservative treatment. 
Fortunately, however, the combination of the 
deposition of substances and the blocking of the 
conducting channels makes the heartwood more 
durable. There is no distinct difference between 
sapwood and heartwood with respect to density and 
strength properties. 

2.3 Microstructure of Timber 

Different types of cells within the trunk of the 
tree perform the functions of the tree. Most of these 
cells are aligned in the direction of growth, parallel 
to the axis of the trunk; the longitudinal direction or 
the grain direction. The other cells are present in 
bands or rays in a horizontal plane. The different 
distribution of cells along the three principal axes 
causes the high degree of anisotropy seen in timber 
(the properties vary in the different directions). 
Timber is strongest in the longitudinal direction; 
i.e. in a direction parallel to the grain.  

 

Figure 4: Types of cells in Heartwoods and 
Softwoods 

 

Trees are of two types: Hardwoods 
(Angiosperms) and Softwoods (Gymnosperms). 
The distinction between hardwoods and softwoods 
is in their botanical structure and is not related to 
the degree of hardness of the timber. Hardwoods 
range from the lightest timbers (Balsa) to the 
heaviest timbers (Greenheart) while softwoods are 
of a relatively uniform density. Most tropical 
timbers are hardwoods. The size, shape, number 
and distribution of cell types assist in the 
identification of the different species of timber as 
indicated in Figure 4. 

3. Moisture in Timber  

Due to the conducting / transporting role of the 
trunk of the tree, freshly felled timber or green 
timber contains a lot of moisture. The moisture 
content of freshly felled timber may vary from 50% 
to 200%; where the moisture content is expressed 
as the percentage of the weight of water in timber 
to the oven dry weight of the timber.   

Moisture in timber has an effect on the weight 
of the timber, it affects the strength properties, the 
movement (the shrinking and swelling) of the 
timber and its susceptibility to attack by fungi and 
insects and the ease with which it can be treated, 
painted and glued.  

Timber is also hygroscopic: i.e. its moisture 
content varies with the moisture content of the 
environment. Thus in a humid environment timber 
gains moisture while in a dry environment it loses 
moisture as illustrated in Figure 5.  
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Figure 5: Moisture movement in timber 

The moisture content at which it is in 
equilibrium with the environment is known as the 
equilibrium moisture content. This is about 8%-
20% for conditions in this country. The equilibrium 
moisture content depends on the timber species and 
the prevailing meteorological conditions – i.e. the 
temperature and humidity of the environment.  

Thus the moisture content of timber for 
structural applications must be reduced to 
appropriate levels. Air seasoning and kiln 
seasoning are the methods of reducing the moisture 
content. They are fundamentally the same in that 
air conveys heat to the timber and carries the 
evaporated moisture away. In kiln seasoning the 
factors that govern the rate of drying: temperature, 
relative humidity and rate of circulation can be 
controlled and hence it is more effective, though 
costly. Figure 6 shows the different types of 
seasoning that are adopted to reduce the moisture 
content of the timber. In either method the proper 
stacking of timber is important. Gaps should be 
maintained to permit the air to circulate. 

Figure 6: Seasoning Methods 

Timber swells when moisture is absorbed and 
shrinks when moisture is lost. This change of 
dimension is referred to as the movement of timber. 
The amount of movement varies with the direction 
as seen in Figure 7.  

 

Figure 7: Movement of Timber 

The greatest movement takes place in the 
tangential direction, with the movement in the 
radial direction about two–thirds this value. The 
movement in the longitudinal direction is about 
1/40th that of the tangential direction.  This 
difference in movement causes distortion of timber 
and must be borne in mind when converting the 
timber from the log form to sawn timber.  

4. Making timber last longer 

Timber can last almost indefinitely given 
favourable conditions. (i.e. if kept dry and isolated 
from sources of wood destroying organisms). In 
practice however, these conditions are difficult to 
achieve and so timber is attacked by wood 
destroying organisms when the environmental 
conditions favour their growth. The forms of attack 
normally encountered are fungi, wood boring 
insects, termites and marine borers.  

While it is true that timber if pre-treated can be 
made to last longer, as suggested by the 
advertisement on preservative treatment 
reproduced in Figure 8, it is not always required to 
treat the timber to make it last long. The life of 
timber depends on its natural durability and the 
hazard it is exposed to.  

 

 

 

 

 

 

 

 

 

Figure 8: Advertisement for Treating Timber 

Timber can be made to last longer by adopting 
different measures; those of protection by design, 
specifying timber appropriate to its exposure 
condition and preservative treatment of timber. The 
factors that govern whether a timber should be 
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preservative treated or whether its natural 
durability is adequate are the desired or expected 
life of the structure design of the structure, type of 
component and risk of attack, natural resistance to 
decay, treatability of the timber and the financial 
and/or safety consequences of decay.  

4.1 Protection by design 

Though chemical treatments are effective they 
could cause direct/indirect health and 
environmental problems. Thus in low hazard 
situations non-poisonous timber protection should 
be adopted. Such measures include reduction of 
moisture content to an appropriate level; protection 
of vulnerable surfaces such as end grain of timber 
and timber in contact with ground/moist surface as 
seen in Figure 9 and exclusion or quick removal of 
water such as the use of long overhanging roofs, 
again seen in Figure 9.  

Figure 9: Protection by design 
 

4.2 Specifying timber appropriate to its exposure 
condition  

Not all timbers are equally vulnerable to attack. 
Some timbers are naturally more resistant than 
others (e.g. some timbers may last several decades 
when used as posts in the ground, while others 
decay even before they are sawn to size). Thus 
selecting timbers appropriate to their exposure 
conditions can enhance its life.  

The decision whether or not a timber should be 
treated can be made based on the natural durability 
of the timber and the hazard it is exposed to. Figure 
10 illustrates this concept as adopted in Europe. 

 This requires the timber to be classified 
according to its natural durability and the exposure 
conditions it is exposed to. The natural durability 
classes are defined in EN 350. The latest revision 
to EN 350 in 2016, has included separate 
classification systems for different wood destroying 
organisms. As an example, a five grade scale 
ranging from DC1 for very durable timbers to DC5 
for not durable timbers are introduced to classify 
timber against fungal attack while a 3 grade scale 
of DC D, DC M and DC S corresponding to 
durable, moderately durable and not durable timber 
are used to classify timber resistance to termite 
attack.  

