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It gives me great pleasure to send this message for 

the twelfth Annual Sessions of the Society of 

Structural Engineers, Sri Lanka (SSESL), which 

will be held on 23rd August 2022 at the Oak Room, 

Cinnamon Grand, Colombo. 

The Annual Sessions is the key event in the SSESL 

Event Calendar. It is an acknowledgment of the 

importance of research and development and 

provides an excellent forum for researchers and 

innovators in the field of structural engineering to 

present their research and new findings to a wider 

audience enabling their work to be reviewed, 

criticized, and appreciated. Prof. Raghu 

Chandrakeerthy − Gold Medal will be awarded to 

the best paper. 

A day-long programme is enriched by a keynote 

address on “Climate Adaptation Engineering: 

Risks and Economics for Infrastructure Decision-

Making” which will be delivered through an online 

platform. Prof. Mark G Stewart, Distinguished 

Professor of Structural Engineering at the 

University of Technology Sydney will share his 

knowledge and experiences as the keynote speaker 

making the Annual Sessions a very impressive 

programme. It will be followed by two Sessions 

comprising twelve peer-reviewed research papers 

presented with in-person participation. 

I wish to express my deepest gratitude on behalf of 

the Society to the many people who have worked 

together in planning and organizing both the 

technical programme and the supporting 

arrangements. 

I thank the keynote speaker for accepting our 

invitation and authors/co-authors for submitting 

manuscripts timely. I am grateful to the Sole 

Sponsor, Tokyo Cement Group for their generous 

sponsorship amidst the prevailing economic crisis 

in the country. 

Hard work done by the Organizing Committee 

comprising Eng. (Prof.) Chinthaka Mallikarachchi 

(Chair) Eng. Ajith Vandebona & Eng. (Dr) Laksiri 

Pradeep are greatly acknowledged. I must be 

thankful to Eng. (Dr) Nihal Somaratna for 

coordinating the peer review process on behalf of 

the Executive Committee and all the Review Panel 

members for their thorough and timely review. 

I extend our deep sense of appreciation to  

Eng. K L S Sahabandu & Eng. (Dr Mrs.) Premini 

Hettiarachchi for chairing the Morning and 

Afternoon Sessions. 

I wish to place on record the assistance provided by 

the Associate Member Chapter of SSESL for event 

management activities and the Management of 

Cinnamon Grand Hotel for providing logistic 

support for this event. 

I wish all the paper presenters and participants a 

rewarding day. 

  

Eng. Tharangika Jayasundara 
BSc. Eng(Hons), MEng.( Struct), CEng, MIE 

(SL), MSSE(SL),MConsE(SL) 
  
PRESIDENT (2022/2023) 

SOCIETY OF STRUCTURAL ENGINEERS, 

SRI LANKA 
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Abstract 
 

Climate change and actions taken to mitigate CO2 emissions or reduce the vulnerability of 

infrastructure are often based on worst-case thinking, probability and cost neglect, opportunity costs, 

and avoidance of the notion of acceptable risk. This can result in a frightened public, costly policy 

outcomes and wasteful expenditures. There is a need for a rational and evidence-based assessment of 

the risks, costs, and benefits of climate adaptation for built infrastructure. 

 

The timing and severity of climate extremes are highly uncertain, and are characterized as low 

probability-high consequence events. Hence, hazard, vulnerability, resilience, exposure and 

consequences need to be modeled stochastically in time and space. Risk and cost-benefit analysis of 

mitigation measures then aim to reduce the vulnerability or increase the resiliency of infrastructure – 

we refer to this as ‘climate adaptation engineering’. Climate adaptation engineering is defined as 

measures taken to reduce the vulnerability or increase the resiliency of built infrastructure to a 

changing climate, this may include, for example, enhancement of design standards (higher design 

loads or flood levels), retrofitting or strengthening of existing structures, utilization of new materials, 

and changes to inspection and maintenance regimes. This can reduce the future impact of extreme 

events to reveal mitigation measures that are cost-effective, and those that are not.  

 

The presentation will introduce the key concepts needed to assess the risks, costs and benefits of 

future-proofing infrastructure to a changing climate. This will include: climate scenarios and their 

likelihoods, hazard modeling, infrastructure vulnerability, resilience or exposure, social and 

economic loss models, risk reduction from adaptation measures, and decision theory. 

 

The concepts will be illustrated with current research of risk-based assessment of climate adaptation 

strategies including designing new houses in Australia subject to cyclones and extreme wind events. 

Cyclones and windstorms are one of the major causes of economic losses from natural hazards, and 

housing damage comprises the largest source of economic and social losses to a community. It will 

be shown that small improvements to house designs at a one-off cost of $2,000 to $4,000 per house 

can reduce damage risks by 80-90% and achieve billions of dollars of net benefit for a community - 

this offsets the predicted adverse effects of climate change for a very modest cost. Another case study 

will assess how wind rated roller doors can reduce the vulnerability of metal clad industrial buildings 

to extreme wind. It was found that a wind-rated door reduces damage risk by 15–35%. Specifying 

wind-rated doors for all new construction in non-cyclonic regions enhances resilience and is cost-

effective with the benefit-to-cost ratio exceeding 10 for Brisbane, Sydney and Melbourne – i.e. $1 of 

cost buys over $10 in benefits. Importantly, while the benefits of adaptation strategies are maximized 

if they are implemented promptly, deferral to 2030 or even 2040 will still result in a net benefit to 

society, albeit at a reduced level when compared to immediate implementation. 
 

 

 

Page. 2
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Service Life Prediction Under Chloride-Induced Corrosion Based on Rapid 

Chloride Penetration Test 
 

P T Karunaratne1,*, S M A Nanayakkara1, and T G P L Weerasinghe1 

 

Abstract 

Concrete is a highly heterogeneous composite material which is widely used in the construction industry. At 

present with the development of new constituent materials, the durability of concrete is the key factor in the 

service life predictions of structures. The durability of concrete can be defined as its ability to resist against any 

sort of deterioration which depends on the interaction with the service environment. Although there are many 

ways of deterioration of concrete, corrosion of reinforcement is one of the major problems in terms of durability. 

This paper mainly focuses on chloride-induced corrosion and its effects on durability. Rapid Chloride 

Penetration Test (RCPT) is a rapid indication of resistance for the penetration of chloride ions which depends 

on the pore structure and pore solution characteristics. This paper examines the effect of fly ash content and 

curing period on RCPT. Results have shown that there is a significant effect of those two factors on RCPT. In 

addition, relevant compressive strength gain over a period of 28 days is also discussed.  Once the RCPT was 

completed, chloride profile was obtained by collecting concrete powder samples at different depths. Obtained 

chloride profiles were fitted into a nonlinear regression analysis, and chloride penetration depths were 

calculated. Thereafter, the chloride diffusion coefficient was determined from Fick’s second law using chloride 

profile and chloride penetration depth. Finally, a performance-based design approach was proposed to correlate 

RCPT values with Fib Model code 2010, in order to predict the service life of corrosion affected - uncracked 

concrete.  

 

Keywords: Concrete Durability; Chloride Penetration; Rapid Chloride Penetration Test; Service Life Prediction 

 

1. Introduction1 

Concrete is among the most widely used building 

materials in the world. This material was generally 

accepted due to its durability, fire resistance, and ability to 

be moulded into any shape. However, with the 

development of new constituent materials and new 

technologies, some structures deteriorated before the 

service life was reached, even with the required 

compressive strength and other characteristics [1]. 

Therefore, the durability of concrete structures has been 

identified as the key parameter which influences the 

structure to withstand the design environment over the 

service life [2]. According to Beushausen [3], though there 

are many ways of deterioration of concrete, the leading 

deterioration mechanism is corrosion of reinforcement 

which is related to carbonation or chloride ingress. 

Since concrete is a porous material, fluid can penetrate 

through the porous structure. Thus, the transportation of 

substances through the porous structure can be taken as the 

main indicator of concrete durability [4]. Transport 

processes can be categorized as absorption, permeation, 

and diffusion and these subdivided activities are 

incorporated with hydraulic gradient, concentration 

gradient or moisture movement, respectively [5]. 

The key indicators of concrete durability are gas 

permeability, water permeability, capillary absorption, 

chloride penetration, and concrete resistivity [6,7]. These 

are measurable material properties in order to predict the 

durability of concrete in terms of resistance to 

deterioration. Therefore, it is important to conduct 

experimental investigations in a performance-based  

 
P T Karunaratne, S M A Nanayakkara and T G P L Weerasinghe 

are with the Department of Civil Engineering, University of 

Moratuwa, Sri Lanka.  

 

durability design approach due to the limitations of the 

prescriptive design approach. Performance-based designs 

are based on the quantification of material properties, 

which lead to transport deleterious substances into the 

porous structure of concrete [8]. 

Chloride penetration is one of the key indicators which 

is directly related to the corrosion of reinforcement [9]. In 

this paper, it is mainly focused on chloride-induced 

corrosion, and that mechanism is evaluated using the Rapid 

Chloride Penetration Test (RCPT), which gives a rapid 

indication of resistance to the penetration of chloride ions 

[2]. This method was carried out according to the ASTM 

C1202. In addition to RCPT, compressive strength gain 

over a period of 28 days was obtained in order to secure the 

strength characteristics of the relevant concrete. 

Fly ash is a finer particle which is generated during the 

coal combustion process [10]. Some of the researchers 

criticize the use of RCPT if supplementary cementitious 

materials are added to the concrete [7,11]. Therefore, three 

different fly ash percentages are used with different curing 

periods in order to comment on the applicability of RCPT 

when fly ash is presented inside the concrete. 

Most of the structures are designed for 50 years and 100 

years of service life [12]. But the new challenge is to design 

structures other than those periods. Thus, different regions 

of the world have adopted various types of service life 

models which are based on serviceability limit state 

conditions. Ingress of chloride (Chloride Penetration) and 

carbon dioxide (Carbonation) into concrete are included in 

most of the models [3]. Fib Model Code for Service Life 

(e-mail: punmadara7@gmail.com; sman@uom.lk; 

pasinduw@uom.lk) 

1Department of Civil Engineering, University of Moratuwa, Sri Lanka  

*Corresponding Author 

  E-mail: punmadara7@gmail.com 
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Design (SLD) is one of the established service life models 

among them. 

RCPT only provides a qualitative indication of the 

chloride iron penetrability. The real challenge is to predict 

the service life of the structure, which is a quantitative 

indication. Therefore, concludingly a correlation method 

between RCPT and the Fib Model Code for SLD is 

introduced in this paper.  

2. Methodology

Following workflow was carried out to facilitate the 

research project. 

First and foremost, a detailed literature review was 

caried out in two phases. In the first phase of review, 

concrete durability, performance-based design approach, 

chloride penetration, and Rapid Chloride Penetration Test 

are the main key sections. In the second phase of the 

literature review, the main parameter was ‘service life 

prediction’ in order to correlate the RCPT with an 

established service life prediction model. 

Once the first phase of the literature review was 

completed, the experimental program was initiated. 

3. Experimental Program

Corrosion of reinforcement is affected by many factors, 

which can be categorized as internal factors (concrete 

cover, cement composition, etc.) and external factors 

(environmental load). In this paper, curing period and fly 

ash content are the two parameters which are considered as 

variables for the experimental program (see Table 1). 

Table 1: Experimental program characteristics 

2.1 Preliminary Investigation 

Concrete samples should be prepared prior to carrying 

out RCPT. Therefore, concrete mix designs were done 

according to BRE mix design method. Water absorption of 

aggregates and particle size distribution of fine aggregates 

(ASTM C136-05, 2005) were two main initial 

investigations. The particle size distribution is as follows 

(Fig. 2). 

2.2 Compressive Strength Test 

Reaching the required compressive strength of the 

concrete is important while securing the durability of the 

specific concrete. 2 days, 7 days and 28 days of 

compressive strength were obtained according to the 

ASTM C109 [13]. 

2.3 Rapid Chloride Penetration Test 

The electrical conductance of the concrete is measured 

by this test method according to ASTM C1202. This gives 

a rapid indication of resistance to the penetration of 

chloride ions. 

Concrete specimens were moulded in cylindrical shapes 

of 100 mm diameter. Thereafter, the sample preparation 

was carried out as stated in the standard (ASTM C1202). 

60 V potential difference is given for the 50 mm thick 

concrete specimen. One end is immersed in a NaOH (0.3N) 

solution, and the other end is immersed in a NaCl (3%) 

solution, as shown in Figure 3. 

W/C Ratio SCM Curing Period 

0.5 0% 0 Days 

18% 3 Days 

30% 7 Days 

Figure 1: Workflow of the project 

01
•A detailed literature review

02

•Carrying out an experimental
Investigation based on RCPT

03

•Obtaining chloride profiles for the
concrete specimens which were used for
RCPT

04

•Correlating the RCPT and Chloride
Profile results with Fib Model Code to
predict the service life
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Figure 2: Particle size distribution of fine aggregates 
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Figure 3: RCPT setup 
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2.4 Determination of Chloride Profile 

Once the RCPT is completed and specimens are dry, two 

surfaces of the specimens were wire brushed in order to 

remove all the salt crystal particles that built up in the faces. 

Then the drilling technique was functioned to collect 

concrete powder samples over the depth of the concrete 

sample. Altogether, powder samples were collected from 5 

different depths, including two faces of the sample. Only 

three specimens (0%, 18%, 30% fly ash) which were cured 

for 7 days, were used to obtain the chloride profile. 

After collecting powder samples, the chloride 

concentration of each sample was obtained using 

Argentometric Titration (4500-Cl- B. Argentometric 

Method). In this precipitation titration, the methodology 

uses an organic substance that adsorbs onto or desorbs 

from the solid surface. Adsorption or desorption should 

occur at the equivalence point, resulting in a color change 

as well as color transfer from the solution to the solid or 

vice versa. 

Finally, obtained depths and chloride concentration 

values were fitted into the following equation using non-

linear regression analysis: 

(1) 

where C represents the chloride content, Cs represent the 

surface chloride concentration, x represents the relevant 

depth, and a is an experimental constant. Equation (1) was 

used to obtain chloride profile curves. 

3. Results and Discussion 

3.1 Compressive Strength Gain 

The average values of compressive strength of concrete 

cubes over 28 days are shown in Table 2. 

Table 2: Average Compressive strength values 

 

The compressive strength of each mix proportion is 

continuously increasing over the period of 28 days. But the 

28 days compressive strength is comparatively low in 

every concrete with 0 days of curing compared to the 3 

days and 7 days of curing periods as shown in Fig. 4. 

Therefore, it is verified that curing is a crucial factor in 

hardening the concrete in terms of compressive strength. 

When the amount of fly ash added to the concrete 

increases, the rate of strength gain is low in the period of 0 

- 14 days. After 14 days rate of strength gain is 

comparatively higher. This aspect is visible in both 18% 

and 30% of fly ash contents with 3 days 7 days cured 

concrete. 

The most important factor is that initial compressive 

strength is comparatively low in cured concrete samples. 

However, 28 days compressive strength is comparatively 

high in those samples compared to the 0-day cured 

concrete sample as shown in Fig. 4. This behavior is 

applicable to all the concrete samples. 

3.2 Chloride Iron Penetrability based on Charge Passed 

during RCPT 

The chloride ion penetration of concrete is influenced by 

three main factors. Those are the amount of pores in the 

concrete, the interconnection between those pores, and the 

free chloride ions in the pore solution [2]. 

Concrete specimen’s resistance towards chloride 

penetration was measured from the total charge passed, as 

shown in Equation (2). 

(2) 

Where It values are the amperage readings after each 

30-minute interval over 6 hours. 

Charge passed through the specimen is decreased when 

the fly ash percentage is increased up to 30% as shown in 

the Fig. 5. Fly ash is a finer particle compared to OPC and 

it reduces the porosity of the structure by lowering the 
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ntage 

Curing 

Period 
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m2) 
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m2) 

28 

Days 

(kN/m

m2) 

0.5 0% 0 days 31.93 38.4 45 

3 days 28.36 38.05 49.83 

7 days 29.7 38.93 52.7 

18% 0 days 33.4 38.63 46.5 
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7 days 29.26 35.93 55.1 
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interconnection of pores. This might reduce the penetration 

of chloride irons through the concrete specimen. 

Fig. 6 shows that the charge passed through the specimen 

is reduced when the curing period is risen up to 7 days. But 

there is not a significant difference between 0 days and 3 

days of curing while 7 days of curing highly reduces the 

charge passed through the concrete. Therefore, it can be 

stated that the curing is less significant in the range of 0-3 

days in terms of penetrability of the concrete. 

Curing enhances the hydration process and it leads to 

lower the interconnection of pores as described earlier. 

Thus, more curing will lead to less penetration of chloride 

irons due to less porosity. 

3.3 Chloride Profile Obtained after RCPT 

Chloride concentration values at different depths were 

fitted using a non-linear regression analysis, and chloride 

profile curves were plotted according to Equation (1). 

Chloride penetration depth also can be obtained from the 

Equation (1). That depth corresponds to 0.01% chloride 

concentration along the depth of the concrete sample [14]. 

This would help to check the validity of the RCPT for the 

mix proportions with fly ash. Obtained results from the 

regression analysis, are shown in Table 3. 

Table 3: Results of the chloride profile 

 

Chloride profiles for the selected mix proportions are 

shown in Fig. 7.  
Chloride penetration depths are decreased when the fly 

ash percentage is increased, as given in Table 3. Therefore, 

it is clear that the charge passed through the concrete 

specimen and chloride penetration depth both increase 

when fly ash is added as a supplementary cementitious 

material. 

 

 

3.4 Obtaining Chloride Diffusion Coefficient  

After obtaining chloride profile and chloride penetration 

depth, chloride diffusion coefficient could be obtained 

using Equation 3, which is based on Fick’s 2nd law. 

(3) 

(3-a) 

 

(3-b) 

 

Where R: the gas constant (Joule/mole/K), x: the 

chloride penetration depth(cm), C: the chloride content at 

position x, t: time(sec), Cs: surface chloride content (%), 

T: the absolute temperature(K), Z: electrical charge of 

chloride, F: Faraday constant(C/mole), E: electrical field 

(V/m). [14] 

Table 4: Chloride diffusion coefficient values 

Chloride 

Profile 

Equation 

Chloride 

Penetration 

Depth (cm) 

Chloride Diffusion 

Coefficient (cm2/s) 

C=0.219*e(-

0.106x^2) 

5.396 5.43607E-08 

C=0.216*e(-

0.127x^2) 

4.919 4.95449E-08 

C=0.197*e(-

0.136x^2) 

4.681 4.71482E-08 

Some of the researchers argue that the RCPT coulomb 

values and chloride penetration depths are not matched 

each other when fly ash is used [15]. But in this 

investigation, it was clearly seen that the chloride 

penetration depth increases when RCPT coulomb values 

are increased, as given in Table 4.  

3.5 RCPT Values vs. Diffusion Coefficient  

According to Fig. 8, the RCPT values show a direct 

linear relationship with diffusion coefficient values which 

were obtained using chloride profiling method. This means 

that the respective diffusion coefficient values can be 

determined directly from the RCPT values. 

Fly Ash Percentage Cs (%) a d (cm) 

0 0.219 0.106 5.396 

18 0.216 0.127 4.919 

30 0.197 0.136 4.681 
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Figure 7: Chloride profile 

𝑀𝑛 =
1

𝛽
(
𝑥 − 𝛼√𝑥

𝑡
) 

𝛽 =
|𝑍|𝐹𝐸

𝑅𝑇
 

𝛼 = 2√
1

𝛽
. 𝑒𝑟𝑓− (1 −

2𝐶

𝐶𝑠
) 

SSESLAS2022-01 Page. 6



SOCIETY OF STRUCTURAL ENGINEERS, SRI LANKA - ANNUAL SESSIONS 2022 
 

 

 

 

3.6 Service Life Prediction According to Fib Model Code 

for SLD  

Full probabilistic design method for chloride-induced 

corrosion for uncracked concrete was considered to obtain 

the service life of the concrete. Fib model code suggests 

following limit state equation (Equation (4)) to compare 

the critical chloride content with respect to the actual 

chloride content [16]. 

(4) 

• Ccrit.: Critical Chloride Content (wt.-%/c) 

• C(x,t): Content of chlorides in the concrete at a depth 

x 

• C0: Initial chloride content of the concrete (wt.-%/c) 

• CS,Δx: Chloride content at a depth Δx and a certain 

point of time t 

• x: Depth with a corresponding content of chlorides 

C(x,t) (mm) 

• a: Concrete cover (mm) 

• Δx : Depth of the convection zone 

• Dapp,C: Apparent coefficient of chloride diffusion 

through concrete (mm²/years) 

• t : Time (years) 

Code suggests obtaining the apparent coefficient of 

chloride diffusion (Dapp,C) from a chloride profiling 

method. Therefore, chloride profiles obtained after the 

RCPT were used as Dapp,C values. 

Mean initial chloride content is given as 0.01% and 

critical chloride content is given as 0.6% by the code itself. 

Surface Chloride Content (SCC) is considered as only a 

function of environmental load such that it does not depend 

on the mix proportions for the ease of calculation. For XD 

and XS environments, SCC was considered as 2% [17]. 

Therefore, the substitute chloride content was assumed as 

1%. 

Table 5 shows the predicted service life according to 

Equation (6) and the above assumptions. 

Table 5: Predicted service life according to fib model 

code 

Fly Ash 

Percentage 

Dapp,C  

(mm2/years) 

Service Life 

(years) 

0 171.43 20.1 

18 156.24 22.0 

30 148.68 23.2 

The highest service life is achieved by the 30% fly ash 

concrete while the lowest service life is achieved by the 

control sample, which is OPC concrete. Therefore, it can 

be stated that the service life of concretes can be improved 

by adding fly ash as supplementary cementitious material. 

4. Conclusions 

Based on discussed analysis following conclusions can 

be made. 

• 28 days of compressive strength of fly ash concrete is 

higher compared to the OPC concrete, because fly 

ash enhances the hydration process by lowering the 

interconnectivity between pores. 

• Concrete's chloride permeability is greatly reduced 

with the addition of fly ash up to 30%. The fineness 

of fly ash is a significant contributor to decrease 

chloride permeability. 

• Curing is a crucial factor in terms of both the 

compressive strength and the durability of concrete. 

• Some researchers argue that there is a contradiction 

between RCPT values and Chloride penetration 

depths when fly ash is used. However, in this 

investigation, it was clearly seen that the chloride 

penetration depth increases when RCPT coulomb 

values are increased. Therefore, the criticism is not 

valid for this experimental investigation. 

• Concrete specimens which were used for RCPT can 

be used to obtain chloride profile and chloride 

diffusion coefficient. Finally, that chloride diffusion 

coefficient can be used to correlate with Fib Model 

Code for SLD in order to predict the service life of 

the concrete sample. 

5. Recommendations for Future Work 

There are various types of deterioration processes which 

affect the durability of reinforced concrete structures. 

Those processes can be engaged in the deterioration 

process as an individual process or couple of them at once. 

Since those combinations of deterioration process are not 

fully understood with relevant information, realistic 

identification of the deterioration of concrete should be 

carried out in the future. 

Acceptance and verification of the selected 

performance-based test method (RCPT) are important as 

an indicator of concrete durability under real-world 

exposure conditions. Therefore, it is required to perform a 

series of laboratory tests to verify the results between 

laboratory made concrete samples and actual concrete 

samples extracted from real structures under exact same 

conditions. 

RCPT has a couple of issues itself as an indicator. The 

main concern is, maintaining actual site conditions such as 

temperature variations in the concrete, curing conditions, 

batching and transportation, etc. Further, role of other 

conducting materials presents in the concrete sample other 

than chloride ions is a problem. Also, the NaCl 

concentration is not a constant value over the 6 hours 

period and maintaining the steady-state migration over that 

time period are obstacles in this test method. Therefore, 

addressing these issues is essential in future work. 

 𝐶𝑐𝑟𝑖𝑡  = 𝐶0 + (𝐶𝑠,∆𝑥 − 𝐶0) (1 − 𝑒𝑟𝑓
𝑎−∆𝑥

2√𝐷𝑎𝑝𝑝 𝑡
) 

0

500

1000

1500

2000

2500

3000

4.6E-08 4.8E-08 5E-08 5.2E-08 5.4E-08 5.6E-08

R
C

P
T 

V
al

u
es

 (
C

o
u

lo
m

b
)

Diffusion Coefficient (cm^2/s)

RCPT vs Mn

Figure 8: RCPT values vs. diffusion coefficient 

SSESLAS2022-01 Page. 7



SOCIETY OF STRUCTURAL ENGINEERS, SRI LANKA - ANNUAL SESSIONS 2022 
 

 

 

The correlation procedure was based on some 

assumptions such as critical chloride content, surface 

chloride content and initial chloride content of the 

concrete. Those values should be extracted from real 

structures under the same environmental conditions. In 

addition to that Dapp is a function which varies with time. 

Therefore, exploring a time-dependent diffusion 

coefficient is also a serious issue which should be 

addressed in the future work. 
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Effective Supplementation of Biochar in Alkali-activated Slag Production  
 

Harshani Egodagamage1,*, Hiran Yapa1, Samith Buddika1, Kate Nguyen2, and Satheeskumar Navaratnam2 

 

Abstract 

Biochar performs remarkably well as a supplementary material for binders in terms of improving sustainability 

and engineering properties. Besides, Alkali-activated slag (AAS) is identified to be a sustainable alternative to 

ordinary Portland cement (OPC). In this light, this study assessed the feasibility of activating a blend of biochar 

and ground granulated blast furnace slag (GGBS) using a combination of activators of sodium carbonate and 

sodium hydroxide. Three distinct biochar types (Rice husk biochar-RB and two sewage sludge biochar types), 

three biochar replacement levels (1,2 and 5%) and three Na2O contents (6,8 and 10%) were considered as the 

parameters. Through trial mixes, a potential range of parameters was identified, and subsequently, the Taguchi 

orthogonal experimental design was used to optimize the mix design in terms of compressive strength and 

flowability. The optimum combination was found to be 2% RB with 10% Na2O content and the experiments 

showed that the it enhanced the 3-, 7-, 28- and 56-day compressive strength by 16.5%, 13.5%, 7.4% and 12.2% 

respectively. The high-water absorption and water retention property of biochar was deemed to be responsible 

for these improvements.   

 

Keywords: Alkali-activated slag; Compressive strength; Flowability; Rice husk biochar; Sewage sludge 

biochar; Taguchi method;   

 

 

1. Introduction1 

Sustainability is now a global motivation, and 

consequently, high level of attention has been paid on 

replacing Portland cement with sustainable construction 

materials. It is observed that alkali-activated materials 

(AAMs) are identified to be promising green alternatives 

to OPC products [1-3]. Most precursors of AAMs are 

industrial by-products (e.g. fly ash and slag) and their 

manufacture emits low greenhouse gases. Such products 

are therefore both economically and environmentally 

sustainable [4,5]. Alkali-activated slag (AAS) is prominent 

among AAMs for its ability to be activated efficiently at 

ambient temperature and to attain considerable strength 

[1,6].  

Over the recent past, the most commonly used activator 

in AAS has been a combination of alkaline hydroxides and 

silicates (e.g. sodium hydroxide and sodium silicate) as it 

ensures a high degree of alkali-activation [1,7]. However, 

the production of these activators, especially sodium 

silicate, releases a large amount of CO2 to the atmosphere. 

Turner et al. [8] estimated that the total CO2 equivalent 

emission was 1.514 kg during manufacturing 1 kg of 

sodium silicate. Therefore, selecting alkaline activators 

with a low carbon footprint is important for the future 

development of AAS [6,9-11]. Similarly, AAS activated 

by sodium silicate shows some drawbacks in its 

performance, for instance, reduced workability, quick 

setting and high drying shrinkage [4,6,11,12].  

Sodium carbonate as an alkaline activator has 

successfully improved the workability and shrinkage of 

AAS products while declining the CO2 emissions 

significantly. However, the major problem of sodium 

 
1Harshani Egodagamage, Hiran Yapa and Samith Buddika are 

with the Faculty of Engineering, University of Peradeniya, Sri 

Lanka. Kate Nguyen and Satheeskumar Navaratnam are with the 

School of Engineering, RMIT University, Australia (e-mail: 

carbonate is its slow early strength development at ambient 

temperature [5-7,9]. For instance, Zhang et al. [6] reported 

that the 3-day compressive strength of slag (with D50 = 8.1 

µm) activated by sodium carbonate (4% sodium oxide 

equivalent) was as low as 0.8 MPa (whereas the 28-day 

compressive strength was 29.7 MPa). As an improvement, 

Zhang et al. [6] proposed to use ultra-fine slag to increase 

the slag reaction rate. Similarly, Rashad et al. [13] found 

that increasing slag fineness from 2500 cm2/g to 5000 

cm2/g enhanced the 3-day by 137.4% and 28-day 

compressive strength by 51.7%. Tan et al. [14] showed that 

wet ground slag with D50 = 3.87 µm could be activated 

efficiently by both sodium sulfate and sodium carbonate at 

room temperature due to the super-fineness of the slag. Gao 

et al. [7] obtained a maximum 1-day compressive strength 

of 21.8 MPa by adding calcium carbide residue, which was 

mainly composed of Ca(OH)2, to Na2CO3 activated slag. 

Supplementing of NaOH is another approach to accelerate 

the slow activation mechanism of Na2CO3 [9].  Jiao [11] 

proposed that an optimum Na2CO3: NaOH molar ratio of 

15:10 and a Na2O content of 6% can effectively increase 

AAS's compressive strength. 

To enhance the sustainability as well as the mechanical 

performances of binders, it has been a recent trend that 

biochar is used as a supplement. This is mainly because of 

biochar’s ability to capture and sequester CO2 without 

suppressing the properties of mortar.  Gupta et al. [15] 

reported that mixed wood sawdust biochar has a CO2 

adsorption capacity of 1.67 mmol/g of biochar, and 

incorporation of 2 wt.% biochar in cementitious mortar has 

reduced the net global warming potential by 15.3% 

compared to the control mix. Similarly, Gupta et al. [16] 

revealed that the CO2 adsorption capacity of peanut hull 
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biochar was 0.86 mmol/g. Praneeth et al. [17] also showed 

an increment in CO2 uptake in the cement-fly ash blocks 

due to the addition of 2-6 wt.% of corn stover biochar. 

Moreover, numerous studies have demonstrated additional 

benefits of biochar as an engineering material in cement-

based composite materials [15,18-21]. For instance, due to 

water retention capacity and the internal curing effect of 

biochar, it could enhance the mechanical performance of 

OPC mortar, especially the early age compressive strength 
[15,18,19]. Gupta and Kua [20] revealed that the addition 

of 0.5-1% of mixed wood sawdust biochar increased both 

1-day and 28-day compressive strength of OPC mortar by

20-25%. Chen et al. [21] reported that incorporating 2% of

sewage sludge biochar improved the 1-day and 28-day

compressive strength of Portland cement-based composites

by 29.3% and 5.8%, respectively. Gupta et al. [22]

observed an improvement in OPC mortar strength by 17-

24% when 1-2 wt.% of mixed wood biochar and 2 wt.% of

the rice husk biochar were added. Maljaee et al. [23]

summarized the recent studies on biochar added mortars

and revealed that an optimum biochar content could be

around 2 wt.% in terms of improving the mechanical

properties of cementitious mortars. The excessive addition

of biochar has led to compressive strength reductions. For

instance, Zeidabadi et al. [24] observed a decrease around

13% in compressive strength of cement-based composites

when rice husk biochar content was increased from 5% to

10%. Similarly, the addition of wood biochar into

cementitious mortar at dosage levels of 10% and 20%

reduced the compressive strength by 19% and 53%,

respectively compared to the control mix [25].

Even though the performance of biochar supplemented 

OPC mortar has been explored widely (as discussed 

previously), such investigations towards AAS products are 

found seldom.  In this light, this project was implemented 

with the primary objectives of exploring for an appropriate 

biochar type, optimum blending levels, and resulting 

performance in view of alkali-activated slag mortar 

(AASM) products. A combination of biochar and ground 

granulated blast furnace slag (GGBS) was used as the 

precursor to produce AASM. Three affecting factors (at 

three levels), namely biochar type (BT), replacement level 

of biochar with slag (RL) and Na2O content by the weight 

of the binder (Na2O-E), were considered to figure out the 

flow and compressive strength of AASM. Taguchi design 

of experiment method was used to determine the optimum 

levels of the considered factors. [26-30]. A total of 6 cubes 

were cast for each combination of the Taguchi design 

contributing 54 overall cubes. Next, another 24 cubes were 

cast to assess the compressive strength of the AASM under 

this optimum mix design at different curing ages. 

Flowability of the optimum AASM mix was also assessed 

using a standard flow test.  

2. Research significance

The success of using biochar as a supplement in OPC 

cement has inspired its use in the production of AAMs. 

Limited studies [31-33] have explored the feasibility of 

supplementing biochar to basic AAM precursors (fly ash, 

metakaolin, slag), however, detailed and quantitative 

results are seldom found. This study addressed that 

particular research gap.  

3. Methodology

3.1 Materials 

3.1.1 GGBS, alkaline activators and sand 

GGBS used in this study was supplied by Siam City 

Cement (Lanka) Limited. To increase the fineness, the raw 

slag was ground using a ball mill. The particle size 

distribution (D50) of the processed slag was measured using 

a laser diffraction particle size analyzer to be 6 µm. The 

chemical composition of the slag determined by X-ray 

fluorescence (XRF) spectrometry is listed in Table 1. 

Analytical grades of NaOH pellets and Na2CO3 were used 

as alkaline activators, and CEN standard sand was used as 

the aggregate. 

