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Flourishing the opportunities in a “New 
Normal” context 

 
In a “New Normal” context where we smile and 

nod with a mask or a protective cover on, say hello to greet 
with a verbal form, focus on eye contact and follow up with 
a wave, I hope the Sri Lankans will get themselves further 
accustomed to these latest traditions while witnessing the 
Corona virus abating within this year. Having that 
sanguinity lit up in mind, let me welcome all the readers of 
the Modulus to the second edition published for the year 
2021 by the Society of Structural Engineers Sri Lanka.   
 

It is known fact that Sri Lanka is currently passing 
one of its darkest decades with tourism: one of the main 
revenue generators of the country being hit severely by the 
pandemic. The lock downs, travel restrictions and newly 
imposed health guidelines have depleted the capacity of the 
Sri Lankan economy to boost in both its international and 
domestic domains. The Sri Lankan economy will face a 
double hit over the next twelve months along with the 
deficit in foreign currency and accumulation of debt 
repayments. Even though the uncertainty and fluctuations 
in the economy will be inevitable throughout the year, 
hopes for the construction industry will not be dampened if 
the opportunities are clearly identified and utilized 
properly.  
 

As per the statistics presented in the preliminary 
pages of the “Recent Economic Developments” presented 
as Highlights of 2020 and Prospects for 2021 by the Central 
Bank of Sri Lanka, the construction industry has been 
showcased against the GDP (Gross Domestic Product) with 
a downfall of 16% in its capacity in the year 2020 
compared to 2019. The report also emphasizes on the new 
prospects to be seized in the year 2021 for the construction 
and infrastructure sector under the aspects of road network 
development and maintenance, generation of electricity, 
development of civil aviation, port service extensions and 
urban development and housing. The vicious cycle of 
broken economy resulted in the downfall of construction 
and infrastructure development, which in return passed 
more burden to the economy. The new prospects 
highlighted by the Central Bank will fuel up the 
construction industry and the infrastructure sector in the 
country, so that the vicious cycle will be eliminated 
gradually. A boom in the construction and infrastructure 
sector not only generates employment but will also pave a 
well- designed and sustainable path to communities across 
the land. It is said “America did not build roads, but the 
roads built America” due to their well-planned 
infrastructure that wove the cobweb of the strongest 
economy of the world today. There are numerous such 
stories exemplified in world history for us to learn and try 
out.  
 

After all is said and done, we as Engineers have to 
realize that the pandemic has shuffled the normal routines 
of material production and distribution. The new projects to 
be commenced will be hindered adversely with the shortage 

of materials, limited number of labour to be involved 
within sites in adherence with new health regulations, 
remote and virtual meet ups of professionals. Unless these 
challenges are predicted and coped at the planning stage of 
the projects, there is no guarantee that the hopes for the 
construction industry will not remain disillusioned within 
the receding pandemic.  Procurement planning, operations 
of the site, construction and supervision procedures will all 
have to be integrated on an ERP (Enterprise Resource 
Planning) system which allows stakeholders to monitor the 
progress of each task albeit their unavailability in the site.    
 

The Society of Structural Engineers- SL foreseen 
these challenges at a very initial stage of the outbreak of the 
virus is equipped with a year plan to accomplish all its 
scheduled programs; from the most popular “Question 
Time” conducted monthly, Annual session, one full day 
Seminars to the recently organized Design courses, all 
carried out on virtual platforms as webinars and zoom 
sessions. Meanwhile the Executive Committee runs an 
extra mile by representing themselves in meetings and 
committees with relative legislative bodies to safeguard and 
uplift the stance of the Structural Engineers within the 
industry during the crucial time period.  Even though their 
continuous obligation to standardize industrial design 
practices and to create more awareness in the society has 
become more challenging within the present context, the 
SSESL preservers to attain them with a proper agenda.  
 
 Modulus has also become a great medium in 
transferring and sharing the knowledge of the latest 
advancements and technologies invented in the industry 
with the members of the SSESL during the pandemic. It has 
served its purpose as never before with in the last year and 
will continue to do so in the coming years as well. This 
edition also consists of three technical papers; Quality 
Assurance and Quality Control of Aggregate in Building 
Construction, The Behavior of Fully Encased Composite 
Column Subjected to Axial Loads and an Initial 
Investigation of the Displacement and Shear Demands of 
Minarets in Sri Lanka under Earthquakes, which discuss 
new findings on better industrial practices and economical 
and effective solutions in element designing. We believe 
that the efforts made by the SSESL in different forms will 
benefit our members and also anticipate that our audience 
will similarly contribute towards the knowledge sharing 
process within this challenging period. 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.   
 
Together we can strive longer and stronger. Stay safe. Stay 
strong.  

 
Eng.S.S.A.Kalugaldeniya, 
B.Sc.Eng (Hons), M.Sc.(struct/TUT- 
Japan), C. Eng, MIE(SL), MSSE(SL) 
 

Editor,   
Society of Structural Engineers, 
Sri Lanka. 
Email : editor.sse.sl@gmail.com 
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SRI LANKA INSTITUTE OF NANOTECHNOLOGY 
– PHASE TWO 
 
Cover photo shows the 3-Dimensional space frame 
structure which covers the Atrium area of the main building 
SLINTEC. 
 

 
 SLINTEC Phase One located at The National 
Nanotechnology Park in Homagama, Colombo, was one of 
the initial projects in 2012 that catalyzed the knowledge 
city concept that the area is now coming into fruition. 
SLINTEC is the one of the leading research institutes in Sri 
Lanka for Science and Technology under the Ministry of 
Technology. Phase 2 consists of three main structures: 
 

1. Main Laboratory Building 
(2 Basements + Ground + 4 Floors) 

2. Accommodation Building 
(Ground + 8 Floors) 

3. Entrance and Canteen Building 
(Ground + 1)  

The Editor wishes to thank authors of the research 
articles, Eng. Asanka Dikkowita for providing the write 
up for the cover story, Eng. N.Abeysuriya, President of 
SSESL, Eng. N.A. Amarasinghe and the Associate 
Member Chapter for their contribution in preparing the 
Modulus. 

The statements made or opinions expressed in the 
Modulus do not necessarily reflect the views of the 
Society of Structural Engineers, Sri Lanka the Modulus. 
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Sustainable design principles such as lush green 

landscaping, courtyards, creation of natural ventilation 
through drafts and stack effect, use of evaporative cooling, 
shading devices, Rainwater harvesting, Green rated 
fixtures, and Alternative Energy source of a 600 kW Solar 
Array were all initially designed as key principle 
requirements to achieve the highest sustainability. The 
project was awarded with a Platinum certification level of 
LEEDs for its high standards of sustainability just like its 
predecessor. 

Both the Main Laboratory Building and the 
Accommodation rests on Cast in-situ RC bored piles while 
the two-storey canteen building rests on conventional 
shallow foundations. The overall structural frame consists 
of a conventional slab-beam frame with a lightweight roof 
that support solar panels. 

 

The main building has a 3D vertical space frame 
with spherical nodes on one side. It also consists of a 
triangular void that covered with a 3D horizontal space 
frame. The entrance cantilever canopy consists of steel 
frame with a fiberglass skin. The use of glass, aluminum, 
and steel break the monotony of the concrete structure and 
adds aesthetic appeal to the building while improving 
functionality. 
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Design Course on “STRUCTURAL DESIGN 
OF MULTI-STORIED BUIDINGS” 

 
The society has organized its lecture series “Structural 
Design of Multistoried Buildings” on six consecutive 
Saturdays from 14th August 2021 to 25th September 2021. 
The lecture series will be conducted on a virtual platform 
using a state of the art smart class room setup with the aim 
of providing Professional guidance for practicing 
Structural Engineers to design multi-storied buildings to 
international standards. 
 
The Executive committee of SSESL wishes to convey its 
greatest appreciation to Professor Ranjith Dissanayake 
who made all arrangement for providing a lecture room of 
Sri Lanka Association for the Advancement of Science 
(SLAAS) free of Charge, to conduct previous lecture 
series on the same topic scheduled from 06th of February 
2021 to 13th of March 2021.    
 
Content of the Course include Admiration of the 
Architectural drawings, Basics of Structural design, 
Structural systems and selection of structural materials, 
Static and Dynamic load of structures, Design of 
foundation and basement structures, Introduction to 
structural analysis software, Introduction to substructure 
and superstructure element design software, Development 
of structural drawings, Development of structural design 
reports and Introduction to MEP design requirements for 
structural engineers. 
  
Eng. S. A. Karunaratne, Eng. K. L. S. Sahabandu, Eng. N. 
Abeysuriya, Eng. R. M. A. Senarath, Eng. D. T. 
Rajasekaran, Eng. A. Vandebona, Eng. S. U. Jayakody, 
Eng. (Mrs.) T. J. Jayasundara and Eng. S. S. A. 
Kalugaldeniya will be sharing their expertise as Resource 
Persons. The Society of Structural Engineers, Sri Lanka 
take this opportunity to express the society’s gratitude 
towards all the resource persons for successfully 
conducting the course.  
 