Figure 10: Specifying Timber 
 

4.3 Durability and Hazard Classification 

The resistance to decay depends mainly on the 
chemical composition of the timber. Timbers can 
be classified according to their natural durability. 
Natural durability is the inherent resistance to 
decay, fungi and insects. It relates to untreated 
heartwood of the timber and does not include 
physical nor chemical resistance. The classification 
is based on field tests, lab tests, service records and 
anecdotal evidence. The grave yard test is a 
standard form of classification where the decay of a 
stake in the ground is measured at certain intervals 
of time. However, it depends on the nature of 
ground conditions and takes 10 to 25 years. These 
classifications depend on the type of attack and 
could vary from country to country. For example, 
Kempas a tropical hardwood timber indigenous to 
Malaysia is classified as durable in Britain, where 
the hazard is fungal attack, where as in Malaysia 
itself it is classified as non-durable to moderately 
durable where the hazard is more in the form of 
termite attack. This anomaly is addressed in the 
latest revision of EN 350, in which the 
classification is linked.   

Classification of hazards is outlined in EN 335. 
A five grade hazard classification ranges from dry 
conditions above ground to timber immersed in salt 
water conditions as illustrated in Figure 11. 

 

Figure 11: Hazard Classification 
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4.4 Preservative Treatment 

Aspects that must be considered when selecting 
a chemical treatment are properties and potential 
effectiveness of the preservative, the process by 
which it is applied, the extent to which the timber 
will absorb the preservative and the environment in 
which it is to be used.  

Methods of preservative treatment range from 
brushing or spraying where protection is slight and 
hence must be renewed every few years to longer 
lasting methods such as pressure treatment where 
timber is enclosed in a cylinder and preservative is 
forced into the timber at high pressure. Deeper and 
more uniform penetration is achieved in the latter 
method and is recommended for high hazard 
situations. Figure 12 shows a consignment of 
timber about to be loaded into the cylinder prior to 
preservative treatment.  

 

Figure 12: Loading of timber into treating 
cylinder 

The extent to which the timber absorbs the 
preservative depends on the permeability of the 
timber, which depends on the microscopic structure 
of the timber. Timbers vary in permeability as they 
do in natural durability.  

The effectiveness of the treatment depends on 
the penetration and retention of the preservative. 
The amount of which depends on species, size and 
end use. Recommendations appropriate to different 
hazard conditions are available in Standards.  

It is important to check whether the specified 
preservative treatment was carried out at all and 
whether the specification relating to depth of 
penetration and retention are met. Some 
preservatives have a characteristic odour or colour 
that would indicate whether the treatment was done 
(e.g. creosote – black, copper based – greenish 
tinge). Spraying a reagent on a freshly cut surface 
of timber and observing the colour change can 
determine the depth of penetration. The retention of 
dry salt is determined by laboratory tests. Figure 13 
shows a slight tinge of pink on the freshly cut 
surface of timber indicating sufficient penetration 
has occurred. 

 

 

 

Figure 13: Checking for preservative treatment 

Making timber last longer, is not simply cost 
effective from the point of view of the end 
consumer but is beneficial also from a broader 
view of the environment where wanton destruction 
of forest resources to replace fast depleting timber 
resources can be largely prevented. 

5. Timber in Fire  

The potential of timber as firewood is well 
known and has contributed to the depletion of 
valuable forest resources. However, it must be 
borne in mind that while timber burns easily, it has 
a predictable charring rate and also possesses 
insulating properties. Thus when timber burns, the 
charred exterior surface protects the interior of the 
timber. The use of sacrificial timber that is the use 
of larger dimensions than required to withstand the 
actions on the timber component has prevented 
collapse of timber structures as illustrated in Figure 
14.   

 

 

 

 

 
Figure 14: Behaviour of timber in a fire 

 
However, the use of large timber sections is 

wasteful. Today, the application of fire retardant 
chemicals has increased the resistance of timber to 
fire. 

6. Limits to Size 

The size of a tree determines the maximum 
dimensions of the timber section that is produced. 
Large cross sections timbers such as used in the 
Road Bridge in Freemantle Western Australia, 
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shown in Figure 15 are scarce and extremely 
costly.   

 
 

Figure 15: Timber Road Bridge in Western 
Australia 

The use of small dimension timber to build up 
larger structural forms is thus encouraged either in 
the form of trussed rafters or built-up column 
sections.  Figure 16 illustrates some examples of 
where such built up columns and trussed rafters 
have been adopted.  

 

Figure 16: Use of Small Dimension Timber 

5.1 Engineered Timber 

Figure 17 – Engineered Timber 

The development of structural adhesives and 
jointing techniques had led to the manufacture of 
longer and larger timber members as well as wood 
based sheet materials. Deficiencies of timber such 
as its variability, its anisotropic nature, dimensional 
instability due to changing humidity and the limited 
dimensions have now largely been overcome. 
Figure 17 illustrates the different types of 

engineered timber that are currently available 
Glued laminated timber is manufactured from 
timber of small cross section known as laminations, 
which are bonded together under pressure using 
structural adhesives.  

The grain of the laminations runs parallel to the 
longitudinal axis of the member. The laminations 
may be horizontal or vertical. The end joining of 
laminations using finger joints enables long 
members to be produced. The constraints to the 
size of member produced are factory space and 
transportation facilities.  

 Since the section is made up of small section 
sizes that are cheaper and easier to kiln dry, 
distortion and splitting are minimised. The 
laminations can be bent easily to produce pre-
cambered or curved profiles. Glued laminated 
timber results in a better quality product since 
defects (knots) can be dispersed or eliminated. 
Figure 18 shows the Railway Station in Berne 
Switzerland, in which Glued Laminated Timber has 
been used. 

 

Figure 18: Berne Railway Station 

A more recent development is that of Cross 
Laminated Timber (CLT) where the adjacent 
laminations are glued perpendicular to each other. 
The influence of anisotropy of timber is thereby 
reduced and also results in greater dimensional 
stability. Entire panels can which can be used as 
walls or floors can be made in this manner as 
illustrated in Figure 19.  