Table 1: Chemical composition of GGBS (%) 

Oxide Composition 

(%) 

CaO 40.4 

SiO2 35.4 

Al2O3 12.2 

MgO 6.20 

Fe2O3 0.75 

K2O 0.30 

Na2O 1.10 

3.1.2 Preparation of biochar 

   Biochar was prepared using three different biomasses 

which were: locally collected rice husk (RH); dewatered 

sewage sludge sample (moisture content of 46.9%) that 

was obtained from drying beds at Hanthana wastewater 

treatment plant (SS-HWTP); and mechanically dewatered 

sewage sludge (moisture content of 75.8%) sample that 

was obtained from Kandy city wastewater treatment plant 

(SS-KCWTP). 

Prior to pyrolysis, sewage sludge (SS) and RH were 

prepared separately. The SS samples were oven-dried at 

1050C for 24 h and then crushed and sieved to pass 5 mm 

sieve. The RH was washed thoroughly under tap water and 

oven-dried at 800C for 48 h before pyrolysis. The dried SS 

and RH were stored in a sealed container to produce 

biochar. Pyrolysis was carried out using a Yamato FO-310 

muffle furnace. The pyrolysis temperature was maintained 

at 5000C as low temperatures conserve energy and to 

conserve the amount of amorphous silica content [21]. 

Temperatures below 5000C were not used in this study 

since those temperatures can retain sewage sludge's toxic 

substances, creating high ecological risks. The heating rate 

was maintained at 100C/min until the pyrolysis temperature 

reached and then the temperature was maintained for 60-

minutes. The pyrolysis temperature profile is shown in Fig. 

1. The produced biochar (shown in Fig. 2) was manually

ground and sieved from 75 µm sieve before mortar

preparation.
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Figure 1: Pyrolysis temperature profile 

 

 

 

 

 

(a)                          (b)                           (c) 

Figure 2: Biochar samples prepared from: (a) RH; (b) SS-

HWTP; and (c) SS-KCWTP 

3.2 Methods 

3.2.1 Characterization of biochar 

The pH of the raw materials and the biochar was 

measured by mixing the materials with distilled water at a 

mass ratio of 1:10. The solution was stirred well for 30-

minutes and let the solution be stabilized for 1 h, after 

which pH was measured using a pH meter. Table 2 shows 

pH values of SS and biochar samples.  

 

Table 2: pH values of SS and biochar samples 

Biomass 
pH 

Before pyrolysis  After pyrolysis  

RH - 8.02 

SS-HWTP 6.55 6.77 

SS-KCWTP 6.37 7.00 

 

   The oxide composition of biochar, characterized by X-

ray fluorescence is shown in Table 3. Pyrolyzed RH, SS-

HWTP and SS-KCWTP are referred as RB, SBH and SBK 

respectively. In all three biochar types, SiO2 was found to 

be the prominent oxide composition and RB contained the 

highest SiO2 content. A laser diffraction particle size 

analyzer was used to measure the particle size distribution 

of RB. The same technology was utilized to measure the 

distribution of GGBS particles for comparison (Fig. 3). It 

is of note that the particle size distribution assessment was 

limited to RB, which was selected as the optimum biochar 

type (will be explained in Sec. 4.1). The median particle 

size (D50) of RB was found to be 7.9 µm which was higher 

than the D50 of GGBS (6 µm). Therefore, in this study 

biochar did not cause an effective filler effect as it was 

reported in previous studies [15,19].  

 

 

 
 

Table 3: Oxide composition of biochar 

Oxide 

composition (%) 
RB SBH SBK 

SiO2 35.6 33.0 23.9 

Al2O3 0.03 14.7 15.6 

Fe2O3 0.02 15.8 6.05 

CaO 0.33 4.06 2.06 

MgO 0.14 1.15 2.17 

K2O 0.57 0.66 0.99 

Na2O 0.05 0.82 1.01 

Cl - 0.02 - 

P2O5 0.10 - 3.76 

ZnO - - 0.07 

Mn2O3 0.06 - - 

LOI 62 30 45 

 

 
   Figure 3: Particle size distribution of GGBS and RB 

The ‘tea bag method’ was used to determine the water 

absorption of biochar [19,34]. A biochar weight of 5 g was 

placed in the tea bags and immersed in water. 

Simultaneously an empty tea bag was submerged in water 

to measure the water absorption only by biochar. The mass 

gain was measured at regular time intervals till the 

saturation point. The mass of water absorbed per gram of 

dry biochar was denoted as the water absorption capacity 

of biochar. Water absorption capacity of RB, SBH and 

SBK was 2.02 g/g of dry biochar, 1.08 g/g of dry biochar 

and 1 g/g of dry biochar respectively.  

3.2.2 Mix proportion, mixing and curing  

   The Taguchi experiment design method was used to 

explore the optimum mix design based on the flow and 3-

day and 28-day compressive strengths of mortar [26-30]. 

The primary aim of using the Taguchi method was to 

reduce the number of experiments required (however, a 

main drawback of the method was that it did not indicate 

directly the sensitivity of individual parameters). Table 4 

shows the factors and levels used. It is of note that three 

levels of each factor were selected based on the trial 

experiments and on the results of the previous studies 
[6,9,11,19]. 

Based on previous studies and the trials, the water to 

binder ratio (w/b), sand to binder ratio and Na2CO3 to 

NaOH molar ratio were fixed at 0.5, 3 and 15:10, 

respectively [6,9,11]. Several factors such as water 

absorption of biochar, workability of the AASM and 

particle sizes of slag were considered in the selection of 

w/b. The amount of water was calculated in two parts; one 

is produced from NaOH and the remaining is the extra 
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distilled water. The Na2CO3 and NaOH dosages were 

calculated corresponding to the Na2O-E. The details of 

each mix and the designed mix proportions are listed in 

Tables 5 and 6, respectively. 

   The mixing process started by dissolving Na2CO3 and 

NaOH in distilled water 2 h before mixing starts [10]. Next, 

slag and biochar were mechanically mixed in the Hobart 

mixer for 4-minutes at a low speed after first being 

manually mixed to ensure the homogeneity of the mix. 

Then the activator solution was added gradually and mixed 

for another 2-minutes at low speed. Finally, sand was 

added and mixed for 3-minutes at high speed [6]. Mortar 

was cast in standard steel moulds (50 x 50 x 50 mm3) [35] 

and placed on the vibrating table for maximum of 45 

seconds. The samples were then put into sealed plastic bags 

for 3-days before demolding and subsequently cured inside 

the sealed plastic bags until the age of testing as illustrated 

in Fig. 4.  

 

 
Figure 4: Sealed curing of the AASM samples in plastic 

bags 

Table 4: Factors and levels of Taguchi experimental 

design 

Factor Level 1 Level 2 Level 3 

BT RB SBH SBK 

RL 1% 2% 5% 

Na2O-E 6% 8% 10% 

 

Table 5: Mixture details with orthogonal array L9 (33) 

Run BT RL Na2O-E 

R1-RB1-6 RB 1 6 

R2-RB2-8 RB 2 8 

R3-RB5-10 RB 5 10 

R4-SBH1-8 SBH 1 8 

R5-SBH2-10 SBH 2 10 

R6-SBH5-6 SBH 5 6 

R7-SBK1-10 SBK 1 10 

R8-SBK2-6 SBK 2 6 

R9-SBK5-8 SBK 5 8 

 

3.2.3 Characterizations of alkali-activated biochar-slag 

mortar 

After determining the optimum AASM mix 

combination, the flowability and the compressive strength 

(at 3-, 7-, 28- and 56-days) of the optimum mix and of the 

relevant control mix were measured. Flowability was 

determined by calculating the average flow of mortar on 

the flow table as specified in ASTM C1437 [36]. 

Compressive strength of AASM was assessed using a 3000 

kN compression testing machine at a loading rate of 1.5 

kN/s. The test was performed conforming to ASTM C109 
[35]. The average values of three samples were considered 

as the compressive strength of AASM for each age. Fig.5 

depicts the fresh and hardened states of the AASM.  

 

Table 6: Mixture proportions 
Run Slag 

(g) 

Biochar 

(g) 

Na2CO3 

(g) 

NaOH 

(g) 

Sand 

(g) 

Water 

(g) 

R1 445.5 4.5 34.6 8.7 1350 223.0 

R2 441.0 9.0 46.2 11.6 1350 222.4 

R3 427.5 22.5 57.7 14.5 1350 221.7 

R4 445.5 4.5 46.2 11.6 1350 222.4 

R5 441.0 9.0 57.7 14.5 1350 221.7 

R6 427.5 22.5 34.6 8.7 1350 223.0 

R7 445.5 4.5 57.7 14.5 1350 221.7 

R8 441.0 9.0 34.6 8.7 1350 223.0 

R9 427.5 22.5 46.2 11.6 1350 222.4 

 

    
          

(a)                                        (b) 

Figure 5: (a) Fresh; and (b) hardened states of the AASM 

4. Results and Discussion 

4.1 Determination of optimum mix design 

Table 7 shows the average flow values, 3-day 

compressive strength values and 28-day compressive 

strength values of all the nine mixes. These results were 

analyzed using the Minitab software. Based on the main 

effects plots (Figs. 6 – 8), the following observations were 

made. 

a) Based on Fig. 6, combination SBK2-6 achieves the 

highest flow. With the increasing Na2O content, 

flow reduces. However, the drop in the flow is 

limited to about 14 mm when the Na2O 

concentration is increased from 6% to 10%. Tan 

[37] also noticed a similar trend in fluidity in his 

mixes when the biochar content varied between 0% 

to 10%. Also, the sensitivity of the flow to the 

biochar type and the replacement level is limited.  

b) Fig. 7 illustrates that the combination RB2-10 is 

more promising toward 3-day compressive strength. 

The behavior is much sensitive to the biochar 

replacement level and the Na2O content; for 

instance, about 44% strength reduction is indicated 

if the biochar content increases from 2% to 5%. 

Hence, using 2% rice husk biochar with 10% Na2O 

is identified to be a clear choice for achieving good 

early strength. 

c) RB5-10 combination finds the maximum 28-day 

compressive strength according to Fig. 8. The 

sensitivity of the behavior to the biochar type and 

the Na2O content is prominent, whereas it is 

relatively less significant to the biochar replacement 

level.   

In addition to these observations, the literature revealed 

that blending of 1-2% biochar ensures the enhanced early 

and later compressive strengths (of OPC binders). For 

instance, Maljaee [23] suggested that to improve the 
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mechanical properties of cementitious mortar, the optimum 

biochar content need to be around 2%. Tan [37] observed 

that when the biochar content was raised from 5% to 10%, 

both 7-day and 28-day compressive strength of cement-

based mortar reduced. A similar reduction was observed by 

Tan [37] for 7-day compressive strength in cementitious 

mortar when the biochar content was 3%. By accounting 

all these facts, the use of 2% rice husk biochar with 10% 

Na2O was identified as the optimum mix which seems 

more promising towards the overall performance. 

 

Table 7: Flow and compressive strength results 

Run Flow 

(%) 

Compressive strength 

(MPa) 

3-day* 28-day* 

R1-RB1-6 94 18.0 (0.2) 37.6 (0.8) 

R2-RB2-8 83 21.7 (0.2) 43.8 (0.9) 

R3-RB5-10 65 19.7 (0.3) 52.0 (0.9) 

R4-SBH1-8 83 18.8 (0.3) 43.2 (1.5) 

R5-SBH2-10 79 20.5 (0.1) 42.2 (0.9) 

R6-SBH5-6 76 0.0** 31.7 (1.0) 

R7-SBK1-10 80 22.9 (0.3) 40.3 (0.3) 

R8-SBK2-6 96 18.4 (0.2) 36.4 (1.1) 

R9-SBK5-8 79 14.6 (0.5) 44.6 (0.2) 

*standard deviations of the compressive strength results 

are denoted within the brackets; **mix did not set at 3-days 

 

 
Figure 6: Main effects plot for flow value 

 

 
Figure 7: Main effects plot for 3-day compressive strength 

 
Figure 8: Main effects plot for 28-day compressive 

strength 

4.2 Influence of biochar on flowability and compressive 

strength of AASM 

The flowability results of the optimum mix (RB2-10) 

and control mix (0% RB and 10% Na2O-E) are illustrated 

in Table 8. 2% RB reduced the flowability of the mix by 

10% compared to the control mix at a fixed w/b of 0.5. This 

reduction in flow is attributed to the water absorption 

property of porous biochar and comparable observations 

are reported in [19,21]. It is of note that, since the 

workability of the mix was still satisfactory, no specific 

measures were taken to control the flow reduction in this 

study.  

 

Table 8: Flowability of the optimum and control AASM 

mixes 

Mix RB content Flow/mm 

Control 0% 161 

Optimum 2% 145 

 

At different curing ages, the compressive strength results 

of the optimum mix relative to the control mix are shown 

in Fig. 9. It was observed that 2% RB increased the 3-, 7-, 

28- and 56-days compressive strength by 16.5%, 13.5%, 

7.4% and 12.2% respectively in comparison to the control 

mix. The strength enhancement at an early age is more 

highlighted. The improvement in strength can be attributed 

to the high-water absorption and retention property of RB. 

Because biochar absorbs part of the mixing water reducing 

the effective w/b of the mix. Declining the evaporable free 

water content of the mix which cause the creation of 

capillary pores, leads to densification of the mix, resulting 

a development in the compressive strength. Previous 

studies have revealed similar findings [21,34]. Later, the 

retained water in biochar helps to maintain the moisture 

content in mortar during hardening, providing an internal 

curing effect on the AASM [38]. It is meanwhile of note 

that the strength increment at 56-days was higher than that 

at the 28-days. This could possibly be due to the pozzolanic 

action of RB. For instance, Muthukrishnan [39] revealed 

that the increment in compressive strength of mortar due to 

the pozzolanic action of amorphous silica in RB is 

significant only after 28-days of curing. Similar 

explanation was given by Jamil [40] for the rice husk ash 

performance.  

 

Factor 1 2 3 

BT RB SBH SBK 

RL 1 2 5 

Na2O-E 6 8 10 

 

Factor 1 2 3 

BT RB SBH SBK 

RL 1 2 5 

Na2O-E 6 8 10 

 

Factor 1 2 3 

BT RB SBH SBK 

RL 1 2 5 

Na2O-E 6 8 10 
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Figure 9: Compressive strength of AASM at different 

curing ages 

4.3 Problems encountered during experiments 

4.3.1 Effect of curing conditions 

During the trials, two different curing conditions were 

considered until the testing age, after demolding the 

AASM samples at the age of 3-days: 1) exposing the 

samples to the laboratory conditions (200C ± 20C and 55% 

± 5% RH) and 2) sealing the samples inside plastic bags.  

As shown in Fig. 10, sealed curing improved the 3-day 

and 7-day compressive strength of the AASM samples by 

26% and 30%, respectively, as compared to the AASM 

samples exposed to laboratory conditions. This is due to 

the fact that when the AASM samples are sealed in plastic 

bags, moisture loss is reduced. Hasnaoui et al. [41] found 

that curing geopolymer samples at high relative humidity 

(RH) levels (90%), increased the 3-day and 7-day 

compressive strength values by around 14% and 12%, 

respectively in contrast to the samples cured at 50% RH. 

Also, the compressive strength from 7- to 28-days was 

increased by 5.5% and 21.6% for geopolymer samples 

cured in 50% and 90% RH, respectively. Hasnaoui [41] 

explained that the high relative humidity favored the 

formation of C-S-H gel through the hydration of unreacted 

slag particles with the alkaline solution, thus increasing the 

compressive strength.    

 

 
Figure 10: The compressive strength of the AASM in 

sealed curing and under laboratory condition. 

 
4.3.2 Contamination of GGBS 

A ground batch of slag was gained at first, where the 

grinding has been done in milling machines used to grind 

cement along with gypsum. After conducting an XRD 

analysis, it was revealed that the slag had mingled with 

gypsum. The X-ray diffractograms of the pure slag (PS) 

and the contaminated slag (CS) are shown in Fig. 11. The 

peaks detected at the diffraction angles of 11.60, 20.70 and 

23.40 denote the presence of gypsum in the CS [42,43].  

The compressive strength values of the AASM prepared 

with PS (AASM-PS) and CS (AASM-CS) are illustrated in 

Fig. 12. The 3-day and 7-day compressive strength 

reductions of the AASM-CS were 31% and 30%, 

respectively compared to the AASM-PS. This explains that 

the purity of the binder is an important factor in 

determining the compressive strength and contaminations 

can cause deviations in the compressive strength.  

0 10 20 30 40 50 60 70 80
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PS

CS



- Gypsum

 
Figure 11: X-ray diffractograms of PS and CS 

 
Figure 12: Compressive strength of AASM with PS and 

CS 

4.3.3 Significance of mixing an adequate quantity of AASM 

AASM mixing was conducted using a 4.5-liter capacity 

Hobart mixer. It was observed that when small quantities 

were mixed, the resulting compressive strength was 

manipulated. For instance, in a particular mixing, when the 

mixing quantity was reduced from 2097 g (0.9-liter) to 699 

g (0.3-liter), the 3-day compressive strength was decreased 

from 19.7 MPa to 14.7 MPa. Thus, mixing of an adequate 

quantity in the mixer was identified to be important to have 

a consistent mix.  The experimental evidence showed that 

the mixing amount should at least be about 20% of the 

bowl capacity.  

5. Conclusions 

  Combination of 2% rice husk biochar (RB) with 10% 

Na2O was the most promising mix design towards the 

overall performance in compressive strength and 
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flowability. The mix enhanced the early compressive 

strength by 16.5% compared to the biochar free AASM 

mix. The strength at 28- and 56-days was also enhanced by 

7.4% and 12.2% respectively. The high-water absorption 

and retention property of RB potentially caused the 

observed compressive strength enhancement. Meanwhile, 

flowability of the AASM mix was reduced by 10% due to 

the addition of 2% RB. The high-water absorption property 

of RB could be attributed to this reduction. 

 

   Contamination of slag by gypsum, reduced the 3-day and 

7-day compressive strength values by 31% and 30% 

respectively. Thus, the purity of slag was identified to be 

an important factor. Sealed curing of the AASM samples, 

enhanced the 3-day and 7-day compressive strength by 

26% and 30%, respectively, in contrast to the AASM 

samples exposed to the laboratory conditions (200C ± 20C 

and 55% ± 5% RH). This revealed that high relative 

humidity enhances the compressive strength of the AASM. 

Moreover, mixing of an adequate quantity in the mixer was 

identified to be important to have a consistent AASM mix.  

The experimental evidence showed that the mixing amount 

should at least be about 20% of the bowl capacity.  
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Evaluation of the Risk of Early Age Thermal Cracking in Bored Piles 
 

H T D de Silva1,*, T G P L Weerasinghe1, and S M A Nanayakkara1 

 

Abstract 

At early age, the internal temperature of concrete structures may increase significantly. This behavior occurs 

due to the heat emitted by cement hydration. A bored pile, which is a large structure, shows a non-uniform 

temperature variation in this age as the surface emits heat to the environment more than the internal mass. Due 

to this phenomenon, tensile stresses develop at the surface and compressive stresses develop at the core while 

heating, whereas the opposite occurs while cooling. These stresses cause thermal cracks. As bored piles are 

underground structures, assessing induced tensile stress and thermal cracks at depths is more complicated. 

Therefore, a stress analysis using finite element modeling (FEM) can be used to predict the cracking risk with 

the aid of a heat-generating model and appropriate material properties. Another significance of bored piles is 

the surrounding soil layer, which acts as a natural insulator that reduces the temperature differentials within 

the structure. In the first stage, a finite element (FE) model for a mass concrete structure exposed to air (with 

appropriate insulation) was developed by MIDAS Gen software to verify the incorporated methodology and 

material properties. The model was then validated using temperatures measured from an actual structure. After 

that, experimental data for temperature variation of a mock-up bored pile was collected and used for validating 

the FE model for a 2.5 m deep bored pile. With the validated results, the final FE model for a 10 m deep bored 

pile was developed. From that, the correlation between tensile stresses caused by internal restraints and 

temperature differentials developed in the structure is identified. This paper discusses the applicability of 

predicting early age thermal cracking risk based on the temperature differentials between the core and the 

surface of a bored pile 

 

Keywords:  Bored Piles; Heat of Hydration; Early Age Thermal Cracks; Finite Element Modeling 

.  

 

 

1. Introduction1 

A Bored pile is significant in supporting heavy vertical 

loads as a deep foundation and reducing settlements of the 

structure by transferring loads to the soil beneath or rock 

strata which has adequate bearing capacity. Avoiding 

thermal cracks in these piles is essential to ensure the 

durability and safety of the structure. To control thermal 

cracks, measures should be taken to avoid internal restraint 

caused by volume changes and thermal cracks caused by 

thermal stresses [1]. There are two ways to develop thermal 

stresses in concrete: the dissipation of the heat of hydration 

and periodic cycles of ambient temperature.  

The heat generated due to the chemical reaction between 

cement and water is specified as the heat of hydration. It is 

mainly influenced by the percentages of main compounds 

in cement. In consideration of ordinary Portland cement, 

two main compounds can be identified. They are Calcium 

Aluminates and Calcium Silicates. Calcium Aluminates 

consist of Tricalcium Aluminate (3CaO.Al2O3) and Ferrite 

(3CaO.Al2O3.Fe2O3), and Calcium Silicate consists of 

Alite (3CaO.SiO2) and Belite (2CaO.SiO2). According to 

[2], there are five main stages of the hydration process. 

Respectively these stages are mixing, dormancy, 

hardening, cooling, and densification as illustrated in Fig.1. 
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Figure 1: Stages of the hydration process 

Cement generates heat by hydration, typically at a higher 

rate than the heat dissipation to the environment. Due to 

this action, the temperature of concrete increases. Then the 

heat stuck inside the structure creates a temperature 

difference between the surface and the core. This 

difference creates excessive thermal strains. When the heat 

generating rate decreases gradually, the loss of heat 

becomes dominant. Then concrete begins to cool and 

contract. A restrained member will develop compressive 

stresses while heating and relieve the stresses while cooling 

if the properties of concrete are constant. However, the 

modulus of elasticity in concrete varies significantly during 

the first few days after concrete placing. The tensile stress 

produced during the cooling process is greater than the 

compressive stress produced during the heating process for 
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a specific value of restrained thermal strain [3]. Restrained 

strain in mass concrete depends on the temperature 

differentials between surface and core, restraint factor, 

coefficient of thermal expansion, and a coefficient that 

considers the creep and stress relaxation under sustained 

loading [4]. Cracking will happen when this restrained 

strain exceeds the tensile strain capacity of concrete. Creep 

and autogenous shrinkage are considered in these 

calculations while neglecting drying shrinkage of concrete 

because the analysis is done at early age. 

Thermal crack control can be specified as avoiding 

thermal cracking or reducing the crack width. To avoid 

early age thermal cracks, several researchers [5,6] have 

identified a maximum temperature difference of 20°C. 

However, some researchers such as [7,8] argue that 

cracking can occur at lower temperature differentials than 

20°C. However, early age concrete cracking depends on 

various other factors like restraint conditions, material 

properties, shrinkage, and creep [9].  

Kim [2] states that the cracking risk can be evaluated by 

the crack index. It is the ratio between the concrete tensile 

strength at a time and the maximum thermal stress at the 

same time. Also, [2] presented the relationship between the 

probability of crack growth and crack index.   

In concrete, the maximum rise in temperature that can be 

attained is known as the adiabatic temperature rise. In mass 

concrete elements, the heat of the hydration process is 

considered an adiabatic process. Practically a perfect 

adiabatic condition is difficult to achieve, and near 

adiabatic conditions are widely used. Papworth and 

Bamforth [10] present figures of adiabatic temperature rise 

for various combinations of general-purpose cement and 

different delivered temperatures. According to the figures, 

high delivered temperatures give high adiabatic 

temperatures and the addition of secondary material such 

as fly ash may reduce the heat generated. 

However, controlling the temperatures of concrete 

structures is essential to meet the intended purposes. 

Widely used methods of mass concrete temperature control 

are pre-cooling of concrete, post-cooling of concrete, 

surface insulation, using low-heat materials, and using 

suitable aggregates [11]. 

As bored piles are underground structures, the insulation 

effect of soil on the thermal behavior of mass concrete 

should also be considered.  It supports reducing the 

temperature differentials between the core and the surface 

of the pile [12]. According to the findings of [13], the 

temperature rise in surrounding soil may no longer be 

significant at a distance of four times the diameter of the 

pile, from the pile center. 

To identify a solution for the thermal cracking, 

assessment of induced tensile stress and cracking due to the 

temperatures at depths are much more difficult because the 

bored piles are underground structures. Thus, temperature 

and stress analyses are performed in this study by FEM 

using MIDAS Gen software.  

2. Methodology

2.1 Data Collection 

Subsequent to the commencement of the literature 

survey, experimental data regarding the temperature 

variation of tested mock-ups were collected. The 

experimental data is to be used in the validation of the FE 

models and will be discussed in the following sections. 

Data was collected from two projects: the CEB 

headquarters construction (Temperature variation 

measured from a mock-up pile cap) and the Central 

Expressway project (Temperature variation measured from 

a mock-up pile). 

2.2 Heat of Hydration Analysis by FEM 

The sub-analyses of the heat of hydration analysis 

consist of temperature distribution analysis for conduction, 

convection, heat source, etc.; change in modulus of 

elasticity due to curing and maturity; and stress analysis for 

creep and shrinkage. 

2.2.1 Heat Transfer Analysis 

MIDAS Gen determines changes in nodal temperatures 

with time due to, 

• Conduction

𝑄𝑥 = −𝐾𝐴
𝜕𝑇

𝜕𝑥
 (1) 

where, 𝑄𝑥 denotes the rate of heat transfer; 𝐴 denotes area;

𝐾 denotes thermal conductivity, and 
𝜕𝑇

𝜕𝑥
denotes 

temperature gradient. 

• Convection

𝑞 = ℎ𝑐(𝑇 − 𝑇∞)   (2) 

where, ℎ𝑐 denotes heat transfer coefficient; 𝑇 denotes the

surface temperature of the solid; and 𝑇∞ denotes the

average temperature of fluid flowing on the surface. 

• Heat source

𝑇 = 𝐾(1 − 𝑒−𝛼𝑡)   (3) 

where 𝑇 denotes adiabatic temperature; 𝐾 denotes 

maximum adiabatic temperature rise; 𝛼 denotes response 

speed; and 𝑡 denotes time. 

    Analysis results are expressed in terms of nodal 

temperatures varying with time. 

2.2.2 Thermal Stress Analysis 

Stresses in concrete are determined considering nodal 

temperature distribution; change in material properties due 

to changing time and temperature; time-dependent 

shrinkage; time and stress-dependent creep, etc. Material 

models specified in EN 1992-1-1:2004 [15]   are applied in 

FEM. 

The concrete compressive strength is determined by 

Equation (4), where, 𝑓𝑐𝑚(𝑡) is the mean compressive

strength (MPa) at an age t (days), 𝑓𝑐𝑚  is the mean

compressive strength (MPa) at an age of 28 days, 𝛽𝑐𝑐  is the

Equation (5), 𝑡 is the concrete age (days), and 𝑠 is a 

coefficient that depends on the cement strength class. 

𝑓𝑐𝑚(𝑡) = 𝛽𝑐𝑐(𝑡). 𝑓𝑐𝑚   (4) 

𝛽𝑐𝑐(𝑡) = exp{𝑠[1 − (
28

𝑡
)

0.5

]}   (5) 
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Tensile strength of concrete can be estimated by 

Equation (6), where, 𝑓𝑐𝑡𝑚(𝑡) is the mean tensile strength 

(MPa) at an age 𝑡 (days), 𝑓𝑐𝑡𝑚is the mean tensile strength 

(MPa) at an age of 28 days, α=1 where t<28 days and α=2/3 

where t>28 days, and 𝛽𝑐𝑐(𝑡) is the Equation (5). 

 

𝑓𝑐𝑡𝑚(𝑡) = (𝛽𝑐𝑐(𝑡))𝛼 . 𝑓𝑐𝑡𝑚      (6) 

 

As the elastic modulus directly affects the stresses and 

hence the possibility of cracking, the time-dependent 

elastic modulus is considered and determined using 

Equation (7). Here, 𝐸𝑐𝑚(𝑡) is the modulus of elasticity 

(MPa) at an age t, 𝑓𝑐𝑚(𝑡) is the mean compressive strength 

(MPa) at an age t, 𝐸𝑐𝑚  is the modulus of elasticity (MPa) 

at an age of 28 days, and 𝑓𝑐𝑚  is the mean compressive 

strength (MPa) at an age of 28 days. 

 

𝐸𝑐𝑚(𝑡) =   (𝑓𝑐𝑚(𝑡)/𝑓𝑐𝑚)0.3. 𝐸𝑐𝑚      (7) 

 

Since creep reduces the stresses developed in concrete at 

early age, this effect is considered in FEM using Equation 

(8) for creep coefficient. Here, 𝜑0 is the notional creep 

coefficient, 𝛽𝑐(𝑡, 𝑡0) is a coefficient to describe the 

development of creep with time after loading. 

 

𝜑(𝑡, 𝑡0) = 𝜑0. 𝛽𝑐(𝑡, 𝑡0)      (8) 

 

The drying shrinkage of concrete is neglected since the 

analysis is done at early age. The autogenous shrinkage 

strain develops during the hardening of the concrete, and 

Equation (9) is used to determine that. 

 

𝜀𝑐𝑎(𝑡) = 𝛽𝑎𝑠(𝑡)𝜀𝑐𝑎(∞)      (9) 

𝜀𝑐𝑎(∞) = 2.5(𝑓𝑐𝑘 − 10) × 10−6              (10) 

𝛽𝑎𝑠(𝑡) = 1 − exp (−0.2𝑡0.5)                (11) 

 

𝑓𝑐𝑘 is the characteristic compressive cylinder strength of 

concrete at 28 days and 𝑡 is time (days). 

2.3 FE Model of the Mock-up Pile Cap 

To evaluate the risk of early age thermal cracking, it is 

needed to develop a model using MIDAS Gen. Trying a 

pile model may be difficult at the initial stage because of 

the geometry and the underground situation. Hence, 

modeling has been carried out for a less complicated 

structure, a pile cap. For the validation, experimental data 

has been collected from a tested mock-up pile cap. The 

method verified here was applied in preparing model 2, 

then again validated and will be discussed in section 2.4. 

2.4 FE Model of the Mock-up Pile  

The next step was to build a model to understand the 

temperature and principal stress variation of a bored pile. 

Therefore, the most required experimental data from a 

mock-up pile has been collected. Accordingly, a FE model 

for a pile was developed to comply with the test data. 

Starting from a circular planer element, a solid element 

(cylindrical model) was prepared and then meshed using 

the “auto mesh” option. The cylindrical structure was then 

fixed at the bottom and only the self-weight was allocated 

as loads. After that, the model was assigned with relevant 

material properties separately and it will be discussed in the 

next sections.  

2.4.1 Geometry and Details of the Mock-up Pile 

After casting the bored pile, temperature sensors were 

installed before the initial set of concrete. Table 1 indicates 

the concrete mix design used and the layout of the mock-

up with thermocouple locations is shown in Fig. 2. 

 

Table 1: Concrete mix design for bored piles 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.4.2 Material Properties 

According to [13], the soil layer was extended to a 

diameter four times the pile diameter to get an accurate 

temperature distribution. Concrete material properties 

mentioned below were selected to comply with the actual 

mix design, referring to [16], and [17]. 

• Poison’s ratio: 0.2 

• Thermal coefficient: 1×10-5 /°C 

• Weight density: 24500 N/m3 

• Specific heat: 140.37 J/N.°C 

• Heat conduction: 15000 J/m.hr. °C 

• Damping ratio: 0.05 

Mix Quantities For 1 m3 

Cement- Ultratech OPC (kg) 277  

Fly Ash- Norochcholei CPP (kg) 102  

Water- K24 plant tube well (kg) 163  

14-20 mm aggregate-WKK-Hanwella(kg) 630  

5-14 mm aggregate- WKK-Hanwella (kg) 591  

Sea Sand- SLLR&DC (kg) 687   

Admixture- LRPS 3000S (ml) 3790  

Plan View

T1,1';T2,2'...T6,6'

T7,7' ; T8,8'...T12,12'

2
5

0
0

1800

T1,1'

100mm Sand Layer

100mm Screed Concrete

A-A Section View

AA

T13,13'

Existing ground level

polythene Cover

5
0

2
5

0
2

5
0

5
0

0
1

0
0

0
5

0

50

T2,2'

T3,3'

T4,4'

T5,5'

T6,6'

T7,7'

T8,8'

T9,9'

T10,10'

T11,11'

T12,12'

T13,13'

1.  Tr,r' - Thermo couples at a point in the block

               r,r'=1,1';2,2'...12,12'

2. T13,13' - Thermo couples at ambient

3. All dimensions are in mm

Notes：

P
la

n
 V

ie
w

T
1
,1

';
T

2
,2

'.
..
T

6
,6

'T
7
,7

' 
; 
T

8
,8

'.
..
T

1
2
,1

2
'

2500

1
8
0
0T
1
,1

'

1
0
0
m

m
 S

a
n
d
 L

a
y
e
r

1
0
0
m

m
 S

c
re

e
d
 C

o
n
c
re

te

A
-A

 S
e
c
ti
o
n

 V
ie

w

A
A

T
1
3
,1

3
'

E
x
is

ti
n
g
 g

ro
u
n
d
 l
e
v
e
l

p
o
ly

th
e
n
e
 C

o
v
e
r

50
250

250
500 1000

50

5
0

T
2
,2

'

T
3
,3

'

T
4
,4

'

T
5
,5

'

T
6
,6

'

T
7
,7

'

T
8
,8

'

T
9
,9

'

T
1
0
,1

0
'

T
1
1
,1

1
'

T
1
2
,1

2
'

T
1
3
,1

3
'

1
. 
 T

r,
r'
 -

 T
h
e
rm

o
 c

o
u
p
le

s
 a

t 
a
 p

o
in

t 
in

 t
h
e
 b

lo
c
k

  
  
  
  
  
  
  
 r

,r
'=

1
,1

';
2
,2

'.
..
1
2
,1

2
'

2
. 
T

1
3
,1

3
' 
- 

T
h
e
rm

o
 c

o
u
p
le

s
 a

t 
a
m

b
ie

n
t

3
. 
A

ll 
d
im

e
n
s
io

n
s
 a

re
 i
n
 m

m

N
o
te

s
：

Plan View

T1,1';T2,2'...T6,6'

T7,7' ; T8,8'...T12,12'

2
5

0
0

1800

T1,1'

100mm Sand Layer

100mm Screed Concrete

A-A Section View

AA

T13,13'

Existing ground level

polythene Cover

5
0

2
5

0
2

5
0

5
0

0
1

0
0

0
5

0

50

T2,2'

T3,3'

T4,4'

T5,5'

T6,6'

T7,7'

T8,8'

T9,9'

T10,10'

T11,11'

T12,12'

T13,13'

1.  Tr,r' - Thermo couples at a point in the block

               r,r'=1,1';2,2'...12,12'

2. T13,13' - Thermo couples at ambient

3. All dimensions are in mm

Notes：P
la

n
 V

ie
w

T
1

,1
';
T

2
,2

'.
..