 
 

Photograph 01 – Smart Class Room Setup at SSESL 
Secretariat 

 
 

Photograph 02 – Resource persons for the Course 
 
In addition to the main design course Architect Dan 
Amaresekera and Eng. Kasun Sandeepa will be sharing 
their insight on basic Architectural & Structural 
interactions and Site investigations respectively. 
 
 
SSESL YouTube Channel 
 
The Society of Structural Engineers Sri Lanka is planning 
to launch a YouTube Channel to enhance the member’s 
reach. Videos from QT sessions, Seminars / Webinars and 
Workshops will be posted in the YouTube Channel. 
 
It is also expected to include a video series in Knowledge 
sharing videos with the participation of subject experts in 
different fields of Civil Engineering and a Documentary 
video series focusing trade iconic constructions that have 
been carried in Sri Lanka. 
 
“Surakshitha Niwahana” TV Program 
 
An initiative has been taken by the Society of Structural 
Engineers to enhance public awareness on the 
involvement of Structural Engineering Profession in 
building planning and construction. As a result, a TV 
program will be conducted on weekly basis in 
Swarnawahini TV Channel. 
 
It is expect to discuss and emphasis important aspects that 
has to be evaluate in designs of buildings range from 
domestic to mega constructions through the program. The 
program is scheduled to air every Friday at 4.30pm on 
Swarnawahini TV Channel from 30th of July.  
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Figure 2: Table 3 of BS 882: 1992 (grading limitations for coarse aggregate) 

responsible and experienced person and collecting 
containers should be cleaned. Finally it also states 
that on the completion of sampling process, a 
visual check should be made always in order to 
check the relation of the sample to the material 
bulk. As a standard or a good practice, information 
mentioned in clause 9 of the same standard can be 
used for labelling the sample. 

3. Testing 
Once the sampling process is over, testing 

process can be started. Testing is done in order to 
determine the Geometrical, Physical/Mechanical, 
Chemical properties of the aggregates and those 
properties should comply with the requirements 
which are related to the concrete used for 
structures. Although there are number of tests and 
testing methods to determine various properties 
related to the mentioned categories, some 
frequently used tests have been selected to present 
in this article. 

3.1. Particle Size Distribution (Sieve Analysis) 

This test is to check the grading of aggregates. 
In general, grading affects the workability of 
concrete and subsequently the strength due to its 
relation with water and cement requirements and 
the compaction. Also if the particles are larger, it 
may affect to the structural integrity of small 
elements and if the particles are smaller, it may 
require a high amount of water in the mix design 
and again affect to the strength and durability of 
concrete. So having a well graded particles are 
essential for a good concrete. 

There are 2 methods specified in BS 812-103.1: 
1985 namely, “washing and sieving” and “Dry 
sieving”. Out of those two methods the preferred 
method is the washing and sieving. Also there is a 
minimum weight given for the sample in table 2 of 
that particular standard. So for coarse aggregates, 
the minimum mass required is 2 kg and for fine 
aggregates, it is 0.2 kg.  

 

The limits for the percentages by mass passing 
the sieves is given in Table 3 and table 4 of BS 
882: 1992 for coarse aggregates and fine 
aggregates respectively. 

In table 3 (figure 2), most applicable column is 
20 mm to 5 mm in graded aggregates for generally 
used concrete in structures.  

In table 4 (figure 3), overall limits can be 
generally considered but if additional limits are 
needed, C, M, and F columns can be considered 
which stands for Coarse, Medium and Fine. Those 
limits may depend on the source and the type of 
sand. In most of the situations, grading C is 
complying with river sand and Grading M is 
complying with manufacture sand. 

So if the particle size distribution is within these 
limits, we can consider that the aggregates comply 
with the standards and good to use for structural 
concrete. As a common practice, these results are 
plotted on a graph and ‘S’ curve is expected. By the 
shape of the curve also an idea can be taken on how 
good the particles are distributed. 

3.2.Flakiness Index 

Flaky aggregates means the aggregates that 
have one dimension significantly smaller than other 
two dimensions. For testing principles, Flaky 
aggregates is defined as “an aggregate particle with 
a least dimension, that means the thickness less 
than 0.6 of their mean dimension”. 

Having more flaky particles means getting a 
high Flakiness Index value and it will affect the 
compaction as the degree of packing the aggregate 
particles is very low when there are high 
percentage of flaky aggregates in the sample. This 
test is only applicable to coarse aggregates.  

BS 812-105.1:1989 code provides the testing 
methodology with all the relevant details, but the 
limiting value is available in BS 882:1992. 
According to that, the flakiness index of the 
combined coarse aggregate shall not exceed 50 for 
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Figure 1: Dimension of suitable scoop to be used 
for sampling. (Source: BS 812-102:1989) 

Quality Assurance and Quality Control of Aggregates in Building 
Construction 

P.H.Alwis1 

 

Abstract 

Testing of Materials is a key part of QA/QC process of building construction. Among many of the materials to 
be tested, Aggregate has a key significance because it occupies a major quantity in a concrete mix. Aggregate is 
basically categorized as coarse and fine aggregates depending on its size. Sampling and testing of aggregates 
should be carried out according to an accepted standard and the decisions taken on those results should also be 
complied with an appropriate standard which matches with the testing standard. This article discusses some of 
the commonly carried out tests for both coarse and fine aggregates in Sri Lanka, the importance of it in terms of 
construction quality and the relevant standards which complies with that. This article have mostly used British 
and Sri Lankan Standards for the clarity.  

 

1. Introduction 
Aggregate is the heaviest material component in 

a concrete mix and in general it occupies about 
75% volume of the concrete. Aggregates are 
mainly categorized in to two groups depending on 
its size namely coarse aggregates and fine 
aggregates. Coarse aggregates can be described as 
aggregate mainly retained on a 5.0 mm BS 410 test 
sieve and containing no more finer material than is 
permitted for the various sizes as per BS 882:1992. 
Similarly fine aggregates can be described as 
Aggregate mainly passing a 5.0 mm BS 410 test 
sieve and containing no more coarser material than 
is permitted for the various gradings in BS 
882:1992. 

Aggregates directly contributes to the strength 
and workability of concrete. Also the properties of 
aggregate can affect the durability of concrete and 
the economic factors as well. So quality assurance 
and quality control of aggregate is very important 
prior to major construction work is carried out. In 
order to do that, test methods can be used. 
Generally it is preferred to do an independent or 3rd 
party testing and submit the test certificate to the 
consultant or the client by the contractor or the 
manufactures prior to major concreting work starts 
in a project. Also during the construction, time to 
time the testing can be requested upon predefined 
intervals or by mutual agreement.  

Purpose of this article is to describe some of the 
commonly performed tests in the Sri Lankan 
construction industry for both coarse and fine 
aggregates and highlight its importance.   

 

P.H.Alwis1  
1Senior Resident Engineer- Union Place Apartments 
Project, NCD Consultants Pvt Ltd, 
pamodhncd@gmail.com 
 

2. Sampling 
 

Before doing all the testing, the most important 
thing to do is sampling. Sample can be interpreted 
as a representative quantity of the given material 
which will be used for testing for its various 
properties. Since lot of engineering decisions are 
depending on test results, it is essential to get good 
and reliable results. In order to get good and 
reliable results, the key is proper sampling. 
specially for a material like coarse aggregate, it 
doesn’t matter how good the material is if the 
sample is not good enough and not properly 
representing the bulk, or the population of the 
material. Having poor sample may lead to obtain 
poor or unexpected results. So following the 
standard sampling methods is very important. BS 
812 – part 102: 1989 describes some standard 
sampling methods with suitable apparatus. 

The laboratory sample should be obtained from 
the main sample which is a combination of about 
12 samples obtained from various locations of the 
stock pile. To obtain the main sample, sample 
divider or quartering method can be used. 
Dimensions of suitable scoop for these processes 
are shown in figure 1. 

Apart from that, the standard specifically 
mentions that the sampling shall be done by a 
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Figure 2: Table 3 of BS 882: 1992 (grading limitations for coarse aggregate) 

responsible and experienced person and collecting 
containers should be cleaned. Finally it also states 
that on the completion of sampling process, a 
visual check should be made always in order to 
check the relation of the sample to the material 
bulk. As a standard or a good practice, information 
mentioned in clause 9 of the same standard can be 
used for labelling the sample. 

3. Testing 
Once the sampling process is over, testing 

process can be started. Testing is done in order to 
determine the Geometrical, Physical/Mechanical, 
Chemical properties of the aggregates and those 
properties should comply with the requirements 
which are related to the concrete used for 
structures. Although there are number of tests and 
testing methods to determine various properties 
related to the mentioned categories, some 
frequently used tests have been selected to present 
in this article. 

3.1. Particle Size Distribution (Sieve Analysis) 

This test is to check the grading of aggregates. 
In general, grading affects the workability of 
concrete and subsequently the strength due to its 
relation with water and cement requirements and 
the compaction. Also if the particles are larger, it 
may affect to the structural integrity of small 
elements and if the particles are smaller, it may 
require a high amount of water in the mix design 
and again affect to the strength and durability of 
concrete. So having a well graded particles are 
essential for a good concrete. 