Figure 19: CLT used as walls and floor of a 
building 
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Plywood consists of thin wood sheets called 
veneers or plies that are assembled and glued 
together with the grain direction of adjacent layers 
arranged at right angles. Plywood has an odd 
number of layers. When using plywood, it is 
important to note the orientation of the face grain; 
whether parallel to or perpendicular to the span. 
Plywood is used for roof, floor and wall sheathing, 
in concrete formwork as well as in built up beams. 
The strength of the plywood is derived from the 
strength of the timber. The role of the adhesive is to 
provide a joint stronger than the adjacent timber. 
The adhesive has a considerable effect on the 
ability of the plywood to withstand degrees of 
weathering without delaminating.  Laminated 
Veneer Lumber, or LVL as it is commonly known 
is manufactured with veneers peeled from the 
timber log assembled and glued together so that the 
grain direction of adjacent layers lie parallel to 
each other.  

Figure 20 shows the façade of the Convention 
Centre in Vienna, Austria which is made of 
Laminated Veneer Lumber. 

Figure 20: Convention Centre, Vienna Austria 
 

7. The Way Forward 

Laminated structural timber load bearing 
elements combined with cross laminated timber 
panels are referred to as mass timber. Rapidly 
advancing as a structural material, with lightweight 
and low carbon footprint in its favour, it may soon 
surpass concrete and steel as the structural material 
of the future. Mass timber is promoted as a viable 
alternative to concrete as shown in Figure 21. 

A collage of mid-rise buildings from across the 
world, all of which have used mass timber is shown 
in Figure 22. The top central figure in the collage is 
an infographic extracted from a publication by a 
Finnish Company engaged in forest products. The 
buildings surrounding the infographic are those that 
are depicted in the infographic.  

 

 

Figure 21: Mass timber an alternative to 
Concrete   

(https://www.woodworkingnetwork.com/sites/w
oodworking/files/aldera-info.jpg) 

 

Figure 22: Role of Mass Timber in mid-rise 
buildings 

 

8. Concluding Remarks 

As structural engineers, it is our duty to strive 
towards more efficient use of timber in structural 
applications.  

As a developing nation, with dwindling forest 
resources, production of mass timber components 
is not a viable prospect. This precludes the 
adoption of such forms of construction in the 
immediate future. However, it is our responsibility 
to keep abreast of such developments, promote and 
innovate the use of built up timber components 
using appropriate technology.   

Perceived as an aspect of immediate concern 
however, is to specify timber correctly. Awareness 
of the role of seasoning and preservation in the 
conservation of timber resources is necessary in 
order to make better use of structural timber. 
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Shrinkage-Compensating Concrete in the Upper Deck of the  
“Elevated Steel Road Sections” of the New Kelani Bridge Project 

J. Perera1 and D.G. Perera2  

 

Abstract 

The newly opened ‘Extradosed Bridge’ over Kelani River, named the “Golden Gate Kalyani”, leads traffic 
towards Orugodawatta and Ingurukade Junctions respectively, over the elevated steel bridge sections.  The 
Steel Road decks are laid with special ‘Expansive Concrete’ or ‘Shrinkage Compensating Concrete to prevent 
water penetration to the steel bottom.  

 

1. Introduction 

At Orugodawatta New Kalani Bridge (NKB) 
Steel Elevated Road sections gets connected to the 
proposed Orugodawatta-Athurugiriya elevated 
highway currently on the designing stage at 
Orugodwatta junction.  The Steel Elevated Road 
section ending at Ingurukade junction is getting 
connected to the Port City Access Highway 
currently under construction. The NKB bridge is 
linked to the Colombo Katunayake Expressway 
from the other end.  

 

 The contractor for this Elevated Steel Road 
Sections is JFE Mitsui Toda (JMT) in a joint 
venture with the local sub-contractor, Sierra 
Constructions.  The concrete suspension bridge 
section cost was Rs. 9.8 billion.  

This construction took almost 36 months to 
complete.  The road has a combined length of 
1,946 m in either direction towards Orugodawatta 
and Ingurukade junctions from the ‘Golden Gate 
Kalyani’.  The Steel bridge sections consumed a 
total volume of 55,000 m3 of concrete for piling, 
pile caps, top deck and walls.  Total length of 
Bored Piles stood at 6440 m for 2.0 m, 1.5 m and 
1.2 m diameter piles.  

Figure 1: Elevated Steel Road Sections of New Kelani Bridge (NKB) Project 

J. Perera1, D.G. Perera2  
1 B.Sc. Eng. Hons. (Moratuwa), MBA (AIT) 
2 B.Sc. Eng. Hons. (Moratuwa), M.Sc.(Zambia), FCMA(UK) 

Tokyo Cement Company (Lanka) PLC 
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2. Elevated Highway Section 
Extensions from the New Kelani 
Bridge - Largest Steel Structure in 
Sri Lanka 

This can be considered to be the largest steel 
fabricated structure in Sri Lanka, having consumed 
17,670 MT of Steel for Piers and Steel Box 
Girders.  The design was done by Oriental 
Consultants in collaboration with JFE, one of the 
JV Partners.  Steel structural elements were 
fabricated in Japan, Thailand, Vietnam and 
Myanmar. Different Sections were assembled in 
the respective countries.  Once quality checking 
was done, they were dismantled and shipped to Sri 
Lanka. 

3. Construction and Engineering 
Challenges  

While the NKB Project’s main bridge segment 
was constructed using RCC and cable stayed 
technology, the extension from the bridge to the 
Orugodawatta and Ingurukade junctions were 
mostly constructed using prefabricated steel 
elements, to avoid obstructing the heavy traffic on 
Baseline Road. Under phase one, the steel decks 
were placed on top of steel peers, and concrete and 
bitumen layers were placed on top of the steel 
deck. However, under normal circumstances the 
durability of the steel decks is likely to be 
compromised as there is a significant risk of water-
seeping through the top-side bitumen and concrete 
layers to the steel deck.  Consequently, this would 
expose the steel structure to the risk of corrosion. 

This was a key design challenge that required to be 
addressed and hence, to mitigate such 
shortcomings, the Structural Engineers 
recommended a “Shrinkage-compensating 
Expansive Concrete” to be placed on top of the 
steel deck to prevent crack formation, on top of 
which the bitumen layer was to be applied to 
provide the driving comfort to commuters. 