T
6
,6

'T
7

,7
' 
; 

T
8

,8
'.
..
T

1
2

,1
2

'

2500

1
8
0
0T
1

,1
'

1
0

0
m

m
 S

a
n

d
 L

a
y
e

r

1
0

0
m

m
 S

c
re

e
d

 C
o
n

c
re

te

A
-A

 S
e
c
ti
o
n

 V
ie

w

A
A

T
1

3
,1

3
'

E
x
is

ti
n

g
 g

ro
u

n
d

 l
e
v
e
l

p
o

ly
th

e
n

e
 C

o
v
e
r

50
250

250
500 1000

50

5
0

T
2

,2
'

T
3

,3
'

T
4

,4
'

T
5

,5
'

T
6

,6
'

T
7

,7
'

T
8

,8
'

T
9

,9
'

T
1

0
,1

0
'

T
1

1
,1

1
'

T
1

2
,1

2
'

T
1

3
,1

3
'

1
. 

 T
r,

r'
 -

 T
h

e
rm

o
 c

o
u

p
le

s
 a

t 
a

 p
o

in
t 
in

 t
h
e

 b
lo

c
k

  
  

  
  

  
  
  

 r
,r

'=
1

,1
';
2

,2
'.
..

1
2
,1

2
'

2
. 

T
1

3
,1

3
' 
- 

T
h

e
rm

o
 c

o
u

p
le

s
 a

t 
a

m
b
ie

n
t

3
. 

A
ll 

d
im

e
n
s
io

n
s
 a

re
 i
n

 m
m

N
o

te
s
：

Plan View

T1,1';T2,2'...T6,6'

T7,7' ; T8,8'...T12,12'

2
5

0
0

1800

T1,1'

100mm Sand Layer

100mm Screed Concrete

A-A Section View

AA

T13,13'

Existing ground level

polythene Cover

5
0

2
5

0
2

5
0

5
0

0
1

0
0

0
5

0

50

T2,2'

T3,3'

T4,4'

T5,5'

T6,6'

T7,7'

T8,8'

T9,9'

T10,10'

T11,11'

T12,12'

T13,13'

1.  Tr,r' - Thermo couples at a point in the block

               r,r'=1,1';2,2'...12,12'

2. T13,13' - Thermo couples at ambient

3. All dimensions are in mm

Notes：

Plan View

T1,1';T2,2'...T6,6'

T7,7' ; T8,8'...T12,12'

2
5

0
0

1800

T1,1'

100mm Sand Layer

100mm Screed Concrete

A-A Section View

AA

T13,13'

Existing ground level

polythene Cover

5
0

2
5

0
2

5
0

5
0

0
1

0
0

0
5

0

50

T2,2'

T3,3'

T4,4'

T5,5'

T6,6'

T7,7'

T8,8'

T9,9'

T10,10'

T11,11'

T12,12'

T13,13'

1.  Tr,r' - Thermo couples at a point in the block

               r,r'=1,1';2,2'...12,12'

2. T13,13' - Thermo couples at ambient

3. All dimensions are in mm

Notes：

Plan View

T1,1';T2,2'...T6,6'

T7,7' ; T8,8'...T12,12'
2

5
0

0

1800

T1,1'

100mm Sand Layer

100mm Screed Concrete

A-A Section View

AA

T13,13'

Existing ground level

polythene Cover

5
0

2
5

0
2

5
0

5
0

0
1

0
0

0
5

0

50

T2,2'

T3,3'

T4,4'

T5,5'

T6,6'

T7,7'

T8,8'

T9,9'

T10,10'

T11,11'

T12,12'

T13,13'

1.  Tr,r' - Thermo couples at a point in the block

               r,r'=1,1';2,2'...12,12'

2. T13,13' - Thermo couples at ambient

3. All dimensions are in mm

Notes：

Plan View

T1,1';T2,2'...T6,6'

T7,7' ; T8,8'...T12,12'

2
5

0
0

1800

T1,1'

100mm Sand Layer

100mm Screed Concrete

A-A Section View

AA

T13,13'

Existing ground level

polythene Cover

5
0

2
5

0
2

5
0

5
0

0
1

0
0

0
5

0

50

T2,2'

T3,3'

T4,4'

T5,5'

T6,6'

T7,7'

T8,8'

T9,9'

T10,10'

T11,11'

T12,12'

T13,13'

1.  Tr,r' - Thermo couples at a point in the block

               r,r'=1,1';2,2'...12,12'

2. T13,13' - Thermo couples at ambient

3. All dimensions are in mm

Notes：

Plan View

T1,1';T2,2'...T6,6'

T7,7' ; T8,8'...T12,12'

2
5

0
0

1800

T1,1'

100mm Sand Layer

100mm Screed Concrete

A-A Section View

AA

T13,13'

Existing ground level

polythene Cover

5
0

2
5

0
2

5
0

5
0

0
1

0
0

0
5

0

50

T2,2'

T3,3'

T4,4'

T5,5'

T6,6'

T7,7'

T8,8'

T9,9'

T10,10'

T11,11'

T12,12'

T13,13'

1.  Tr,r' - Thermo couples at a point in the block

               r,r'=1,1';2,2'...12,12'

2. T13,13' - Thermo couples at ambient

3. All dimensions are in mm

Notes：

Figure 2: Mock-up pile details 

SSESLAS2022-03 Page. 19



SOCIETY OF STRUCTURAL ENGINEERS, SRI LANKA - ANNUAL SESSIONS 2022 
 

 

 

 

The mathematical models for the time-dependent 

material properties were selected as discussed in Section 

2.2.2 and illustrated in Fig. 3, 4, and 5. 

 

 
Figure 3: Compressive strength variation 

 
Figure 4: Creep coefficient variation 

 
Figure 5: Shrinkage strain variation 

As the actual soil parameters of the construction site 

were not obtained, ordinary soil parameters which may be 

applicable were selected from [17], as mentioned below.  

• Modulus of elasticity: 1.68×108 N/m2 

• Poison’s ratio: 0.2 

• Thermal coefficient: 1×10-5 /°C 

• Weight density: 20600 N/m3 

• Specific heat: 142.71 J/N.°C 

• Heat conduction: 6120 J/m.hr. °C 

 

The actual initial concrete temperature and measured 

ambient temperature as in Fig. 6 were assigned for the 

model. The exposed surfaces on concrete and soil were 

both assigned with a convection coefficient of 50400 

J/m2.hr.°C. The cement type used for mock-up produces 

less amount of heat. Accordingly, the heat source function 

was applied as in Fig. 7. 

 

 
Figure 6: Ambient temperature variation 

 
Figure 7: Adiabatic temperature rise 

2.4.3 Validation of the Model 

 The measured and FEM temperature results of the 

thermocouple locations were matched and shown in Fig. 8. 

Similarly, the temperature variations of all the 

thermocouple locations were matched with FEM results 

and the model was validated. However, in the actual 

scenario, the depth of a bored pile exceeds 2.5 m. Hence, a 

10m deep bored pile was modeled (only changing the 

depth) using the verified method. 

 
Figure 8: Temperature variation at T4,4’ & T8,8’ 

2.5 FE Model of the 10 m Deep Bored Pile 

Modeling was done following the method in section 2.4. 

It is assumed that the pile was constructed with a 

continuous supply of concrete. A 3D view of the pile model 

is shown in Fig. 9. 

A
m

b
ie

n
t 

T
em

p
er

a
tu

re
 (

°C
) 

C
o

m
p

re
ss

iv
e 

S
tr

en
g

th
 (

N
/

m
2 )

 

A
d

ia
b

at
ic

 T
em

p
er

a
tu

re
 R

is
e 

(°
C

) 

SSESLAS2022-03 Page. 20



SOCIETY OF STRUCTURAL ENGINEERS, SRI LANKA - ANNUAL SESSIONS 2022 
 

 

 

 

 
Figure 9: 3D view of the final model 

3. Results and Discussion 

Fig. 10 shows the temperature distribution of the pile at 

35 hours. One of the objectives of this study involves 

identifying the region of a bored pile to monitor for critical 

temperatures. For that, the temperature variation of the 

middle vertical line was observed for both 2.5 m and 10 m 

deep piles and shown in Fig. 11. For 10 m deep pile, it 

could be identified that the temperature remains at a nearly 

constant value from 0.9 m to 9.1 m. Also, in the 2.5 m deep 

pile, the maximum temperature occurs between 0.9 m and 

1.6 m. Several analyses have been carried out changing the 

pile diameter to confirm the results obtained above and 

those models also showed similar behavior as shown in 

Fig. 12. The results are evidence that the maximum 

temperature of a bored pile could occur nearly at a depth 

equal to half the pile diameter and remains up to a depth of 

half the pile diameter from the other end. 

 
Figure 10: Temperature profile - cross section 

 
Figure 11: Temperature variation along pile depth 

 
Figure 12: Temperature variation along pile depth for 

different pile diameters 

During the heating phase, the concrete surface and core 

will develop tensile and compressive stresses, respectively, 

as shown in Fig. 13. When the tensile stresses in the surface 

exceed the tensile strength, surface cracks will occur which 

may not be significant.  When the structure begins to cool 

down, the concrete surface will develop compressive 

stresses and the core will develop tensile stresses as in Fig. 

14. If these tensile stresses exceed the concrete tensile 

strength, significant cracks may arise there, and it will 

affect the structural stability of the structure. However, the 

model does not show such high stress values at the core. 

The highest stresses could be seen at the top surface while 

the surface exposed to soil showed very low stresses. As in 

Fig. 11, the highest temperature difference between the top 

surface and the core of the pile is about 20°C and it can 

affect the stress. If proper insulation is provided at the top, 

cracks can be prevented, but the top part of a pile will be 

removed during pile hacking.  

 
Figure 13: Principal stresses in the heating phase 

9.1m 0.9m 1.6m 

Tensile 

stresses 

Comp. 

stresses 
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Figure 14: Principal stresses in the cooling phase 

According to [2], the crack index must exceed 1.5 to 

limit crack growth to a 5% probability. The interior and 

surface crack indexes of the model were investigated along 

the pile depth and Fig. 15 includes the crack index 

variations of selected nodes. During the heating phase, the 

crack indexes remain between 1.0 and 1.5 at the top surface 

while the bottom surface shows crack indexes closer to 1.5.  

Hence, it can be said that the top surface has a probability 

of cracking greater than 5% but less than 50% (When the 

crack index = 1, the probability of crack growth will be 

50%; [2]). The bottom surface has a cracking probability 

closer to 5%. However, these cracks in the heating phase 

are not significant. All the other surface and center nodes 

satisfy a crack index greater than 1.5.  

 
Figure 15: Crack indexes at the selected nodes 

Furthermore, the temperature differentials between the 

core and the surface (in the radial direction) were studied 

for several points along the pile depth. Even the highest 

differential lies below 12°C. Also, it could be understood 

that there is no clear relationship between these 

temperature differentials and crack indexes by observing 

those results. The reason is that the lowest crack indexes 

do not occur at the locations where the highest temperature 

differentials are observed. However, the pile top surface 

shows different behavior since it has the lowest crack index 

and the highest temperature differential. 

 

4. Conclusions 

In this research, the early age thermal and stress behavior 

of bored piles were investigated by incorporating FEM. As 

bored piles are underground structures studying these 

behaviors is difficult compared to an ordinary structure. 

Therefore, it is decided to identify a region where the 

critical temperatures may occur using FEM such that it can 

be used in actual scenarios. The obtained results are 

evidence that the maximum temperature could occur in a 

region between half the pile diameter from both ends of the 

pile. The maximum stresses during both heating and 

cooling phases could be found at the top surface exposed 

to air, where the temperature differentials are also high. As 

a result of the soil insulation, the pile surface below ground 

level does not show considerable stresses. The probability-

based method to predict the risk of thermal cracking is also 

considered in this research. To limit the crack growth to a 

5% probability, the crack index must be greater than 1.5. 

The crack indexes of both interior and exterior nodes below 

ground level show high values although the top surface 

shows crack indexes between 1.0 and 1.5. Hence, it can be 

stated that there is no significant risk of cracking except at 

the top surface of the pile. However, the cracks at both ends 

are insignificant as they would be closed at the latter stage 

when the surface undergoes compression. However, the 

FEM results (stresses and crack indexes) are evidence that 

there is no major risk of tensile cracking at the core, which 

are the significant cracks that should be avoided. An 

investigation was done to understand the relationship 

between the temperature differentials and the stresses 

induced. However, the temperature differentials obtained 

did not completely match the principal stress variations. 

Therefore, it can be stated that the risk of cracking does not 

solely depend on the temperature differentials. The 

findings reveal that cracking risk is influenced by a variety 

of parameters such as restraint conditions, shrinkage, and 

creep, in addition to temperature differentials. 
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Abstract 

Amongst various sustainable building materials, bamboo reinforced concrete has come into concern as a 

potential substitute for steel-reinforced concrete. This has drawn attention due to some major drawbacks of steel 

in reinforced concrete including elevated cost, high energy consumption, increased emission of carbon, etc. 

Bamboo is a rapidly renewable material that has displayed outstanding mechanical properties which are 

adequate to replace steel in reinforced concrete. In the present context, in addition to its structural performance, 

it is of vital importance to evaluate the sustainability of bamboo reinforced concrete over conventional 

reinforced concrete. In this work, the structural capacity of replacing steel with bamboo in different structural 

elements was analytically determined. Subsequently, a comprehensive work study-based analysis was executed 

to compare the sustainability of a bamboo reinforced concrete beam element with a conventional steel-

reinforced concrete beam element in terms of their embodied carbon and cost. Results of this study justify the 

possibility of promoting bamboo as a potentially sustainable alternative to steel in reinforced concrete as 

bamboo reinforced concrete displays drastically reduced sustainability indices for embodied carbon, and cost 

while maintaining adequate structural capacities. 

 

1. Introduction1 

Reinforced concrete is a versatile composite material 

that is widely employed in modern construction. Concrete 

is strong in compression but very weak in tension. Hence, 

reinforcing steel bars (often known as rebars) are 

embedded so that the composite action of the two materials 

can resist forces together while compensating for the 

weakness of concrete in tension. In a structural engineering 

context, steel is an excellent reinforcement for concrete; 

however, suffers from many drawbacks. One of the main 

problems is its very high manufacturing cost. This has a 

significant impact on developing countries particularly, as 

the cost of rebars is relatively high compared to average 

household income. As a result, they tend to use minimal 

reinforcement in houses and other low-rise buildings, 

resulting in unstable structures, especially during extreme 

wind and earthquake conditions [1]. 

The amount of destruction caused to the environment by 

materials like steel and cement is enormous. Their 

production emits approximately 1.83 tonnes of CO2 per 

tonne of steel produced, as well as other hazardous fluids 

[2]. Further, these materials are non-renewable and steel 

manufacturing plants consume the highest energy in the 

construction industry. 

Bamboo, on the other hand, can be one of the acceptable 

materials that can be used as a reinforcement of concrete to 

achieve the desired results, especially in low-cost 

construction. It is a fast-growing woody plant [3]. It grows 

about 7.5 to 40 cm per day, with a world record of 1.2 m in 

24 hours set in Japan. It is also a renewable, sustainable, 

and eco-friendly material that consumes 1 tonne of CO2 

from the surrounding atmosphere per bamboo culm [2]. 

Moreover, it is abundant in tropical and subtropical regions 

of the world [4]. When exposed to tensile and compressive 

 
1 T V D V K Vitharana, S S Bandaranayake, M T R Jayasinghe 

and H M S T Herath are with the Department of Civil 

Engineering, Faculty of Engineering, University of Moratuwa, 

Moratuwa, Sri Lanka. (e-mail: vitharanatvdvk.21@uom.lk; 

stresses, it provides a significant amount of resistance. The 

tensile strength of bamboo varies with the species, and it 

has an average tensile strength of 50 to 75 percent more 

than that of steel, and sometimes even more. Despite its 

high tensile strength, bamboo lacks ductility compared to 

steel [5]. Bamboo, being an environmentally friendly 

material, aids in the removal of carbon dioxide from the 

atmosphere. As a result, the notion of green structures 

utilizing bamboo in concrete may be recommended [6]. 

There is plenty of research carried out to assess the 

structural feasibility of concrete, but there is very little or 

no quantitative data available to assess the sustainability of 

bamboo reinforced concrete. Hence, in this research, we 

intend to assess the sustainability of bamboo reinforced 

concrete over steel-reinforced concrete by carrying out a 

comprehensive work study-based analysis in terms of 

embodied carbon footprint and cost. 

Three categories of building materials used in Sri 

Lankan construction industry have been identified, 

namely: local materials which are extracted directly from 

the natural environment and used as raw materials for the 

production of building materials; imported semi-processed 

raw materials which are used to manufacture building 

materials; and other major building materials which are 

manufactured using above two categories of building 

materials [7]. Steel reinforcement can be identified as a 

building material that falls under the third category of 

building materials which is manufactured from imported 

steel billets. Since reinforcement steel is a key building 

material used widely in Sri Lankan construction industry, 

it is of vital importance to assess the sustainability of steel. 

Past research works have conducted the same using the 

process analysis method to support the said exercise and 

provide reliable figures for embodied carbon of steel. With 

the excessive consumption of fossil fuels used in the 
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production of major building materials, leading vastly 

towards global warming, concerns have been raised in 

finding potential eco-friendly alternative building 

materials. Amongst such alternatives, bamboo has drawn 

major attention to replacing steel in reinforced concrete. 

However, beyond its qualitative analysis of the impacts of 

using bamboo to replace steel, it is important to 

quantitatively analyze the sustainability of using bamboo 

to replace steel in the Sri Lankan context. 

In Sri Lanka, bamboo is widely used as a substitute for 

timber in construction, scaffolding, ladders, bridges, and 

fences etc. Fig. 1 depicts an example of a fence being built 

in a house in Kotmale, Sri Lanka. 

Figure 1: A fence constructed using bamboo 

Moreover, bamboo species such as  Ochlandra Stridula, 

Davidsea Atenuta, Bambusa Vulgaris, and Dendrocalamus 

Giganteus are commonly used in construction in Sri Lanka 

[8]. Bamboo itself is also an excellent option for affordable 

housing as well as improved structures such as resorts. A 

resort under construction in Ella, Sri Lanka which is 

utilizing only bamboo culms and other parts of the bamboo 

tree is shown in Fig. 2.  

Figure 2: A resort that is under construction in Ella, 

Sri Lanka 

This study aims to evaluate the potential of bamboo as a 

sustainable material for low-cost structures in Sri Lanka. 

To achieve this aim, some structural elements of low-cost 

structures are selected and designed to obtain the 

reinforcement requirements for both steel and bamboo 

reinforced concrete, and then a cost comparison is 

performed. Finally, the sustainability of using bamboo over 

steel in reinforced concrete is assessed in terms of 

embodied carbon. 

2. Bamboo and steel reinforcement

requirement for selected structural elements 

of Low-Cost Structures 

The purpose of this chapter is to investigate the steel and 

bamboo reinforcement requirements for selected structural 

elements such as slabs, beams, and columns in order to 

estimate costs in the following chapter. Moreover, the 

following design calculations are based on the Eurocode 02 

[9]. All related parameters are taken from typical 

residential constructions, if not reasonably assumed.     

Considering the properties of bamboo, tensile properties 

of different species of bamboo were referred from previous 

studies as summarized in Table 1. Amongst the species 

mentioned, giant bamboo species available in Sri Lanka 

with similar tensile properties to most bamboo species 

were considered for this study  

Table 1: Tensile strength of different bamboo species 

Bamboo Species 
Tensile Strength 

(N/mm2 ) 
Reference 

Kenyan Bambusa 

vulgaris 
94.3 [10] 

Thai Dendrocalamus 

asper 
96 [11] 

Thai Bambusa bambos 101.5 [11] 

Thai Dendrocalamus 

strictus 
106.3 [11] 

Thai Bambusa blumeana 120 [11] 

Phyllostachys pubescens 

(Moso bamboo) 
100-400 [12] 

2.1 Design calculations of a slab panel 

The design of a simply supported slab panel for an area 

of clear dimension 3 m × 7 m is presented in this section. 

Assuming that it is supported on a 225 mm thick wall all 

around the slab. Slab carries an imposed load of 2.5 kN/m2 

(small dwelling unit), floor finishes of 1.0 kN/m2, and 

service load of 0.5 kN/m2. In the forthcoming calculations, 

C20/25 grade concrete and fyk of 460 MPa are used. 

Further, the unit weight of concrete is taken as 25 kN/m3. 

Since the length to breadth ratio (ly/lx = 7/3 = 2.33) is 

greater than two, the slab is designed as a one-way 

spanning slab.  

Preliminary sizing of structural elements 

The preliminary design was undertaken based on the 

IstructE manual [13] and the structural engineers' 

pocketbook [14]. First, the slab thickness was estimated 

using IstrcutE manual Table 4.2. However, the thickness 

value was about 185 mm which is slightly higher, hence 

the guidance given in the structural engineers’ pocketbook 

was used to estimate a reasonable thickness.  
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Table 2: Preliminary sizing of the slab element 

Panel Type 𝒍y/ 𝒍x 𝒍/d 
Span 

(mm) 

Overall 

Depth 

(mm) 

Proposed 

Thickness 

(mm) 

7 m × 3 m 

Simply 

Supported 

2.33; 

one 

way 

26 3225 124 125 

 

2.1.1 Steel Reinforced Concrete Slab  

Assuming a clear cover of 20 mm and 10 mm diameter bar,  

Effective depth, 

d = h – cover – main bar 𝜙/2 = 125 – 20 – (10/2) = 100 mm 

  

Actions and analysis  

Self-weight of the slab = 25 × 0.125 = 3.125 kN/m2 

Total dead load = 3.125 + 1.0 + 0.5 = 4.625 kN/m2  

Total imposed load = 2.5 kN/m2  

Design load = 1.35 × 4.625 + 1.5 x 2.5 = 9.4875 kN/m2 

   

Effective Span, 

Leff  = clear span + min (wall thickness, slab thickness) = 3 

+ 0.125 = 3.125 m 

Maximum bending moment (𝑀) is 11.58 kNm 

Main reinforcement, 

The slab is designed as a singly reinforced section based on 

the K value (𝐾 = 𝑀 𝑏𝑓𝑑2𝑓
𝑐𝑘

⁄ ) and the remaining 

requirements are also met in order to calculate the required 

reinforcement area. 

 

As req = 
11.58 × 106

0.87 ×460 × 95 
 = 304.58 mm2/m 

 Spacing = (1000 ×  𝜋/4 × 102) / 304.58 = 257.86 ≈ 250 mm 

⸫ As prov = 314.16 mm2 (T10 @ 250 mm C/C) 

⸫ T10 @ 250 mm C/C is adequate.  

 

Minimum and maximum reinforcement area conditions are 

also satisfied.  

 

Distribution reinforcement, 

20% As req = 0.2 × 314.16 = 62.832 mm2/m 

T10 @ 1000 mm spacing is enough, but the maximum 

spacing rule governs.  

Smax,slabs = 3 × 125 = 375 mm 

Hence, provide T10 @ 375 mm C/C as secondary 

reinforcement.  

 
Figure 3: Slab detail with steel reinforcement 

2.1.2 Bamboo Reinforced Concrete Slab  

The selected slab thickness is 125 mm and the assumed 

reinforcement size is 20 mm×20 mm. fy, bamboo of 100 MPa 

was used 

d = 125-20-10 = 95 mm  

Similarly, the maximum bending moment is 11.58 kNm 

 

Main reinforcement, 

𝐾 =
𝑀

𝑏𝑓𝑑2𝑓𝑐𝑘
  

𝐾 =
11.58 × 106

1000 ×952×25
 = 0.0513 < 0.167; ⸫ compression 

reinforcement is not required. Singly reinforced.  

 

Z = d [ 0.5 + √0.25 −
𝑘

1.134
] 

Z = d [ 0.5 + √0.25 −
0.0513

1.134
] = 0.9525d > 0.95d 

⸫ Z = 0.95d = 90.25 mm 
 

As = 
𝑀

0.87 𝑓𝑦𝑘𝑍
 

As req = 
11.58 × 106

0.87 ×100 × 90.25 
 = 1474.83 mm2/m  

Spacing = (1000 × (20 × 20) / 1474.83 = 271.22 ≈ 250 mm 

⸫ As prov = 1600 mm2 (20 × 20 𝑚𝑚 @ 250 mm C/C) 

 

Check for minimum r/f, 

𝐴𝑠, 𝑚𝑖𝑛 =
0.26×𝑓𝑐𝑡𝑚𝑏𝑡𝑑

𝑓𝑦𝑘
> 0.0013𝑏𝑑   

𝐴𝑠, 𝑚𝑖𝑛 =
0.26×2.6×1000×95

100
= 642.2   

0.0013𝑏𝑑  = 0.0013×1000×95 = 123.5 < 642.2  ; Hence ok 

 

Check for maximum r/f, 

𝐴𝑠, 𝑚𝑎𝑥 = 0.04 𝐴𝑐 = 0.04×1000×125 = 5000 mm2/m  

 

Distribution reinforcement, 

20% As req = 0.2 × 1474.83 = 294.97 mm2/m 

Assuming to provide 10 × 10 mm bamboo for distribution 

Spacing = (1000 × (10 × 10) / 294.97 = 339 ≈ 300 mm 

Hence, provide 10 × 10 mm @ 300 mm C/C as secondary 

reinforcement.  

 

 
Figure 4: Slab detail with bamboo reinforcement 

2.2 Design calculation of a beam 

Design of a simply supported reinforced concrete beam 

for a span of 3.5 m. Assuming that the beam is subjected to 

a super imposed load of 10 kN/m and imposed load of 5 

kN/m.  

2.2.1 Steel Reinforced Concrete Beam 
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The preliminary design was undertaken based on the 

span/effective depth ratio given in the IstructE manual 

table 4.2. When determining the final depth of members, it 

was assumed that the cover is 25 mm with 16 mm bars and 

8 mm stirrups. The proposed depth value was chosen by 

considering the ease of construction.  

 

Table 3: Preliminary sizing of the RCC beam element 

Beam 

type 
𝒍/d 

Span 

(mm) 

Effective 

Depth 

(mm) 

Final 

Depth 

(mm) 

Proposed 

Thickness 

(mm) 

Simply 

Supported 
14 3500 250 291 300 

 

⸫ Final beam dimension = 225×300 mm 

 

Effective depth, 

d = 300 – 25 – 16/2 – 8 = 259 mm  

 

Actions and analysis  

Self-weight of the beam = 25 × 0.3 × 0.225 = 1.6875 kN/m  

Super imposed load = 10 kN/m 

Total dead load = 1.6875 + 10 = 11.6875 kN/m 

Total imposed load = 5 kN/m  

Design load = 1.35 × 11.6875 + 1.5 x 5 = 23 kN/m 

  

Hence, the maximum bending moment (𝑀) is 35.2 kNm 

 

Main reinforcement, 

 

The beam is designed as a singly reinforced beam which 

depends on the K value (𝐾 = 𝑀 𝑏𝑓𝑑2𝑓
𝑐𝑘

⁄ ) and the 

remaining requirements are also satisfied as per the 

reference code in order to calculate the required 

reinforcement area. 

As,req = 
𝑀

0.87 𝑓𝑦𝑘𝑍
=  

35.2 × 106

0.87 ×460× 235.56 
 = 373.39 mm2 

Hence use 2T16 bars. ⸫ As,prov = 402.12 mm2 

 

In order to tie the stirrups, provide 2T12 bars at the top. 

These rebars act as false members only to hold the stirrups.  

 

Minimum and maximum reinforcement area conditions are 

also satisfied.  

 

Design for Shear  

Maximum shear force at the face of the support (𝑉𝐸𝐹) is 

37.6625 kN. 

The design value of shear resistance of the concrete beam 

without shear links 𝑉𝑅𝑑,𝑐, 

𝑉𝑅𝑑,𝑐 = [0.12 × 1.8787 (100 × 0.0069 × 25)
1

3 + 0.15 ×

0] 225 × 259 = 33.945 𝑘𝑁  

𝑉𝑅𝑑,𝑐,𝑚𝑖𝑛 = [0.4506 + 0.15 × 0] × 225 × 259 = 26.258  

⸫𝑉𝑅𝑑,𝑐 = 33.945 𝑘𝑁 

 𝑉𝐸𝐹 >  𝑉𝑅𝑑,𝑐 ; Hence shear reinforcement is necessary.  

Concrete strut capacity, 

 𝑉𝑅𝑑,𝑚𝑎𝑥 =
1×225×233.1×0.54×14.18

(𝑐𝑜𝑡22+𝑡𝑎𝑛22)
 = 139 kN > 37.6625 kN 

Hence, there is no crushing of the diagonal compressive 

strut.  

 

The area of shear reinforcement required: 
𝐴𝑠𝑤

𝑠
= 0.3 

It is assumed links are of R6 bars with two upright arms 

(𝐴𝑠𝑤) = 56.5 mm2 

S = 188.3 mm      ⸫ Provide R6 @150 mm spacing 

 

Maximum longitudinal spacing between links is S1,max = 

195.75 mm . Hence the provided spacing is sufficient.  

 

 

 

Figure 5: Beam detail with steel reinforcement 

2.2.2 Bamboo Reinforced Concrete Beam 

The preliminary design was undertaken based on the 

span/effective depth ratio given in the IstructE manual 

Table 4.2. When determining the final depth of members, 

it was assumed that the cover is 25 mm with 20×20 mm 

bamboo strips for longitudinal bars and 6 mm steel bars for 

stirrups. The proposed depth value was chosen by 

considering the ease of construction. fy, bamboo of 100 

MPa was used. 

 

Table 4: Preliminary sizing of the BRC beam element 

Beam 

type 
𝒍/d 

Span 

(mm) 

Effective 

Depth 

(mm) 

Final 

Depth 

(mm) 

Proposed 

Thickness 

(mm) 

Simply 

Supported 
14 3500 250 295 300 

 

⸫ Final beam dimension = 225×300 mm 

 

Effective depth, 

d = 300 – 25 – 20/2 – 6 = 259 mm 

Similarly, the maximum bending moment is 35.2 kNm 

 

Main reinforcement, 

𝐾 =
𝑀

𝑏𝑓𝑑2𝑓𝑐𝑘
  

𝐾 =
35.2 × 106

225 ×2592×25
 = 0.0933 < 0.167; ⸫ singly reinforced  

Z = d [ 0.5 + √0.25 −
𝑘

1.134
] = 0.9096d < 0.95d 

⸫ Z = 0.9096 × 259 = 235.58 mm 

 

As = 
𝑀

0.87 𝑓𝑦𝑘𝑍
 =  

35.2 × 106

0.87 ×100× 235.58
= 1717.45 mm2 

Number of bamboo in beam = 1717.45 / (20×20) = 4.3≈5 
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Hence use 5 number bars. ⸫ As,prov = 2000 mm2 

In order to tie the stirrups, provide 2 number of 10×10mm 

bars at the top. This rebars act as false members only to 

hold the stirrups.  

 

Check for minimum r/f, 

𝐴𝑠, 𝑚𝑖𝑛 =
0.26×𝑓𝑐𝑡𝑚𝑏𝑡𝑑

𝑓𝑦𝑘
> 0.0013𝑏𝑑   

𝐴𝑠, 𝑚𝑖𝑛 =
0.26×2.6×225×259

100
= 393.94 𝑚𝑚2  

0.0013𝑏𝑑  = 0.0013×225×259 = 75.75 < 393.94; Hence ok 

 

Check for maximum r/f, 

𝐴𝑠, 𝑚𝑎𝑥 = 4% 𝐴𝑐 = 0.04 × (300×225) = 2700 mm2 

𝐴𝑠, min < 𝐴𝑠, 𝑝𝑟𝑜𝑣 <  𝐴𝑠, 𝑚𝑎𝑥    
393.94 < 2000 < 2700; Hence ok. 

 

Design for Shear  

Maximum shear force at the face of the support (𝑉𝐸𝐹) is 

37.6625 kN 

𝑉𝑅𝑑,𝑚𝑎𝑥 =
𝛼𝑐𝑤𝑏𝑤𝑍𝜗1𝑓𝑐𝑑

(𝐶𝑜𝑡𝜃+𝑡𝑎𝑛𝜃)
  

𝑉𝑅𝑑,𝑚𝑎𝑥 =
1×225×233.1×0.54×14.18

(𝐶𝑜𝑡22+𝑡𝑎𝑛22)
 = 139.5 kN > 37.6625 kN 

Hence, there is no crushing of the diagonal compressive 

strut.  