There are 2 methods specified in BS 812-103.1: 
1985 namely, “washing and sieving” and “Dry 
sieving”. Out of those two methods the preferred 
method is the washing and sieving. Also there is a 
minimum weight given for the sample in table 2 of 
that particular standard. So for coarse aggregates, 
the minimum mass required is 2 kg and for fine 
aggregates, it is 0.2 kg.  

 

The limits for the percentages by mass passing 
the sieves is given in Table 3 and table 4 of BS 
882: 1992 for coarse aggregates and fine 
aggregates respectively. 

In table 3 (figure 2), most applicable column is 
20 mm to 5 mm in graded aggregates for generally 
used concrete in structures.  

In table 4 (figure 3), overall limits can be 
generally considered but if additional limits are 
needed, C, M, and F columns can be considered 
which stands for Coarse, Medium and Fine. Those 
limits may depend on the source and the type of 
sand. In most of the situations, grading C is 
complying with river sand and Grading M is 
complying with manufacture sand. 

So if the particle size distribution is within these 
limits, we can consider that the aggregates comply 
with the standards and good to use for structural 
concrete. As a common practice, these results are 
plotted on a graph and ‘S’ curve is expected. By the 
shape of the curve also an idea can be taken on how 
good the particles are distributed. 

3.2.Flakiness Index 

Flaky aggregates means the aggregates that 
have one dimension significantly smaller than other 
two dimensions. For testing principles, Flaky 
aggregates is defined as “an aggregate particle with 
a least dimension, that means the thickness less 
than 0.6 of their mean dimension”. 

Having more flaky particles means getting a 
high Flakiness Index value and it will affect the 
compaction as the degree of packing the aggregate 
particles is very low when there are high 
percentage of flaky aggregates in the sample. This 
test is only applicable to coarse aggregates.  

BS 812-105.1:1989 code provides the testing 
methodology with all the relevant details, but the 
limiting value is available in BS 882:1992. 
According to that, the flakiness index of the 
combined coarse aggregate shall not exceed 50 for 
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Figure 4: Thickness gauge used to measure 
flakiness index (Source: BS 812-105.1:1989) 

Figure 5: Metal  length gauge used to measure 
elongation index (Source: BS 812-105.2:1990) 

Figure 3: Table 4 of BS 882: 1992 (grading limitations for fine aggregate) 

uncrushed gravel and 40 for crushed rock or 
crushed gravel. 

 

 3.3.Elongation Index 

Elongated aggregates are the aggregates that, 
one dimension is significantly larger than the other 
two dimensions. For testing principles it is defined 
as following, “Elongation Index is the percentage 
by weight of particles in it, whose largest 
dimension is greater than one and four-fifth times 
its mean dimension” 

Similar to Flaky particles this is only applicable 
for coarse aggregates and having more elongated 
particles may affect the workability and 
compaction of concrete. BS 812-105.2:1990 code 
provides the testing methodology with other details 
relevant to testing. The limiting value of Flakiness 
index can be considered as 35 and should not 
exceed that. 

3.4.Densities & Water Absorption 

Density and water absorption is important 
because the quantities of concrete mix design are 
highly dependent on that. Also it will affect the 
self-weight of concrete, specially with respect to 
coarse aggregates as it is the heaviest material in a 
concrete mix. Any change to the density of 
aggregates will affect the density and the self-
weight of concrete as well. 

BS 812-2:1995 provides a comprehensive 
guidance on testing with respect to several 
methodologies. It helps to determine dry density, 
saturated density, porosity and absorption. It also 
provides the information of determining voids and 
bulking.  

It is very difficult to provide limiting values for 
the density of aggregates since that will depend on 
the source and several other criteria. In general, for 
coarse aggregate the specific gravity varies 
between 2.6 to 2.7 and for fine aggregates it falls 
around 2.65. One notable observation is that the 
densities, specific gravity and water absorption of 
manufactured sand is higher than the river sand.  

3.5.Aggregate Impact Value 

Aggregate impact value provides a relative 
measure of resistance of an aggregate to sudden 
shock or impact. The code of practice to applicable 
for testing is BS 812-112:1990. The principle 
behind this test is that the sample of aggregate is 
compacted in to an open steel cup and subject to a 
number of standard impacts from a dropping 
weight. This action will break the aggregates 
depending on its impact resistance. The level of 
breaking or the degree of breaking is assessed by a 
sieve test by calculating the passed percentage of 
mass which will be rounded up to a whole number 
when preparing the test report. 

BS 812-112:1990 states that “if the AIV is 
greater than 30%, a statement that the results 
obtained should be treated with caution”. However 
Table 2 of BS 882:1992 limits that value to 25% 
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Figure 6: Aggregate impact test machine 
(Source: BS 812-112:1990) 

for heavy duty concrete floor finishes. This test is 
also applicable only to coarse aggregates. 

As an alternative to this test, Aggregate 
crushing value also can be considered but the 
limitation is that it should not exceed 45%.  

 

3.6.Shell Content 

BS EN 933-7 defines shells as “Harder outer 
casing of a testaceous animal”. Having shells in the 
aggregates is obviously not favourable for the 
strength of concrete. BS 812-106:1985 specifies the 
methodology for determining the shell content in 
coarse aggregate. It is based on measuring the 
masses of the shells visible to naked eye and 
handpicking those separately for particles coarser 
than 10mm and finer than 10mm.  

Some text books states that the natural coarse 
aggregate shall be free of shell. However table 1 of 
BS 882 provides some acceptable limits on shell 
content of aggregates.  

3.7.Soundness 

Soundness is a measurement of the resistance of 
aggregate towards weathering. With respect to 
concrete mixes, this gives an idea about the ability 
to resist the excessive changes in volume or the 
chemical stability in the presence of cement. For 
the concrete to be durable, used aggregate should 
have a good soundness. 

BS 812-121: 1989 provides the methodology to 
test the soundness of aggregate by subjecting the 
aggregates to cycles of immersion in a saturated 
solution of Magnesium Sulphate, followed by oven 
drying. The average loss of weight after that is 
presented to the nearest whole number. An 

acceptable limit for the weight loss should not be 
more than 6%.  

3.8.Chemical Analysis  

Performing a chemical analysis for aggregates 
is very important for the durability of concrete. 
Most of the time this analysis is done to check the 
chloride content and the sulphate content because 
the presence of those two chemicals compounds 
inside a concrete can create lot of issues to the 
durability. High chloride content will directly affect 
the embedded reinforcements as it will start 
corroding fast. Having excessive Sulphur or 
sulphates will help the deterioration process called 
Sulphate Attack and eventually will help in delayed 
ettirngite formation which is very dangerous in 
terms of durability and strength.  

BS 812-117:1988 provides the methodology for 
determination of water-soluble chloride salts and 
BS 812-118:1988 provides the methodology for 
determination of sulphate content. However, BS 
EN 1744-1:2009+A1:2012 provides the latest and 
more comprehensive guideline for testing. The 
same code complies with Sri Lankan Standards as 
well because the limitations in SLS 1397:2010 are 
provided subjected to the testing methods described 
in that. 

So according to Sri Lanka Standards, the 
chloride content shall be less than 0.01 percent by 
mass and the acid soluble sulphate shall be less 
than 0.2% and total sulpher shall be less than 1%. 

4. Concluding Remarks 
Having aggregate that comply with the 

properties specified in the standards is essential to 
maintain the quality of concrete and subsequently 
the construction. Properties like aggregate size, 
shape, surface texture, grading, impurities and 
chemical compounds, mechanical resistance etc. 
directly affects the quality in terms of strength, 
workability and durability. In general, aggregate 
with smooth surface can improve workability but 
rougher surface can create a stronger bond with 
cement and give a higher strength.  

The properties and parameters described in this 
article is mostly based on British Standard and 
currently practiced in the industry. But SLS, ASTM 
and BS EN standards are also applicable and 
commonly used depending on the requirement. So 
one notable fact is that the limiting values 
mentioned are applicable only when it is tested 
according to the relevant standard. For an example, 
if the test method is ASTM it is not advisable to 
take decisions on the limiting values based on 
British standards. Sometimes although the testing 
procedure looks like the same, depending on the 
apparatus or methodology it there may be minor 
deviations. 
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So it is always good to plan on the parameters 

to be checked according to which standard before a 
project is commenced. A testing frequency can be 
decided based on either the timeline of the project 
or the material quantity required. 
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The Behavior of Fully Encased Composite Column Subjected Axial Load  
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Abstract 
This paper was conducted to detect the behavior of a fully encased composite (FEC) column under axial load 
due to combining the structural steel and reinforced concrete, the composite columns possess great load-
carrying capacity and stiffness owing to composite action. Here we compared load-deflection behavior of the 
fully encased composite column, the steel reinforcing cage column, and the column with the H section. The 
behavior of three types of columns were identified by experimentally and numerically analysis. The numerically 
analysis was done by OpenSees software. Theoretical analysis was done only the fully encased composite 
column with Euro code 04. Based on the results, it was shown that the fully encased composite column has 
higher resistance to ultimate axial load, compared to the other two types of columns. Due to structural steel in 
composite columns ultimate axial load resistance has improved. The axial loads are varied and their effects 
have been observed with respect to ultimate axial load with failure mode and overall column load-deformation 
responses are tabulated and plotted in the graphs. Finally, we evaluated load factor (K0) for fully encased 
composite column with comparing theoretical and experimental results. 