4. What is Shrinkage-compensating 
Concrete? 

Shrinkage-compensating Concrete can be 
defined as an expansive concrete that undergo 
expansion by an amount equal or greater than the 
volume change anticipated for drying shrinkage. 
This means the concrete will be properly restrained 
by means of reinforcement or any other source. The 
use of shrinkage-compensating concrete made with 
CSA based additives helps in minimizing the 
cracks due to drying shrinkage.  

5. Difference between Shrinkage-
compensating Concrete and 
Conventional Concrete 

The main objective of shrinkage compensating 
concrete is to limit the problems of cracking and 
curling observed in concrete. There is a certain 
volume change due to shrinkage.  

The shrinkage-compensating concrete 
undergoes two stages of volume changes initially. 
First is expansion during the curing stage, which 
results in an increase in volume. Next it undergoes 
drying shrinkage. The drying shrinkage behavior 

Figure 2: Elevated Steel Road Sections being constructed 
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and characteristics are similar to that is observed in 
conventional concrete. The factors that influence 
the drying shrinkage in both the shrinkage and 
conventional concrete types are same. Figure 3 
depicts the difference between the traditional and 
shrinkage compensating concretes in volume 
variations against age with CSA based Additives.  

6. Manufacturing of Shrinkage-
compensating Concrete  

Shrinkage-compensating Concrete is made with 
Ordinary Portland Cement and an expansive 
additive is added separately to the Mixer.  
Generally, it’s proportionally added so that the 
concrete will increase in volume after setting and 
during early-age hardening compensating 
shrinkage.  The expansion must be restrained as 
mentioned above, usually by internal 
reinforcement, which produces a compressive 
stress in the concrete.  

This mixture of OPC and expansive 
cementitious additive is chemically engineered to 
overcome drying shrinkage cracking and reduce 
permeability and improve sulfate resistance. This 
additive is powered by Calcium Sulfo-Aluminate 
(CSA) which has a unique hydration mechanism, 
where water molecules are chemically retained 
within a tightly woven network of ettringite 
crystals, effectively eliminating excess bleed water 
and improving the overall quality and performance 
of the concrete.  

7. Advantages of Shrinkage-
compensating Concrete 

Minimize Cracking - The most evident advantage 
of shrinkage-compensating concrete is that it 
eliminates cracking by minimizing drying 
shrinkage. 

Reduce Curling - Due to the effects of the curling 
process, the floor flatness will not decline. 
Removing bleed water helps in keeping up the 
integrity of the WC ratio at the surface of the 
concrete. This results in efficient enhancement in 
abrasion and impact resistance. It also resists 
laitance. 

Cost Effective - Shrinkage-compensating concrete 
provides best value solution to construction 
industry professionals. It helps them to achieve 
basic objectives of building a sustainable and 
economical building. 

Increase Stability - The advance hydration 
mechanism that causes ettringite crystal formation 
effectively resolves volume change, restrains 
shortening challenges, reduces permeability, and 
assures long lasting stability of the concrete. 

Structural Advantage - Having full shrinkage 
compensation means having an expansive strain, 
equal to or greater than the restrained strains due to 
shrinkage. Based on a study, the concrete can be 
prevented to have a strain (due to shrinkage greater 
than the restrained expansion) by providing lesser 
percentage of steel reinforcement. 

Figure 3: Length change (in accordance with JIS A 6202: 1997 Appendix 2, Method B) 
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8. Shrinkage-compensating Concrete 
in the Upper Deck of Elevated Steel 
Road Sections -- Guarantee of a 
100-Year Lifetime 

The 4-lane road has a width of 20 m and a 
surface area of 40,000 m2.  This entire steel deck is 
covered Shrinkage-compensating Concrete’ to 
meet the stringent project specifications.  Mix 
Design of the concrete was done using shrinkage 
reducing, high-performance expansive additive 
with carefully selected aggregates and cement.  The 
special CSA based additive used in the concrete 
generated the required expansion within the 
concrete to compensate for the general drying 
shrinkage that takes place during concrete 
hardening process.  Thus, the possibility of micro-
cracks / capillaries formation is eliminated, and 
watertightness is improved to ensure a 100-year 
lifetime assured by this project. 

A testing scheme was followed with proprietary 
tubular SG testing molds of the Japanese chemical 
supplier to check random samples for the extent of 
expansion.  With the addition of this special 
additive, the concrete increases in volume after 
setting and during the early stage of hardening. The 
expansiveness was tested using Japanese Chemical 
Supplier’s proprietary tubular SG molds.  After 
several challenging trial stages, the QC team 
achieved the intended expansiveness of 150 μm to 
250 μm. In addition to the expansiveness, the 
slump retention of this concrete was only 1.5 hours 
and the slump range was also in the lower spectrum 
of 140  40 mm.  Expansive concrete would also 
reduce the cost of waterproofing the deck 

externally (and the thermal expansion of the steel 
would also be minimized). 12,000 m3 of Expansive 
Concrete was required for the Elevated Road 
Sections of NKB project  

The concrete was pumped using a 38 m pump 
car to the top of the deck.  Due to the specification, 
only a window of 1.5 hours was available to batch 
the concrete, transport and final placing. This 
concrete is also classified as a temperature-
controlled concrete and therefore, crushed ice and 
chilled water was also included in the mix-design. 
The QA/QC operation has been very committed as 
the expansion level of this special concrete is 
highly sensitive to consistency of all raw materials 
(cement, aggregate, admixture and expansive 
additive). Special attention was also paid while 
handling the expansive additive, which causes the 
concrete to become sticky in nature thus making 
the unloading process challenging. 

The expansion of the concrete was monitored in 
accordance to JIS A 6202 (1997 Appendix 2, 
Method B) during mix design development and the 
production stage. The slump value was also 
maintained at lower levels during the casting of 
ramp sections of the structure.  

Figure 4: Laying of Expansive Concrete at night on Steel Decks of the Elevated Road Sections 

SOCIETY OF STRUCTURAL ENGINEERS, SRI LANKA_____________________________________________________________________ 18



MODULUS | March 2022 
Vol. 32 No. 01 

 
 

 

ENGINEERS’ FORUM 

9. Future potential of this technology 
in the Sri Lankan Construction 
and Engineering Industry 

For the first time in Sri Lanka, shrinkage-
compensating expansive concrete was used in a 
practical application in the New Kelani Bridge 
Project. This technology will expand the scope of 
associated applications.  