 

Design value of shear resistance of the concrete beam 

without shear links, 

 𝑉𝑅𝑑,𝑐 = [𝐶𝑅𝑑,𝑐𝑘(100𝜌
1
𝑓

𝑐𝑘
)

1

3 + 𝐾1𝜎𝑐𝑝] 𝑏𝑤𝑑 

𝑉𝑅𝑑,𝑐,𝑚𝑖𝑛 = [𝑣𝑚𝑖𝑛 + 𝑘1𝜎𝑐𝑝]𝑏𝑤𝑑 

𝑉𝑅𝑑,𝑐 = [0.12 × 1.8787 (100 × 0.02 × 25)
1

3 + 0.15 × 0] 225 × 259 =

48.4 𝑘𝑁  

𝑣𝑚𝑖𝑛 = 0.035 × 𝑘3/2 × 𝑓
𝑐𝑘

1/2 = 0.035 × 1.87873/2 × 251/2 

= 0.4506 

𝑉𝑅𝑑,𝑐,𝑚𝑖𝑛 = [0.4532 + 0.15 × 0] × 225 × 255 = 26 < 𝑉𝑅𝑑,𝑐 

⸫𝑉𝑅𝑑,𝑐 = 48.4 𝑘𝑁 

 𝑉𝐸𝐹 <  𝑉𝑅𝑑,𝑐 ; Hence shear reinforcement is not necessary.  

 

However, this shear calculation is done assuming there 

is 100% bond between concrete and the reinforcing 

material. Even though it is the case for steel, since bamboo 

and concrete don’t exhibit 100% bond between them, it is 

not entirely accurate to use these values. Moreover, 

According to [15], the cheapest and most economical 

means of providing shear reinforcement for bamboo 

reinforced concrete beams is steel stirrups. And bamboo 

reinforced beams with steel stirrups exhibit higher flexural 

resistance than that with bamboo stirrups [16]. Hence steel 

stirrups of R6 @150 mm spacing were provided.  

 

2.3 Calculation for Column 

2.3.1 Steel Reinforced Concrete Column 

Let’s consider the same beam used in beam design 

calculations. The load from one beam is 40.25 kN. To 

obtain maximum axial load on the column supporting the 

grid of beams spanning 3.5 m, the slab panels should be 

square and symmetrically arranged.  

Axial load on column for single storey = 4×40.25 kN = 

161 kN 

 
Figure 6: Beam detail with bamboo reinforcement 

Assuming maximum length of composite column equal 

to 3 m. Consider the column is not restrained against 

rotation at both ends but held in position. Hence its 

effective length will be 3 m.  

 

Take the column size as 225×225 mm 

Slenderness ratio 𝜆 =  
3000

64.95
= 46.189 

𝜆lim =
20×0.7×1.1×1.7

√0.2245
 = 55.25 

𝜆 < 𝜆lim  ⸫ Column is not going to buckle. Column can be 

treated as a short column for the analysis.  

 

Design of reinforcement 

Main r/f, 

𝐴𝑠,𝑚𝑖𝑛 =  
0.1×𝑁𝐸𝑑

𝑓𝑦𝑑

=
0.1 × 161×103

460/1.15
= 40.25 𝑚𝑚2 or 

0.004𝐴𝑐 = 0.004×225×225 = 202.5 𝑚𝑚2 

Hence, 𝐴𝑠,𝑚𝑖𝑛 = 202.5 𝑚𝑚2 

Use 4T12 (𝐴𝑠,𝑝𝑟𝑜𝑣 = 452 𝑚𝑚2) (As 4 is the minimum 

value and according to Cl 9.5.2(1) Sri Lankan National 

Annex, the minimum diameter of the column r/f should be 

12 mm) 

 

Design of Shear links 

Bar diameter = 6 mm ≥ max {6 mm; (12/4) = 3 mm} 

Bar spacing = 225 mm ≤ min {20𝜙
𝑚𝑖𝑛

= 20 × 12 =

240 𝑚𝑚; min {h; b} = 225,225} 

⸫ Use T6 @ 225 mm C/C 

 

 
Figure 7: Column detail with steel reinforcement 
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2.3.2 Bamboo Reinforced Concrete Column 

 

Axial load on column for single storey = 4×40.25 kN = 

161 kN 

Assuming the maximum length of composite column 

equal to 3 m. Consider the column is not restrained against 

rotation at both ends but held in position. Hence its 

effective length will be 3 m.  

The dimensions of the column should be increased by 

50% for bamboo reinforced concrete columns [17]. Hence 

the new dimension of the column is 1.5 (225) = 337.5 ≈ 

350mm  

Slenderness Ratio 𝜆 =
3000

101
= 29.7  

𝜆lim =
20×0.7×1.1×1.7

√0.0928
 = 85.94 

𝜆 < 𝜆lim  ⸫ Column is not going to buckle. Column can be 

treated as a short column for the analysis.  

 

Design of reinforcement 

Main r/f, 

𝐴𝑠,𝑚𝑖𝑛 =  
0.1×𝑁𝐸𝑑

𝑓𝑦𝑑

=
0.1 × 161×103

100/1.15
= 185.15 𝑚𝑚2 or  

0.004𝐴𝑐 = 0.004×350×350 = 490 𝑚𝑚2 

Hence, 𝐴𝑠,𝑚𝑖𝑛 = 490 𝑚𝑚2 

Use 4 number of 20×20 mm bamboo splints (𝐴𝑠,𝑝𝑟𝑜𝑣 =

1600 𝑚𝑚2) (percentage of reinforcement = 1.3% > 0.8%) 

 

Design of Shear links 

Cross-sectional area of tie reinforcement should be at least 

2% of the vertical bars area. Hence 1600×2% = 32 mm2 

[17]. 

Hence, provide 6 mm×6 mm bamboo splints as tie 

reinforcement  

Bar spacing = 320 mm ≤ min {16×thickness of the vertical 

reinforcement= 16 × 20 = 320 𝑚𝑚; min{h;b}= 

350,350} 

⸫ Use 6 mm×6 mm splints @ 320 mm 

 
Figure 8: Column detail with bamboo reinforcement 

3. Cost Comparison of Various Structural 

Elements for Steel Reinforced Concrete and 

Bamboo Reinforced Concrete 

3.1 Cost of Bamboo Reinforcement  

Assuming giant bamboo is used, Cost breakdown of 

bamboo is shown in Table 5. 

 

 

3.2 Cost of Steel Rebar 

Physical parameters of steel rebars for instance, cross 

sectional areas, mass per meter and the number of bars per 

metric ton are depicted in Table 6 and the market value of 

each steel rebar used is calculated in Table 7. 

 

Table 5: Cost breakdown of bamboo 

Element Cost (LKR) 

Giant bamboo cost 

(length ≈ 17m) 
1500 per tree 

Labor cost – 

cutting and 

trimming 

10,000 (5000/person × 2 people) 

Assuming this value is to cut 

about 20 trees 

Total cost per 20 

trees 
(1500×20) + 10,000 = 40,000 

Total length of bamboo = 340 m  

Cost per meter ≈ 118/meter 

 

Table 6: Physical parameters of steel rebars 

Nominal 

Diameter 

(mm) 

Cross-

Sectional 

Area 

Nominal 

(mm2) 

Mass per 

meter 

Nominal 

(kg/m) 

Number of 

bars per 

Metric Ton 

(Average) 

6 28.3 0.222 - 

10 78.5 0.616 280 

12 113 0.888 190 

16 201 1.580 106 

 

Table 7: Market value of steel rebars 

Rebar 

Type 

Bars per 

weight 

Cost of a bar 

(6m length) 

Cost per 

m (LKR) 

Cost of TOR Steel = 595,500/- per ton (as per June 

2022 according to steel suppliers in Sri Lanka) 

T10 
280 bars per 

ton 
2126.79 ≈ 2127 355 

T12 
190 bars per 

ton 
3134.21 ≈ 3134 522 

T16 
106 bars per 

ton 
5617.92 ≈ 5618 936 

Cost of R6 bar = 675/- per kg 

R6   150 

 

3.3 Cost of Each Structural Element 

The cost calculations for each structural element for both 

steel-reinforced concrete and bamboo-reinforced concrete 

are shown in Tables 8, 9 and 10. Moreover, the final results 

are graphically interpreted in Fig. 9, 10 and 11 so that the 

difference between the two can be clearly seen.  

 

Table 8: Costs of RCC and BRC slabs 

Estimate of Slab Reinforcement 

Slab Type Description 
Total length 

of bars (m) 
Cost 

Steel 

Reinforced 

Slab 

T10 - main 85.84 30,473.2 

T10 - 

distribution 
62.82 22,301.1 

Total 148.66 52,774.3 
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Bamboo 

Reinforced 

Slab 

20×20mm 85.84 10,129.12 

10×10mm 76.78 9,060.04 

Total 162.62 19,189.16 

 

Figure 9: Cost comparison of RCC and BRC slabs 

Table 9: Costs of RCC and BRC beams 

Estimate of Beam Reinforcement 

Beam 

Type 
Description 

Total length 

of bars (m) 

Cost 

(LKR) 

Steel 

Reinforced 

Beam 

T12 6.9 3601.8 

T16 6.9 6458.4 

Total 13.8 10,060.2 

Bamboo 

Reinforced 

Beam 

10×10mm 6.9 814.2 

20×20mm 17.25 2,035.5 

Total 24.15 2,849.7 

 

 
Figure 10: Cost comparison of RCC and BRC beams 

Table 10: Costs of RCC and BRC columns 

Estimate of Column Reinforcement 

Column 

Type 
Description 

Total length 

of bars (m) 
Cost 

Steel 

Reinforced 

Column 

T12 11.76 6138.72 

R6 
0.84×14 = 

11.76 
1764 

Total 23.52 7902.72 

Bamboo 

Reinforced 

Column 

20×20mm 11.76 1,387.68 

6×6mm 0.87×10 = 8.7 1,026.6 

Total 20.46 2,414.28 

 
Figure 11: Cost comparison of RCC and BRC columns 

Hence, Comparing the costs of steel and bamboo 

reinforcements, we can see that bamboo-reinforced 

structures are cheaper than steel-reinforced structures. 

4. Comparison of Embodied Carbon of Steel 

and Bamboo 

Embodied Carbon of a material is one of the leading 

indices to assess the sustainability among various indices 

and tools available to assess the sustainability of building 

materials. Hence, this comparison has been performed 

using the calculated Embodied Carbon Coefficients (ECC) 

for bamboo and steel. 

In this study ECC for steel has been directly adapted 

from past research works conducted based on the process-

based analysis. In a study conducted on embodied carbon 

coefficients of building materials used in Sri Lanka [7] it 

has been found that the ECC for steel used in the Sri 

Lankan construction industry is 1.396 kgCO2/kg. 

Additionally, the corresponding value given for steel in the 

Inventory of Carbon and Energy (ICE) is kgCO2/kg. 

Therefore, it is clear that the derived value in the above 

study [7] is close to the value provided in the ICE and 

hence, can be reliably used in the present study. Moreover, 

during the computation of embodied carbon for steel, three 

components of embodied carbon have been used [7]. They 

are, i. embodied carbon in raw materials, ii. carbon 

emission during raw material transportation and iii. carbon 

emission during material production. Fuel and electricity 

consumption have also been incorporated to this process. 

The total amount of embodied carbon in a steel-reinforced 
concrete beam was then calculated using the above-

mentioned ECC value for steel. The details of the steel-

reinforced concrete beam and the embodied carbon 

calculation for that beam are presented in Tables 11 and 12 

respectively. The amount of steel used for the selected 

beam has been calculated following the appropriate bar 

schedule using the shape codes.    
This total amount of embodied carbon yielded can be 

presented as an amount per unit area of reinforcement. 

Therefore, steel as a reinforcing material in concrete has an 

embodied carbon amount of 0.044 kgCO2 per mm2 of 

reinforcement. 
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Table 11: Details of the steel-reinforced beam 

Dimensions 

(mm) 

Span 

(mm) 

Longitudinal 

Reinforcement 

Stirrups 

225×300 3500 2T16, 2T12 
R6@ 

150 mm 

 

Table 12: Calculation of embodied energy for steel-

reinforced beam  

ECC 

(kgCO2/kg) 

Amount of 

material 

required (kg) 

Total amount 

of embodied 

carbon 

(kgCO2) 

1.396 19.96 27.864 

 

Similarly, the embodied carbon content for bamboo was 

derived using a process-based analysis. However, since use 

of bamboo in the Sri Lankan construction industry is still 

not prominent, with the absence of appropriate data needed 

for the respective parameters, data obtained from literature 

were adapted, assuming the types of machinery and other 

environmental conditions affecting have no significant 

difference to the Sri Lankan conditions. 

The process of preparation of bamboo culms and splints 

to be used as reinforcement in reinforced concrete can be 

broken down as stated in Table 13 and the respective ECC 

obtained from the literature [18] which are used in this 

study are also stated. The total amount of embodied carbon 

was calculated using the below equation [18]. 

𝑔
0

= ∑ 𝑒𝑖 

𝑛

𝑖=1

× 𝑝
𝑖
 

   where, g0 = total amount of embodied carbon (kgCO2) 

, ei = ECC respective for ith production stage (kgCO2/kg), 

and pi = mass of the material consumed in production stage 

I (kg). 

 

Table 13: Stages of bamboo processing and respective 

ECC 

Production stage ECC (kgCO2/kg) 

Felling trimming using 

chainsaw 

0.0001 

Collection tractor 0.00136 

Loading winch 0.00039 

Transportation diesel 

truck (per km) 

0.00015 

Storage 0.00112 

Processing 0.10175 

 

Table 14: Details of the bamboo reinforced beam  

Dimensions Span 
Longitudinal 

Reinforcement 
Stirrups 

225×300 

mm 

3500 

mm 

2-10×10 mm, 

5-20×20 mm 

R6@ 

150 mm 

 

According to the statistical data provided by the Forest 

Department [19], the Giant bamboo species which is 

considered in this study is widely spread in Kurunegala 

area in Sri Lanka. Hence, the average distance for 

transportation of bamboo considering a bamboo processing 

site in Colombo can be calculated using the below equation 

presented in the study [18]. 

𝑑 = ζ√
𝐴

𝜋
 

where, d = distance transported, A = area within the 

specified region, and ζ = geographical shape factor (equals 

to 1 when the geographical region is a circle). 

Hence, considering bamboo is harvested from Kurunegala 

and transported to Colombo, 

𝑑 = √
33,330 

𝜋
 = 103 km 

 

Table 15: Calculation of embodied energy for bamboo 

reinforced beam  

Material 
ECC 

(kgCO2/kg) 

Amount 

of bamboo 

material 

required 

(kg) 

Total 

amount of 

embodied 

carbon 

(kgCO2) 

Bamboo 

splints 
0.12017 6.92 0.8316 

Steel 

stirrups 
1.396 4.298 6.0000 

   6.8316 

 

Similar to steel reinforced beam, the embodied carbon 

emission for bamboo reinforced beam can be presented as 

an amount of unit area of bamboo reinforcement and that 

value is 0.003105 kgCO2 per mm2 of bamboo 

reinforcement.  

5. Discussion and Conclusions 

   The study aimed to conduct a comparative analysis of 

steel and bamboo to propose a sustainable alternative to 

replace steel in conventional reinforced concrete. The 

following conclusions have been revealed.  

(1) Bamboo displays adequate structural capacities to 

replace steel in various steel-reinforced concrete 

structural elements including beams, columns and 

slabs. 

(2) Embodied carbon of bamboo to be used in 

bamboo reinforced concrete elements is 

significantly lower than the steel used in 

conventional steel-reinforced concrete elements. 

Moreover, as a percentage, embodied carbon of 

steel is 75.48% higher than that of bamboo. 

(3) In terms of cost, the cost of conventional steel 

reinforced elements is notably higher than the cost 

of bamboo reinforced concrete elements. 

    Therefore, from the study, it can be concluded that 

bamboo is a potential natural alternative to replace steel in 

reinforced concrete elements. However, this study has been 

conducted by adapting appropriate figures from literature 

in the absence of relevant data for bamboo in Sri Lanka. 

Hence, it is critical to improve the existing national 

database of building materials to track actual material-

based energy and carbon flows related to bamboo in Sri 

Lanka. Consequently, more sustainability can be assessed 

more reliably instead of depending on case studies and 
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adaptations.  Furthermore, in Sri Lankan context there are 

several other limitations encountered in initiating the use 

of bamboo in structural applications. Suitable treatment 

methods to ensure long-term durability, lack of knowledge 

and concern on the design of bamboo reinforced concrete, 

and limited codes and guidelines available are a few 

constraints to mention. Moreover, this study can be further 

extended to explore the proportions of steel-reinforced 

concrete elements to be replaced with bamboo reinforced 

concrete, so that the optimum amount of bamboo 

reinforced concrete to be used in structures can be 

identified. 
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Finite Element Modeling of Un-corroded and Corroded Reinforced Concrete 

Columns under Axial compression: Stirrup Corrosion Scenario 
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Abstract 

Reinforced concrete (RC) columns are critical elements in a building frame and their failure would have serious 

consequences that may lead to the complete collapse of the structure. Corrosion is one of the primary reasons 

for the deterioration of reinforced concrete columns. Although plenty of experimental studies have been 

conducted to assess the performance of corroded RC columns, appropriate techniques to numerically assess the 

performance of corroded RC columns are not well developed. This paper presents the development of a 3D finite 

element (FE) modeling technique to evaluate the performance of full-scale RC columns subjected to axial 

compression. Especially, stirrup corrosion scenario was analyzed, which is one of the commonly observed 

phenomena in corroded RC columns. Geometric and material non-linearities of the RC columns, allowing the 

occurrence of buckling under concentric compression have been modeled using the Arc-length algorithm 

integrating the initial geometric imperfection. The corrosion was incorporated either by removal of the lateral 

restrainers or changing the confinement assigned to the core concrete. The modeling parameters were calibrated 

using the available experimental data. The verified FE modeling technique was then used to evaluate the 

influence of parameters on axial compression behavior of RC columns including, (1) slenderness, and (2) 

corrosion of stirrups. The parametric analyses revealed that the lack of confinement (due to corrosion of 

stirrups), would lead to premature buckling, especially in the slender RC columns. 

 

 

1. Introduction1 

Columns are the vital elements in buildings, and their 

failure may lead to partial/complete failure of the structure. 

Corrosion is identified as one of the main reasons for the 

deterioration of RC columns, caused either by carbonation 

or ingress of chloride [1]. Corrosion in reinforcement (r/f), 

causes spalling of cover concrete, decrease in the cross-

sectional area and strength of r/f, reduction in bond stress 

between r/f and surrounding concrete, thereby lead to 

reduction in overall loadbearing capacity of RC elements. 

Particularly, in RC columns, spalling of cover concrete and 

corrosion of stirrups are commonly observed in many 

buildings. Subsequently, corrosion of stirrups in the RC 

columns, reduce the confinement to core concrete and 

lateral restraint of vertical r/f bars, which may lead to 

premature buckling of vertical r/f bars and then column 

failure. It is therefore imperative to understand the 

behavior of corroded RC columns, to assess their residual 

capacities to plan for any mitigation measures to restore 

their intended performance. 

Several experimental studies were carried out to 

understand the effects of corrosion on the bearing 

capacities of RC columns [1-3], which mainly involved 

assessing the loadbearing characteristics of corroded short 

RC columns. Li et al [3], tested ten 750 mm high RC 

columns, and attempted to simulate the effect of 

reinforcement corrosion phenomena on the loadbearing 

capacities under axial compression. It was concluded that 

with the increase in corrosion levels, the stiffness and 

ultimate compressive strengths of the columns were 

reduced by about 42% compared to un-corroded RC 

columns. Zhang et al. [4] studied the stirrup corrosion 

scenarios of short RC columns and their impact to confine- 
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ment loss due to corrosion.  

They proposed a modified Mander’s model [4] to predict 

the bearing capacity and stress-strain relationship of 

concrete confined with corroded stirrups. However, the 

loadbearing capacities of the full-scale columns with 

different corrosion scenarios are not well explored. Few 

studies have been conducted for the flexural behavior of 

full-scale corroded columns by applying in-plane loads to 

the columns [5-6]. For example, an experimental study of 

Yang et al [5] reported that the corrosion of stirrups 

significantly reduces the flexural capacity of the columns 

by about 20% more than the corresponding un-corroded 

RC columns. 

One of the reasons for the lack of experimental studies 

on the full-scale columns with corroded conditions is due 

to the difficulty in executing large-scale testing. Therefore, 

alternate approaches such as analytical or numerical 

methods should be considered to assess the loadbearing 

behavior of full-scale corroded RC columns. Particularly, 

with the advancement of numerical methods, few attempts 

have been made to investigate the behavior of corroded RC 

elements in the past [7-9]. However, most of the studies 

were dedicated to simulating the behavior of corroded RC 

beams [10, 11]. This discussion highlights that more 

systematic numerical assessment methods are needed to 

evaluate the behavior of corroded RC columns under 

different loading effects. 

In this study, an attempt has been made to develop a 

finite element (FE) based numerical modeling technique to 

simulate the behavior of corroded RC columns under axial 

compression. Particularly stirrup corrosion scenarios in the 

RC columns were simulated. The FE modeling procedure 

involves explicit modeling of concrete and steel reinforce- 
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-ment of full-scale RC columns.

The buckling of RC column under axial compression 

was analyzed through an arc-length algorithm integrating 

the initial geometric imperfection. The stirrup corrosion 

scenario was then simulated through the removal of the 

lateral restrainers and changing the confinement strength 

properties assigned to the core concrete. The details of the 

modeling technique, validation of the models with the 

experimental results, and the parametric analyzes are 

outlined in the following sections. 

2. Methodology

In order to analyze the behavior of corroded RC columns 

under axial compression, A 3D-FE modeling concept of 

RC columns was developed using ABAQUS FE package 

[12] and the corrosion of the stirrups was incorporated by

removal of the lateral restrainers and changing the

confinement strength properties assigned to the core

concrete. The axially loaded elements can fail due to

material or buckling failure depending on their slenderness

and support conditions. The material failure of the RC

columns was incorporated using nonlinear constitutive

models of the materials (concrete and steel). The

constitutive behavior of concrete was assigned using

Concrete Damage Plasticity (CDP) model available in

ABAQUS [12]. The material characteristics of the steel bar

were represented using an elasto-plastic stress-strain

model. To account for the buckling failure, the eigenvalue

buckling algorithm (elastic buckling analyzes) and arc-

length method (elasto-plastic buckling analyzes) were used

to capture the buckling failure of the elements. To simulate

the axial compression behavior of RC columns

incorporating material failure and buckling phenomenon,

the Modified Riks method available in ABAQUS [12] was

used. The axial stress vs strain curve of buckling is

characterized by the critical point (bifurcation point). The

general definition of critical point can be defined as per

Equation (1).

𝐾𝑁𝑀𝑉𝑀 = (𝐾0
𝑁𝑀 + 𝜆𝑖𝐾Δ

𝑀𝑁)𝑉𝑖
𝑀 = 0 (1) 

Where, KNM is the tangential stiffness matrix and VM is the 

trivial displacement solution of buckling modes. The 

eigenvalue of an ith mode (λi) represents a linear 

perturbation of the base state. Then, the critical buckling 

load (Pcr) for total axial load (Q) can be found in Equation 

(2). 

𝑃𝑐𝑟 = 𝜆𝑖𝑄 (2) 

The critical elastic buckling load and the corresponding 

buckling modes can be determined from the eigenvalue 

buckling algorithm.  The geometric imperfection was 

introduced by using a linear eigenvalue perturbation 

buckling analysis through linear superposition of the 

buckling eigen modes into the model. 

2.1 Modeling procedure 

Initial imperfection values are required to incorporate 

buckling phenomena into the model. Adopting Asad et al. 

[13] approach, eigenvalues obtained from the eigenvalue

buckling analysis were used to estimate the initial 

imperfection. The modeling of the buckling behavior was 

scheduled in three stages. First, the eigenvalue buckling 

modes were determined using the elastic model. Then the 

factors to scale the initial imperfection were determined 

using a parametric study. Once the scaling factors were 

determined, a combination of scaled buckling modes was 

used as an initial geometric imperfection to run the 

Modified Riks method using ABAQUS [12]. Initially, the 

buckling analysis procedure was implemented on a single 

steel r/f bar. A 16 mm diameter steel r/f bar with yield 

strength of 550 MPa and length of 2000 mm was 

considered to demonstrate the modeling as shown in Fig. 

1(a). The r/f bar geometry was meshed using 8 node solid 

element (C3D8R) available in ABAQUS [12]. Poisson’s 

ratio and Young’s modulus of steel bars were set to 0.3 and 

200 GPa, respectively. The bar was pinned supported at the 

bottom, and at the top, vertical movement was allowed and 

the laterally restrained. The buckling analyzes were then 

conducted on the bar. The critical buckling load calculated 

from Equation (2) was compared with Euler’s critical 

buckling load from Equation (3) to quantitatively validate 

the buckling prediction from the eigenvalue buckling 

algorithm. Table 1 gives the predicted critical buckling 

loads against the theoretical buckling loads. The buckling 

modes obtained are shown in Fig. 1(b). It shows that the 

errors of predicted values are less than 1%, proving the 

accuracy of buckling analysis of the bar for extending to 

full-scale RC column analyses. 

𝜎𝑐𝑟 =
𝑛2𝛱2𝐸𝐼

𝐿𝑒
2 (3) 

Where, n, E, I and Le are the restraint factor, Young’s 

modulus, moment of inertia and effective length of the 

column, respectively. 

Figure 1: Buckling analysis of steel bar (a) model 

geometry and (b) buckling modes. 

Table 1: Comparison of predicted critical buckling load 

and Euler's theoretical buckling load 

Buckling 
mode 

Q 
(kN) 

Eigen-
value 

(𝜆𝑖) 

𝑃𝑐𝑟
FE result 

𝑃𝑐𝑟
Theoretical 

Error 
(%) 

1 0.201 7.85 1.58 1.59 0.77 

2 0.201 31.38 6.31 6.36 0.79 

3 0.201 70.58 14.19 14.30 0.82 

2.2 Full-scale column modeling 

Once the single r/f bar model was calibrated under axial 

buckling, a complete full-scale column comprising of 

(a) (b) 
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concrete, stirrups and r/f bars was developed. The confined 

and unconfined concrete (cover) portions were partitioned 

as shown in Fig. 2(a) and separate properties were assigned 

as per Mender’s model [14]. Both concrete and steel bars 

were modeled as 3D solid elements (C3D8R) with eight 

integration points. The stirrups were modeled using truss 

elements (T3D2) available in ABAQUS [12]. Mesh 

sensitivity analyses were carried out to determine 

appropriate mesh sizes and a structured meshing technique 

was used to mesh the instances. Subsequently, concrete and 

steel sections were modeled with 10 mm elements as 

shown in Fig. 2(b). 

 
Figure 2: Details of the model (a) model geometry and (b) 

meshing of the FE model. 

The elasto-plastic material model was assigned to the r/f 

bar and stirrups. For simplicity, a perfect bond assumption 

(assuming no relative displacement between concrete and 

reinforcement) was considered. Initially, eigenvalue 

buckling analysis was carried out for the full-scale RC 

column model to predict the critical buckling load, which 

was considered as the peak load for the column, until it fails 

by elastic buckling.  Thenceforth, a suitable initial 

imperfection configuration was calibrated using a trial and 

error method, which was then assigned to the model and 

Modified Riks method was implemented using the 

ABAQUS [12]. 

3. Validation of the modeling technique  

In order to verify the applicability of the developed 

modeling method, the experimental study conducted by 

Rodriguez et al. [15], in which they tested two types of 2 

m high RC columns under axial compression were 

considered. These column types are referred to as Type 1 

and Type 2, the RC column configurations were modeled 

and their load-deflection responses were compared. The 

experimental configurations of Type 1 and 2 columns are 

shown in Fig. 3(a). The differences between the Type 1 and 

Type 2 columns were the sizes of vertical r/f bars, Type 1 

comprised of 8 mm and Type 2 with 16 mm bars. 6 mm 

stirrups were provided at 100 mm and 150 mm spacing for 

Type 1 and Type 2 columns, respectively. 

 

The yield stress of the main r/f bar and stirrups used in 

the experimental study was ranging in between 550-

590MPa. The compressive strengths of the concrete used 

in Type 1 and 2 were 30 MPa and 34 MPa, respectively. 

The column was tested under uniaxial compression, with 

pinned-pinned support condition. The exact experiment 

configuration of the RC columns of Type 1 and Type 2, 

was created using the FE modeling concept developed. Fig. 

3(b) represents the FE models of the RC column reported 

in Rodríguez et al. [15]. All nodes of the stirrup in contact 

with the vertical steel bar were restrained to the nodes of 

the vertical steel bar at tangent points. The remaining nodes 

of the stirrup were embedded into the surrounding 3D solid 

elements of concrete to model the interaction between 

stirrups and concrete. The material parameters used in the 

FE model are provided in Table 2. Rigid body constraint 

was used to represent all nodes on the top surface of the 

column and the loading was simulated through the 

displacement control method by assigning an axial 

compression displacement to the reference point, 

reproducing the experimental testing method followed. 

 
Figure 3: Scheme of column specimen (a) Type 1 and 

Type 2 columns [15] (b) FE models. 

 

(a) 

(b) 

(a) 

(b) 
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Fig. 4 shows the experimental and numerical axial load-

deflection responses of the RC columns. The experimental 

peak loads of Type 1 and Type 2 RC columns were 1292 

kN and 1683 kN, respectively, whereas the numerically 

predicted peak axial loads were 1314 kN and 1705 kN, 

respectively. It can be noted that the experimental and 

numerical load-deflection responses follow a similar 

pattern, which proves the accuracy of the established 

numerical modeling technique to simulate the axial 

compression behavior of full-scale columns.  

 

Table 2: Material parameters used in the FE model of RC 

column used. 
Material Parameters (MPa) Values 

Type 1 Type 2 

Unconfined 

concrete 

Compressive strength  30 34 

Tensile strength  2.9 3.2 

Young’s modulus  26,000 28,000 

Confined 
concrete 

Compressive strength  33 35.4 

Tensile strength  2.9 3.2 

Young’s modulus  30,000 30,000 

Main r/f bar Yield strength  550 550 

Young’s modulus  200,000 200,000 

Stirrups Yield strength  550 550 

Young’s modulus  200,000 200,000 

 

Figure 4: Comparison of experimental and FE axial load-

deformation response of column (a) type 1 and (b) type 2. 

 

4. Parametric analyzes with corrosion 

conditions 
In order to further investigate the behavior of corroded 

RC columns under axial compression, a series of 

parametric analyzes were carried out by varying the 

slenderness of the columns (changing the heights) and 

incorporating the stirrup corrosion scenarios. 

Subsequently, the validated FE modeling concept was 

extended to model 3 m, 4 m, 5 m and 6 m high RC columns. 

The modeled column sections were similar to Type 1 

column sections comprising of 12 mm vertical bars with 

6mm stirrups placed at a spacing of 100 mm. Fig. 5(a) 

shows the details of the 3 m high RC column model. Then 

To create a stirrup corrosion scenario in the FE model, the 

cover portion at the bottom of the column was removed 

(conceptually 300 mm from the bottom), and also the 

stirrups were not incorporated in that portion as shown in 

Fig. 5(b). Subsequently, the corroded portion of the 

concrete (i.e. without the stirrups/lateral restrainers) was 

considered unconfined, and the unconfined concrete 

properties given in Table 2 were assigned. The rest of the 

analysis procedures for the corroded column FE models 

were similar as explained in sections 2 and 3. 

 
Figure 5: FE models of full-scale RC columns (a) 3 m 

high un-corroded column and (b) 3 m high corroded 

column. 

 
The load-deflection responses of the parametrically 

analyzed un-corroded and the corresponding corroded RC 

column cases are shown in Fig. 6. The increase in 

slenderness reduced the axial capacities of the columns. 

Also, the removal of cover concrete and lateral restrainers 

(i.e. stirrups) have reduced the axial capacities of the 

columns. Table 3 summarizes the axial capacities of the 

analyzed RC column cases, and their lateral deflections 

measured (at the mid-height locations). It can be noted that 

the lateral deflection of the columns increased with the 

slenderness. When comparing the un-corroded and 

corroded conditions, the corroded columns have depicted 

slightly higher deflection than the corresponding un-

corroded columns, highlighting the lack of confinement to 

(a) 

(b) 

(a) 

(b) 
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vertical bars, which may induce premature buckling at 

lesser axial capacities. The failure pattern of 3 m high un-

corroded and corroded RC columns is shown in Fig. 7. It 

can be noted that the stress-state of the un-corroded column 

was fairly uniform, whereas in the corroded column, high-

stress concentrations are noted around the region where the 

cover concrete was removed. Consequently, it can be said 

that the developed FE modeling technique can cautiously 

be used to assess the behavior of corroded RC columns, 

especially the stirrup corrosion scenarios. 

 

 
Figure 6: Load-deformation behavior of the analyzed RC 

columns (a) un-corroded and (b) corroded.  

 
Table 3: Summary of parametric results. 

RC column 

heights 

Un-corroded column Corroded column 

Peak 

axial 
load 

(kN) 

Lateral 

deflection at 
mid-height 

(mm) 

Peak 

axial 
load 

(kN) 

Lateral 

deflection at 
mid-height 

(mm) 

3 m 1,511 1.9 1,208  2.4 

4 m 1,363 3.0 1,109  3.9 

5 m 1,217 6.2 1,032  7.7 

6 m 1,124 9.1 991  14.8 

 

 
Figure 7: Typical load-deformation behavior (a) un-

corroded and (b) corroded RC columns. 