 

1. Introduction 
Lot of structures, big and small, modern and 

old, what catches our eyes the most are the modern 
skyscrapers, these structures are made out of extra 
ordinary achievements in science and engineering. 
The main focus has been shifted to constructing safe 
buildings keeping in mind the economic aspects of 
the project. As far as residential and commercial 
purpose is considered, generally, high-rise 
buildings, tall structures, towers and blocks are 
constructed. It provides of the ability to give more 
ground space and accommodating more people in 
less space. Hence giving us benefits such as a 
beautiful skyline, important landmarks and optimum 
land use. Main reason behind these have achieved 
structure’s stability, strength and stiffness. Use of 
the composite column increased in mid-level or 
high-rise buildings significantly in recent decades. It 
has strength and stiffness that can be achieved, with 
minimum use of material. Further composite 
construction is better, because concrete is good in 
compression and steel is good in tension. 
Combining of both materials together structurally 
can be archived in a highly efficient and lightweight 
design. Composite systems also offer benefit of time 
& cost saving construction. 

 

 

In addition, composite column improves the overall 
rigidity of the building and provides significant 
shear resistance to strong earthquakes and other 
lateral loads. 

Composite column sections used in building 
construction can be classified into three types, 
 

(a) Fully encased composite column (FEC) 
 

(b) Partially encased composite column (PEC) 
 

(c) Concrete filled tube (CFT) 
 

 
Figure 1: Cross sections of composite columns 

 

1.1   Properties of FEC Column 

FEC column is better than normal columns 
because it has gain combining properties of both 
steel and concrete. That is great achievement to 
resist structural failure due to excessive load. The 
concrete and steel are combined in such a fashion 
that the advantages of both the materials are utilized 
effectively in composite column. Additional 
reinforcements placed in the concrete cover around 
the steel section in order to prevent spalling under 
axial stress and fire. The lighter weight and higher 
strength of steel permit the use of smaller and lighter 
foundations. The ensuing concrete addition enables 
the building frame to easily limit the sway and 
lateral deflections. 
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1.2 Behavior of Composite Columns 

Axial capacity and deformation are investigated 
to identify the behavior of FEC columns. 
Constitutive relationships were established for 
materials used in the composite cross section, which 
included unconfined concrete, partially and highly 
confined concrete, structural steel section, and 
longitudinal reinforcing bar. The axial capacity of 
composite columns depends on strengths 
contributed from each material component. The 
lateral reinforcement, the structural steel section can 
provide a confinement effect on the concrete and 
enhance the axial capacity and post-peak strength. 

The confinement effect of concrete by lateral 
reinforcement in a reinforced concrete column has 
been recognized because the lateral reinforcement 
can provide confining pressure to the concrete core. 
The confining pressure results in an enhancement in 
the strength and ductility of the concrete, depending 
on the degree of the confining pressure as well as 
the lateral reinforcement, the confinement is also 
affected by other factors, such as distribution of the 
longitudinal reinforcement, cross section 
configuration, and loading type. 

The effective lateral confining stress is 
dependent on the volumetric ratio of lateral 
reinforcement, configuration of the lateral and 
longitudinal reinforcement, and area of effectively 
confined concrete core.  

Figure 2: Materials in a concrete encased steel 
composite column 

 

To determine the area of effectively confined 
concrete core, parabolic arching was assumed to 
occur between the reinforcing bars in the cross 
section. Accordingly, a similar parabolic arching is 
assumed herein for the concrete further confined by 
the structural steel section (shown in Figure. 2) the 
concrete in a concrete encased steel composite 
section can be divided into three regions: 

(1) An unconfined concrete region outside the 
parabolic arching formed by the longitudinal 
bars. 

(2) A highly confined region inside the perimeter 
of the structural steel section and the arching 
formed by the steel section. 

(3) A partially confined region inside the 
unconfined concrete region and outside the 
highly confined concrete region.  

1.3   Mechanism of Load Resistance 

FEC Columns are vertical members often 
termed as compression members which are 
essentially used to transfer loads from beams, slabs 
and floors to the foundation. Therefore, FEC 
columns play an important role in load transferring 
mechanism.  

Composite steel-concrete elements are made of 
two different materials, which cooperate in the 
transmission of the load due to the longitudinal 
shear forces acting on the interface between 
materials. The basic idea of providing FEC columns 
with H - section was compressive loads. Also 
strength and stiffness are most important to reduce 
structural failure.  

In FEC composite column failure mode caused 
by local buckling of the steel section and/or 
crushing of the concrete. Because capacities depend 
on constituent of FEC columns such as structural 
steel, concrete and longitudinal reinforcement bars. 
The columns that are subjected to axial loading 
through the steel and the whole sections require a 
consideration of cross-section capacity as well as 
slenderness effects. Concrete is observed to provide 
around 57% of the total axial capacity of the column 
whereas the steel H-sections contribute to the rest of 
the capacity as well as ductility of the overall 
system. 

1.4   Active Confining Pressure 

In active confinement the confining pressure 
applied to the element laterally prior to loading, 
exerts a small lateral stress on the concrete with the 
result being an increase in the load capacity. Plain 
concrete under uniaxial compression demonstrates 
brittle behavior (spalling) and the deformability of 
concrete improves with confinement. Lateral 
support provided by transverse reinforcement is 
important to continue providing effective 
confinement against horizontal expansion so a stable 
reinforcement cage is essential. 

1.5 Benefits of Fully Encased Composite Column 

� Utilize the properties both concrete and steel to 
develop composite action between the steel and 
concrete 

 

� Increase strength & durability for a given cross  
sectional dimension 
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� Increased stiffness, leading to reduce  
 
� slenderness and increased buckling resistance 
 

Identical cross sections with different load and 
moment resistances can be produced by varying 
steel thickness, the concrete strength and 
reinforcement. This allows the outer dimensions of 
a column to be held constant over a number of 
floors in a building, thus simplifying the 
construction and architectural detailing. 

 
� Better fire resistance 
� Corrosion protection 
� Speed of construction 

 
2. Theoretical Analysis 

This chapter describes the design of a 
composite column with fully concrete-encased 
H-section subject to axial compressive load only.  
The verification of the considered composite 
column is carried out in accordance with Euro Code 
4 (EN 1994-1-1:2004). The resistance of the 
member subjected only axial compression.  

2.1 Design Procedure  

Properties of materials 

� Concrete strength class: C 25 = 25N/mm2, 
Modulus of Elasticity (Ecm)= 30000 N/mm2 
 

� Structural steel Strength: S275 =275N/mm2 
Modulus of Elasticity (Ea)= 210000 N/mm2 
 

� Reinforcement steel strength:  
Tor steel = 460 N/mm2 
Mild Steel = 250 N/mm2  
Modulus of Elasticity(Es) = 200000 N/mm2 

 
 
 
 
 
 

 

 
 
 

Figure 3: Geometrical properties of the Steel cross-
section 

 
     The cross-sectional area of the structural steel is: 

                      Aa = 21.9 cm2 
 

The cross-sectional area of the reinforcement 

with four bars of 12 mm diameter is: 
 

dbar = 12 mm, Abar = 1.13 cm2 

As  = 4 x Abar = 4 x 1.13 = 4.52 cm2 
 

The cross-sectional area of the concrete is: 
 

Ac = (bc . hc) - Aa - As 

Ac = (20x20) – 21.9 – 4.52 

     = 373.58 cm2 
 

The ratio of reinforcement area to concrete area 

is: 
 

 Ps = As/ Ac  

    = 4.52/373.58 

    = 0.012                   0.3% < Ps = 1.2% < 6% 

                    

Cross-sectional areas 
 

 Structural steel Aa = 21.9 cm2 

 Reinforcement As = 4.52 cm2 

 Concrete Ac = 373.58 cm2 

 

General (Clause: 6.7.1) 

(1) The design of composite columns with 

concrete encased sections 

 

 

 

 

 

  

 
Figure 4: Typical cross section of composite 

column 
 

(2)  The columns with steel grades S235 to 

S460   and normal weight concrete of 

strength classes C20/25 to C50/60. 

We selected the steel grade is S275 & 

strength of concrete is C25, hence satisfied. 

(3)  Isolated composite columns  

(4)  The steel contribution ratio δ should fulfill 

the following condition: 

h = 100 mm 

b = 100 mm 

tf  =  6 mm 

tw  =  8 mm 

r   = 10 mm 

Aa= 21.9 cm2 

I y,a = 310.87 cm4 

I z,a = 100.38 cm4 
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                      0.2 ≤ δ ≤ 0.9 (6.27)      

where: δ is defined in Clause: 6.7.3.3(1)       
 

The steel contribution ratio δ is defined as:  

The plastic resistance to compression N pl,Rd of 

a composite cross-section should be calculated 

by adding the plastic resistances of its 

components: 

where:  

N pl, Rd is the plastic resistance to compression 

defined in Clause: 6.7.3.2(1). 
 