In Sri Lankan construction industry, the 
waterproofness and tightness are achieved by 
conventional methods. However, for key structures 
such as Water Tanks, Dams, Silos, and Power 
Plants, this concrete technology may open the way 
for a whole new approach to increase the structure's 
durability and lowering maintenance cost whist 
ensuring the safety of the structure.  

Moreover, Shrinkage Compensating Concrete 
can be used for applications like continuous floors 
without expansion joints to obtain the required 
seamless finishes in factories and warehouses like 
industrial applications since it can reduce the need 
for special steel reinforcements. Expansive 
Concrete is suitable for Surfacing, PT Duct 
Grouting, Early Strength Gaining like applications 
as well. 
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 Shear strengthening of RC beams using prestressed deep embedded 
reinforcement: towards optimisation  

S. A. P. Madusanka1, S. C. Jayasinghe2  
 

Abstract 

Reinforced Concrete beams are vulnerable for catastrophic failures owing to shear capacity deficiencies. Even 
though the demolishing-and-reconstruction is a direct solution, structural retrofitting is more economical and 
sustainable. The Deep Embedded (DE) method is a recently introduced shear strengthening technique in 
contrast to the popular strategies of: Externally Bonded (EB) method and Near Surface Mounted (NSM) 
method. Steel bars or fiber reinforced polymer (FRP) bars can be used as DE elements when they are embedded 
into the core of the beam through pre-drilled holes and bonded using epoxy resin. Consequently, bond 
performance between the concrete and retrofitting element is enhanced exceptionally and it has been found that 
the efficiency of this novel technique can be further augmented with the addition of prestress to the DE bars. In 
this light, current study focused on a non-linear numerical parametric study in order to identify the optimum 
configuration of prestressed steel DE bars. Initially, the three-dimensional (3D) finite element (FE) model was 
validated using available experimental results and then, the shear enhancement of each specimen was explored 
for four different prestress levels with three different retrofitting bar diameters and with four different bar 
orientations. Results showed that the optimum prestress level and the bar diameter were governed by the 
internal reinforcement detailing whilst 600 inclination of the DE element showed the best performance with 50% 
strength enhancement.  

 

1. Introduction 

Reinforced concrete (RC) structures 
experience deficiencies in both flexure and shear 
strength due to unexpected load increments, 
improper reinforcement detailing, changes in 
environmental conditions and deterioration of 
materials [1–4]. Consequently, sudden devastating 
failures of RC structures have been reported 
globally. Hence, frequent monitoring and 
maintenances are extremely important towards the 
continuation of their structural lives whilst 
structural retrofitting is identified as the most ideal 
and cost-effective option to mitigate such 
disastrous incidents [1,5]. Inherantly, shear failures 
are brittle, catastrophic and they may arise 
suddenly without any prior warnings [6]. As a 
consequence, it is understood that shear retrofitting 
is a vital option to ensure the safety of structures 
with inadequate shear capacities. 

Various retrofitting methods are currently 
being used for shear-impaired structures. Amongst, 
Externally Bonded (EB) [7,8] and Near Surface 
Mounted (NSM) techniques are identified as the 
most common approaches. Retrofitting elements 
are bonded externally to beam stems as a wrap 
under EB method [9] while the retrofitting 
elements are inserted and bonded in groves on the  

 

beam surface under NSM method [10], see Figure 
1. Both methods are proven to enhance the loading 
capacities however; the bond between the 
retrofitting element and the beam is somewhat 
weak. Hence, de-bonding failures are highly 
possible in those retrofitted beams. Furthermore, 
since the retrofitting element is exposed to the 
surrounding environment, there is a high possibility 
of the deterioration of the retrofitting element if the 
material is corrosive [11]. Mostly steel and FRPs 
are being used as retrofitting materials [12]. 
Amongst, FRPs are non-corrosive, light in weight 
and durable [4]. In contrast, steel is highly 
corrosive and it increases the self-weight of 
structures due to its high weight [13]. Hence, FRPs 
can be identified as one of the most popular 
material to retrofit RC structures [14]. However, 
steel material can also be commonly observed in 
retrofitting due to its reasonable cost when 
comparing with FRPs 

 
 

 
 
 
 
 
 

 
 

(a) Externally bonded (EB) Method 

(b) Near Surface Mounted (NSM) 

Figure 1: Retrofitting Mechanisms 
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Several other retrofitting mechanisms have 
been introduced during the past decade as 
improvements, especially to improve the de-
bonding issue. For instance, Lees et al. [3] 
proposed CFRP strap method that significantly 
enhanced the shear capacity of RC beams by 
entirely utilizing the high strength of CFRPs in 
conjunction with the application of prestress.  
However, the installation and maintenance of this 
system is rather challenging for structures in 
service since it is vulnerable to be damaged. 
Meanwhile, threaded vertical bars were also used 
to retrofit bridges in use by installing them through 
the deck and bolted using plates at the two ends 
however; the installation and maintenance issues 
remained same for this method as well[13]. Hence, 
Valerio and Ibell [14] developed a novel technique 
avoiding the inherent shortcomings of previous 
methods, known as the Deep Embedded (DE) 
technique that has gained a lot of interest when 
comparing with the usual methods. The steel bars 
or fiber reinforced polymer (FRP) bars were 
inserted into the core of the beam through pre-
drilled holes in desired angles and bonded to the 
concrete substrate with adhesive materials under 
this method [15], see Figure 2. 

 

 

 

 

 

  

The control beam comprised four 16 mm 
diameter bars as longitudinal tension reinforcement 
and four 12 mm diameter bars as longitudinal 
compression reinforcement. Besides, the shear 
links were provided in 200 mm intervals and 
include 6 mm reinforcement bars. Beams were 
under 3 point bending while the shear-span-to-
effective-depth ratio was almost three and DE bars 
were provided as 10 mm bars in 200 mm spacing. 
DE bars were prestressed up to 40% of its yield 
strength.  