5. Summary and conclusions 

This paper outlines a FE modeling method to evaluate 

the axial compression behavior of the corroded RC 

columns, by removal of concrete cover and confinement 

effect of the core concrete. The developed modeling 

procedure was validated with an experimental result 

reported in the literature. Then, the validated modeling 

procedure was extended to analyze the influence of 

slenderness and stirrup corrosion scenarios. The parametric 

analyzes of different RC column models (corroded and un-

corroded) revealed that the removal of cover concrete, 

thereby the lateral confinement to the vertical bars reduced 

the axial capacities of the RC columns.  Premature 

buckling of vertical r/f bars could be triggered if there is a 

lack of confinement due to falling of cover concrete and 

stirrup corrosion. However, further studies are needed to 

comprehend the behavior of RC columns under axial 

compression with different parameters, such as material 

properties, cross-sectional shapes, r/f detailing and 

boundary conditions. 
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Figure 1: Tunnel element from the Great Belt tunnel fire [2] 

Influence of Cover and Reinforcement Densities on Spalling Behavior of 

Concrete Subjected to Fire Loading 
 

R N De Zoysa1,*, T G P L Weerasinghe1, and W P S Dias1 

 

Abstract 

The Spalling of concrete is a common phenomenon in reinforced concrete structures subjected to fire. As there 

are both macroscopic and microscopic factors involved, studying the behavior of concrete spalling in fire is 

complicated. Permeability, pore pressures, moisture content, heating rate, and concrete type have been 

identified as contributing factors that influence concrete spalling in fire. There are various experimental studies 

done to identify the behavior of concrete spalling in fire. However, there is no exact method to determine spalling 

depth without conducting fire tests. Reduced cross-section and exposed reinforcement in a structural member 

due to spalling would significantly affect the overall stability of the structure. This research study presents a 

macroscopic finite element model to predict the spalling behavior of concrete in a fire. The behavior of concrete 

at elevated temperatures was modeled using the Concrete Damaged Plasticity (CDP) model, and temperature-

induced transient creep strain in concrete is explicitly accounted for in the analysis, which is more representative 

of fire-exposed concrete structures. The finite element analysis program, ABAQUS, was used to model the 

reinforced concrete walls subjected to load and exposed to hydrocarbon fire. A non-linear finite element analysis 

model for the rectangular concrete specimens was analyzed using a sequential approach composed of a pure 

heat transfer analysis followed by a pure mechanical analysis. Thermal and mechanical responses of the model 

were validated using results obtained through fire tests conducted at the University of Melbourne. The developed 

finite element model was used to assess the effect of reinforcement concentration and clear cover on concrete 

spalling in a fire. Further enhancements that can be used to improve the accuracy and reliability of the model 

are discussed. 

 

Keywords:  Concrete damaged plasticity; Finite element modeling; Fire resistance; Spalling 

 

1. Introduction1 

Fire risk is one of the worst-case scenarios a structure 

could encounter. Therefore, infrastructure should be 

designed to withstand the devastating effects of fire. 

Spalling of concrete is a common phenomenon in 

reinforced concrete structures subjected to fire. When 

concrete is exposed to fire, internal pore pressure will be 

developed due to the movement of trapped moisture inside. 

As a result of that, small pieces of concrete will be 

dislodged from the structural member, and this 

phenomenon is referred to as spalling of concrete. Reduced 

cross-section and exposed reinforcement in a structural 

member due to spalling would significantly affect the 

overall stability of the structures [1]. 

There were some major past fire disasters, such as 

channel tunnel in UK/France in 1996 and 2008, Mont 

Blanc tunnel in France/Italy in 1999, Great Belt Eastern 

tunnel in Denmark in 1994 (Fig. 1) [2], Tauern tunnel in 

Austria in 1999, Daegu sub-way station in South Korea in 

2003, and Gotthard road tunnel in Switzerland in 2001. In 

all the above cases, the spalling depth was about 30 cm – 

40 cm. Recent fire disasters such as the Windsor tower in 

Madrid of Spain in 2005, Moscow psychiatric hospital in 

2013, and Docklands apartment in Australia in 2014 were 

severely affected, which took more than 3 hours to 

extinguish the fire. 

In most cases, it was reported that the contributing factor 

to the collapse of buildings is spalling of concrete [3]. Due 

to extensive damages caused by spalling, certain structures 

 
1 R N De Zoysa, T G P L Weerasinghe and W P S Dias are with 

the Department of Civil Engineering, University of Moratuwa, 

had collapsed, and it was expensive and time-consuming to 

repair those structures again. Hence, if there is any 

anticipated fire risk, the designer should consider avoiding 

spalling of concrete at the design stage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Considering the importance of preventing spalling of 

concrete, modeling the spalling behavior of concrete in fire 

has been studied by many researchers. However, there is 

no proper method for calculating or modeling the spalling 

behavior of concrete [4]. Also, most of the existing models 

have been developed using thermomechanical processes 

and hygro-thermal processes. 

The thermomechanical process can be introduced as 

spalling of concrete due to the development of very high 

compressive stresses in the initial depth of the exposed 

concrete. This process is related to the thermal gradient in 

the concrete and the thermal expansion of the concrete 
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Figure 2: CDP model in compression [11]

member. The hygro-thermal process can be introduced as 

spalling of concrete because of stresses generated by the 

increase of vapor pressure in concrete pores. These stresses 

can be excessively high compared to the tensile strength of 

concrete [1]. 

Permeability, pore pressures, moisture content, heating 

rate, and type of concrete have a major impact on the 

spalling of concrete. Other factors that influence spalling 

include section size, section shape, boundary condition, 

concrete age, and cover to reinforcement ratio. Higher 

heating rates, low permeability, and high-strength concrete 

lead to higher spalling depths [5]. 

A comprehensive literature review shows that there are 

limited analytical models to predict spalling in concrete. 

The ACI 216.1 standard has no specifications for 

predicting concrete spalling [6]. However, this standard 

gives guidelines to minimize spalling by adding 

polypropylene fibers to the concrete mixture. One of the 

main reasons for the slow progress of the development of 

effective spalling mitigation measures in concrete 

structures is the lack of calculation methods. Also, there are 

no calculation methods for the spalling of concrete at 

elevated temperatures in  IS 456 (2000) standard and JSCE 

Guidelines [7], [8]. Several spalling models were identified 

from the comprehensive literature review. Those spalling 

models were developed based on a collection of 

assumptions, and their application mainly depends on 

different concrete structures, concrete types, and concrete 

member geometry. 

In this research study, the scope is limited to spalling of 

concrete members exposed to fire and to study the 

macroscopic effects due to spalling. The modeling was 

done using ABAQUS software, and the results obtained 

from the analysis will be compared with the experimental 

results from the literature. The main aim of the research 

study is to model the spalling behavior of concrete in fire 

using finite-element analysis software. 

2. Material data and other parameters used

in the FE model 

Thermal properties of concrete at elevated temperatures 

(thermal conductivity and specific heat) were derived from 

equations given in the EN 1992-1-2 for siliceous concrete. 

Lower limit values of thermal conductivity and specific 

heat with a moisture content of 3% of the concrete weight 

were considered for the analysis. In this study, to maintain 

the simplicity of the spalling model, no temperature-

dependent material properties were used for the reinforcing 

steel. Also, previous researchers assumed that the 

temperature across the depth with and without 

reinforcement bars was very similar. Therefore, the effect 

of reinforcement steel on the heat transfer can be negligible 

[9]. Therefore, fundamental properties such as density, 

elasticity, Poisson’s ratio, conductivity, expansion 

coefficient and specific heat were used, which were 7850 

kg/m3, 200 GPa, 0.3, 45 W/mK, 10x10-6/°C, and 450 J/kgK 

respectively. 

The CDP model was selected for this study to simulate 

the concrete spalling in the fire using ABAQUS software. 

It consents to the definition of the inelastic behavior of 

concrete in both compression and tension, including scalar 

damage parameters. Also, the CDP model can be used for 

static and cyclic loading. There are five main parameters 

under concrete “plasticity” in ABAQUS. They are dilation 

angle (ψ), eccentricity (ϵ), ratio of initial biaxial to initial 

uniaxial compressive yield stress (fb0/fc0), the ratio of the 

second stress invariant on the tensile meridian (K) and 

viscosity parameter. This study does not elaborate further 

on these parameters. The parameter values were chosen as 

follows in Table 1 [10]. 

Table 1: Default parameters of the CDP model under 

compound stress 

Parameter Name Value 

Dilation Angle 36 

Eccentricity 0.1 

fb0/fc0 1.16 

K 0.667 

Viscosity Parameter 0 

To do this stress-strain relationship of concrete in 

compression outside the elastic range must be defined. It 

can be defined as a tabular function in ABAQUS. 

Definition of the compressive stress-strain data used in 

ABAQUS is shown in Fig. 2 [11]. Where εc1 = strain at 

peak stress and εcu1 = ultimate strain. 

There are several steps to calculate plastic strains (𝜀𝑐
~𝑝𝑙

)

corresponding to compressive stresses in the CDP model. 

Following equations were used to calculate the plastic 

strain. 

𝜀𝑜𝑐
𝑒𝑙 =

𝜎𝑐𝑜

𝐸𝑐𝑚
  (1) 

𝜀𝑐
~𝑖𝑛 = 𝜀𝑐 − 𝜀𝑜𝑐

𝑒𝑙   (2) 

After that the compressive damage parameter (dc) must 

be defined at each inelastic strain(𝜀𝑐
~𝑖𝑛) level. The damage

parameter ranges from 0 to 1. It represents the range 

between an undamaged material to material that has 

completely lost its load-bearing capacity. The value of 

compressive damage parameter is nonzero only for the 

stress decreasing part of the stress-strain curve. It is 

obtained as follows: 

𝑑𝑐 = 1 −
𝜎𝑐

𝑓𝑐𝑚
𝑓𝑜𝑟 𝜀𝑐 ≥ 𝜀𝑐1   (3) 
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Figure 3: CDP model in tension [11] 

where, 𝑓𝑐𝑚 = ultimate compressive strength of concrete 

 

𝜀𝑐
~𝑝𝑙

= 𝜀𝑐
~𝑖𝑛 −

𝑑𝑐

(1−𝑑𝑐)

𝜎𝑐

𝐸𝑐𝑚
                                        (4)                                   

 

The Plastic strains always must be increasing and positive. 

A mathematical model for stress-strain relationship of 

concrete under compression at elevated temperatures was 

determined using the following expressions. Stresses were 

calculated using Equation (5) for range 𝜀 ≤ 𝜀𝑐1,𝜃 and 

stresses were linearly extrapolated for range 𝜀𝑐1,𝜃 < 𝜀 ≤

𝜀𝑐𝑢1,𝜃. A linear stress-strain relationship was assumed up 

to 40% of ultimate compressive strength which obeys 

Hooke’s law. Elastic modulus (Ecm, θ) was calculated for 

ascending linear region and 𝜎𝑐𝑜 = 0.4𝑓(𝑐, 𝜃). 

 

𝜎(𝜃) =
3𝜀𝑓𝑐,𝜃

𝜀𝑐1,𝜃(2+(
𝜀

𝜀𝑐1,𝜃
)

3

)

                                            (5) 

 

Tension stiffening of concrete plays a major role in the 

concrete spalling at elevated temperature. When concrete 

is exposed to fire, an internal pressure will be developed 

due to the movement of trapped moisture inside. As a result 

of that, Tensile stress will be increased, and small pieces of 

concrete will be dislodged from the structural member. In 

this phenomenon, the tensile strength of concrete should be 

considered in detail. The definition of the Tensile stress-

strain data used in ABAQUS is shown in Fig. 3 [11]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Following equations were used to calculate the plastic 

strain in tension. 

𝜀𝑜𝑡
𝑒𝑙 =

𝜎𝑡

𝐸𝑐𝑚
                                                 (6)                                                                                          

𝜀𝑡
~𝑖𝑛 = 𝜀𝑡 − 𝜀𝑜𝑡

𝑒𝑙            (7)                        

In this study, a linear stress-strain relationship was 

considered. Hence, there are several steps to calculate 

plastic strains (𝜀𝑡
~𝑝𝑙

) corresponding to tensile stresses in the 

CDP model. In this model, ft is assumed as 10% of fcm and 

a total strain is assumed around 10 times the strain at tensile 

cracking (ɛcr). Further, the stress distribution of the 

softening branch after the failure point is assumed to be 

linearly reduced to zero. 

𝜀𝑐𝑜 = 10𝜀𝑐𝑟                                                  (8)                                

After that the tensile damage parameter (dt) must be 

defined at each inelastic strain (𝜀𝑡
~𝑖𝑛) level. The value of 

tensile damage parameter is nonzero only for the stress 

decreasing part of the stress-strain curve. It is obtained as 

follows. 

𝑑𝑡 = 1 −
𝜎𝑡

𝑓𝑡
   𝑓𝑜𝑟 𝜀𝑡 ≥ 𝜀𝑐𝑟               (9)                              

𝜀𝑡
~𝑝𝑙

= 𝜀𝑡
~𝑖𝑛 −

𝑑𝑡

(1−𝑑𝑡)

𝜎𝑡

𝐸𝑐𝑚
                                 (10)                                 

In this study, parameter values specified in Eurocode 2 

was used for concrete under tension. Strength reduction 

factor (Kc,t(θ)) is introduced, and it is assumed that after 

500°C, strength reduction in tension does not occur. 

Characteristic tensile strength at elevated temperatures can 

be calculated by the following equation.  

𝑓𝑐𝑘,𝑡(𝜃) = 𝐾𝑐,𝑡(𝜃) × 10% × 𝑓𝑐𝑘                  (11) 

When concrete is exposed to fire, high temperatures 

develop considerable levels of strains resulting from stress, 

time, and temperature effects. Mechanical, thermal, 

transient, and creep are the main categories of strain 

components. Mechanical strain results due to structural 

loading, and thermal strain is the result of exposure to 

higher temperatures. Creep strain is the additional time-

dependent plastic strain that develop under sustained 

loading at ambient conditions of temperature and humidity. 

Transient strain (εtr) is the strain that is generated when 

concrete is heated for the first time under constant 

compressive stress, which is also known as transitional 

thermal strain [12]. In this study, transient strain is taken 

into account and which is more representative of fire 

exposed buildings and tunnels. It is evaluated using the 

following equations based on data from Anderberg and 

Thelandersson’s creep and transient models [13], where 

𝑘𝑡𝑟 is a dimensionless constant equal to -2.35, 𝜀𝑡ℎ is 

thermal strain and 𝑓𝑐
′ is concrete strength at ambient 

temperature. 

𝜀𝑡𝑟 = −𝑘𝑡𝑟 × (
𝜎

𝑓𝑐
′) × 𝜀𝑡ℎ      𝑓𝑜𝑟 𝑇 ≤ 550℃          (12)                                             

𝜕𝜀𝑡𝑟

𝜕𝑇
= −0.0001 × (

𝜎

𝑓𝑐
′)      𝑓𝑜𝑟 𝑇 ≥ 550℃            (13)                                         

3. Modeling of Spalling Behavior 

Spalling was modeled using a sequential approach 

composed of a pure heat transfer analysis followed by a 

pure mechanical analysis. Results of the heat transfer 

simulation in terms of nodal temperatures are passed to the 

mechanical analysis and used as loading conditions. 

3.1 Heat Transfer Analysis 

ABAQUS/Standard commercial software package was 

used to create the geometry of the reinforced concrete wall 

panel. A concrete wall panel of 2400 mm × 3000 mm × 

150 mm (height × width × thickness) was modeled as 3D 

deformable solid parts, and Rebars were modeled as 3D 

deformable wire parts. As in the experiment, reinforcement 

was placed in two layers in both horizontal and vertical 

directions and the clear cover was 25 mm (N16@300 mm). 

The concrete wall panel was divided into three equal 
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Figure 4: Heat transfer model 
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Figure 5: Compressive stress–strain curves for model HSC 

(88 MPa) walls at elevated temperature with creep effect 
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Figure 6: Tensile stress–strain curves for model HSC (88 

MPa) walls at elevated temperature 

Figure 7: Mechanical analysis model 

sections across the width, and only the middle section was 

considered for analysis. The remaining two sections 

adjacent to the middle section act as dummy concrete wall 

panels. When the middle region of the wall panel is heated, 

the lateral thermal expansion is limited by these dummy 

wall panels. 

DC3D8 (An 8-node linear heat transfer brick) elements 

were used to model concrete, whereas reinforcement was 

modeled using DC1D2 (A 2-node heat transfer link) 

elements. Reinforcement was embedded using the 

embedded region constraint, assuming a perfect bond 

between concrete and reinforcement. The total duration of 

the experimental test was 2 hours, and the wall panel was 

exposed to hydrocarbon fire. Therefore, in the model also 

a hydrocarbon fire was used, with a duration of 2 hours. 

The heat transfer step in ABAQUS/Standard was used for 

the heat transfer analysis, and for the heating step, the 

convective coefficients were taken as 25 W/m2K and 9 

W/m2K for fire exposed surface and unexposed surface 

respectively. In addition to that, Stefan-Boltzmann 

constant was taken as 5.669×10-8 W/m2K and absolute 

zero, which is set at 273.15 °C below zero [14]. Fig. 4 

shows the heat transfer model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2 Mechanical Analysis 

ABAQUS/Explicit commercial software package was 

used for the mechanical analysis. As in the experiment, 

new materials were defined for the mechanical analysis. 

Therefore, high-strength siliceous concrete with a 

compressive strength of 88 MPa was used for the analysis. 

For the reinforcements, density, elasticity, and expansion 

coefficients were defined in addition to the thermal 

conductivity and specific heat. Two types of concrete 

materials were defined for the dummy concrete section and 

the middle concrete section. For the dummy concrete 

section, density, elasticity, and expansion coefficients were 

defined in addition to the thermal conductivity and specific 

heat. 

For the middle concrete section, the material properties 

of the concrete were defined similarly to the dummy 

concrete section. But in addition, the CDP model 

parameters were defined. Two sets of CDP model 

parameters were calculated as described above with and 

without creep effect. For the CDP model in mechanical 

analysis, the stress-strain behavior of the concrete was 

considered with the transient creep effect. Stress-strain 

behavior of the concrete with a compressive strength of 88 

MPa at elevated temperatures are shown in Fig. 5 and Fig. 

6 with the transient creep effect. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mechanical analysis was carried out in two separate 

steps. First, loading was applied using a dynamic explicit 

step, and then the results of the heat transfer simulation in 

terms of nodal temperatures were passed to the mechanical 

analysis and used as loading conditions. For the loading 

step, bottom surface of the wall panel was connected by pin 

boundary conditions and the top surface of the wall panel 

was connected by vertical roller support using rigid body 

constraints to a reference point. For the heating step, 

vertical roller support of the top surface is modified to a pin 

support condition. An axial load of 970 kN/m was 

eccentrically (eccentricity = 10 mm) applied to the wall 

panel, and Fig. 7 shows the mechanical analysis model.  
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Also, a new Predefined Field was introduced to import 

the results of the previous analysis in terms of nodal 

temperatures. C3D8R (An 8-node linear brick, reduced 

integration) elements were used to model concrete, 

whereas reinforcement was modeled using T3D2 (A 2-

node linear 3-D truss) elements in the mechanical analysis. 

To trigger element deletion in ABAQUS, keywords were 

edited, and Fig. 8 shows the strain criteria for the complete 

failure of concrete. These strain values were selected by 

analyzing the stress-strain behavior of concrete at elevated 

temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3 Verification of FE Model 

Thermal and mechanical responses of the FE model were 

validated using results obtained through fire tests 

conducted at the University of Melbourne [15]. A 

reinforced concrete wall with a compressive strength of 88 

MPa subjected to hydrocarbon fire for 2 hours was used to 

validate the finite element model. Temperature profile, 

surface temperature variation, overall spalling depth and 

the time taken to spall off 10 mm thickness from the 

concrete wall were compared with experimental results. 

Comparisons of temperature profile and surface 

temperature variation are shown in Fig. 9 and Fig. 10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Considering the results, it can be seen that the heat 

transfer model is in good agreement with the experimental 

results.  

Overall spalling depth after 2 hours of the experimental 

test was more than 50 mm and it was 40 mm to 45 mm in 

the finite element model. Fig. 11 shows the spalling pattern 

of the finite element model. Table 2 shows the time taken 

to spall off the 10 mm thickness of the concrete wall during 

the analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2:Time taken to spalled off the 10 mm thickness of 

the concrete wall 

FE Model Experiment Difference 

7.2 min 8.0 min 10% 

 

Considering the results, it can be concluded that the FE 

model represents the spalling behaviour of concrete in fire. 

 

3.4 Influence of Cover to Reinforcement and 

Reinforcement Concentration on Concrete Spalling in Fire 

The influence of cover to reinforcement and 

concentration of reinforcement on the concrete spalling in 

fire using the finite element model. Three different 

reinforcement covers and spacing in the concrete wall 

*Concrete Failure, TYPE=Strain 

0.001346,0.01808,0.8,0.9,20 
0.001616,0.02055,0.6,0.9,100 

0.001247,0.02308,0.4,0.9,200 

0.000665,0.02560,0.2,0.9,300 

0.000359,0.02818,0.1,0.9,400 

0.00,0.03075,0.0,0.9,500 

0.00,0.03328,0.0,0.9,600 
0.00,0.03562,0.0,0.9,700 

0.00,0.03749,0.0,0.9,800 

0.00,0.03951,0.0,0.9,900 

0.00,0.041578,0.0,0.9,1000 

Figure 8: Criteria for element deletion 
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Figure 11: Spalling pattern of the finite 

element model 
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Figure 12: Geometry of the concrete wall panel 

panel were analysed from the developed finite element 

model. 

A concrete wall panel of 3500 mm × 3000 mm × 250 

mm (height × width × thickness) was modeled and 

reinforcement was placed in two layers in both horizontal 

and vertical directions (N12@200 mm). Clear covers for 

reinforcement were selected as 20 mm, 30 mm and 40 mm.  

A nominal axial load of 8800 kN was eccentrically 

(eccentricity = 10 mm) applied to the wall panels. 

A concrete wall panel was modeled according to the 

methodology previously discussed. The clear cover for 

reinforcement was 20 mm, and an axial load of 8800 kN 

was eccentrically (eccentricity = 10 mm) applied to the 

wall panels. Spacing of the reinforcement bars was selected 

as 100mm, 200mm and 300mm. The geometry of the 

concrete wall panel is shown in Fig. 12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. Results and Discussion 

4.1 Influence of Cover to Reinforcement 

After 2 hours of hydrocarbon fire, the concrete wall with 

a reinforcement cover of 20 mm showed a spalling to a 

depth of more than 35 mm, and it was 40 mm for the 

concrete wall with a reinforcement cover of 30 mm. But 

for the concrete wall with a reinforcement cover of 40 mm 

shows a spalling to a depth of more than 50 mm. The 

variation of spalling depth due to reinforcement cover is 

shown in Fig. 13. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Considering the results, it can be concluded that 

reinforced concrete with a large cover thickness has a 

higher tendency to spall out in fire and it happens because 

the mass of concrete without support is significant. 

4.1 Influence of Reinforcement Concentration 

After 2 hours of hydrocarbon fire, the concrete walls 

with a reinforcement spacing of 200 mm and 300 mm show 

a spalling to a depth of around 40 mm, and it was 50 mm 

for the concrete wall with a reinforcement spacing of 

100mm. The variation of spalling depth due to 

reinforcement spacing is shown in Fig. 14. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It is evident that dense reinforcement structures have a 

higher tendency to spall out in fire. This is because of high 

thermal expansion and higher heat transfer through the 

structure due to the presence of more steel. 

5. Conclusions and Recommendations 

Based on the results from the developed finite element 

model, it is evident that reinforced concrete with large 

cover thickness has a higher tendency to spall out in fire 

and also, cover to reinforcement has a major impact on the 

spalling of concrete. In addition, previous researchers have 

also experimentally identified that the clear cover to 

reinforcement exceeds 40 mm, the spalling depth seems to 

have a greater tendency to become serious [5]. It happens 

because the mass of concrete without support is significant.  

Other than that, it can be concluded that the 

concentration of reinforcement also has a minor impact on 

the spalling of concrete. Based on the above results, it is 

evident that densely reinforced concrete walls have a 

higher tendency to spall out in fire when the reinforcement 

spacing is less than 100 mm. It happens because of high 

thermal expansion and higher heat transfer rate through the 

structure. 

In this research study, spalling was modeled using a 

sequential approach composed of a pure heat transfer 

analysis followed by a pure mechanical analysis. When the 

element of the first layer is deleted, the second layer is not 

exposed to fire as the results of heat transfer analysis were 

used for the mechanical analysis in terms of nodal 

temperatures. Pure heat transfer analysis was used to obtain 
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the temperature profile across the reinforced concrete wall 

panel regardless of the spalling effect. Apart from that, 

temperature-dependent material properties of the 

reinforcement and internal pore pressure development of 

concrete were not taken into account. Therefore, these 

effects can be considered for further development of the 

finite element model. 
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Corrosion Detection and Severity Estimation using Spectral Imaging and 

Active Thermography 

Shamendra Egodawela1,*, H A D S Buddika2, W A N I Harischandra2, A J Dammika2, A K Gostar1, and M 

Mahmoodian1 

Abstract 

Detecting and quantifying corrosion plays an essential role in determining a structure's existing condition for 

lifespan calculations. Trained professionals risk their lives every day to inspect remote sites, detect corrosion 

defects early enough, and monitor them over time. Herein, the requirement for new and improved corrosion 

defect detection and quantification methods is ever-present. Active Infrared Thermography (IRT) and Spectral 

Imaging (SI) have frequently been used for defect detection in numerous fields of study. IRT employs an infrared 

energy source that excites the material in question and observes the thermal evolution by recording the surface 

temperature change via thermal cameras. In most IRT studies, the imaging sensors used are exclusively 

responsive to infrared wavelength energy (600 nm-800 nm). However, studies in SI research have shown that by 

using a wider range of the electromagnetic spectrum, it is possible to capture latent information to a greater 

extent. Therefore, this project aims to combine two distinct fields of research by using an IRT inspired approach 

to excite the material and use SI to observe the spectral response. A steel test sample with artificially created 

defects of 1 mm, 2 mm, 3 mm and 4 mm, subjected to an accelerated corrosion process, was tested in this study. 

A multispectral lighting source, and an imaging sensor housed in a dark enclosure were used to generate spectral 

data of the cooled test sample. A Principal Component Analysis (PCA) dimension reduction, followed by an 

Artificial Neural Network (ANN) was used to quantify depths from the gathered spectral data. The system was 

able to reach an overall depth classification accuracy of 92% but a high misclassification rate of 12%-15% was 

recorded between defects that were 1mm apart. Furthermore, 700 nm-900 nm was identified as the optimal 

wavelength span for spectral imaging while 735 nm wavelength lighting resulted in clear highlighting of defects. 

1. Introduction1 

Identifying early signs of structural corrosion and 

determining the severity is important to save lives and 

avoid extensive financial loss [1]. Visual inspection, 

though the most common corrosion detection method, is 

extremely laborious and time-consuming, especially in 

large-scale structures [2]. Eddy current [3] and Ultrasonic 

devices [4] are also employed in industry to determine the 

severity of corrosion defects. However, Eddy current and 

Ultrasonic equipment requires expert knowledge to operate 

and maintain [5]. In recent years, various imaging 

technologies have been adopted to observe corrosion-

prone regions via imaging sensors mounted on mobile 

robot platforms [6]–[8]. In particular Active Infrared 

thermography (IRT) has shown promise delivering 

commendable results in corrosion-induced metal loss 

defect detection, and more importantly severity 

quantification [9]. IRT employs imaging sensors that are 

sensitive to 600 nm-800 nm wavelength energy. However, 

studies in other fields such as Food quality assessment [10], 

Biomedical industry [11] have shown how using a 

multispectral sensor that works at a broader range of the 

electromagnetic spectrum can be used to obtain a higher 

degree of information to achieve the purpose set out in each 

application [12]. Using an imaging sensor that operates in 

a broader range of the electromagnetic spectrum is 

commonly known as Spectral Imaging (SI). In this light, 

this paper sets out to combine two distinctly separate 

research fields in IRT and SI to detect and quantify  
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corrosion defects. Image processing algorithms required to 

extract information from the collected data will be 

suggested to compliment the data collection setups. 

2. Literature Review

Among different Non-Destructive & Evaluation 

(NDT&E methods IRT has shown great promise in 

delivering accurate detection and quantification of metal 

loss defects caused by corrosion. Active IRT techniques 

employ an IR source that excites the material and studies 

the thermal evolution by recording the surface temperature 

via thermal cameras. Active thermography is divided into 

two major sections depending on the source of infrared 

excitation being heating or a cooling source. Despite the 

frequency and success of active heating thermography the 

requirement for a highly power consuming and precisely 

modulated active excitation source causes a major 

hindrance in extending the methodology from a laboratory 

scale to on field applications [13], [14]. Moreover, the 

high-power demand of heating source is extremely taxing 

on the power consumption of the mounting platform [15]. 

Therefore, it was concluded that heating active 

thermography unsuitable for mobile applications.  

Similar to Heating IRT, Cooling Thermography (CT) 

utilizes the physical phenomenon of thermal diffusion 

where defects on the material causes disruptions in the 

diffusion rate of incident energy through the material[16]. 

The resulting diffusion rate differences causes temperature 

gradients at the surface of the specimen, and can be 

observed using a thermal camera.  
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CT has come to fruition in the recent past, despite 

occurrences few and far between in literature. 

3. Methodology 

3.1 Sample Preparation 

ASTM A36 steel test piece of 150 mm x 200 mm and 

10mm thickness was sourced to perform validation of the 

proposed method. Defects with differing depths ranging 

from 1 mm to 4 mm in 1 mm intervals were made on the 

sample and subjected to an accelerated corrosion process. 

Fig. 1 shows the steel sample before and after the 

accelerated corrosion process. 

 
(a) 

 

(b) 

3.2 Cooling Thermography Setup 

The defected sample was cooled to sub-ambient 

temperature of -4°C using a Fisherbrand™ Isotemp™ 

General Purpose Laboratory Refrigerator. The temperature 

was measured every 20s using a thermocouple (DC-7204-

Tokyo Measuring Instruments Laboratory Co. Ltd).  

3.3 Spectral Imaging Setup 

A multispectral lighting source with a multi-spectral 

camera housed in an enclosure to control ambient lighting. 

The imaging system used in this study was inspired by 

the works in food quality assessment research namely, 

[17], [18]. Monochrome imager employed in this study was 

a FLIR Blackfly S USB 3.1 by FLIR Systems Inc. The 

imaging system was interfaced to an edge computing 

processor via a proprietary frame capturing software 

SpinView®. 

The scene was illuminated using a patch of LEDs with 

varying wavelengths. (365 nm, 405 nm, 473 nm, 530 nm, 

575 nm, 621 nm, 660 nm, 735 nm, 770 nm, 830 nm, 850 

nm, 890 nm, 940 nm). The range of LEDs were chosen 

cover the electromagnetic spectrum from UV range to the 

IR range as suggested by [19] and according to the 

commercial availability. An integration sphere as 

suggested by the work made of Aluminum was used as 

suggested in the literature to provide spatially uniform 

illumination as best as possible onto the scene. The 

complete imaging system was placed inside a wooden 

chamber shown in Fig. 2 to avoid external light and 

reflections from influencing the lighting of the scene. 

 

3.4 Defect Detection 

The images captured using the spectral imaging setup were 

subjected an image processing pipeline to automatically 

detect defects and quantify the severity of the defect in 

terms of depth of defect. 

3.4.1 Median Filtering 

Raw spectral data captured were observed, and a heavy 

presence of speckle and salt-and pepper noise was noticed. 

Speckle noise arises due to the effect of thermal 

interference on the imaging sensor during image 

acquisition. Whereas, salt and pepper noise is impulse 

noise generally caused at analogue to digital conversions 

and/or during data transmission. When speckle and salt 

pepper are present noise suppression by means of Non-

linear 2D Median filtering has been extensively used in 

literature [20], [21] and was shown to be adequately 

proficient in this use case as well. Equation (1) shows the 

Median filtering processing for a 2D image processing 

problem.  

where, 𝑃 ∗𝑚𝑎[𝑖, 𝑗] is the de-noised image, 𝑚 is the spatial 

resolution of the Median filtering window and 𝑃𝑖,𝑗 is the 

illumination corrected image 

3.4.2 Illumination Correction 

LED lighting sources of selected wavelength were used as 

the lighting source of the imaging system. LEDs offer a 

high degree of directionality, hence give rise to spatial 

variation of illumination within the field of view of the 

camera. It is imperative that such variation is accounted for 

Figure 1: (a) Steel sample with differing defect depth 

before the accelerated corrosion process. (b) Steel 

sample after the accelerated corrosion process shows 

clear evidence of corrosion  

Figure 2: Spectral Imaging Setup with the multi 

spectral lighting source and the multi spectral camera 

housed inside an enclosure.  

(1) 
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algorithmically to avoid true defected areas localized in 

dimly lit areas from being overlooked. Equation (2) 

suggested by [18] shows the ratio correction for both dark 

current correction and illumination correction. 

 

where, 𝜌𝑥𝑦(𝜆) is the illumination corrected monochrome 

image, 𝜌𝑟𝑒𝑓 is the certified reflectance of the white 

reference object, 𝑅𝑥𝑦(𝜆) is the raw monochrome image, 

𝑅𝑑𝑎𝑟𝑘(𝜆) is the dark current image captured separately, 

𝑅𝑤ℎ𝑖𝑡𝑒(𝜆) is the white reference image. Fig. 3 shows the 

images before and after the algorithmic illumination 

correction.  

 

(a) 

 

(b) 

3.4.3 Watershed Image Segmentation 

The images collected from the spectral imaging setup 

show the defected areas clearly highlighted. An automated 

process to segment the defected areas form the non-

defected areas was suggested using the Watershed 

algorithm. Watershed segmentation is a region-based 

technique that utilizes image morphology. It works by 

assigning a topographical landscape corresponding to the 

brightness of the image pixels, where brighter areas of the 

image are assumed to be peaks and darker areas are 

assumed to be valleys. Seeds points residing inside the 

valleys are assigned as the start points of the morphological 

watershed transformation. Fig. 4 shows the results of the 

watershed image segmentation where the defected pixels 

are segmented from the background pixels. 

 

(a) 

 

(b) 

3.5 Depth Quantification 

After pre-processing image data were recorded and a 

master Data cube (𝐷) consisting of spectral data placed 

according to the wavelength (𝜆), defect depth (𝜇𝑑) and 

temperature (𝑡) of each defect. In this study, a 1620 Total 

number of data points were collected. The training, testing 

and validation datasets to train and deploy the machine 

learning classifier dataset 𝐷 were partitioned according to 

the ratio of 70 ∶ 15 ∶ 15 for the training, testing and 

validation sets.  