Aa. fyd = 21.9x100x275x10-3   

           = 602.25 kN 

 

N pl,Rd = Aa. fyd + 0.85Ac.fcd+As.fsd………………..(1) 

        = (21.9x100x275x10-3) + (0.85 

x37357.61 x25x10-3) + 

(4x113.097x460x10-3) 

            = 1604.20 kN 

 

δ = Aa. fyd / N pl,Rd……………………………...(2) 

       = (602.25/1604.20) 

       = 0. 375 ≈ 0.4                  0.2 ≤ δ= 0.4 ≤ 0.9                             

(5) Composite column or compression member 

of cross section should be check for, 

 

Step 1: Resistance of the member accordance 

with Clause 6.7.3 
 

Step 2: Resistance to local buckling in 

accordance with Clause 6.7.1. (8) and (9)  

Step 3: Introduction of loads in accordance 

with Clause 6.7.4.2 

Step I 
 

6.7.3 Simplified method of design Clause 

6.7.3.1 (General and scope) 
 

(1) The scope of this simplified method is 

limited to members of doubly symmetrical    

and uniform cross-section over the member 

length with rolled, cold-formed steel 

sections.  
 

The relative slenderness λ defined in Clause 

6.7.3.3(2) should fulfill the following condition: 

                    λ ≤ 2.0 (6.28)         

where: 
 

N pl,Rk is the characteristic value of the plastic 

resistance to compression given by (6.30) if, 

instead of the design strengths, the 

characteristic values are used. 

Ncr is the elastic critical normal force for the 

relevant buckling mode, calculated with the 

effective flexural stiffness (EI)eff determined in 

accordance with (3) and (4). 
 

Second moments of area 
 

Bending about the y-y axis 
 

 Structural steel I y,a = 310.87 cm4 

 Reinforcement I y,s = 4 x A bar x (6.3) 2 

                                                     = 4x1.13x6.32 =179.4 

cm4 

 Concrete I y,c = [(bc x hc
3) /12] – I y,a – I y,s  

                        = [(20x203)/12] -310.87 -179.4 

                         = 12843.06 cm4 
 

Clause 6.7.3.3(3) 

For the determination of the relative slenderness 

λ and the elastic critical force Ncr, the 

characteristic value of the effective flexural 

stiffness (EI)eff of a cross section of a composite 

column should be calculated from: 
 

(E I )eff = Ea Ia + Es Is + Ke Ecm Ic (6.40)…….(3) 
  

where: 

Ke is a correction factor that should be taken as 

0.6. 

 Ia, Ic, and Is are the second moments of area of 

the structural steel section, the un-cracked 
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concrete section and the reinforcement for the 

bending plane being considered. 
 

Relative Slenderness about y-y axis,  
 

(E I )eff = Ea Ia + Es Is + Ke Ecm Ic  

=[(210000 x 310.87) + (200000x179.4) + 

   ( 0.6x 30000x12843.06)]x100 

           = 332.34 x 105 kN cm2  

 

Elastic critical force, N cr,y  for the pin-ended 

column and the buckling length Le,y is 

determined as: 
  
  Ncr  =  (332.34 x 105 x π2) / 602 

        =  91,112.89 kN      

Relative slenderness λy = √(1604.2/91,112.89) 

                                         = 0.133 

Accordingly,  λy = 0.133 ≤ 2.0 

 

Bending about the z-z axis 
 

Structural steel I z,a = 100.38 cm4 

Reinforcement I z,s = 4 x A bar x (6.3) 2  

                                 = 4x1.13x6.32 =179.4 cm4 

Concrete I z,c = [(bc x hc
3) /12] – I z,a – I z,s  

                      = [(20x203)/12] -100.38 -179.4 

                      = 13,053.55cm4 
 

Relative Slenderness about z-z axis, 

(E I )eff = Ea Ia + Es Is + Ke Ecm Ic  

          = [(210000 x 100.38) + (200000x179.4) +  

              (0.6x 30000x13053.55)]x100 

           = 291.92 x105 kN cm2  

Ncr  =  (291.92x105 x π2) / 602 

              = 80,032,54 kN 

 

relative slenderness λz = √(1604.2/80,032,54) 

                                        = 0.14 

Accordingly  λz = 0.14 ≤ 2.0 
 

(2) For a fully encased steel section, see Figure 

6.17a, limits to the maximum thickness of    

concrete cover that may be used in 

calculation are, max cz = 0.3h      max cy = 

0.4 b 
 

Maximum thickness of concrete cover 

The maximum thicknesses of concrete cover that 

may be used in calculation are: 

 

 

 

 

 

 

 

Figure 5: Composite column cross-section 
 

 max cy = 0.4bc = 0.4x20 = 4cm> cy = 5cm, the 

condition is satisfied. 

max cz = 0.3hc = 0.3x20 = 6cm> cz = 5cm, the 

condition is satisfied. 
 

(3) The longitudinal reinforcement that may be 

used in calculation should not exceed 6% 

of the concrete area. 

       Concrete cross-sectional area  

= (20x20) - (4 x π   x 0.62) - 21.9 =373.58 cm2 

 Reinforcement area = 4 x π x 0.62 = 4.52 

cm2 

Percentage of longitudinal reinforcement area 

to concrete area = (4.52/373.58) x100%  

                  = 1.2% < 6%, the condition is 

satisfied. 
 

(4) The ratio of the depth to the width 

The ratio of the depth to the width of the 

composite cross-section should be within the 

following limits, see Figure C6.4: 

hc/bc = 20/20=1.0 <5.0, the condition is 

satisfied.  
 

Step II 

Clause 6.7.1 (8), Clause 6.7.5.1(2) 
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The influence of local buckling of the steel 

section on the resistance shall be considered in 

design. 
 

Local buckling 

For fully encased steel section with the 

thickness of cover to flange of reinforced 

concrete greater than 40 mm, or more than 1/6 

of the width of the steel flange, the local 

buckling of steel elements can be neglected. 
 

For the selected section, the thickness of cover 

to flange of reinforced concrete is 50 mm. 
 

This thickness should not be less than the larger 

of the following two values: 

 40 mm, b/6 =100/6 =16.67mm, the condition is 

satisfied. Local buckling of our case was 

neglected. 
  

Step III 

Clause 6.7.4.2, 

(2) For composite column and compression 
members no shear connections need be 
provided for load introduction. 
 
3. Experimental Research 

An experimental test was performed to analyze the 
axial capacity and load - deflection behavior of FEC 
columns. Axial load considered as main variable in 
this test. The loads were applied concentrically on 
top of the columns. The failure modes, peak load, 
peak strain and experimental load-deflection 
behavior of the specimens were examined. It was 
important to analysis the active confinement effect 
due to structural steel in the FEC column.  

 

3.1 Test Program 

The test was carried out for nine (09) columns 
including three FEC Columns. These columns were 
square in size (200mmx200mm) and construct with 
normal strength concrete (Grade 25). The columns 

were tested under concentric loads to observe the 
failure modes and the ultimate load carrying 
capacity of columns. The loads versus deflection 
behavior of these columns were also observed. 

 

 
Figure 6: Types of test specimens 

3.2. Description of Test Specimens 
 

In the experimental study, nine columns were 
tested for concentrically applied axial load. Three 
types of square columns were constructed in this 
study which specimens were short composite 
columns constructed with normal strength concrete. 
The heights of these columns were 600 mm. 

The diameters of the longitudinal and transverse 
reinforcements were 12 mm and 6 mm respectively 
in these columns. The column sizes 200 mm × 200 
mm are construct with stirrup spacing of 150 mm.  

3.3   Explanation of Test Parameters 

Parameters illustrated in the elevation view in 
Figure 4.2(c) are the column length, L, and the 
150mm center-to center spacing of the stirrups. The 
yield strength of reinforcement steel and H-shape 
structural steel are 460Nmm-2(Tor Steel), 250Nmm-2 

(Mild Steel) and 275 Nmm-2 respectively. The 
overall length (L) of all sizes of test columns are 
600 mm. 

The primary parameter varied in the test was 
applied axial load. Test specimens of strength of 
columns for normal strength of concrete subjected to 
concentric axial load. These columns were 
fabricated to observe in the ultimate load carrying 
capacity of the columns. 
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3.4   Column Fabrication 

Main constituent of FEC columns are structural 
steel and concrete. The steel consists of H-shaped 
structural steel, longitudinal and transverse 
reinforcements. Finally, concrete was placed 
around the structural steel for the construction of 
FEC columns. 

3.5   Steel Section Fabrication 

Initially, steel sections were cut required length 
shown in figure 7  below. 

Figure 7:  Preparation of steel H-sections 
 

Then the longitudinal and transverse reinforcements 
were cut & bend. Before the placement of concrete, 
the steel H-section was placed along the center line 
of the rebar cage as shown in Figure 8. 