2. Experimental Database 

A portion of the results from Bhanugoban et 
al. [6] was selected in order to validate the 
numerical models that carries both prestressed and 
non-prestressed beam specimens. The selected 
specimens were the control beam (B1-C), the 
beams with non-prestressed and prestressed vertical 
DE bars in normal steel (B2-NS and B3-NS-P).  

 

2.1 Beam geometry and reinforcing arrangement 

The specimen geometry and the reinforcement 
layout have been obtained for this study from two 
previous studies [6,19]. The beam dimensions and 
the reinforcement arrangement are shown in Figure 
03. The beams are 1750 mm in length, 180 mm in 
width and 280 mm in depth.   

 
 
 
 
 
 
 

 

 

 

Table 1: Tensile Test Results of Steel 
 

Reinforcement 
Bar 
type 

Yield 
strength 
(MPa) 

Ultimate 
Yield 

strength 
(MPa) 

Tension H16 504 604 

Compression H12 484 565 

Shear R6 222 342 
DE/Normal 

Steel 
H10 507 597 

 

2.2 Material  

Concrete grade was C50/60 while the elastic 
modulus was 35 GPa and Poisson’s ratio is 0.2. 
The tensile test results of steel and DE bars are 
shown in Table 01. Hilti 500 epoxy was used as the 
adhesive material for the bond between concrete 
and steel where its tensile strength was 40 MPa. 

 Since the retrofitting elements are embedded 
into the beam stem, this offers better confinement 
and resistance on vandalism, fire and de-bonding. 
Besides, steel can be utilized avoiding the 
corrosion related issues as the DE method 
introduces an internal application of the reinforcing 
element [6]. DE bars have doubled the shear 
capacity of RC beams as per the observations of 
Valerio and Ibell [13]. Despite the fact that DE 

Figure 2: Deep Embedded (DE) Method 

Figure 3: Beam Geometry and Reinforcing 
Arrangement 
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retrofitting is impressive, it deemed that fully 
utilization of DE material is not achieved until it 
uses high strength steel or FRP. Further, a minor 
drawback leaves with this if the soffit level of a 
structure is inaccessible [6].  

DE method has been tested under both 
experimental and numerical contexts. First, Valerio 
and Ibell [13] pointed out that retrofitted beams 
permit greater internal energy dissipation as its 
shear discontinuity becomes steeper and leading to 
a higher ultimate load capacity increment of about 
100%. However, the presence of internal transverse 
shear reinforcement diminishes the shear resistance 
gain by Deep-Embedded bars [16]. Effects of 
surface coating, diameter, spacing, and FRP 
rigidity ratio of Deep-Embedded bars on the 
efficacy of shear escalation was emphasized by 
Mofidi et al [16]. Also, it was concluded that plane 
surface coating offers a higher chemical bond with 
FRP-Epoxy-concrete, and consequently enhance 
the shear capacity. Although the increment of 
Deep-Embedded bar diameter increases the shear 
capacity, it decreases the bond strength. Similarly, 
Mofidi et al [8] experimentally proved that 
increment of Deep-Embedded material by 100%, 
results in 55% shear resistance gain. Meanwhile, 
Barros and Dalfre [17] substantiated that the 450 
inclination is more effective than vertical Deep-
Embedded bars even though it has not been proved 
that 450 inclination as the optimum DE inclination. 
Although Deep Embedded method is more 
promising in shear enhancement, almost 35% of 
the strain capacity of Deep-Embedded members 
was utilized in retrofitting. Besides, Qapo et al [18] 
revealed that the predicted shear capacity can be 
increased by 53% in strengthened beams when 
concrete compressive strength increased from 25 
MPa to 65MPa. The behavior of shear resistance 
with a/d ratio was also examined by Qapo et al [18] 
and observed that the increments of shear 
resistance by 33% and 96% with 1.9 and 3.0 shear-
span-to-effective-depth ratios respectively. Further, 
Bhanugoban et al. [6] experimentally proved that 
the application of prestress utilized the Deep-
Embedded member strength more efficiently while 
enhancing the overall stiffness and active 
confinement as a surfeit. In the numerical 
perspective, Qapo et al. ([18] showed the accuracy 
of non-linear numerical simulations to model 
beams that are retrofitted under DE method. 
Besides, Bhanugoban et al. [6] validated the 
numerical models of RC beams that have been 
retrofitted by prestressed DE bars with a prediction 
offset of -8% to 5% and conducted a brief 
parametric analysis to emphasize the variation of 
shear increment depending on the prestress level, 
location and size of DE bars.  

In this light, it is understandable that although 
the use of prestressing in the DE application looks 

impressive towards shear escalation, it exhibits 
some considerable behaviour with other influence 
factors such as DE diameter, DE inclination, 
prestress level, and DE location and filler material. 
Also, it is required to conduct a study in depth to 
optimize these parameters in order to achieve the 
maximum shear enhancement for RC structures. 
Hence, to illuminate this uncharted area, a 
numerical parametric analysis was conducted in the 
current study incorporating 24 beam specimens to 
develop the most optimum combination of the 
prestress level and inclination of DE bar in order to 
achieve more prominent shear escalation. Also, 
these objectives can be restated in the light of 
identifying the optimality on having prestress on 
inclined DE bars. 

2.3 Experimental results  

Beams were supplied with low shear 
reinforcement provision to accommodate the shear 
failure and it has been observed that all the three 
selected specimens were failed in shear. The failure 
load of control beam (B1-C) was 87.8 KN where 
the shear enhancement of B2-NS was 9.11% and 
that of B3-NS-P is 34.85%.  

3. Numerical Model Validation 

A validation programme was carried out prior 
to the target numerical investigation to verify the 
numerical potential of the retrofitted DE bars under 
both prestressed and non-prestressed condition 
incorporating 3D beam models. The non-linear 
numerical modelling was carried out using MIDAS 
FEA [20]. The experimental results mentioned in 
Sec. 2 were used for this validation.  

 
3.1 Numerical Modelling  

The rotating crack model was used to mimic 
the cracked concrete behaviour while the 
Thorenfeldt stress-strain relationship and the linear-
exponential softening curve were used to simulate 
the concrete compression and tensile behaviour. 
The concrete fracture energy was calculated with 
reference to the [1] (Gf = 43.2 + 1.13fcu; Gf – 
concrete fracture energy and fcu – concrete cube 
strength). and the crack bandwidth was taken as 
square root of the mesh size [1].  