3.5.1 Spectrum Signatures 

A spectral signature is the variation of surface reflectance 

magnitude against changing spectral wavelength. 

Spectral signature is an indicator of how incident light 

interacts with the sample under observation and can be 

indicative of its optical and physical properties [18]. 

Defected areas suggested by the watershed clustering 

process were subjected to an average pooling process 

where for each region an average pixel intensity was 

recorded. The average pixel intensity variation of the 

defected areas against the wavelength was recorded as the 

spectrum signature of the sample. The results of the 

spectrum signature generation process is shown in Fig. 5. 

Figure 3: (a) Raw image from the imaging system. (b) 

Image after illumination correction using the Equation  

(2) shows the directionality compensation for LEDs 

Figure 4: (a) Cropped images from the imaging system. 

(b) Results of the Watershed Segmentation process. 

(2) 
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The spectrum signatures showed a noticeable difference in 

reflectance intensity especially at the IR and NIR 

wavelengths. 
 

However, overlap in spectral bands was present 

rendering classification efforts ineffective. Therefore, it 

was deemed that spectral signatures alone were not 

satisfactory to classify each depth level. Therefore, a PCA 

was in order to reduce the high dimensional spectral data 

to a lower dimensional latent space. 

3.5.2 Principal Component Analysis(PCA) 

PCA is a popular method of dimension reduction in the 

spectral analysis [22]–[24] to capture the latent variables 

within a dataset. PCA functions by an underlying eigen 

analysis to construct multiple orthonormal basis that allows 

to identify basis with high variance values. The generated 

high dimensional space of the spectrum signatures was 

reduced to a 2-D latent space of the first two principal 

component directions. The 2-D plot of the dataset is shown 

in Fig. 6  

 

 

3.5.3 Artificial Neural Network 

Having mapped the high dimensional data points to a 

latent space using PCA, an automated method to 

statistically classify each datapoint to its correct depth label 

was in order. Prior work done in this space has used 

Gaussian Mixture Models (GMM) [24], Support Vector 

Machines (SVM) [23], Artificial Neural networks [11] etc. 

In this study, a shallow ANN was used to perform 

classification in the reduced dimensional space of data. The 

Network consists of a single hidden layer of two neurons 

and six neuron output layers with six neurons with sigmoid 

activations. The layout of the ANN is shown in Fig. 7. The 

ANN was trained using the latent data points from the PCA 

analysis as the inputs and depth class labels using one hot 

encoding as the outputs. 

 

A shallow ANN explained was used to train and validate 

the capability of the imaging system to classify defects in 

a statistical sense. The network was trained by monitoring 

validation accuracy done at each epoch the metric for early 

stopping. A total of 40 epochs with batch size 16 were 

elapsed to achieve the early stopping criteria. Fig. 8 shows 

the critical evaluation metrics during the training process 

of the neural network 

4. Results and Discussion 

Fig. 9 shows the Spectral image data after the 

preprocessing steps mentioned in Section 3.1. The images 

show how defects are highlighted in the 700 𝑛𝑚-900 𝑛𝑚 

range. Whereas, the visible light range of 300 𝑛𝑚-600 𝑛𝑚 

Figure 7: Artificial Neural network suggested to 

classify data points generated from the PCA step into 

their corresponding depth classes 

Figure 6: Training data points in 𝐷 mapped to the latent 

space after the PCA, shows clear demarcation of non-

defected areas against the defected areas leading to the 

classification process of the defect depths. 

Figure 8: Performance metrics monitored during the 

training and validation. 

 

 

 

 

 

Figure 5: Spectrum signature of the sample at 4°C 

shows clear separability between spectral bands 

corresponding to different defect depths Overview of 

our system. 
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Figure 9: The multi spectral image data of the defected steel samples captured at 4°C by the imaging system. The 

images show clear highlighting of defected areas at 700 𝑛𝑚 to 900 𝑛𝑚 range where no clear discernment can be made 

at the visible light range of 300 𝑛𝑚 to 600 𝑛𝑚 
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range does not provide sufficient information to detect 

defects. 

Following the Methodology discussed in Section 3 the 

final ANN step will be considered as the Results for this 

Section. Here Confusion matrix performance is evaluation 

is usually done on the validation dataset, and gives crucial 

insight on the errors made by the ANN classifier.  

 

 
 

Figure 10: Confusion matrix (𝐶) of the validation of the 

classification task shows commendable performance in 

classes more 2𝑚𝑚 apart but high misclassification within 

classes 1𝑚𝑚 within each other 

A summary of the training results is given in the Confusion 

matrix Fig. 10. The confusion matrix shows the difficulty 

of the classifier to make an accurate prediction on the 2 

𝑚𝑚 and 3 𝑚𝑚 depth but performs well at depths that are 

further apart. Furthermore, the confusion in the classifier 

lies solely on neighboring classes and rarely exceeds 1mm 

in any of the cases. On another note, the high 

misclassification rate between 2 𝑚𝑚 and 3 𝑚𝑚 may be 

attributed to the overlap of the respective spectra in 

reduced dimensional latent space. This is mainly due to 

high spectral similarity between the minor depth 

differences of the defects. Overall, the complete imaging 

system was able to achieve an average classification 

accuracy of 95.2% for all depth classes in the validation 

data set. 

5. Conclusion 

In this work, the authors set out to introduce a CT-

inspired Spectral imaging technique to detect and quantify 

metal loss defects caused by corrosion. The suggested 

imaging system comprised of, a Multi-Spectral lighting 

system, a Multi-spectral camera and an enclosure to house 

all of the components. Multi-spectral images were captured 

of an ASTM A36 steel sample with artificially generated 

defects, cooled to different sub-ambient temperatures and 

left in the ambient conditions to heat up to ambient 

temperature. The images data captured during the natural 

heating process were subjected to image processing steps 

to improve the SNR of data and to reduce the effect of non-

uniform spatial illumination caused by the multi-spectral 

lighting system. PCA dimension reduction step was 

introduced to reduce data redundancy and improve 

classification accuracy after which an ANN was used to 

classify the data points to their corresponding defect 

depths. On the PCA plot it was observed that the non-

defected areas are clearly separated from the defected areas 

thus being able to clearly identify defected areas. In this 

study the defected depths from 1 𝑚𝑚 to 4 𝑚𝑚 was tested. 

The trained ANN classifier was able to identify the depth 

of metal loss defects to an overall accuracy of 92%. 

However high misclassification rate of ≈ 15%-18% was 

observed for depths within 1𝑚𝑚 and 2𝑚𝑚 within each 

other. Therefore, the authors recommend the use of this 

technique to detect depths more than 3mm in depth apart 

from each other. Among the observed wavelengths, the 700 

𝑛𝑚-900 𝑛𝑚 was identified as crucial wavelength span to 

give the best imaging data, furthermore, 770 nm was 

observed to have the highest clarity in images between 

defect and non-defected areas. In conclusion, given the 

feasibility of this suggested imaging technique, the authors 

suggest building on the idea of combining spectral imaging 

with active IRT methods to improve detection and 

qualification results. Given a suitable algorithmic 

compensation for ambient lighting correction the imaging 

system could potentially work in an outdoor setting, which 

would drastically improve the feasibility of field 

employability. Such hardware setup could be conveniently 

mounted on an Unmanned Arial Vehicle platform for easy 

navigation maneuverability in field applications. 
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Numerical Investigation on the Effect of Wind on Façade Fire Propagation 

 
 

G K U S Gunarathne1,*, T G P L Weerasinghe1, and S M A Nanayakkara1 

 

Abstract 

Combustible façades pose a great risk to the buildings and their occupants in fire situations. Events such as the 

Grenfell Tower fire emphasize the importance of understanding the behavior of façade fires. The critical nature 

of façade fires lies in their ability to spread quickly throughout the full height of the building. Also, these fires 

can spread into nearby structures. There are several factors affecting façade fire propagation such as façade 

material, cavities, geometry, and wind. This study focuses on the effect of wind. There are large-scale façade 

fire tests to assess the fire propagation characteristics of façades. However, these tests and the other building 

standards regarding façade fire, do not take the effect of wind into account. In this study, a large-scale façade 

fire test that was carried out at a fire test facility in Melbourne was numerically modeled using the software Fire 

Dynamics Simulator (FDS). FDS is a Computational Fluid Dynamics Software (CFD) for fire-driven fluid flows. 

The experimental setup was 18 m tall, and thermocouples were placed at 10.5 m, 13.5 m, and 16.5 m heights to 

record the temperature. Wind speed was measured at a height of 10 m. It consisted of two façade materials: an 

aluminium composite panel with a combustible polyethylene core and a completely non-combustible aluminium 

panel. Measured wind speed and wind direction during the experiment were fed into the model and the 

thermocouple results from the model were validated with the experimental results. After the validation, the effect 

of wind speed and direction was assessed through numerical modeling. It has been shown that wind speed and 

wind direction have an impact on temperature variation and fire spread. The findings highlight the importance 

of considering wind in large-scale façade fire tests. 

 

Keywords: Façade fire; FDS modeling; Large-scale fire test; Fire propagation; Wind 

 

1. Introduction1 

A façade can be regarded as the outermost part of a 

building, and it is the boundary between the building and 

the external environment [1]. It primarily affects the 

aesthetic appearance of a building. Apart from that, the 

characteristics of façades are critical to the energy 

efficiency and fire safety of a building.  

Façade fires are critical because they can spread quickly 

throughout the full height of the building, especially in 

high-rise buildings. Façade fires also pose a risk of 

spreading to nearby structures. Especially in urban areas 

where the buildings are close to each other, this can pose a 

real threat [2]. 

Grenfell tower fire is one of the recent incidents of 

façade fires. This happened in London in 2017 killing 72 

people. In this incident the façade which was installed in 

the previous year caught fire and the fire spread throughout 

the building rapidly [3]. Disasters of this nature highlight 

the importance of thoroughly understanding the façade fire 

propagation. 

There are several factors affecting the façade fire 

propagation. Materials, geometry, cavities, and wind are 

the most impactful factors. Among them, wind can mainly 

affect the façade fires in two ways. It can affect the 

ventilation at the fire source and at the same time, it 

promotes the spread of fire and smoke along the façade [1]. 

As a result of that, flame height, heat release, and 

horizontal flame distance will be influenced by the wind 

[4]. Therefore, there is a clear need to study these factors. 

 
G K U S Gunarathne, T G P L Weerasinghe and S M A 

Nanayakkara are with the Department of Civil Engineering, 

University of Moratuwa, Sri Lanka.  

Several experimental and numerical studies have been 

carried out to investigate the wind phenomena in façade 

fire situations. Hu et al. [4] argue that the façade flame 

height reduces with the increasing wing speed when the 

wind is perpendicular to the opening. In most studies, wind 

is only applied in the perpendicular direction. But in real 

situations, wind can act in any direction and can change the 

direction during a fire. Through an experimental study, Hu 

et al. [5] have found that when an external sideward wind 

is present during a fire, façade flame height decreases with 

the increasing wind speed. But the horizontal extending 

distance of the flame will increase with the increasing wind 

speed. Therefore, it is evident that the effect of wind can be 

either favorable or unfavorable for fire propagation. 

The safety of a façade in fire is addressed in building 

codes. The performance of the façade system in fire is 

assessed by carrying out tests. Façade systems should be 

certified for their fire safety by the relevant small to large-

scale tests specified by the building codes [6-8]. 

Large-scale tests are carried out with real-scale 

specimens to simulate the real scenarios with higher 

accuracy. Widely used large-scale test methods are ISO 

13785-2, BS 8414, SP Fire 105, JIS 1310, and NFPA 285. 

Some of these tests specify a maximum wind speed during 

the experiment, but none take the effect of wind into 

account [6,7]. Therefore, even if the standards and relevant 

test methods are followed, there is an unforeseen risk in fire 

situations when the wind is present.  

Researchers have numerically modeled and validated 

large-scale façade fire tests to study fire behavior through 
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further modeling [9-14]. In all these numerical studies, Fire 

Dynamics Simulator (FDS) is used as the numerical tool. 

This is a computational fluid dynamics software (CFD) for 

fire-driven fluid flows. This study also used FDS for 

numerical modeling. 

This study aims to determine the effect of wind on façade 

fire propagation by numerically simulating a large-scale 

façade fire test. The numerical model was validated with 

the experimental results, and the impact of wind was 

modeled for different wind parameters. 

2. Methodology

2.1 Experimental Setup 

The experiment is a large-scale façade fire test carried 

out in a fire test facility in Melbourne, Australia. The test 

rig contains a main wall and a wing wall normal to the face 

of the main wall. The width of the main wall is 3 m, and 

that of the wing wall is 1.5 m. The total height of both walls 

is 18 m. There are two façade materials applied along the 

total height (see Fig. 1). 

An Aluminium Composite Panel (ACP) product, 

Vitabond PE, was used up to 8.8 m of height. A mostly 

non-combustible product, Vitracore G2 was used for the 

next 8.8 m. PE-ACP panels were used again for the final 

0.6 m. Behind the façade surface, there was a 28 mm air 

gap, and insulation was placed after that. Polyester was the 

insulation behind the Virabond PE panels and glass wool 

insulation was behind the Vitracore G2 panes. Façade 

materials were supported using a steel frame. 

The fire source of the experiment was a wood crib which 

was prepared in accordance with AS 5113. 

Three thermocouples were placed to record the 

temperatures at the heights of 10.5 m (L3), 13.5 m (L4), 

and 16.5 m (L5). Average wind speed was measured using 

an anemometer located at a height of 10 m. 

Figure 1: Experimental setup 

2.2 Results from the Experiment 

The recorded temperatures from the three thermocouples 

are presented in Fig. 2. There are two clear peaks in the 

recorded temperatures. All three thermocouples recorded 

their maximum temperature between the 28th and 30th 

minute after the commencement of the experiment.  

2.2 Numerical Setup 

Numerical simulations were performed with FDS 

version 6.5.2. FDS numerically solves a form of Navier-

Stokes equations using large eddy simulation (LES) 

technique [15]. 

The total dimensions of the numerical domain are 22.4 x 

20.8 x 19.2 m (length x width x height). This domain is 

large enough to account for the whole test, the fire plume 

resulting from the combustion, and the turbulences due to 

wind. 

2.2.1 Mesh 

Mesh size was selected from Equation (1). 

D∗ = (
Q̇

ρ∞cpT∞√g
)

2

5
 (1) 

Following this expression D* was calculated for the 

typical heat release rate of a wood crib, which is 3500 kW 

[6]. D* is defined as the characteristic fire diameter. It is 

suitable to select a mesh size between D*/5 and D*/15 [15]. 

Therefore 100 mm mesh size was used, which is almost 

equal to D*/15 (98 mm). This cell size was maintained 

close to the fire source and façade. 

The cell size of the area where the combustion does not 

take place was increased to 400 mm and 800 mm to reduce 

the required computational power. 

2.2.2 Material Properties 

Even though the test consists of two facade types, two 

insulation types, and a steel frame only the façade materials 

will take part in the combustion process. Therefore, 

modeling is carried out only for the façade materials. The 

material properties were extracted from product data sheets 

and literature [16], [17], [18]. They are presented in Table 

1 and Table 2. 

Table 1: Material properties used in the numerical model 

Property PE Al 

Density (kg/m3) 930 2707 

Specific heat kJ/(kg·K) 1.55 0.896 

Conductivity W/(m·K) 0.4 varies* 

Emissivity 0.9 0.9 

Absorption coefficient (1/m) 1.03 5 x 104 
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Figure 2: Thermocouple temperature data from the 

experiment 
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*The conductivity of aluminium varies with the 

temperature. The values used for conductivity are 

presented in Table 2. 

 

Table 2: Change of conductivity of aluminium with 

temperature 

Temperature (0C) Conductivity W/(m·K) 

0 202 

100 206 

200 215 

300 228 

400 249 

 

The surface was defined using those two materials to 

simulate the two façade types. 

 

 

   

 

           (a)                                           (b)                          

Figure 3: Material layers of (a) Vitrabond PE (b) 

Vitracore G2 façade panels 

 

In Vitracore PE, the polyethylene core is sandwiched 

between two thin aluminium layers (see Fig. 3). A 

difficulty in FDS is that the model reacts first with the outer 

aluminium layer, slowing pyrolysis. Therefore, for 

Vitrabond PE, the material properties of the front face were 

altered to match that of polyethylene, as this was found to 

allow the propagation of the fire up the external face [19]. 

Vitrabond is idealized as an aluminium sheet with a 

uniform thickness in the numerical model. 

2.2.3 Fire Source and Heat Release 

The wood crib was idealized as a burner surface with an 

area of 1.5 m2 in the numerical model. The maximum heat 

release rate from the wood crib is 3500 kW. The burner 

surface was assigned a heat release rate of 2333 kW/m2 to 

match the heat release rate of the wood crib. 

The combustion of the Vitrabond PE was also modeled 

using the heat release rate method. It was specified as 

1036.47 kW/m2. The ignition temperature of the same 

panel is 3980C [20]. 

2.2.4 Wind 

Monin-Obukhov Similarity model was used to apply 

wind into the numerical domain. This is the suggested 

method by the FDS user guide to apply wind. This model 

creates an atmospheric boundary layer in the numerical 

domain [15]. 

Fig. 4 illustrates the change in the wind direction during 

the test. The wind direction mostly varies around two main 

directions: 112.50 and 1350. The trendline in Fig. 4, which 

is the 5-minute moving average of the wind direction, 

further illustrates that. Therefore, those two directions were 

selected as the wind directions in the numerical model. 

Wind speed varies between 0 and 4 m/s. The variation is 

too rapid, and it cannot be taken as an input to the 

numerical model in its original form. Therefore 5-minute 

average wind speed, as presented in Figure 5, was used in 

the model.    

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Wind direction and 5-minute moving average of 

wind direction during the experiment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Wind speed vitiation and 5-minute average wind 

speed during the experiment 

 

An overview of the numerical model is presented in Fig. 

6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Results and Analysis 

3.1 Comparison with the Experimental Data 

The thermocouple temperatures obtained from the 

numerical model and experiment were compared with each 

other. The comparison of thermocouple temperature is 

presented in Fig. 7, and the comparison of flame behavior 

is presented in Fig. 8. 
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The initial temperature rise up-to 900 seconds is 

accurately simulated by the numerical model. The 

extuinguishing phase also reasonably agrees with the 

experimental results. However, the main difference 

between the two is the absence of two peaks in the 

numerical model. Furthermore, there is a 300 s lag in the 

maximum temperature occurrence time. It is difficult to 

obtain this exact behavior through the numerical model. 

The variation in the temperature can be due to a localized 

effect. FDS model does not take those localized effects into 

account. Furthermore, the numerical model does not 

consider mechanical changes in the system [11].  

The difference in maximum temperatures between the 

experiment and numerical model is presented in Table 3. 

The largest deviation can be observed in the Thermocouple 

at the height of 10.5 m. There are previous validation 

studies where the temperature deviation is recorded as high 

as 41% [11], [13]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Comparison of flame behavior of the 

experiment and numerical model 

 

Table 3: Comparison of maximum temperatures from the 

experiment and numerical model 

Thermocouple L3 L4 L5 

Experiment (0C) 672.0 295.1 213.0 

Model (0C) 445.7 336.5 267.6 

Difference 33.7% 14.0% 25.6% 

 

The global thermal behavior of the system is captured 

using simulation (see Fig. 7), and the thermal properties 

used are suitable. Therefore, FDS modeling aimed to 

simulate the temperature rise and temperature drop 

accurately with maximum temperatures. The reasonable 

agreement between experimental and numerical results for 

surface temperatures validates the material thermal 

properties used in the study. 

3.2 Effect of Wind 

A numerical simulation was carried out without applying 

wind to analyze the effect of wind on fire propagation. A 

significant change in temperature profile was observed 

when there is no wind in the simulation (see Fig. 8). In 

thermocouples L3, L4, and L5 the maximum recorded 

temperature has increased by 48.2%, 31.5%, and 22.6% 

respectively when wind is absent. This outcome is 

Figure 7: Comparison of temperatures of thermocouple 

(a) L3 (b) L4 and (c) L5 form the experiment and 

numerical model 
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consistent with the numerical study carried out by Dréan et 

al. [21]. 
Furthermore, the time taken to reach the maximum 

temperature is lower when wind is not applied. The 

temperature variation suggests that when wind is present, 

the combustion process is slower than in the no wind 

situation. Hence, fire lasts longer time when the wind is 

present. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

After confirming that the wind has an impact on fire 

propagation, the focus was shifted to examine the 

characteristics of wind that govern the impact. Wind speed 

and wind direction were identified as two of those 

characteristics. 

3.2.1 Effect of wind speed 

Numerical simulations with different wind speeds were 

carried out to examine the effect of wind speed on façade 

fire propagation. Wind was applied parallel to the main 

wall of the façade in those simulations. The comparison of 

L3 thermocouple temperatures for 0, 1 ms-1, and 2 ms-1 

wind speeds is presented in Fig. 9. According to that 

comparison, the maximum temperatures recorded by the 

thermocouples decrease with the increasing wind speed. 

This result is consistent with the previous experimental 

studies by Hu et al [5]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The temperature variation of the façade surface was 

observed to assess the fire propagation. The temperature 

variation data is presented in Fig. 10. It can be observed 

that the temperature profile shifts towards the wind 

direction with the increasing wind speed. Also, the area of 

the temperature profile has decreased with increasing wind 

speed. Through those observations, it can be concluded that 

the area of fire propagation in the main wall reduces with 

increasing wind speed. 

 

3.2.2 Effect of wind direction 

The wind direction was altered by 1800 to assess the 

effect of wind direction on façade fire propagation. The 

comparison of the temperature variation of the L3 

thermocouple in two cases is presented in Fig. 11. It is 

evident that there is a significant reduction in temperatures 

in all three thermocouples when the wind direction is 

reversed.  
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Figure 8: Comparison of temperatures of thermocouple 

(a) L3 (b) L4 and (c) L5 with and without wind 
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4. Conclusions 

The absence of the effect of wind in large-scale façade 

fire tests is a limitation in those test methods. This study 

aimed to address that limitation by numerically simulating 

a large-scale façade fire test when the wind is present.  

The results suggest that there is a clear impact on the 

façade fire propagation when wind is present. The recorded 

temperatures of all three thermocouples are significantly 

lower when there is wind in the simulation. The duration 

of fire increased when wind was introduced into the 

simulation.  

Wind speed and wind direction have been identified as 

two characteristics of wind that affect fire propagation. 

When wind is parallel to the main wall in the experiment, 

the fire propagation on the main wall decreases with 

increasing wind speed. The directional changes of wind 

also impact maximum temperatures recorded by 

thermocouples. 

Therefore, it is recommended to consider the effect of 

wind in large-scale façade fire tests. The extent to which 

the wind speed and wind direction affect the fire 

propagation can be determined through further research. 
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Seismic Performance of Masonry Infilled Reinforced Concrete School Building 

forms in Sri Lanka 

Mathavanayakam Sathurshan1,*, Julian Thamboo2, Chinthaka Mallikarachchi1, and Kushan Wijesundara3 

 

Abstract 

Sri Lanka is considered as an aseismic country, thence the seismic risk is not explicitly considered in the planning 

and designing of infrastructures. However, recent studies indicate that the seismic risk cannot be excluded in 

designing infrastructures in Sri Lanka, especially, post-disaster structures, such as schools and hospitals should 

be designed to withstand against probable seismic actions. Therefore, in this study, the seismic performances of 

commonly exist school building forms in Sri Lanka were evaluated. Generally, the structural forms of school 

buildings in Sri Lanka are characterized as reinforced concrete (RC) frames, and infilled with unreinforced 

masonry walls (MI). Primarily, two forms of RC frames, referred in this study as (1) Type 01 (with two rows of 

columns) and (2) Type 02 (with three rows of columns), can be found among the school buildings in Sri Lanka. 

Nonetheless, variabilities in terms of MI arrangements are invariably observed among the school buildings. 

Therefore, those variabilities were explicitly taken to assess the seismic performance of MI-RC school buildings. 

The seismic performances of the school buildings were analyzed using the OpenSees (OS) finite element 

program. The analyses revealed that the Type 02 buildings exhibit better performance than the Type 01 

buildings. Also, the variation in MI arrangements, significantly influences to the seismic resistance of the 

buildings. Moreover, the strong beam-weak column configurations and the open ground storey arrangement, 

considerably reduce the seismic resistance of the school building forms analyzed.  

Keywords: Seismic performance; School buildings; Non-linear pushover analysis; Masonry infills; Short 

column effects 

 

1. Introduction1 

The assessments of seismic performances of 

infrastructures and their vulnerabilities are very important 

in forming seismic risk mitigation measures. Sri Lanka is 

located in the middle of the Indo-Australian plate, where 

there have been occasional intra-plate earthquake activities 

in the past [1-2]. Recent research studies indicate that the 

failed Mannar rift zone and the Comorin ridge are located 

closer to Sri Lanka and have the potential to trigger intra-

plate earthquakes, and magnitudes in the range of 6.5-6.9 

with a return period of 475 years are possible in and around 

Sri Lanka [3]. Thus, it implies that Sri Lanka cannot be 

regarded as aseismic country. Consequently, proper 

actions should be taken to mitigate the seismic risks, 

especially, the post-disaster infrastructures such as schools, 

hospitals, transportation networks, etc… are crucial 

entities that must be made robust against possible seismic 

risks. In this study, the focus was given to evaluate the 

seismic performances of school buildings in Sri Lanka, 

because the seismic risks associated with the school 

infrastructure are extremely critical, as nearly 20% of the 

country’s population is occupying in these structures on a 

working day, and generally they are also being used as 

emergency shelters aftermath of a disaster situation [4]. 

However, studies related to the seismic risk assessment 

on the school infrastructures are limited. Marasingha et al. 

[4] numerically investigated the performance of a two-

storey school building in Sri Lanka against different 

seismic scenarios and reported that the building has poor 

ductility due to the lack of confinement in the concrete 

elements. Later, Abeysiriwardena [5] studied seismic 
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performance of a three-storey school building, and 

developed fragility functions correspond to immediate 

occupation and complete collapse scenarios. In contrast, 

plenty of research studies have been reported worldwide to 

assess the performance of different school building forms 

against seismic actions [6-8]. However, different school 

building forms are existing in Sri Lanka, and their seismic 

performances are not well explored. Generally, two and 

three-storey school buildings in Sri Lanka are 

characterized as reinforced concrete (RC) frames, infilled 

with unreinforced masonry (MI) walls. However, 

differences in RC frame arrangements, as well as, MI 

configurations are invariably found across the school 

buildings in Sri Lanka. Thus, they imply, more systematic 

studies are needed to evaluate the seismic performance of 

those different forms of school buildings in Sri Lanka. 

Therefore, in this study, the seismic performances of 

school buildings considering different forms found across 

the country were assessed. Initially detail structural survey 

was carried out in selected schools to identify the existing 

building forms and variabilities prevail in those buildings. 

Then, the identified building forms were modelled and 

analysed using OpenSees (OS) finite element (FE) 

programme to evaluate their seismic performances. The 

buildings were subjected to non-linear static pushover 

procedure and their performances were analysed in terms 

of failure patterns, seismic resistance and deformation 

characteristics. The details of school building forms exist 

in Sri Lanka, numerical modelling and analysis procedures 

followed and outcome of the analyses are presented in the 

following sections. 
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2. Building Descriptions

In order to substantiate the building forms existing 

among the school buildings shocks in Sri Lanka, twenty 

schools were selected from eight different districts and the 

structural surveys were conducted in 40 selected RC school 

buildings. The focus was given to acquiring the structural 

configurations of those buildings, and variabilities 

prevailing between the buildings. The survey revealed that 

predominantly two types of building forms exist in the 

schools covered, they are referred as (1) Type-1 (T01) and 

(2) Type-2 (T02). The main difference between these two

forms is the arrangement of RC frames, where the T01

consists of only rows of columns (on longitudinal

directions) on the front and rear sides of the building as

shown in Fig. 1 (d). Notably, two sub-types were observed

in T01 buildings, where they are constructed either with

open ground storey (OGS) or full closed storey (FGS) as

illustrated between Fig. 1(a) and 1(b). The T02 building

contains three rows of columns, as shown in Fig. 1(c). The

typical beam and column layouts of the T01 and T02

buildings are shown in Fig. 1(d) and 1(e), respectively.

However, the major variations found among the school 

buildings were the configurations of MI used, especially on 

the front and rear sides (in the longitudinal directions) of 

the RC frames. The MI wall configurations found in the 

school buildings survey are shown in Fig. 2. Also, the 

thickness of the MI walls varies between single and double 

brick bonded layers (i.e. about 110 mm to 220 mm), 

whereas the transverse MI walls (i.e. the walls separate the 

classrooms) are made of double brick bonded MI walls (i.e. 

220 mm). Subsequently, the building forms identified in 

the survey and their structural and non-structural (i.e. MI 

configurations) gathered were taken into the modelling 

procedure to analyse the seismic performance of the 

buildings and those details are outlined in the following 

section. 

3. Numerical Modeling Procedure

To assess the seismic performance of a school building 

in Sri Lanka, 3-dimensional (3-D) numerical models of the 

school buildings were created using the OS finite element 

program. Fig. 3 (a-c) shows the OS numerical models of 

the school building forms created. In order to denote the 

building forms analyzed, an alpha-numeric nomenclature 

system was assigned as follows: T01/T02: RC forms, 

S02/S03: three and two storey, OGS/FCW: open ground 

(c) 

(b) (d) 

(e) 

(a) 

Figure 1: Exiting common typologies of school building in Sri Lanka (a) T01-OGS, (b) T01-FCW, (c) T02-OGS, (d) 

T01-layout and (e) T02-layout 
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Figure 2: MI wall configurations in school buildings 

(All dimensions are in mm) 
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storey/fully closed storey, SW/DW: single/double brick 

wall thicknesses, and the MI configuration was named as 

CW/QO/HO/TO (shown in Fig. 2). For an example, three 

storey Type 01 building with open ground storey and 

central window (single brick thick) MI configuration is 

denoted as T01-S03-OGS-SW-CW. The force-based 

nonlinear beam-column element provided in the OS 

program was used to create all the beam and column 

elements in the models by considering five Gauss-Lobatto 

integration points. Then, the elements were converted to a 

global reference system in accordance with the corotational 

theory, which takes into account the large deformations 

during nonlinear analyses.  

The elements of the building (i.e. beams and columns) 

were modeled as fiber sections. Separate fibre sections 

were created to assign confined and unconfined concrete 

sections to represent the realistic section characteristics of 

the RC elements. For example, Fig. 4 illustrates the fiber 

sections assigned for the columns, where the confined and 

unconfined areas of the sections were explicitly assigned. 

The RC slab in the building was modeled as a rigid 

diaphragm, which facilitates the movement of all constraint 

joints together and provide stiffness against membrane 

deformation actions. To accomplish this aspect, master and 

slave nodes were created on each floor level using the 

multipoint constraints option available in the OS, and then 

each slave node was linked to the master node. 

Furthermore, the confined and unconfined concrete 

characteristics were assigned using the “Concrete 01” 

material model available in OS as given in Fig. 4(b), which 

is based on the constitutive model suggested in Kent-Scott-

Park [9] to simulate nonlinear behavior of concrete under 

uniaxial stress states. The steel reinforcement was 

represented using the 'steel 01' material model in OS as 

illustrated in Fig. 4(c). The properties of concrete and steel 

assigned in the school building models are given in Table 

1. The compressive strength, strain, and modulus of 

elasticity of the unconfined concrete were defined as 20 

MPa, 0.003, and 30 GPa, respectively. The yield strength, 

hardening ratio, and modulus of elasticity of steel were 

used as 460 MPa, 0.001, and 200 GPa, respectively. 

 

Table 1: Properties of materials used to assign in OS 

models 

Material Properties Values Reference  

Unconfined 
Concrete 

Compressive 

strength 
20.0 MPa 

Abeysiriwardena 
(2018) [4], [5] 

Strain 0.0025 

Modulus of 
Elasticity 

22000 
MPa 

Confined 
Concrete 

Compressive 

strength 
22.0 MPa 

Mander et al. 
[10] 

Strain 0.003 

Modulus of 
Elasticity 

24500 
MPa 

Steel 

Yield Strength 460 MPa 

Abeysiriwardena 

(2018) [4], [5] 

Hardening 

Ratio 
0.001 

Modulus of 
Elasticity 

200000 
MPa 

Masonry 

Compressive 

Strength 
1.5 MPa 

Thamboo and 
Dhanasekar (2019) 

[11] 

Strain 0.003 

Modulus of 
Elasticity 

2000 MPa 

 

The MI walls in the buildings were represented by 

diagonal struts as per the provisions given in FEMA 356 

[12]. The concept of representing the MI wall as a diagonal 

strut is illustrated in Fig. 5. The strut width (a) was 

determined as per the Equation (1), where λ1 was defined 

as given in Equation (2). Where, hcol and hinf are the heights 

of column and MI, respectively. rinf is the length of the MI, 

Efe and Eme are the modulus of elasticity of frame and MI, 

respectively. Icol is the moment of inertia of the column and 

tinf is the thickness of MI. The material properties of MI 

assigned in the models are given in Table 1.  The 

compressive strength and elastic modulus were taken as 1.5 

Slave Nodes 

(s) 

Master Nodes 

 

(a) 
(b) 

(c) 

Figure 3: The OS 3-D FE models of (a) T01-S03-FCW-SW-CW, (b) T02-S03OGS- CW and 

(c)T01-S03-OGS-SW-CW 
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MPa and 2000 MPa from the studies conducted by 

Thamboo and Dhanasekar [13]. The diagonal struts were 

created as per the MI configurations found in the school 

buildings (as illustrated in Fig. 2). When, MIs with opening 

are found, the strut width and stiffness were reduced by a 

reduction factor R, as suggested by Al-Chaar [13], where 

the reduction is depended on the opening area as per 

Equation (3), where Aopen is the area of the openings and 

Apanel is the gross area of the MI. 