 

 

 

 

 

Figure 8: steel arrangement of columns 

3.6   Concrete Mix Design 

 The main properties of interest during the mix 
design were strength and workability. To cast all the 
columns to used normal-strength of Garde-25 
concrete. The strength of concrete utilized in locally 
available materials. 

The used concrete mix for casting all the 
columns was produced from Ordinary Portland 
Cement, natural sand and metal (3/4”). The columns 
were de-molded after 24 hrs from casting and stored 
in water tank for 28 days before proceeding to 
testing stage. The quality control concrete cubes 
were crushed at the same time as applying the 
specimen’s tests to determine the actual concrete 
compressive strength. 

 

 
 

Type I                  Type II                 Type III 

Figure 9: Columns set for testing 

3.7 Concrete Placement 

All concrete was produced in the batching 
facility of the Faculty of Engineering Research 
Laboratory in OUSL. The column specimens were 
cast vertically inside a steel formwork shown in 
figure 9. Maintain the 5mm gap of steel and 
reinforcement free area at the top and bottom of the 
columns to avoid flexural cracks occurred at the end 
of columns. This situation can be providing to load 
transferring gradually through concrete to steel. 
After casting columns, it will submerge curing tank 
for well curing process to gain required strength.  

3.8   Testing Columns 

A Universal Testing Machine (UTM) is shown 
in Figure 10. The test set-up highlights the end 
conditions, which were provided to ensure a 
uniform loading surface to the columns. The digital 
reading of axial load collected by using an 
electronic data acquisition system during testing of 
each specimen.  

3.9 Failure of Concentrically Loaded Columns 

The photographs highlighting the failure mode 
and crack pattern of the test columns are shown in 
following section.  

 

Type I                Type II               Type III 

Figure 10: Failure modes of columns 
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3.10   Load – Strain Behavior of Tested Columns 

The axial load and strain of the test columns 
were recorded. The point of ultimate failure was 
usually characterized by the concrete crushing. All 
the specimens were tested under concentric load. 
The FEC column was found to have larger stiffness, 
as well as larger ultimate load capacity as compared 
to RC column. 

Three groups of column were tested under 
concentric axial load to determine the load versus 
strain behavior of columns. These columns were 
constructed with similar cross sectional size, 
materials properties and structural steel. Axial 
compressive strength and axial deformation at the 
ultimate load (peak load) were observed and 
recorded for each column specimens.

Table 1: Peak load and corresponding strain for concentrically loaded columns 
 

 

 
 

4. Comparison of Load-Strain Behavior 
An experimental investigation done to 

examine the load carrying capacity of columns. 
All three types of column groups were tested 
under concentric axial load to observed load – 
strain relationship. Test results obtained from the 
experiment comparison between each three types 
of column groups as shown below. 

 
Figure 11: Comparison of Load - Strain Behavior 

of  Column group SCN A2, B2, D2 

 

 

 
 

 

 

 

Figure 12: Comparison of Load - Strain Behavior 
of Column group SCN A2, B2, D2 

 

 

 

 
 
 
 
 
 
 
 
 

Figure 13: Comparison of Load - Strain Behavior 
of Column group SCN A3, B3, D3 
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SI. 

No 

 

Type 

 

Specimen 
Designation 

 

Concrete fcu 
(Nmm-2) 

 

Strength of Steel 
fs (Nmm-2) 

 

Peak Load 
(kN) 

 

Mean Peak 
Load (kN) 

 

Strain at 
Peak Load 

(mm) 

 

Mean Strain at 
Peak Load 

(mm) 

1 

Ty
pe

 I SCNA1 25 275 1067.54  

 

    1140.07 

0.9159  

 

0.9301 

2 SCNA2 25 275 1024.99 0.9177 

3 SCNA3 25 275 1327.68 0.9568 

4 

Ty
pe

 II
 SCNB1 25 275 616.81  

 

786.47 

1.000  

 

0.9731 

5 SCNB2 25 275 864.01 0.977 

6 SCNB3 25 275 878.6 0.9424 

7 

Ty
pe

 II
I SCND1 25 275 1593.97  

 

     1548.37 

0.9269  

 

0.9522 

8 SCND2 25 275 1470.83 0.9735 

9 SCND3 25 275 1580.32 0.9562 
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5.   Numerical Analysis Performed with 

OpenSees 
 

Numerical analysis was performed on modal 
columns to evaluate the available curvature axial 
capacity with three types of columns. The BGL 
model (2006) is used to evaluate the core section 
confinement effects which have been developed 
inside the OpenSees material called confined 
concrete 01 by Michele D’Amato. For these modal 
columns analysis was performed as monotonic 
non-liner moment curvature analysis. 

5.1 Numerical Analysis 

The numerical model for column to determine 
the curvature axial capacity of the section has been 
considered as follows. The core section has been 
modeled with uniaxial material  

5.2 Comparison of Stress-Strain Behavior –
OpenSees  

The comparison has been carried out by the 
numerical analysis performed in OpenSees. It was 
made among three types of columns. By seeing 
following graph it can be seen that the stress is 
increased with concrete column with H iron, 
Normal column and FEC Column respectively.    

 
 

 
 
 
 
 

 

 

 
 

Figure 14: Comparison of Stress - Strain Behavior 
of three type columns 

 
6.   Evaluation 

6.1   Active Confinement Pressure 

The increase in strength and ductility of 
composite column due to confinement is a desired 
benefit that is obtained by the use of lateral steel 
encasement and structural steel section. Concrete 
structural members that are confined by ties react 
to the Poisson type lateral expansion and generate 
side pressures.  

In active confinement, the confining pressure 
which is applied to pre stress the concrete element 
laterally prior to loading exerts an initial volumetric 
strain due to compaction. In order to overcome this, 
additional axial strain and stress are needed, and 
the load capacity of the concrete is increased 
Confinement in FEC columns are usually provided 
by a combination of structural steel structural steel, 
longitudinal bars tied within lateral reinforcement. 

Table 2: Active Confinement Pressure 

Specimen Peak Load 
Load, 

Nult (KN) 

Confine
d Area 
(m2) 

Active 
confineme

nt  from 
Peak 

(Nmm-2) 
SCNA1 1067.54 0.04 26.68 

SCNA2 1024.99 0.04 25.62 

SCNA3 1327.68 0.04 33.19 

SCN D1 1593.97   0.0378 42.16 

SCN D2 1470.83   0.0378 38.91 

SCN D3 1580.32   0.0378 41.81 
 

6.2   Concrete Confinement Estimation 

Ultimate load method 

According to the Euro code 4 the plastic 
resistance to compression of composite steel-
concrete columns with steel reinforcement (with no 
buckling effect considered) can be calculated by 
adding the plastic resistances of the cross-section 
components by using following equation, 
 
Npl,Rd = Aa. fyd + 0.85Ac.fcd+As.fsd 
………………..(4) 

The k coefficient reduces the compressive strength 
of concrete and equals to 0.85 for concrete and 
fully encased steel sections. 

Then assumed that ultimate force obtains from the 
experiment. 

          Npl, Rd = NUlt    ……………………………..(5) 

Therfore confinement coeffient (k) equals to, 

        (5),   k = ( Npl,Rd - Aa. fyd -As.fsd )/ Ac.fcd 

  Aa. fyd = 602.25 KN, As. fsd = 208.10 KN, 

  As. fsd = 1000.0 KN 

Values of the concrete confinement coefficient k, 
computed for FEC columns 
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Table 3: Confinement Coefficients (k) of FEC

 

   

 

6.3   Evaluation of Load Factor (K O) 

N  =  Aa. fyd + Ac.fcd+As.fsd……….(6) 

                      =  (Aa. fyd . Ko /1.15) 

 

Figure 15: Comparison of Load - Strain Behavior 
of Column group SCN A1, B1, D1 

 

7.  Conclusion and Recommendations 
7.1 Recommendations 

These experimental and numerical 
investigations were conducted to study the 
behavior of fully encased composite (FEC) 
columns under axial load. The experimental 
program consisted of nine columns with three 
types. The columns were tested for concentric axial 
loads to observe the failure behavior and the 
ultimate load carrying capacity of columns. The 
numerical analyses were done by using OpenSees 
software. Finally, the peak load obtained from 
experimental and theoretical results were compared 
for evaluate active confinement pressure and load 
factor (K0). 

Following are the conclusions made from both 
experimental and numerical analysis: 

� Based on the results of the analysis it has been 
shown that the axil capacity of reinforced 
concrete column is lower than the axial 
capacity of the fully encased composite 
columns due to the structural steel improved 
ultimate load resistance, the strength of FEC 
column is increased in 35.8% of normal 
column. 

� To increase the load-bearing capacity by using 
structural steel in the column with the same 
cross-sectional area resist the heavy load, its 
better compared with normal reinforcement 
concrete columns. 

� The active confinement pressure of FEC 
column is greater than the normal reinforced 
column due to confinement effect of structural 
steel section. Also we got the average 
confinement coefficient (k) of FEC column is 
0.71 (less than 0.85-theritical value). 

� Evaluated value of load factor of FEC column 
is  

        K0 = 0.77. 