3D finite element models were created for the 
selected beam specimens of Bhanugoban et al [6]; 
control beam (B1-C), the beams with non-
prestressed and prestressed vertical DE bars in 
normal steel (B2-NS and B3-NS-P), see Figure 4. 

 
 

(a) B1-C 
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Figure 4: Selected Beam Specimens [1].  

(c) B2-NS-P 

(b) B2-NS 

(c) B3-NS-P 

Figure 6: BPE bond-slip model 

Figure 5: Beam Mesh Sets  

 

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Only a half beam length was simulated, 
considering both symmetry of the beam and to save 
the computational cost. Dirar et al. [1] 
recommended that the mesh size to be 2-3 times of 
the maximum aggregate size. Consequently, 25 
mm 8-node 3D isoparametric solid brick element 
was used to create the concrete mesh while the 
reinforcement was simulated using the 2-node, 1D 
embedded meshes. The steel bearing plates were 
simulated using 25 mm 3D isoparametric solid 
wedge element in 25 mm to avoid any stress 
singularities. The Newton Raphson convergence 
criteria (energy norm - 0.001) was used by 
applying the load for 3-point bending under 100 
load steps.  

Figure 05 shows the generated FE meshes for the 
beam specimens.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Eligehausen et al. [21] proposed a BPE bond 

slip model for embedded steel and it was used for 
this validation in order to simulate the bond in the 
interface between concrete and steel bars, see Fig. 
06. Based on the experimental findings of 
literature, it was clear that this bond model has 
showed a successful behaviour in predicting the 
bond behaviour.  
 

 

 

 

 

 

 

 

 

 

 
 

3.2 Validation Results   

Table 2: Failure Load Comparison 

 

The non-linear numerical findings were 
compared with the experimental findings of 
Bhanugoban et al. [6]. in order to validate the 
numerical findings. A comparison between the 

Beam 
Specimen 

Experimental  
Failure Load 
(KN)/ Vexp 

FE 
Failure 
Load 
(KN)/ 
Vnum 

Vnum/Vexp 

B1-C 87.8 89.21 1.03 

B2-NS 95.8 104.63 1.09 

B3-NS-P 118.4 114.47 0.97 

(b) B2-NS 
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(a) B1-C 
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Figure 8: Beam geometry and reinforcing 
arrangement 
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Figure 7: Load-deflection behaviour 

numerical and experimental findings are presented 
in Table 2.  

It is deemed that the prediction accuracy is 
excellent where the prediction offset is within -3% 
to +7%. Shear links yielded in the numerical model 
at the failure load and it can be concluded that the 
failure mode of all three beams are towards shear 
failures. Thus, the numerical models are reasonably 
correlates with the experimental models. Figure 07 
depicts a comparison between the experimental and 
numerical load-deflection behaviour of all tested 
specimens. It can be observed that the numerical 
models projected a slightly stiffer behaviour in 
comparison to the experimental models, which is 
an intrinsic feature of FE modelling [22]. FE 
models have slightly under predicted the failure 
loads of experimental models where the maximum 
under prediction (of 3%) is observed in B3-NS-P 
specimen. Thus, it is deemed that the issue is may 
be with the application of prestress.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As mentioned in the literature, the prestress 
may be not uniformly distributed in beam 
specimens in fact when the DE elements are 
modelled as truss elements [6] . However, as the 
shear capacity of the tested beam has increased 
significantly under prestress, authors were ought to 
follow the same modelling pattern for prestressed 
DE bars with that slight under prediction.  

4. Parametric Investigation 

Following the identification of the numerical 
modelling efficacy of prestressed and non-pressed 
DE bars, the numerical investigation was extended 
to carry out the parametric analysis to assess the 
influence of DE bar inclination and prestress level. 
Based on the observations of previous studies, it 
was decided to vary the prestress level from 20% to 
60% in 20% increments while the inclination of DE 
bars was changed from 300 to 900 in 150 intervals 
(i.e. 300, 450, 600, 750, 900). All the FE simulation 
parameters and material models were selected 
similar to those in the model validation, see Sec. 
3.1.   
 
4.1 Beam Groups and Numerical Simulations  
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(a) Group I  

(b) Group II 

(c) Group III 

(d) Group IV 

(e) Group V 

Figure 9: Tested Beam Groups 

The control beam dimensions and 
reinforcement layout was taken similar to the beam 
tested in Bhanugoban et al. [6]. However, the 
tensile reinforcement area was required to be 
increases in order to escalate the flexure capacity. 
Therefore, the bottom longitudinal tensile 
reinforcement was included with four 20 mm 
reinforcement bars, see Figure 8. 

A BPE bond slip model was used for the steel-
concrete interface as mentioned in the section 3.1. 

When changing the DE angle from 300 to 900, it 
was required to change the FE mesh arrangement 
depending on the angle in order to provide the 
interface between Steel-Concrete interface. Based 
on the DE inclination, the beam specimens were 
divided into 5 beam groups and each group was 
prestressed under 20%, 40% and 60% prestress 
levels. Fig. 09 illustrates the generated meshes for 
each group and DE bar arrangement in each beam 
group. 
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(a) Group I  

4.2 Results and Discussion  
 

 

 
Table 03 compares the variation of ultimate 

load and deflection with different DE inclinations 
at 04 different pre-stress levels. Figure 10 
illustrates the crack pattern and the reinforcement 
stresses for each mesh type. 