 

𝑎 = 0.175 (𝜆1. ℎ𝑐𝑜𝑙)−0.4. 𝑟𝑖𝑛𝑓      (1) 

𝜆1 = [
𝐸𝑚𝑒.𝑡𝑖𝑛𝑓 .𝑠𝑖𝑛 2𝜃

4 .𝐸𝑓𝑒 .𝐼𝑐𝑜𝑙 .ℎ𝑖𝑛𝑓
]

0.25

      (2) 

𝑅1 = 0.6 (
𝐴𝑜𝑝𝑒𝑛

𝐴𝑝𝑎𝑛𝑒𝑙
)

2

− 1.6 (
𝐴𝑜𝑝𝑒𝑛

𝐴𝑃𝑎𝑛𝑒𝑙
) + 1     (3) 

 

Initially, the eigenvalue modal analysis was carried out 

in the preliminary phase of the investigation to assess the 

dynamic response of the structures. Thereafter, gravity 

loads were applied prior to the nonlinear static pushover 

(PO) procedure was initiated. It should be noted that 64 

models were analyzed incorporating the different RC 

forms with two and three-storey buildings with different 

MI configurations found in the schools. The created 

models were analyzed using the OS along with the 

Response 2000 [14]. The Response 2000 is a non-linear 

sectional analysis tool developed by integrating modified 

compression field theory (MCFT), which can be used to 

predict the strength and ductility of the beam and column 

subjected to axial load, moment and shear [15]. The 

evaluation of the shear parameters using MCFT, 

incorporate the concrete sectional properties, including 

average stress-strain relationship, material interlocking, 

shear and longitudinal reinforcement details. The axial 

loads of the columns were determined using the OS 

analysis output, and those results were utilized to calculate 

the shear capacity of the columns using Response 2000. 

Based on the shear resistances of the columns determined 

from the Response 2000 [14], the pushover curves were 

adjusted by curtailing the curves, where the shear demand 

of the columns reached their shear resistances.  

4. Results and Discussion 

The seismic performance of the school building forms 

analyses are presented in terms of their failure patterns, 

seismic resistance and deformation characteristics 

obtained. Primarily, three types of building forms (T01-

OGS, T01-FCW, and T02-OGS) were analysed, and the 

other variables considered were the MIs in terms of their 

thickness (SW and DW) and the MI configurations (CW, 

QO, TO, and HO) exist in the longitudinal directions of 

those buildings.  

4.1 Failure Mechanism  

The failure patterns of the school buildings analyzed are 

presented in Fig. 6(a), (b) and (c). Since major variations 

in terms of MI wall configurations are found in the 

longitudinal direction, only results in this direction are 

presented and discussed. The failure pattern of the T01-

OGS building with the HO-SW-MI configuration is shown 

in Fig. 6(a). It was noticed that initially, the MI walls at the 

ground floor (GF) failed (on rear side) at the lateral inter-

storey drift (ISR) of 1.1%, followed by plastic hinge 

formations on the front side GF columns. Ultimately, the 

front side GF columns attained their shear resistance (at 

ISR=1.85%), before the rear side columns reached their 

moment capacities.   

The failure sequence of T01-FCW building with HO-

DW-MI configuration is presented in Fig. 6(b). Initially, 

the HO-DW-MI walls on both sides (front and rear) failed 

at the ISR of 1.4%. Subsequently, at the ISR level of 1.6%, 

the plastic hinge formations were observed in the GF front 

and rear sides of the columns. When the lateral 

displacement was increased, the plastic hinge formations 

were noted at the MI-column intersection regions at GF 

level (i.e. at ISR=1.8%). Finally, before all of the columns 

in first floor (FF) displayed the hinges, the GF rear 

columns reached their maximum shear capacity at the ISR 

level of 2.2%.  

Moreover, the failure pattern of T02-OGS building with 

HO-SW-MI configuration is shown in Fig. 6(c), where the 

study was performed using the middle frame with the CW-

MI arrangement in the building (T02 buildings contain 

middle row of columns). Unlike the T01-OGS and T01-

FCW, the CW-MI walls in the middle frame at the GF 

failed, at the ISR of about 0.7%, whereas the plastic hinge 

formations in the columns (at the GF) appeared after the 

CW-MI walls failed (i.e. at ISR=1.00-1.25%). Then, rear 

side GF columns also developed plastic hinges following 

the failure of their MI walls. Ultimately, the shear failures 

of the GF rear side columns were noted at the ISR of 2.4%. 

Also, the broken lines shown in the pushover curves 

correspond to the response of the buildings without the 

shear failure correction, indicating the emergence of the 

negative stiffness in the structure. 

Figure 4: Fiber section of T01 building column section 

and material properties (a) Stress-strain behavior of 

uniaxial steel and (b) monotonic curve of stress-strain 

of concrete. 

 

Figure 5: Masonry infill single equivalent diagonal 

strut width 
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4.2 Structural Performance of buildings  

In order to evaluate the seismic performance of the 

buildings, maximum base shear (BS), the effective initial 

stiffness (K), ductility (μ), and energy dissipation capacity 

(E) were computed from the PO curves, after the shear 

resistance corrections were performed (Section 4.1). On 

the basis of the bilinear approximation, the PO graphs were 

idealized in order to derive the performance parameters. 

Tables. 2a, 2b and 2c present the parameters derived from 

the building cases analyzed in the longitudinal direction. It 

was observed from the analysis that the longitudinal 

direction of the building is weaker than the transverse 

direction. The K was obtained using at the tangent drawn 

at the one-third point of the maximum BS value obtained 

in the PO curves. The area under the PO curve was used to 

estimate E. The μ was calculated between the ratio of 

ultimate displacement (Du) and yield displacement (Dy) 

obtained from the PO curves. Consequently, the robustness 

index of the RC forms was calculated by considering E and 

μ, and the values were normalized with bare frame (no MI) 

for comparison [16]. The RE and Rμ were obtained through 

the following Equation (4) and (5): 
 

𝑅𝐸 =  
𝐸 𝑜𝑓 𝑅𝐶 𝑠𝑡𝑟𝑢𝑐𝑡𝑟𝑎𝑙 𝑓𝑜𝑟𝑚𝑠

𝐸 𝑜𝑓 𝐵𝑎𝑟𝑒 𝐹𝑟𝑎𝑚𝑒
     (4) 

 

𝑅𝜇 =  
𝜇 𝑜𝑓 𝑅𝐶 𝑠𝑡𝑟𝑢𝑐𝑡𝑟𝑎𝑙 𝑓𝑜𝑟𝑚𝑠

𝜇 𝑜𝑓 𝐵𝑎𝑟𝑒 𝐹𝑟𝑎𝑚𝑒
      (5) 

 

As noted from Table 2a, there is a significant difference 

between the parameters obtained for OGS and FCW 

building types. The TO1-FCW building with SW 

demonstrated better performance compared to TO1-OGS. 

When comparing two configurations that are identical 

(Table 2a), for an example, T01-S03-FCW-SW-CW and 

T01-S03-OGS-SW-CW, the FCW case revealed K, BS, μ, 

and E values that are, 75%, 21%, 32%, and 30% higher 

than those of the OGS building. Overall, it can be claimed 

that the T02 building depict better performance than other 

cases. For an instance, when comparing the OGS of SW 

with QO (Table 2b) configurations of T01 and T02, the 

T02 showed a 91%, 20%, 19%, and 48% better 

performance in terms of K, BS, μ, and E, respectively. The 

enhanced performance of T02 buildings, is mainly due to 

the presence of additional moment-resisting frames other 

than T01 forms. 

The robustness indices were investigated in comparison 

to the bare frame of the specified structural forms. The 

robustness parameters for the remaining configurations 

were obtained by dividing the μ and E values of other RC 

(a) (b) 

(c) 

Figure 6: Failure mechanism of the (a) T01-OGS-SW, (b) T01-FCW-DW and (c) T02-OGS-SW at GF level 
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forms by the bare frame, where the robustness index of the 

bare frame was assumed to be 1.0 [16]. The Rμ and RE 

values of T01-OGS and T01-FCW vary significantly, and 

the robustness values of the FCW building increased due 

to the existence of MI walls at the GF (Table 2a). It can be 

discerned from Table 2a, that presence of OGS in the RC 

forms influenced the seismic performance of the buildings, 

triggering soft storey effect under seismic action [17]. 

Meanwhile, Table 2b shows the RE values of the T02-S03-

OGS with different infill thickness, where the presence of 

the infill thickness improves the energy dissipation 

characteristics of the buildings. Additionally, it should be 

mentioned that the robustness characteristics in terms of 

energy dissipation revealed, a more accurate comparison 

than ductility, and a similar observation was obtained by 

Mondal and Tesfamariam [16]. Consequently, for T02-S02 

RC forms (Table 2c), the robustness indices show similar 

patterns of variation as S03 RC forms. However, 

comparing the two distinct structural forms using the 

robustness value may not be reliable, because their bare 

frames have different robustness values. Furthermore, the 

MI configurations in the RC forms impacted the seismic 

performance of the structures as their overall stiffness of 

the building varied, implying that MIs have a direct 

influence on building performance. 

 

 

 

 

Table 2a: The performance of the T01-S03 RC form 

Table 2b: The performance of the T02-S03 RC form 

Table 2c: The performance of the T01/T02-S02 RC form 

5. Conclusion 

The seismic performances of gravity-designed Sri 

Lankan school buildings with different RC forms, referred 

as T01 and T02, were investigated. The MI configurations 

in terms of thicknesses (SW and DW) and opening types 

(CW, QO, HO, and TO) were incorporated, and non-linear 

static pushover analyses were performed,  

followed by shear resistance corrections were performed in  

the post-processing in the analyses. The results revealed 

that the T01 and T02 have a distinguished performance 

under seismic actions and T02 shows slightly better 

performance than the T01, there is as an additional frame 

(with better sizing) in the building. Moreover, the presence 

of the MI walls in both RC forms influences the 

performance of the building compared to bare frames. 

However, the opening configurations have directly 

impacted the capacity of the building, as the strut action 

varied in accordance with the configurations. Moreover, 

the absences of the MI at the GF for T01-OGS and T02-

OGS showed significant variation in the capacity of the 

buildings as compared to the FCW buildings. The 

buildings with FCW walls, shown better ductility than the 

other cases. It was evident from the robustness parameters, 

that the RC forms and MI configurations in the school 

buildings significantly influence the seismic performance, 

thus further studies are needed in the future to develop 

seismic fragility of these school building forms 

incorporating the variables found.  

 

 

 

Types of RC form Initial stiffness 

X (kN/mm) 

Maximum base 

shear in X (kN) 

Ductility (μ) in 

X directions 

Energy E (× 104 J) 

in X directions 

Robustness 

index (Rμ) 

Robustness 

index (RE) 

T02-S03-BF 27.4 740 2.0 3.8 1.0 1.0 

T02-S03-OGS-SW-CW 119.2 1180 3.8 9.4 1.9 2.4 

T02-S03-OGS-SW-QO 110.6 1195 3.7 9.8 1.9 2.6 

T02-S03-OGS-SW-HO 72.9 1050 2.7 7.7 1.4 2.0 

T02-S03-OGS-SW-TO 52.4 990 2.5 7.1 1.3 1.9 

T02-S03-OGS-DW-CW 156.7 1410 4.3 12.2 2.2 3.2 

T02-S03-OGS-DW-QO 145.5 1440 4.0 12.1 2.0 3.2 

T02-S03-OGS-DW-HO 88.9 1200 3.1 9.4 1.6 2.5 

T02-S03-OGS-DW-TO 61.1 1100 2.7 8.1 1.4 2.1 

Types of RC form Initial stiffness 

X (kN/mm) 

Maximum base 

shear in X (kN) 

Ductility (μ) in 

X directions 

Energy E (× 104 J) 

in X directions 

Robustness 

index (Rμ) 

Robustness 

index (RE) 

T01-S02-BF 19.4 700 1.9 3.7 1.0 1.0 

T02-S02-BF 22.9 720 2.1 3.9 1.0 1.0 

T01-S02-OGS-SW-CW 55.6 1000 2.9 7.0 1.5 1.9 

T01-S02-OGS-SW-QO 56.7 1020 2.8 6.8 1.4 1.9 

T01-S02-OGS-SW-HO 34.1 920 2.6 6.2 1.3 1.7 

T01-S02-OGS-SW-TO 27.0 850 2.3 5.4 1.2 1.5 

T02-S02-OGS-SW-CW 83.0 1120 3.7 9.2 1.7 2.4 

T02-S02-OGS-SW- QO 85.2 1150 3.4 8.9 1.6 2.3 

T02-S02-OGS-SW- HO 56.1 1010 3.2 7.8 1.5 2.0 

T02-S02-OGS-SW- TO 53.9 970 2.8 6.9 1.3 1.8 

Types of RC form Initial stiffness X 

(kN/mm) 

Maximum base 

shear in X (kN) 

Ductility (μ) in 

X directions 

Energy E (× 104 J) 

in X directions 

Robustness 

index (Rμ) 

Robustness 

index (RE) 

T01-S03-BF 19.3 780 1.5 3.0 1.0 1.0 

T01-S03-OGS-SW-CW 59.6 1020 2.7 6.5 1.8 2.1 

T01-S03-OGS-SW-QO 57.8 1040 2.6 6.4 1.7 2.1 

T01-S03-OGS-SW-HO 39.9 970 2.3 5.8 1.5 1.9 

T01-S03-OGS-SW-TO 26.0 820 2.0 4.8 1.3 1.6 

T01-S03-FCW-SW-CW 105.1 1230 3.6 8.4 2.4 2.8 

T01-S03-FCW-SW-QO 96.3 1300 3.5 8.9 2.3 2.9 

T01-S03-FCW-SW-HO 61.1 1100 2.5 6.7 1.6 2.2 

T01-S03-FCW-SW-TO 41.8 940 1.9 5.5 1.2 1.8 

SSESLAS2022-09 Page. 65



SOCIETY OF STRUCTURAL ENGINEERS, SRI LANKA - ANNUAL SESSIONS 2022 
 

 

 

Acknowledgments 

The authors acknowledge the financial support provided 

by the National Academy of Sciences of Sri Lanka 

(NASSL) for the first author’s MSc studies at the 

University of Moratuwa. Also thank the support of group 

of E15 undergraduate students from the Department of 

Civil Engineering, South Eastern University of Sri Lanka 

for their data collections in the schools surveyed. 

References 

[1] S. Venkatesan and P. Gamage, “Spectral analysis of seismic 

waves in the northern Indian Ocean region,” Bull. Seismol. Soc. 

Am., vol. 103, no. 6, pp. 3305–3320, Dec. 2013, doi: 
10.1785/0120130079. 

[2] M. J. Fernando and A. N. S. Kulasinghe, “Seismicity of Sri 

Lanka,” Phys. Earth Planet. Inter., vol. 44, no. 2, pp. 99–106, 
1986, doi: 10.1016/0031-9201(86)90036-1. 

[3] H. N. Seneviratne, L. R. K. Perera, K. K. Wijesundara, R. M. S. 

Dananjaya, and U. De S. Jayawardena, “Seismicity around Sri 
Lanka from Historical Records and its Engineering 

Implications,” Eng. J. Inst. Eng. Sri Lanka, vol. 53, no. 2, p. 47, 

2020, doi: 10.4038/engineer.v53i2.7412. 
[4] J. K. Marasingha, “Seismic Assessment of School Building in 

Sri Lanka,” University of Peradeniya, Master’s thesis, 2013. 

[5] K. A. T. M. Abeysiriwardena, “Seismic Risk Assessment of 
Typical Three Storey Reinforced Concrete School Buildings in 

Sri Lanka,” University of Peradeniya, Master’s thesis, Sri 

Lanka, 2018. 
[6] U. Hancilar, E. Çaktö, M. Erdik, G. E. Franco, and G. Deodatis, 

“Earthquake vulnerability of school buildings: Probabilistic 

structural fragility analyses,” Soil Dyn. Earthq. Eng., vol. 67, 
pp. 169–178, 2014, doi: 10.1016/j.soildyn.2014.09.005. 

[7] S. Ruggieri, D. Perrone, M. Leone, G. Uva, and M. A. Aiello, 

“A prioritization RVS methodology for the seismic risk 
assessment of RC school buildings,” Int. J. Disaster Risk 

Reduct., vol. 51, no. June, p. 101807, 2020, doi: 

10.1016/j.ijdrr.2020.101807. 

[8] N. Ghimire and H. Chaulagain, “Seismic vulnerability 

assessment of reinforced concrete school building in Nepal,” 

Asian J. Civ. Eng., vol. 22, no. 2, pp. 249–262, 2021, doi: 
10.1007/s42107-020-00311-6. 

[9] D. C. Kent and R. Park, “Flexural Members with Confined 

Concrete,” J. Struct. Div., vol. 97, no. 7, pp. 1969–1990, Jul. 
1971, doi: 10.1061/jsdeag.0002957. 

[10] J. B. Mander, M. J. N. Priestley, and R. Park, “Theoretical 

Stress-Strain Model for Confined Concrete,” J. Struct. Eng, vol. 
114, no. 8, pp. 1804–1826, 1989. 

[11] J. A. Thamboo and M. Dhanasekar, “Correlation between the 

performance of solid masonry prisms and wallettes under 
compression,” J. Build. Eng., vol. 22, pp. 429–438, Mar. 2019, 

doi: 10.1016/j.jobe.2019.01.007. 
[12] American Society of Civil Engineers, “FEMA-356 Prestandard 

and Commentary for the Seismic Rehabilitation of Building,” 

Fed. Emerg. Manag. Agency, no. November, p. 518, 2000. 
[13] G. Al-Chaar, M. Issa, and S. Sweeney, “Behavior of Masonry-

Infilled Nonductile Reinforced Concrete Frames,” J. Struct. 

Eng., vol. 128, no. 8, pp. 1055–1063, Aug. 2002, doi: 
10.1061/(ASCE)0733-9445(2002)128:8(1055). 

[14] M. S. Issa and A. A. El-Abbasy, “Shear strength evaluation in 

the existance of axial compressive loads for reinforced concrete 
beams,” HBRC J., vol. 17, no. 1, pp. 365–388, 2021, doi: 

10.1080/16874048.2021.1944734. 

[15] E. C. Bentz, F. J. Vecchio, and M. P. Collins, “Simplified 
modified compression field theory for calculating shear 

strength of reinforced concrete elements,” ACI Struct. J., vol. 

103, no. 4, pp. 614–624, 2006, doi: 10.14359/16438. 
[16] G. Mondal and S. Tesfamariam, “Effects of vertical irregularity 

and thickness of unreinforced masonry infill on the robustness 

of RC framed buildings,” Earthq. Eng. Struct. Dyn., 2013, doi: 
10.1002/eqe. 

[17] M. Surana, M. Pisode, Y. Singh, and D. H. Lang, “Effect of 

URM infills on inelastic floor response of RC frame buildings,” 
Eng. Struct., vol. 175, pp. 861–878, Nov. 2018, doi: 

10.1016/J.ENGSTRUCT.2018.08.078. 

 

SSESLAS2022-09 Page. 66



SOCIETY OF STRUCTURAL ENGINEERS, SRI LANKA - ANNUAL SESSIONS 2022 
 

 

 

Flattening Mechanics of Deployable Coilable Tape Spring Booms 
 

N Sutharsanan1, and H M Y C Mallikarachchi1,* 

 

Abstract 

Deployable structures play a vital role in a variety of applications such as aerospace structures, rapid 

development civil engineering projects, medical devices, reconfigurable robotics and many other engineering 

applications. Deployable thin-walled booms make use of elastic strain energy during storage and are capable 

of self-deploying to their fully deployed configuration which is an ideal candidate to overcome the bottleneck of 

limited launch vehicle capacity faced in space applications. This paper establishes numerical and analytical 

frameworks to investigate the large deformation analysis of deployable coilable tape springs. Geometrically 

non-linear finite element models implemented in Abaqus/Standard are used to characterize the flattening 

mechanics of isotropic tape springs under compressive deformation. The effects of geometric and material 

properties on flattening behavior are investigated through a numerical parametric study. A simple analytical 

model is developed to predict the stresses and forces during compression flattening, and a good correlation has 

been found with the numerical study. 

 

 

1. Introduction11 

 Deployable structures eliminate the bottleneck 

associated with storage and transportation capacities in 

various engineering applications. The term deployment 

refers to the transformation process of a structure from a 

compact configuration to a significantly larger operational 

configuration. Solar sails [1], star shade [2], antennas [3], 

booms [4, 5] and inflatable habitats [6] in aerospace 

applications, stents in medical applications [7], disaster 

relief housing [8], adaptive and climate responsive 

structures [9] in civil engineering are common examples 

where the concept of deployable structures have been used 

for easy storage and improved productivity. Mechanics of 

deployable structures are considered in three stages. 

Folding or compaction stage considers stowage methods 

and the large deformation associated with them. Reliability 

and deterministic deployment where required deployment 

forces, strain energy control etc. is the second stage. 

Finally, the post-deployment stage where structural 

behavior after deployment is analyzed critically for the 

intended operation. A deep analysis of these three stages is 

crucial for the success of mission to prevent any ad hoc 

deployment and potential damage.    

Deployable booms [10] are a crucial part of structures 

used in space applications such as solar panels, solar sails 

and membrane antennas. For example, these deployable 

booms act as deployment actuators for solar sails [5] (see 

Fig. 1).   Even they are utilized in the defence, homeland 

security, emergency services, disaster relief as 

communication antennas and cam net poles shelters [11]. 

Thanks to their superior properties like lightweight nature, 

high packaging efficiency, simple deployment mechanism 

and scalability help to overcome the limited stowage space 

and payload capacity of launch vehicles.  

A common way of storing these deployable booms is in 

a coiled form and extended into a rod-like structure 

mimicking the mechanism of the carpenter’s tape measure. 

There are different classes of coilable deployable booms 

such as Tape spring booms [12], Collapsible tubular masts 

 
N Sutharsanan and H M Y C Mallikarachchi are with the 

Department of Civil Engineering, University of 

(CTM) booms [5], Tubular rollable and coilable (TRAC) 

booms [13], Four-Cell Lenticular Honeycomb Deployable 

Boom [14], Storable Tubular Extendible Membrane 

(STEM) booms [15], Bi STEM and Interlocking Bi STEM.  

This paper focuses on Tape spring booms which are the 

simplest and most common form.  They are straight, thin-

walled and have a curved cross-section (see Fig. 2). recall 

carpenter’s tape. Due to their simplicity, these booms are  
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(b) 

Figure 1: Light weight deployable booms (a) snapshots 

during deployment (b) booms deploy a solar sail 

(courtesy: German Aerospace Agency, DLR) 
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used in the aerospace industry to deploy sensors, antennas 

and sails (see Fig. 3(c)). For example, Air force research 

laboratory has designed a self-contained linear meter-class 

deployable (SIMPLE) boom [12] targeted for CubeSat 

(nanosatellites) mission as shown in Fig. 3(a) and 

Fig. 3(b). 

 

In general, booms are first flattened either naturally due 

to their bi-stable behavior [12, 17] or by force [14, 18 - 20] 

prior to coiling. Flattening can also take place even during 

coiling where booms are flattened either by applying a 

sufficiently large tension force at the tip of the tape spring 

[21] or by constraining the tape spring with radial springs

[22] to avoid the formation of localized folds. These curved

thin shells are subjected to large deformations during the

coiling process [20]. A deep understanding of flattening

behavior is important since the developed stress must be

within tolerable limits for the structure to recover its

original shape at the end of the unloading process (no

reduction in stiffness in its deployed configuration). These

booms can be flattened either by pulling at both ends or by 

compressing [20]. Compression flattening is preferred due 

to the geometry of the tape spring. Characterizing the 

mechanics of tape spring during the flattening will help to 

predict the deformed cross-section at a specific load 

(compressive or tensile load), the required force to 

completely flatten these booms and the stiffness of radial 

springs used during the coiling and uncoiling process. 

This paper investigates the flattening mechanics of 

isotropic tape springs subjected to compressive 

deformation. Following the present introduction, Section 2 

deals with the development of a simple analytical model to 

predict the required flattening force and the stresses 

developed at the fully flattened stage. Section 3 presents 

the numerical simulation technique in Abaqus finite 

element package. A numerical parametric study is 

conducted to study the effects of geometric and material 

properties on flattening behavior. Section 4 discusses the 

numerical simulation results and compares the results with 

the analytical model. Section 5 concludes the paper. 

2. Analytical Study

An analytical model is developed to predict the 

flattening force-displacement relationship of the tape 

spring in compression deformation where the tape spring is 

gradually compressed into a flattened state using contact 

between two rigid plates (see Fig. 4). This can be treated as 

the quasi-static process where the tape spring is considered 

to be in static equilibrium at each loading step. Flattened 

state initiate from the point where the top plate touches the 

center of the tape spring and then it evolves toward the far 

ends of the cross-section under compressive loading. Fig. 

4 depicts that the tape spring can be idealized as a one-

dimensional element with symmetric shape during this 

compressive loading process. Moreover, half of the load 

exerted by compression plates is idealized as a vertical 

point load  𝐹𝑐 2⁄ , at the point at which the specimen is

tangent to the plate. 

 By assuming the plane section remained plane while 

deformed and the specimen is inextensible, specific 

problem can be simplified to high deflection beam theory 

(i.e. Elastica theory). The theory of elastica is a useful tool 

to describe the behavior of geometrically non-linear 

models undergoing large deformations [23]. Taking 

advantage of the symmetric condition, one-half of the tape 

spring cross-section is simplified as a one-dimensional 

beam element where only the cantilever of length 𝐿 

excluding the flatten length (𝑓) is considered to formulate 

the model. 

Referring to the free body diagram illustrated in Fig. 4, 

moment 𝑀 can be expressed as: 

𝑀 =
𝐹𝑐

2
 𝐿ℎ  (1) 

where Lh is the horizontal distance from one end of the tape 

spring cross-section to the point of applied loading. 

Considering the material to be elastic, the maximum 

bending moment 𝑀 due to the change of curvature from 
1

𝑅
to 0 is given by the following equation. 

𝑅 

𝑅 𝛼 

𝑡 

𝑟 

Figure 2: Geometry of coilable tape spring booms 

Figure 3: Self-contained linear meter-class deployable 

(SIMPLE) boom [12] (a) stowed configuration (b) initial 

deployment (c) artistic view of SEAM (Small Explorer 

for Advanced Missions [16])  

(a) (b) 

(c) 
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𝑀 =
𝐸𝐼

𝑅
                                            (2) 

 
where 𝐸- Elastic modulus of the material and  𝐼- second 

moment of area of the section (=  
𝑏𝑡3

12
, 𝑏 and 𝑡 denote width 

and thickness of the tape spring respectively). Combination 

of Equations 1 and 2 yields to: 

 
𝐸𝐼

𝑅
=

𝐹𝑐

2
 𝐿ℎ                                         (3) 

 

In order to get a relationship between geometric 

parameters 𝐿ℎ and 𝑢, we assumed that geometric 

parameters scale together considering the elastica model 

with elastic properties. For example, 𝐿ℎ decreases with 

decreasing distance between two plates (𝑑) which means 

 

𝐿ℎ ∝ 𝑑                                             (4) 

 

Hence, 𝐿ℎ  can be expressed in terms of  𝑢 as follows: 

 

𝐿ℎ = 𝑠𝑖𝑛
𝛼

2
(𝑅 −

𝑢

(1−𝑐𝑜𝑠
𝛼

2
)
)                       (5) 

 

where 𝑅 and 𝛼 refer to the transverse radius and subtended 

angle of the tape spring (see Fig.2) respectively. 

Substituting 𝐿ℎ in Equation (3) gives: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝐹𝑐 =  
2𝐸𝐼

𝑅𝑠𝑖𝑛
𝛼

2
[𝑅−

𝑢

(1−𝑐𝑜𝑠
𝛼
2)

]

                             (6) 

 

The above expression is valid when 𝑢 > 0. By making 

initial condition (𝐹𝑐)𝑢=0 = 0, equation is modified as: 

 

𝐹𝑐 =  
2𝐸𝐼

𝑅𝑠𝑖𝑛
𝛼

2

[
1

(𝑅−
𝑢

(1−𝑐𝑜𝑠
𝛼
2)

)

−
1

𝑅
]                        (7) 

 

where 0 ≤ 𝑢 ≤ (𝑅 −
𝑡

2
) (1 − 𝑐𝑜𝑠

𝛼

2
)  considering the 

effect of thickness. 

To determine stress distribution along transverse 

direction, we followed the method proposed by 

Pedivellano et al. [24] and developed a simplified 

analytical model by considering phenomena as thin plate 

subjected to pure bending (no stretching) in one direction. 

The natural curvature vector in undeformed configuration 

is: 

 

𝜅𝑜 =  [

𝜅𝑥𝑥
𝑜

𝜅𝑧𝑧
𝑜

𝜅𝑥𝑧
𝑜

] =  [

1

𝑅

0
0

]                                (8) 

 

where 𝑥 and z are transverse and longitudinal direction, 

respectively. 𝜅 denotes curvature, superscript ‘0’ and ‘1’ 

denote undeformed and deformed configurations 

respectively. Curvature vector of final deformed 

configuration is: 

 

𝜅1 =  [

𝜅𝑥𝑥
1

𝜅𝑧𝑧
1

𝜅𝑥𝑧
1

] =  [
0
0
0

]                                 (9) 

  

Therefore, the curvature change during flattening process 

is: 

Δ𝜅𝑥𝑥 =  𝜅𝑥𝑥
1 −  𝜅𝑥𝑥

𝑜 =  − 
1

𝑅
  and Δ𝜅𝑧𝑧 =  Δ𝜅𝑥𝑧 = 0       (10) 

 

The strain distributions based on Kirchhoff-Love plate 

theory are: 

 

𝜀𝑥𝑥 =  𝜀𝑥𝑥
𝑜 + 𝑦Δ𝜅𝑥𝑥 =  − 

𝑦

𝑅
 and 𝜀𝑧𝑧 =  𝜀𝑥𝑧 = 0           (11) 

 

 

 

Figure 4: Schematic representation of idealized 

configuration of tape spring undergoing flattening  

𝑢 𝐿𝑖 

𝐿 

𝐿ℎ 
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The stresses developed in fully flattened configuration 

were derived using the constitutive model for an isotropic 

material as follows: 

{

𝜎𝑥𝑥

𝜎𝑧𝑧

𝜎𝑥𝑧

} =  
𝐸

1−𝜐2  [

1 𝜈 0
𝜈 1 0

0 0
(1−𝜈)

2

] [

𝜀𝑥𝑥

𝜀𝑧𝑧

𝜀𝑥𝑧

]        (12) 

 

 

 

{

𝜎𝑥𝑥

𝜎𝑧𝑧

𝜎𝑥𝑧

} =  
𝐸

1−𝜐2  [

− 
𝑦

𝑅

− 
𝜈𝑦

𝑅

0

]                      (13) 

 

According to the developed model stresses are symmetric 

with respect to the middle surface. 

3. Numerical Study 

A finite element simulation of the flattening process is 

useful to understand the mechanics of tape springs and the 

developed stresses. Hence, finite element models of tape 

springs under compressive loadings were developed using 

the commercial finite element package Abaqus/Standard. 

3.1 Initial Model Development  

 To simplify the problem, plane strain behavior was 

assumed by considering that the tape spring was 

predominantly under bending stress state during flattening. 

Therefore, the cross-section of the tape spring was modeled 

(see Fig. 5(a)) using four-node plane strain quadrilateral 

elements with incompatible mode (CPE4I) and the 

compression plates were modeled as rigid beams using 

two-node beam elements (RB2D2).  

In order to study the flattening mechanism, we selected 

the steel tape spring with initial geometry as 𝑅 = 15.1 mm, 

𝑡 = 0.1 mm, and 𝛼 = 900. The material properties of steel 

are listed in Table 1. Uniform Meshing was defined such 

that the edge length of 0.025 mm was kept giving 604 

elements across the transverse direction (see Fig. 5(b)). 

Frictionless contact was defined between the tape spring 

and rigid plates using the friction-less contact property. 

 The simulation was performed by keeping the bottom 

plate fixed while moving the top plate with specified 

downward displacement at the reference point of the plate 

to flatten the tape spring.  

 

 

 

 

 

 

 

 

 

 

 

 

3.2 Parametric Study 

Effects of various design parameters like material and 

geometric parameters of tape spring such as thickness, 

subtended angle and transverse radius of curvature on 

flattening behavior are very important for the design 

decision. Using the numerical model described above, a 

parametric study was conducted to study the effect of 

geometry and material properties on the flattening behavior 

of tape springs. Geometrical parameters such as subtended 

angle, transverse radius of curvature and thickness of the 

tape spring and elastic modulus as material parameters are 

considered for the parametric study. 

Accordingly, to study the effect of thickness 0.1 mm, 

0.15 mm, 0.2 mm, 0.25 mm and 0.3 mm thick steel tape 

springs are simulated by keeping other parameters constant 

(𝑅 = 19.2 mm and 𝛼 = 900). Similarly, the impact of 

subtended angle [450, 600, 900, 1200, 1500 and 1800], 

transverse radius of curvature [15.1, 19.2, 25, 30, 35, 40] 

(mm) and elastic modulus [50, 100, 130, 210, 250] (GPa) 

on flattening mechanics were studied.  

In order to obtain solutions for non-linear problems, 

Abaqus/Standard uses the Newton-Raphson time 

integration method [25]. Flattening simulation involves 

contact between different parts and instabilities due to 

significant geometric changes. To overcome these issues 

*Static, Stabilize option was used in the Static/General 

analysis step [25], where stabilization factor ranging from 

2×10-6 to 2×10-5 for varying parameters was chosen based 

on a trial and error process. 