� Axial capacity of FEC column (Euro Code 4) 

Npl,Rd = Aa. fyd + 0.85Ac.fcd+As.fsd 

� Derived Equation for Axial Capacity of FEC 
       Column  

Npl,Rd = Aa. fyd + 0.71Ac.fcd+As.fsd 

7.2 Recommendations 

The following recommendations are made for 
future investigations. 

� Further experimental investigations on FEC 
columns with different geometrical and materials 
properties are required to have complete 
understanding of the effects of these materials on 
strength and failure behavior of these columns. 
 
� Further improve the derived equation for axial 
capacity to verify the equation 
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Minarets in Sri Lanka under Earthquakes     
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Abstract 
Minarets are one of the most important architectural cultural inheritances. They are slender tower-type 
structures constructed generally as adjacent to the main body of the mosques at the corner side or built 
individually. A large number of traditional cylindrical reinforced concrete minarets collapsed or were heavily 
damaged during past earthquakes around the world. From the literature survey, it becomes evident that there 
were no studies dealing with the dynamic response of reinforced concrete (RC) minarets in Sri Lanka. It is 
crucial to understand the dynamic behaviour of minarets to improve life safety and to preserve and strengthen the 
monumental structures. This is one of the first studies carried out to investigate the dynamic response of Sri 
Lankan minarets under earthquake loading. For that purpose, three RC minarets located in Eastern cost of Sri 
Lanka were selected. Finite element analysis was carried out using ETABS finite element software. Both 
Response Spectrum (RS) analysis and Linear Time History Analysis were performed. The ground motions were 
scaled in a such a way that their mean spectrum closely follows the design response spectrum in the desired 
period range. In the present study, the responses were evaluated in terms of displacement and shear force related 
damage indicators only. The finding of this study showed that, damage to minarets can caused by soft-storey 
failure due to columns used to support spire section. Moreover, shear force accumulations at the junction point of 
transition segment is found to be generally larger than their shear capacity. Hence, shear failure of minarets can 
be caused without showing any ductile behaviour.  
 

Key Words: Minarets, Seismic, Time-history analysis, Shear failure, Soft storey
 

 

1. Introduction 

Minarets are constructed to call for the prayers 
of Muslim and Christian community. After the 
invention of loudspeaker and mic, the primary 
pursuit of minarets was ignored. They are generally 
constructed to reflects the beauty and magnificence 
of the religious culture. Minarets, constructed 
generally as adjacent to the main body of the 
mosques at the corner side or built individually, are 
tall and slender tower-type structures (Türker et al. 
2021). A typical reinforced concrete (RC) minaret 
has staircase, balconies and opening for balconies. 
A picture of typical Sri Lankan Minaret and its 
components are shown in Figure 1. A typical 
minaret consists of a boot part which usually takes 
the shape of square or polygonal, a tapered 
segment, a shaft and a spire from bottom to top. 

 

 

 

 

 

Damages to RC minarets depend on many 
factors such as detailing and its components, soil 
properties, and the magnitude of the earthquake 
(Doğangün et al. 2007). It has been identified that 
damages in the minarets are usually concentrated in 
several specific locations based on the observations 
made during past earthquakes. Damages on spire, 
upper part of the minaret body, cylindrical body, 
transition segment and pulpit are the classification 
of the damages occurred on RC minarets under past 
earthquakes. Most common damage type observed 
on minarets occurs on the bottom of the cylindrical 
body just a few meters above the transition 
segment (Oliveira et al. 2012). There are two main 
reasons for this type of failure. First, the cross-
section size becomes smaller, which results in 
reduced lateral and flexural strength. Second, in 
most cases at that location all longitudinal steel 
bars were lap spliced, creating a discontinuity 
(Türkeli et al, 2015).  
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Figure 1 – Photo of typical Sri Lankan Minaret 
(Left), Main components of Minaret (Right) 

Sezen et al., 2008 investigate the probable 
causes of the damage to RC minarets by 
performing time-history analysis of representative 
minarets. They have also concluded that the bottom 
of the cylindrical minaret body immediately above 
the transition segment is the most vulnerable 
section under seismic loading. This observation is 
agreeing with the failure observed during past 
earthquakes. Moreover, they found that most of the 
minarets either behaved elastically or collapsed 
without showing any ductile behavior. The results 
of the elastic time history analyses have shown that 
the flexural capacity at the critical section would be 
exceeded when the representative minaret is 
subjected to ground motions recorded. Moreover, it 
was mentioned that the shear strength of the 
minaret was larger than the maximum shear 
demands calculated from the dynamic analysis, 
indicating that shear was not the likely cause of 
failure. The above observations are based on 
representative minarets found in Turkey. It is worth 
to note that, typical Sri Lankan minarets have 
completely different configuration over the height 
when compared to the geometry of the minarets 
reported in the literature. 

Sri Lanka is an island of Indian Ocean and it is 
located in Indo-Australian tectonic plate and far 
away from its plate boundaries. Therefore, the 
probability of occurring seismic event due to inner 
plate in Sri Lanka is very low. The seismic scenario 
of Sri Lanka in reference to oceanic earthquakes 
has been investigated by several researchers 
recently. 

In Sri Lanka most of the minarets were 
constructed using reinforced concrete (RC), the 

same applies since 19th century. Most of the time, 
these slender structures were built by contractors 
with no engineering background. Currently, there 
are no structural code requirements or guidelines 
for the design of reinforced concrete minarets in Sri 
Lanka. From the literature survey, it becomes 
evident that there were no studies dealing with the 
dynamic response of RC minarets in Sri Lanka. It 
is crucial to understand the dynamic behavior of 
minarets to improve life safety and to preserve and 
strengthen the monumental structures.  

The aim of this study is to investigate the 
seismic performance of typical RC minarets in Sri 
Lanka and identify potential failure modes with 
respect to displacement and shear force related 
damage indicators. For that purpose, three 
representative minarets are selected from Eastern 
province in Sri Lanka. Linear time-history analysis 
was performed under 10 ground motions. Modal 
response spectrum analysis was also performed for 
comparison purposes. The drift and shear demands 
obtained from linear time-history analysis were 
compared with their respective capacities to predict 
the expected failure modes of the minarets. 

2. Description of the Minarets 

In the present study, three different heights of 
minarets were selected from Eastern Province of 
Sri Lanka. They are Pottuvil (MIN-PTV), Nintavur 
(MIN-NTR) and Sainthamaruthu (MIN-STR). Due 
to the inch of documentation, the geometry of 
minarets has been measured manually. Laser meter 
used to measure the height and the measuring tape 
used for the internal and external dimensions of 
minarets’ cross sections. Figure 2 illustrates the 
elevation and plan view at each section of 
structures in details. It is worth to note that, typical 
Sri Lankan minarets have completely different 
configuration over the height when compared to the 
geometry of the minarets found in the literature. It 
is noticed that no transition segment between the 
boot and shaft for both MIN-PTV and MIN-NTR. 
In most of the Sri Lankan minarets instead of a 
tapered potion they have used slab to support the 
shaft.  

The height of considered minarets MIN-PTV 
MIN-NTR, and MIN-STR are 33.2 m, 24.7 m, and 
17.5 m respectively. Among which the MIN-PTV 
is known as the tallest minaret in Eastern Province. 
All three minarets’ boot and shaft were built up in 
polygonal shape. External boot and shaft length of 
both MIN-PTV and MIN-NTR are 1500 mm and 
1000 mm respectively. Furthermore, space has 
been provided on top of the shaft to accommodate 
the speaker for both minarets.  For that selected 
number of small circular columns used to support 
spire section (Figure 2). 
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Figure 2: Geometry and cross sections of the representative minarets (all dimensions are in mm, not to 
scale)

In MIN-PTV, six circular columns with 150 
mm diameter restrained on slab and in MIN-NTR 
100 mm diameter of eight columns supported on 
shaft (RC wall) directly. But MIN-STR has been 
constructed in same cross section along its entire 
height. A dome has used for all three minarets 
instead of spire to attain their traditional aspects. In 
MIN-PTV the dome restrained on 150 mm thick 
hollow cylindrical wall which is supported directly 
on those six columns. But, the domes of MIN-NTR 
and MIN-STR are restrained on eight columns and 
100 mm thick slab respectively.  

The material properties of selected minarets in 
this study have been collected from the resources 
who were involved in respective minaret’s 
construction. As per collected details C25 concrete 
(fck,cube=25 N/mm2) used for MIN-NTR and MIN-
STR and C30 (fck,cube=30 N/mm2) used for MIN-
PTV. Furthermore, to ensure the concrete 
compressive strength rebound hammer test was 
performed. The modulus of elasticity of concrete is 
obtained from table 3.1, Eurocode 2. The Poisson’s 
ratio was taken as 0.2 and unit weight of reinforced 
concrete was taken as 25 kN/m3. 

3. Finite Element Modelling 
The numerical analysis software ETABS is 

used to model the selected minarets and are shown 
in Figure 3. Three models have been carried out 
based on the collected data for respective minarets. 
Shell element available in ETABS used to model 
the wall, slab and dome, and frame element used to 
model the column. A sensitivity study is carried out 
to investigate the effect of meshing on the global 

analysis results. The minarets are considered to be 
pin supported at the foundation level. 