 
As shown in Table 03, introducing DE to the 

existing RC beam at an inclination of 900 escalate 
the shear capacity by 17%. It also correlates with 
the findings of Bhanugoban et al. [6], since they 
also reported a shear increment of 9.1% for 900 DE 
installation. It is common to see that most literature 
follows the 450 inclination of retrofitting 
mechanisms to assess the effectiveness of inclined 
DE application and reported a significant 
improvement of the shear capacity of beams 
[23,24]  while in the current study also, a 29% of  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
strength enhancement has been reported for 450 
inclination. Meanwhile, when increasing the 
inclination from 600 to 750 the percentage shear 
enhancement tends to drop. Nevertheless, it was 
further observed that 600 and 750 inclinations 
showed rather considerable strength gains (35% 
and 41%) when comparing with the 450 inclination 
while showing that 600 is the optimum angle for 
DE application. Meanwhile, It contradicts the 
common testing on the inclined application of 
retrofitting mechanisms, which reports about 450 
inclination [24] . However, it somewhat correlates 
with the findings of Colajanni et al. [25] as it 
reported the similarity of the effectiveness of 550 
and 450 inclined shear stirrups in enhancing the  

 
 

 

 

 

 

 

 

 

Specimen 
Prestress 

Level 
Ultimate Load (KN) 

Ultimate Deflection 
(mm) 

𝑉

𝑉
 

Mode of 
failure 

 
Group I -  

Beams with 
900 DE  

Control 102.1  - shear 
0% 119.9 5.20 1.17 shear 

20% 124.3 5.00 1.21 shear 
40% 130.0 5.40 1.27 shear 
60% 128.2 4.80 1.25 shear 

 
Group II -  

Beams with 
750 DE  

0% 128.7 5.00 1.35 shear 
20% 131.8 5.19 1.38 shear 
40% 133.0 5.19 1.39 shear 
60% 136.0 5.29 1.42 shear 

 
Group III -  
Beams with 

600 DE  

0% 134.5 5.70 1.41 shear 
20% 137.6 5.69 1.45 shear 
40% 141.5 5.59 1.49 shear 
60% 143.2 5.58 1.51 shear 

 
Group IV -  
Beams with 

450 DE  

0% 112.3 4.10 1.29 shear 
20% 115.9 3.99 1.33 shear 
40% 119.9 4.19 1.38 shear 
60% 123.9 4.28 1.42 shear 

 
Group V - 

Beams with 
300 DE  

0% 107.9 4.30 1.24 shear 
20% 110.9 4.19 1.28 shear 
40% 113.1 4.18 1.30 shear 
60% 115.6 4.27 1.33 shear 

Table 3: Results of Parametric Analysis 
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(c) Group III 

(d) Group IV 

(e) Group V 

Figure 10: Reinforcement stresses and Crack patterns of different reinforcement meshes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

shear capacity of RC beams. It is further clear that 
the prestress application has increased the shear 
capacity around 8% to 13% shear increments for 
each beam group, demonstrating the effectiveness 
of prestress application. However, a significant 
improvement of the shear capacity cannot be 
observed when increasing the prestressing level 
from 20% to 60%. As mentioned in the literature 
Bhanugoban et al  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[6], prestress fully utilize the DE bar and increase 
the shear capacity around 34% for 900 inclined DE 
bars. At the same time, Bhanugoban et al [6] 
reported about an under prediction of shear 
capacity when the DE bars were modelled as truss 
elements. Hence, a further experimental 
investigation is important in this regard.  

 

(b) Group II 
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Figure 11: Crack Patterns (i) DE retrofitted beams (i) DE retrofitted and prestressed beams 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) Group II 

(a) Group I  

(c) Group III 

(d) Group IV 

(e) Group V 
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Figure 11 depicts the variation of crack 

propagation due to introduction of DE and also with 
60% prestressing of DE. Introducing DE to the 
system provides a steeper crack pattern compared to 
the reference beam whilst contributing towards a 
flexure failure. Although, pre-stressing delays the 
straining of transverse shear links, increases the 
beam shear capacity and hinders the crack 
propagation, it does not have a contribution towards 
the conversion of failure mode from shear failure to 
flexure failure. Besides, it is also noticeable that 
strain levels of DE element is significantly 
improving when increasing the prestressing levels. 
For instance, the ultimate strain of 60% prestressed 
element in vertical DE installation is about 4500 με 
whilst it is about 2100 με for non-prestressed DEs 
and it is around 1800 micro strain for the control 
beam, See Fig. 12. This observation correlates with 
the observations of Bhanugoban et al [6]. Figure 13 
(a) to (e) illustrates the load-displacement behaviour 
of each beam group. 
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Figure 12: Variation of strain at different prestress 

levels 
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Figure 13 Load Deflection behaviour  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 13 (a) to (e) perceive that the load-
deflection behaviour has considerably improved 
with the application of DE when comparing with 
the control beams. Meanwhile, prestress also 
improved the load-deflection behaviour of each 
beam slightly compared to the DE application. In 
general, the load and stiffness substantially 
improved in all the beam specimens.  

Overall, it is important to highlight the fact 
that the inclination of DE plays a significant role in 
retrofitting as it exemplified dramatic variation 
with percentage load increment. Besides, it is learnt 

from Figure 14 that strengthening efficacy of the 
inclined DE system shows greater results as it 
improves the bond performance and anchorage 
length of embedded bars whilst the 600 inclined set 
has been more effective in retrofitting for all pre-
stress levels. 

5. Conclusions 

This study conducted a parametric analysis on 
the application of Deep Embedded (DE) method in 
shear retrofitting of RC beams, incorporating the 
inclination of DE installation and the prestress 
level. Initially, the numerical model was validated 
for both prestressed and non-prestressed DE bars. 
Subsequently, five beam groups were formulated 
depending on the inclination of DE bars (300, 450, 
600, 750, 900) and then each beam group was 
prestressed under 20%, 40% and 60% prestress 
levels. On the basis of the findings, the following 
conclusions can be made. 
 

1. FE models were validated with a 
prediction offset of -3% to 9% prediction 
offset. In the validation, the prestressed 
application showed a slight under 
prediction whilst the other two scenarios 
showed a slight over prediction 

2. Although the ultimate loading capacity 
increased with the prestress level, theres 
no any considerable variation with the 
increment of the level of prestress. Hence, 
an optimum prestress level for DEs would 
be 40% prestress level. With the 
application of prestress, the strain 
variation of DE bars will be enhanced and 
consequently, an entire utilization of DEs 
can be expected.  

3. The highest shear capacity increment was 
observed for the 600 inclination DEs 
(41%) while the 750 inclined DEs also 
showed a significant increment (35%). 
300, 450 and 900 DEs showed 
approximately similar increments (24%, 
29% and 17%) showing the efficiency of 
improving the shear capacity of RC 
beams at any inclination except the 
horizontal application of DEs.  

An experimental study is recommended as a future 
work to validate the findings.  
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