The minarets are known as slender towers with 
constantly scattered mass. Effective mass of 
structure is very important in dynamic analysis. In 
minarets, only dead load has been accounted as a 
mass source. Eurocode 8 recommends that mass 
participation ratio should be equal or greater than 
90% of total mass of the structure while conducting 
time history analysis. Therefore, prior to run the 
time-history analyses the mass participation of each 
models confirmed as per the requirement. Damping 
ratio of 5% is considered for all models during 
time-history analysis.  

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3 - Finite element models; MIN-PTV(Left), 

MIN-NTR(Center), MIN-STR(Right) 
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4. Ground Motion Selection and Scaling 
There are no any seismic events recorded in or 

around Sri Lanka. Eurocode 8 recommends that 
minimum of seven ground motion should be used 
for the time-history analyses. A set of ten 
earthquake records were selected from the PEER 
(Pacific Earthquake Engineering Research Center) 
database (PEER, 2006). Selected real spectrum 
compatible accelerograms are illustrates in Figure 4 
along with elastic design response spectrum. The 
design response spectrum used for the ground 
motion selection and scaling purposes is shown in 
Figure 5. It is identical to the Lewangamage and 
Kularathna (2015). During the selection of real 
ground motion, magnitude (Mw) of earthquake was 
set between 6.5 – 7.5 and scale factor defined 
between 0.1-10. These are based on the 
recommendation of Baker (2007). The information 
of selected earthquakes is given in Table 1.  

    

Table 1: Ground Motions Details 

EQ Mw Location Scale 
Factor 

 
1 6.9 Calitr 6.20 

2 6.6 Corinth 4.82 

3 6.93 Southwest Abutment 6.59 

4 6.69 Sunland - Mt Gleason 7.64 

5 6.8 Matsushiro Tokamachi 5.65 

6 6.8 Tokamachi Matsunoyama 8.57 

7 6.8 Sawa Mizuguti Tokamachi 6.93 

8 6.8 NIGH11 7.30 

9 6.9 Yuzawa Town 4.64 

10 6.9 Kurihara City 2.24 

  

Figure 4: Acceleration spectra of the 
accelerograms used for time-history analyses. 

Figure 5: Comparison of the design spectrum and 
mean spectra of the 10 accelerograms. 

5. Analysis Results 
Modal analysis was carried out first to 

understand the dynamic properties of minarets. 
First mode periods of MIN-PTV, MIN-NTR and 
MIN-STR are found to be 0.378, 0.221, and 0.441s 
respectively. The mode shapes of each model are 
given in Figure 6. Because of same geometry shape 
and variation of cross section along its height, both 
MIN-PTV and MIN-NTRs’ mode shapes are found 
similar. First and third modes shapes were found in 
y translational, second and fourth are found in x 
translational and fifth mode in torsional. On the 
other hand, first, second models of MIN-STR 
found to be translational and third mode is found to 
be torsional dominant. 

Based on the results obtained from the time-
history analysis the maximum lateral displacements 
of minarets are plotted in Figures 7-9. The average 
displacements obtained from the time history 
analysis under ten ground motions are compared 
with the displacement demands obtained from the 
response spectrum analysis. It was found that peak 
lateral deformation of minarets is increasing with 
its height. The average maximum lateral 
displacement of MIN-PTV, MIN-NTR, and MIN-
STR at top were 60.8, 25.3, and 38.2 mm 
respectively. Larger variation is observed between 
response spectrum analysis results and time-history 
analysis results.  

Many existing international codes and 
standards do not impose limits on lateral deflection 
of slender structure to control the damage. In order 
to control the damage to structure codes use inter-
storey drift limits. The inter story drift variation 
over the height are illustrates in Figure 10. In the 
present study limiting inter-story drift of 0.005 is 
considered based on Eurocode 8. Based on the 
results shown in Figure 10 a rapid increase in inter-
storey is observed in both MIN-PTV and MIN-
NTR minarets due to soft-storey effect.  The inter-
storey drift of MIN-PTV is found to be more than 
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0.005. Hence, minarets with columns at transition 
regions are expected to undergo soft-storey failure. 

Storey shear force demand of minarets due to 
both response spectrum analysis and time-history 
analysis were compared with the storey shear 
capacities (Figure 11-13). Shear capacities were 
calculated based on the recommendations in 
Eurocode 2. Since dome is considered as a non-
structural element, the shear capacity (VRd,c)  of 
column and wall are only calculated. For this 
purpose, Equation 1, which is permitted by 
Eurocode 2 is used; where ρ-reinforcement ratio for 
longitudinal reinforcement, fck-characteristic 
compressive cylinder strength of concrete, σcp-
compressive stress in the concrete from axial load, 
CRd,c and K1 are constant. For the column b and d 
represent the circular column diameter and its 80% 
respectively, whereas in the calculation of the wall 
shear strength b and d represent wall thickness and 
80% of horizontal length.  
 
VRd,c = [CRd,c K (100ρfck)⅓ + K1.σcp] b.d                 
(1) 

where  � = 1 + ����
� ≤ 2.0;                                                                                  

Average shear demands obtained from 
time history analysis are higher than that estimated 
using Response spectrum analysis for all minarets. 
The average base shear calculated from time-
history analysis are 816 kN and 784 kN for MIN-
PTV and MIN-NTR, respectively. The shear 
capacities calculated using the code-based 
procedure are 268 kN and 190 kN for MIN-PTV 
and MIN-NTR, respectively. For both MIN-PTV 
and MIN-NTR the shear demands are found to be 
significantly larger than their shear capacities. 
Hence, base shear failure is expected. On the same 
time, the base shear capacity of MIN-STR is found 
to be 121 kN and shear capacity is 102 kN.  It is 
worth to note that, for all minarets the shear 
demands on of RC walls and columns are higher 
than the shear demand obtained from response 
spectrum analysis. The average shear demand 
calculated from time-history analysis in the boot 
are 846 kN and 801 kN for MIN-PTV and MIN-
NTR respectively. This observation confirmed that 
shear experience by minarets increasing with the 
cross-sectional area of RC minarets. Similar 
observations are made regarding the shear demands 
in the shaft of both minarets. Shear demand on 
MIN-STR is relatively less when compare to other 
minarets. 

 

 

 

 

 

 

 

 
 

 

Figure 6: Modal shapes; MIN-PTV(Left), MIN-NTR(Center), MIN-STR(Right) 
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Figure 7:Peak lateral displacement of MIN-PTV obtained from NLTHA (Left), Comparison of average 
(AVG) and design spectra (RS) displacement of MIN-PTV (Right) 

 

 

 

 

 

 

 

 

 
 

Figure 8: Peak lateral displacement of MIN-NTR obtained from NLTHA (Left), Comparison of average 
(AVG) and design spectra (RS) displacement of MIN-NTR (Right) 

 

Figure 9: Peak lateral displacement of MIN-STR obtained from NLTHA (Left), Comparison of average (AVG) 
and design spectra (RS) displacement of MIN-STR (Right) 
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Figure 10: Maximum Lateral drift of MINPTV 
minaret versus inter-storey drift limit. 

Figure 11(a) :Shear demand of MIN-PTV obtained 
from time- history analysis. 

Figure 11(b) :Comparison of average shear demand 
with shear capacity of MIN-PTV 

 

 

 

 

 

 

Figure 12(a) : Shear demand of MIN-NTR obtained 
from time-history analysis. 

Figure 12(b) : Comparison of average shear 
demand with shear capacity of MIN-NTR 

Figure 13(a) : Shear demand of MIN-STR obtained 
from time-history analysis. 
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Figure 13(b) : Comparison of average shear 
demand with shear capacity of MIN-STR 

 

6. Summary and Conclusions 
Seismic response of minarets is far different 

when compare to other conventional slender 
structures. Lack of proper guidance and standards 
are playing crucial role on minarets collapse. This 
is one of the first studies carried out to investigate 
the dynamic response of Sri Lankan minarets under 
earthquake loading. Based on the results obtained 
in the present study, the following conclusions can 
be drowned; 
 
� Lateral deformation of minarets increased with 

its height. The average lateral displacement of 
MIN-PTV, MIN-NTR, and MIN-STR at top 
are 60.8, 25.3, and 38.2 mm respectively. 

� Soft-storey mechanism was observed in MIN-
PTV and MIN-NTR due to transition 
segments. For MIN-PTV the maximum inter-
storey drift due to soft-story effects is found to 
be more than 0.5%. Hence such minarets are 
vulnerable to soft-story failure under seismic 
loading.  

� The minarets are found to be highly 
susceptible to undergo base shear failure under 
seismic loading. The base shear demand for 
MIN-PTV is found to be 3.04 times the shear 
capacity at the base of the structure. For MIN-
NTR the shear demand to capacity ratio is 
found to be 4.12. Whereas for MIN-STR the 
ratio is found to be 1.18. Moreover, the body 
immediately above the transition segment is 
also found to be highly vulnerable to shear 
failure under seismic loading. 
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