 

 

Table 1: Material properties of steel used in the numerical 

model 

 

 

Property    Magnitude 

Density (tonne/mm3)   8.05 × 10−9  

Elastic modulus (MPa)   210000  

Poisson’s ratio   0.34  

Figure 5: Finite element model for flattening of tape spring using rigid plates (a) overall configuration (b) mesh 

arrangement  

(a) 

Rigid plates 

Tape-spring 

(b) 

Reference points 
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4. Results and Discussion 

 

According to Fig. 6, it should be noted that the flattening 

force during compressive deformation shows a non-linear 

behavior with displacement for both numerical and 

analytical studies which shows good agreement with the 

studies conducted by Bai et al. [20] for the lenticular 

deployable composite boom. Even though experiments 

conducted in [20] for a different cross-section, the 

magnitude of compressive flattening force is in the same 

order obtained from our numerical and analytical studies. 

This provides a reasonable validation. Referring to Fig. 6, 

flattening force variation obtained from the analytical 

model shows almost same value (with minor 

underprediction) up to 1.25 mm displacement and then it 

overpredicts the numerical results. This deviation may be 

due to the discrepancy in the assumptions we took in the 

analytical model. 

 Fig. 7 shows the evolution of transverse and longitudinal 

stresses during the flattening process and Fig. 8 depicts the 

corresponding deformed shapes. In Fig. 7 negative 

(compression) and positive (tension) plots describe the 

stresses on the top and bottom face of the shell, 

respectively. It can be observed that the middle region 

experienced maximum stress and it evolves toward the 

Figure 6: Comparison between numerical simulation and analytical model results in terms of flattening force versus 

displacement (𝑅 = 15.1 mm, 𝑡 = 0.1 mm and 𝛼 = 900) 

Figure 8: Snapshots from simulation during the flattening 

process where; 𝑢𝑚𝑎𝑥 =  (𝑅 − 𝑡/2)(1 − 𝑐𝑜𝑠 𝛼/2) 

 

Figure 7: Evolution of stresses during flattening process of the tape spring (𝑅 = 15.1 mm, 𝑡 = 0.1 mm and 𝛼 = 900) 

(a) transverse stress (b) longitudinal stress (colours correspond to deformed configurations shown in Fig. 8) 

 

(a) (b) 
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ends of the tape spring cross-section until it reaches to 

completely flattened stage. Both transverse and 

longitudinal stresses are uniform in most parts of the tape 

spring cross-section at the final flattened configuration. 

The numerical stress distribution of the final deformed 

configuration shows a good agreement with the analytical 

model which means the tape spring actually subjected to 

pure bending during the flattening process. In addition to 

that, transverse and longitudinal stresses are quite smaller 

than the yield strength which demonstrates that the tape 

spring will recover elastically once the flattening force is 

removed.   

Fig. 9 shows the effect of varying thickness on fully 

flattening force ((𝐹𝑐)𝑚𝑎𝑥) and developed transverse and 

longitudinal stresses in the fully flattened state. It can be 

seen that both transverse and longitudinal stress shows a 

linear increase with increasing thickness which agrees with 

the developed analytical model: 

 

|(𝜎𝑥𝑥)𝑚𝑎𝑥| =  
𝐸𝑡

2(1−𝜐2)𝑅
                          (14) 

 

|(𝜎𝑧𝑧)𝑚𝑎𝑥| =  
𝐸𝑡𝜈

2(1−𝜐2)𝑅
                         (15) 

 

The required force to completely flattened the tape spring 

shows a cubic increase with the thickness which means 

𝐹𝑐  ∝  𝑡3. This validates the presence of 𝑡3 in 𝐼 of the 

developed analytical model. 

Fig. 10, Fig. 11, and Fig. 12 show the impact of 

transverse radius of curvature, subtended angle, and elastic 

modulus of the material respectively on the fully flattening 

force and transverse and longitudinal stresses developed in 

the fully flattened state. Based on the results, all stresses 

and flattening force decrease with increasing 𝑅 which 

correlates well with the analytical model where it predicts 

an inversely proportional relationship with 𝑅.  
(𝜎𝑥𝑥)𝑚𝑎𝑥 , (𝜎𝑧𝑧)𝑚𝑎𝑥 and (𝐹𝑐)𝑚𝑎𝑥 behave independently 

with varying subtended angles, which means they show 

approximately a steady state variation with 𝛼. This 

validates the absence of 𝛼 in the developed equations (14 

and 15). But the presence of 𝛼 in the developed analytical 

model for flattening force still needs further investigation.  

With regards to the effect of elastic modulus, all 
(𝜎𝑥𝑥)𝑚𝑎𝑥 , (𝜎𝑧𝑧)𝑚𝑎𝑥 and (𝐹𝑐)𝑚𝑎𝑥 increase linearly with 𝐸, 

which again validates the developed analytical models. 

Considering the overall variation in the parametric study, 

we can relate this problem with the bending of a straight 

beam. Accordingly, the force required for a specific 

deflection is proportional to elastic modulus and second 

moment of area of the beam, and inversely proportional to 

the length of the beam. The above trend agrees well with 

our parametric study.   

5. Conclusion 

Flattening behavior of tape springs was investigated by 

means of numerical simulations and simplified analytical 

model. By idealizing behavior to a plain strain condition, 

2D finite element models were constructed in 

Abaqus/Standard finite element package. Numerical  

simulation results showed that tape spring deforms and 

recovers elastically. 

 

 

 

 

 

 

 

Figure 9: Variation of Max. flattening force, 

transverse and longitudinal stresses with the 

thickness (𝑅 = 19.2 mm and 𝛼 = 900) 

 

Figure 10: Variation of Max. flattening force, 

transverse and longitudinal stresses with the transverse 

radius (𝑡 = 0.1 mm and 𝛼 = 900) 

 

Figure 11: Variation of Max. flattening force, 

transverse and longitudinal stresses with the 

subtended angle (𝑅 = 19.2 mm and 𝑡 = 0.1 mm) 

 

Figure 12: Variation of Max. flattening force, 

transverse and longitudinal stresses with the elastic 

modulus (𝑅 = 19.2 mm, 𝑡 = 0.1 mm and 𝛼 = 900) 
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An analytical solution was also developed to predict the 

flattening force and transverse and longitudinal stresses. 

Both numerical and analytical methods are able to capture 

the non-linear behavior of load-displacement curves. The 

developed analytical model shows a good correlation with 

the numerical results where it exactly predicts the stresses 

developed at the fully flattened stage. But it approximately 

predicts the flattening force up to a certain displacement 

and then overpredicts the numerical results. Therefore, the 

developed analytical model needs further investigation.  

On the other hand, a numerical parametric study was 

conducted to investigate the effects of the geometric and 

material properties of isotropic tape springs on flattening 

behavior. It was concluded that required maximum 

flattening force, transverse and longitudinal stresses varied 

with thickness, transverse radius, and elastic modulus of 

the material. But they remain constant with varying 

subtended angles.  Variation obtained from the parametric 

study shows a good correlation with each parameter in the 

analytical model.  

Findings from this study will help to predict the 

deformed cross-section at a specific load (compressive or 

tensile load), the required force to completely flatten these 

booms and the stiffness of radial springs used during 

coiling and uncoiling process. Also, parametric study 

results are helpful to make design decisions based on 

specific requirements.  Authors are presently working on 

extending this study to parametric optimization of the tape 

spring for efficient flattening, coiling and uncoiling 

processes.  

 

Acknowledgment 

Financial assistance of National Research Council Sri 

Lanka under grant no. 2020-080 and Senate Research 

Committee of University of Moratuwa under grant no. 

SRC/LT/2020/01 is highly appreciated. 

References 

[1] D. A. Spencer, B. Betts, J. M. Bellardo, A. Diaz, B. Plante, and J. R. 
Mansell, “The LightSail 2 solar sailing technology demonstration,” 

Adv. Sp. Res., vol. 67, no. 9, pp. 2878–2889, 2021. 

[2]    M. Arya et al., “Demonstration of deployment repeatability of key 
subsystems of a furled starshade architecture.”, 2021. 

[3] D. Baoyan, “Large spaceborne deployable antennas (LSDAs) - A 
comprehensive summary,” Chinese J. Electron., vol. 29, no. 1, pp. 

1–15, 2020. 

[4] D.S. Adams and M. Mobrem, “Lenticular jointed antenna 

deployment anomaly and resolution onboard the mars express 

spacecraft,” J. Spacecr. Rockets, vol. 46, no. 2, pp. 403–410, 2009. 

[5] J. Block, M. Straubel, and M. Wiedemann, “Ultralight deployable 
booms for solar sails and other large gossamer structures in space,” 

Acta Astronaut., vol. 68, no. 7–8, pp. 984–992, 2011. 

[6] D. A. Litteken, “Inflatable technology: using flexible materials to 
make large structures,” p. 2, 2019. 

[7] K. Pujdak, J. Kähler, and M. Werner, “Feasibility, Safety, and 

Clinical Performance of Self-apposing Stents for Left Main 
Stenosis,” US Cardiol. Rev., vol. 14, 2020. 

[8] K. Ando et al., “Lightweight rigidly foldable canopy using 

composite materials,” SN Appl. Sci., vol. 2, no. 12, pp. 1–15, 2020. 

[9] E. Babilio, R. Miranda, and F. Fraternali, “On the kinematics and 

actuation of dynamic sunscreens with tensegrity architecture,” 

Front. Mater., vol. 6, no. July, 2019. 

[10] N. T. Drenthe et al., “NASA Langley Research Center, Hampton, 
VA, USA DLR Institute of Composite Structures and Adaptive 

Systems, Braunschweig, GERMANY Institute of Adaptronics and 

Function Integration, Technische Universität Braunschweig, 
GERMANY,” Compos. Struct., vol. 2, no. 1, pp. 1–12, 2017. 

[11] T. H. E. Technology, “Rolatube Technology: Product Brochure. 

[12] T. W. Murphey, “With a Motor-Less Deployment By Bi-Stable Tape 
Springs,” pp. 1–11, 2011. 

[13] C. Leclerc, L. Wilson, M. A. Bessa, and S. Pellegrino, 

“Characterization of ultra-thin composite triangular rollable and 
collapsible booms,” 4th AIAA Spacecr. Struct. Conf. 2017, January, 

2017. 

[14] H. Yang, S. Fan, Y. Wang, and C. Shi, “Novel Four-Cell Lenticular 
Honeycomb Deployable Boom with Enhanced Stiffness,” Materials 

(Basel)., vol. 15, no. 1, 2022. 

[15]  F. Rimrott, and G. Fritzsche, “Fundamentals of stem mechanics,” In 
IUTAM-IASS Symposium on Deployable Structures: Theory and 

Applications, Springer, pp. 321–333, 2000. 

[16] Nickolay Ivchenko. In Small Explorer for Advanced Missions - 
SEAM, 03 2013. 

[17] Y. Prigent, “A Finite Element Model of Bi-Stable Woven Composite 

Tape-Springs.”, Master’s Thesis, The Royal Institute of Technology, 
2011. 

[18] H. Yang, L. Liu, H. Guo, F. Lu, and Y. Liu, “Wrapping dynamic 

analysis and optimization of deployable composite triangular 
rollable and collapsible booms,” Struct. Multidiscip. Optim., vol. 59, 

no. 4, pp. 1371–1383, 2019. 

[19] Z. Y. Chu and Y. Lei, “Design theory and dynamic analysis of a 

deployable boom,” Mech. Mach. Theory, vol. 71, pp. 126–141, 

2014. 

[20] J. B. Bai, D. Chen, J. J. Xiong, and R. A. Shenoi, “Folding analysis 

for thin-walled deployable composite boom,” Acta Astronaut., vol. 

159, pp. 622–636, 2019. 

[21] L. Wilson, E. E. Gdoutos, and S. Pellegrino, “Tension-Stabilized 

Coiling of Isotropic Tape Springs,” Int. J. Solids Struct., vol. 188–

189, pp. 103–117, Apr. 2020. 

[22] A. Hoskin, A. Viquerat, and G. S. Aglietti, “Tip force during 

blossoming of coiled deployable booms,” Int. J. Solids Struct., vol. 

118–119, pp. 58–69, Jul. 2017. 

[23] B. Yasara Dharmadasa, M. W. McCallum, S. Mierunalan, S. P. 

Dassanayake, C. H. M. Y. Mallikarachchi, and F. L. Jiménez, 

“Formation of plastic creases in thin polyimide films,” J. Appl. 
Mech. Trans. ASME, vol. 87, no. 5, pp. 1–11, 2020. 

[24] A. Pedivellano and S. Pellegrino, “Stability analysis of coiled tape 

springs,” AIAA Scitech 2019 Forum, pp. 1–21, 2019. 

[25] Abaqus, "Analysis User's Guide," Dassault Systèmes Simulia Corp., 

Providence, Rhode Island, 2014. 

 

SSESLAS2022-10 Page. 73



SOCIETY OF STRUCTURAL ENGINEERS, SRI LANKA - ANNUAL SESSIONS 2022 
 

 

 

Nothing is better than something – Perspective of Structural Optimization in 

Civil Engineering Applications 
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Abstract 

Structural optimization of solids aims to find the optimal designs of structures by minimizing a constrained 

objective function such as the material compliance within a given problem domain. This constrained 

optimization problem is subjected to a set of displacement and load boundary conditions which in turn will be 

minimized with respect to a structural parameter. Although various structural optimization techniques have a 

sound mathematical basis, the practical constructability of optimal designs poses a great challenge in the 

manufacturing stage. The recent development in additive manufacturing partially side-steps this problem 

predominantly in the domain of Mechanical Engineering. However, in Civil Engineering structures, there is a 

great possibility of utilizing these optimization tools, especially in precast constructions. Currently, there is only 

a limited number of unified frameworks which output ready to manufacture parametric Computer-Aided Design 

(CAD) of the optimal designs. From a generative design perspective, it is essential to have a single platform that 

outputs a structurally optimized CAD model because CAD models are an integral part of most industrial product 

development and manufacturing stages. This study focuses on developing a novel unified workflow handling 

both topology and size optimization in a single parametric platform (Rhino-Grasshopper) which outputs a ready-

to-manufacture CAD model with the assessment of their structural integrity. In the proposed method, the first 

topology optimized pixel model is generated for any two-dimensional problem and converted into a one-pixel-

wide chain model using skeletonization. From the obtained skeleton, a spatial frame structure is extracted, and 

its members are sized optimally. Finally, the CAD model is generated using Constructive Solid Geometry (CSG) 

trees and its structural performance is assessed. In addition, industry-standard structural sections can be 

assigned to the CAD model to be analyzed and designed in accordance with standard codes of practice. 

 

 

1. Introduction1 

Structural optimization is a mathematical methodology 

for finding the optimal design of structures with minimal 

stress, weight or compliance for a given amount of material 

and constraints. It improves structural designs by 

increasing stiffness, lowering material consumption, and 

reducing production time [1-3]. This will lead to low-

carbon developments with efficient material usage. 

Structural optimization techniques can be broadly 

categorized into three categories such as topology 

optimization, size optimization and shape optimization as 

shown in Fig. 1. In topology optimization, the material 

distribution is optimized for a given set of loadings and 

boundary conditions within a defined design domain. Size 

optimization is a process of optimizing the cross-sections 

by increasing the stiffness whereas in shape optimization 

the optimizing variable is nodal coordinates [4]. 

Even though various studies have been done using these 

structural optimization techniques and produced efficient 

designs, the implementation of those designs in the 

construction industry is very limited due to the complex 

geometries of the optimized design outputs [5]. The current 

advancement in additive manufacturing partially avoids 

this problem predominantly in the field of Mechanical 

Engineering. However, Civil Engineering applications are 

sparse, and there is a lot of potential for these techniques to 

be used, especially in precast constructions. 

 

 

In addition, the additive manufacturing techniques are 

very expensive in the local context and if the structural 

engineers want to use the power of optimization in the Civil 

industry, they need to produce designs that can be 

manufacturable or fabricable using the available standard 

sections.  

However, there is only a limited number of unified 

frameworks which output ready to manufacture parametric 

Computer-Aided Design (CAD) of the optimal designs. 

CAD models are an integral part of most industrial product 

development and manufacturing [5,6]. Therefore, it is 

essential to have a single platform that outputs structurally 

optimized CAD models which can be locally 

manufacturable using available resources. 

This paper presents a novel approach to produce ready 

to manufacture CAD models of structurally optimized  
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Figure 1: Comparison of topology, size, and shape 

optimization based on a structural mechanics problem [4]. 
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designs. This section gives a brief overview of this research 

project by highlighting the background, research gap, and 

motivation for the study. Section two describes the 

methodology adopted to obtain the optimized CAD models 

and each subsection briefly describes each step. Section 

three discusses the results of a few examples using the 

suggested method. Section four concludes the paper by 

outlining the outcomes of the study. 

2. Methodology

In the proposed method, first, any two-dimensional 

surface is discretized into a number of finite elements 

(equivalent to finite size pixels in 2D) and a topology 

optimized 2D binary image is generated. Then, the 

obtained pixel model is converted into a one-pixel-wide 

chain model using a skeletonization algorithm. From the 

obtained skeleton, a spatial frame structure is extracted and 

represented by a graph model. Thereafter sizes of the frame 

members are optimized. Finally, the CAD model is 

generated using constructive solid geometry trees and its 

structural performance is assessed.  In addition, industry-

standard structural sections can be assigned to the model to 

be analyzed and designed under standard codes of practice. 

Fig. 2 illustrates this procedure briefly using a cantilever 

example. The proposed workflow is implemented in 

Rhinoceros CAD software utilizing the visual 

programming tool Grasshopper in a Python coding 

environment. 

2.1 Topology Optimization 

Topology optimization is focused on finding the optimal 

material distribution within a specified design domain. In 

this workflow standard density-based topology 

optimization using the modified Simplified Isotropic 

Material with Penalization (SIMP) method is utilized [7]. 

The topology optimization problem of a finite element 

discretized solid is given by [5,8,9], 

minimize   𝐶(𝜌) = 𝑓𝑢(𝜌)

subject to  𝐾(𝜌)𝑢 = 𝑓 

design constraint: 
𝑉(𝜌)

�̅�
≤ 𝑉𝑓

design variable:  0 ≤ 𝜌 ≤ 1 

where 𝐶(𝜌) is the objective function, 𝜌 is the vector of

relative element densities, 𝑢 is the displacement vector, 

𝐾(𝜌) is the global stiffness matrix, 𝑓 is the global external

force vector, 𝑉(𝜌)is the material volume, �̅� is the design

volume and 𝑉𝑓 is the prescribed volume fraction. The

relative density of each element is constrained to be  0 ≤
𝜌𝑖 ≤ 1 with 𝑖 𝜖 {1,2,3 … 𝑛𝑒} where 𝑛𝑒 is the number of

elements in the domain. 

The global stiffness matrix 𝐾 and vector 𝑓 are assembled 

from the 𝑛𝑒 element contributions 𝐾𝑖 and 𝑓𝑖 respectively.

In this paper, we discretize the design domain with a 

structured grid and hexahedral linear elements. In each 

element, the material is isotropic and homogeneous, and 

Young’s modulus 𝐸 is penalized depending on the relative 

density 𝜌𝑖 according to,

𝐸(𝜌𝑖) = 𝐸𝑚𝑖𝑛 + 𝜌𝑖
𝑝

(�̅� − 𝐸𝑚𝑖𝑛)

where �̅� is the prescribed Young’s modulus of the solid 

material, 𝜌 and 𝐸𝑚𝑖𝑛  are two algorithmic parameters. The

penalization parameter 𝜌 ≤ 3 ensures that elements with 

densities close to 𝜌𝑖 = 0 (void) and 𝜌𝑖 = 1 (solid) are

favored. The small Young’s modulus 𝐸𝑚𝑖𝑛 ≅ 10−9of the

void material prevents ill-conditioning of the global 

stiffness matrix when 𝜌𝑖 = 0. Each element stiffness

matrix 𝐾𝑖 is computed using the corresponding Young’s

modulus 𝐸(𝜌𝑖) with the relative density 𝜌𝑖 which is constant

within an element. 

2.2 Skeletonization 

Skeletonization is the process of reducing binary objects 

to 1-pixel wide representations with the same connectivity 

as the original structure. It can be used to represent a 

structure’s topological skeleton. The 2D binary image data 

obtained from the topology optimization is sent through the 

skeletonization process to extract the medial axis of the 

structure [10, 11]. 

An object's medial axis is the set of all points that have 

more than one nearest point on the object's edge. By using  

Figure 2: CAD model generation workflow from the topology optimized structure for a cantilevered beam example 

Figure 3: 8-Neighborhoods of a pixel 
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the 8-neighbourhood properties of a pixel, each pixel is 

identified and categorized as an edge pixel, end pixel, 

interior pixel and corner pixel. Fig. 3 shows the 8-

neighbors of a pixel (𝑥, 𝑦) and its coordinates. The 2D 

skeletonization algorithm proceeds by iteratively removing 

edge pixels that do not change the topology of the object. 

This continues until no more pixels can be removed. The 

pixels erased must satisfy the following three criteria: 

1. No end pixel is deleted 

2. No connectedness is violated 

3. No excessive erosion occurs 

Most of the proposed parallel thinning algorithms differ 

only in the way that they conduct the test to meet these 

criteria [12]. The modified version of the most widely used 

Zhang and Suen [10] thinning algorithm is used here to 

extract the medial axis of the structure.  

 

 

2.3 Frame Extraction 

This subsection explains the conversion of topology 

preserved pixel chains to a simplified 2D frame model 

using graph algorithms. Characterizing the pixel chain 

using a graph model which consists of nodes and edges, 

can give simpler geometric representations. Hence, the 

skeleton is converted as an unweighted undirected graph to 

make use of its properties [13]. 

 
The edges of the graph cannot be converted directly into 

frame members since it is neither feasible nor practical. If 

the edges are directly converted into frames, it will lead to 

short beams in the structure which are ineffective and more 

complex to further proceed. Therefore, a more compact 

graph is needed first in order to convert it into the frame 

model. A compact graph is made by extracting edges which 

are connecting the important pixels only. 

 To identify these important pixels, all the pixels need to 

be categorized first [14]. Topologically, the pixels on a 

skeleton are classified into three types of pixels (Fig. 4), 

1. A regular pixel has two 8-neighbored pixels 

2. An end pixel has only one 8-neighbored pixel 

3. A joint pixel has more than two 8-neighbored 

pixels 

In addition to this, the user needs to tag which pixels to 

be preserved during any of the conversion processes. 

Generally, tags are used to represent the locations of 

loadings and boundary conditions in structural engineering 

problems. But if the user wanted to keep any pixel for a 

particular reason, those pixels can be also tagged and 

preserved. These pixels can be carried out as tagged nodes 

in the graph model as well. 

 
End pixel, joint pixel and tagged pixels are important 

pixels in order to get the edges which gives the basic 

compact layout of the graph. Here, two pixels in important 

pixels which are connected through a path consisting of 

untagged regular pixels are extracted as edge. After the 

classification of all the pixels, edges are determined by 

starting from the joint pixel and marching along the 8-

neighbours until an important pixel is reached [13]. A 

graph model made with these edges and nodes will produce 

a compact graph needed for the further process.  

The obtained compact graph model is still inefficient due 

to the short branches for any structural applications as 

shown in Fig. 6(b). Hence, this is further modified by 

pruning the redundant branches and contracting the short 

edges based on a user-defined merge ratio [5]. 

Skeletons obtained using medial axis transform can 

produce spurious branches. It is kept even in the compact 

graph model as redundant edges. One can preprocess the 

Figure 4: Illustration of pixels categorization 

Figure 5: Medial axis of the topology optimized structure  

Figure 6: Skeleton-to-frame model generation 
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pixel chain after skeletonization to clean the noise 

branches. Since this paper deals with the case where the 

useful structural frame members in load transfer are to be 

identified using a graph model, instead of editing the pixel 

chain, corresponding redundant edges in the graph model 

can be pruned. Edges which has a degree of one and which 

are not connected to any of the tagged nodes in the graph 

model can be easily identified and pruned until no 

redundant edge branches are left. 

Pruning will not solve the problems of short edges since 

those edges are not truly redundant as they preserve the 

topology. Therefore, a user has to define a merge ratio to 

classify which edges have to be considered as short edges 

and contracted. A short edge is one that is shorter than the 

merge ratio of the total length of all members sharing the 

same node. Two end nodes of the short edges are 

contracted until no short edge remains in the graph model. 

 Graph model after the pruning and edge contraction can 

give a good model to be used for structural analysis 

applications. One can do a layout optimization in later steps 

to obtain more optimized nodal positions of the frame 

model. By doing layout optimization, bending stresses in 

the members can be further optimized [6, 15]. In this paper, 

the authors are modifying the nodal positions only by 

constraining the small angled frames to get a more 

desirable frame model which is efficient for structural 

applications. Hence doing this top and bottom frames can 

be horizontally aligned and gives a better frame model as 

shown in Fig. 6(d). 

Although, it is possible to obtain element cross-sections 

from the pixel chain widths, in this study cross-sections are 

found using size optimizations of the frames. It would be 

relatively easy rather than keeping the burden of all the 

unnecessary chain widths for sizes, which are going to be 

optimized and changed later. 

2.4 Size Optimization of Frame Members 

In size optimization, the optimization variable can be a 

cross-section area or any other parameters describing the 

cross-section [3]. Size optimization has the same structure 

as the topology optimization problem in Section 2.1, 

namely,  

minimize  𝐶(𝐴) = 𝑓𝑢(𝐴) 

subject to 𝐾(𝐴)u = f   

design constraint: 
𝑉(𝐴)

�̅�
≤ 𝑉𝑓 

design variable:  𝐴𝑙 ≤ 𝐴 ≤ 𝐴𝑢 

The cross-section area considered here is denoted as 𝐴 =
(𝐴1, 𝐴2, 𝐴3 … … 𝐴𝑛𝑒𝑙𝑚

), where a component 𝐴𝑖 represent 

the area of member 𝑖 and 𝑛𝑒𝑙𝑚 represent the number of 

members in the frame model. The lower bound and upper 

bound of the cross-sectional area, which constrains the 

member sizes to fit the manufacturing requirements is 

represented as 𝐴𝑙 and 𝐴𝑢 in order.  

The size optimization of the frames can be effectively 

done using gradient-based optimization algorithms. The 

derivatives of the objective function and constraints can be 

computed easily for the frame members as follows, 

derivative of the objective function, 

𝜕𝐶(𝐴)

𝜕𝐴𝑖
= −𝑢𝑇 𝜕𝐾(𝐴)

𝜕𝐴𝑖
𝑢 = − ∑ 𝑢𝑇

𝜕𝐾𝑖(𝐴,𝑠)

𝜕𝐴𝑖
𝑢

𝑛𝑒𝑙𝑚

𝑖=1
  

derivative of volume constraint, 

𝜕𝑉(𝐴)

𝜕𝐴
= 𝐿𝑖  

For structural optimization problems, gradient-based 

optimization algorithms are commonly used. There are 

three major gradient-based algorithms such as Sequential 

Quadratic Programming (SQP) Method of Moving 

Asymptotes (MMA) and the Optimality Criteria (OC) 

method [16]. Here, the OC method is utilized for topology 

optimization because of its numerical efficiency and 

simplicity compared to other methods in topology 

optimization problems. For size optimization, any of the 

gradient-based methods can be chosen, and here MMA 

method is used. 

2.5 CAD Model Generation 

The graph model with nodes, edges and optimized 

member cross-sections is sufficient to create a structural 

frame model. From the structural frame model details, the 

CAD model can be easily generated. There are several 

methods to perform this generation [6,17], and in this 

paper, the authors generated solid models using the 

Constructive Solid Geometry tree technique.  

 

 
First, each member is created by extruding a selected 

cross-section along the length of the line element, with the 

area determined from size optimization. After this, a single 

solid model can be created using Boolean operations. In the 

case of additive manufacturing products, at each joint, a 

sphere is created with a maximum radius of all cylinders 

connected to the joint. 

2.6 Assign Section 

It is desirable if the engineers can use various available 

industry-standard sections to manufacture the optimized 

structure. Since the optimum cross-sectional areas of 

members have been already found using size optimization, 

we can make use of that those results to filter the desired 

shape’s dimensions. However, when the cross-sectional 

shape changes, the slenderness ratio of the member can 

vary significantly. So to avoid buckling effects, it is 

necessary to check the buckling of the members at the 

design stage. The authors are presently working on 

developing design verification methods for possible failure 

cases with various sections to improve the workflow. 

Figure 7: Generated CAD model using CSG tree 
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3. Results and Discussion 

This section provides the numerical results of the 

proposed approach for a selected example. A relatively 

simple example, which is a cantilever plate is chosen here 

to discuss the results. 

2.1 Cantilever Plate 

As shown in Fig. 1, a 150 cm × 52 cm plate is selected 

and one face of the domain is fixed. A point load with a 

value of F = 100 N is applied at �̅� = 18 cm from the top of 

the plate on the opposite free end. The thickness of the plate 

is taken as 4 cm for size optimization. Table 1 gives the 

material properties used for optimizations. 

Table 1: Material properties used for the examples 

Material property Value 

Solid Young’s modulus (�̅�) 2.1 × 105 𝑁/𝑚𝑚2  

Void Young’s modulus (𝐸𝑚𝑖𝑛) 1 × 10−9 𝑁/𝑚𝑚2 

Poisson ratio (𝜈) 0.3 

 

In topology optimization, the domain was discretized 

into 150 × 52 × 1  linear hexahedral elements (3D topology 

optimization algorithm used considering the future 

developments) and the objective function 𝐶(𝜌) is 

minimized. From the results, the 2D surface results were 

obtained for the skeletonization. Table 2 gives the 

parameters used for the topology optimization and Fig. 8 

shows the convergence of the objective function. 

Following optimization, the penalization power can be set 

to 𝑝 = 1 to transform the objective function into structural 

compliance to be compared with frame structure 

compliance if needed. 

Table 2: Topology optimization parameter 

Parameter Value 

Volume fraction (𝑉�̅�) 0.5  

Penalization power (𝜌) 3 

Filter radius (𝑟𝑚𝑖𝑛) 1.2 

Maximum iterations 200 

 

 

 

Table 3: Size optimization parameters 

Parameter Value 

Volume constraint (𝑉(𝐴)) ≤ 15600 𝑐𝑚3   

Tolerance (𝜌) 10−4 

Minimum Area (𝐴𝑚𝑖𝑛) 3.15 𝑐𝑚2 

Maximum Area (𝐴𝑚𝑎𝑥) 50.25 𝑐𝑚2 

 

 
One can conduct sensitivity analysis to find optimal 

volume fraction and discretization for the problem. 

However, the goal of this paper is to provide an approach 

to generating CAD models, less emphasis is placed on 

achieving very precise topology-optimized solutions. 

The 2D binary image data obtained from the topology 

optimization is skeletonized and the frame model is 

extracted as discussed in Sections 2.2 and 2.3. Fixed-ended 

pixels and force-applied pixels were tagged to as not to 

alter them during any processes. A merge ratio of 0.1 is 

used to remove short members and a constrain-angle of 10° 

is used to align the members with less than a 10° angle.  

Size optimization is done for the extracted frame model 

by taking the thickness of the plate as 4 cm. Table 3 gives 

the parameters used for the size optimization and Fig. 9 

shows the convergence of the objective function. 

 

 

Table 4: Size optimization results 

Member 
𝑨𝒐𝒑𝒕 

 𝒄𝒎𝟐 

𝑰𝒐𝒑𝒕 

𝒄𝒎𝟒 
Category 

Alternate 

SHS Section 

0 31.48 78.86 

Bottom 

SHS 140 

1 23.07 42.35 SHS 100 

2 25.82 53.05 SHS 120 

13 26.03 53.92 SHS 120 

7 26.38 55.38 

Top 

SHS 120 

8 23.34 43.35 SHS 120 

14 30.84 75.69 SHS 140 

15 26.9 57.58 SHS 120 

3 30.89 75.93 

Web 

SHS 140 

4 24.54  47.92  SHS 120 

5 27.48  60.09  SHS 120 

6 25.88 53.3 SHS 120 

9 28.94 66.65 SHS 140 

10 26.95 57.8 SHS 120 

11 28.95 66.69 SHS 140 

12 27.11  58.49  SHS 120 

Figure 8: Objective function convergence during 

topology optimization 

Figure 9: Objective function convergence during size 

optimization 

Figure 10: Axial stress types of members 
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Lower and upper bounds of the area are taken as circular 

areas with a radius of 1 cm and 4 cm, respectively. The 

initial sizes of the members are assumed to have the same 

cross-sectional area of 𝐴 = 26.46 cm2 which is found by 

diving the total volume 𝑉(𝐴) = 0.5𝑉 = 15600 cm3 by the 

total length of the members. Using these parameters, the 

sizes of the members were optimized and Table 4 gives the 

obtained results of optimization. Fig.11 shows the axial 

stress types (tension or compression) of the members.  

Moreover, the possibility of using Square Hollow 

Sections (SHS) of thickness 6.3 mm as alternatives was 

analyzed and more suitable sections were suggested based 

on the size optimization results. Similarly, one can analyze 

various sections and the model can be structurally designed 

based on standard codes of practice. The authors are 

presently working on this implementation to automate the 

process. 

Finally, a CAD model of the structures can be generated 

for manufacturing with obtained node, member and cross-

section details of the final optimized structure. 

 

 

4. Conclusion 

Currently, there are only a few unified frameworks that 

generate ready-to-manufacture parametric CAD models of 

structurally optimum designs. In this paper, a novel 

approach to obtaining structurally optimized outputs of 

Civil engineering structures were presented. The two-

dimensional structural problem is the first topology 

optimized and the solid-void 2D binary image result was 

obtained. Obtained binary data is converted to 1-pixel wide 

chain using a skeletonization algorithm and converted to a 

graph model. Then, The graph model is modified to obtain 

a structurally feasible frame model and the sizes of the 

members were optimized. Finally, for a chosen section, a 

manufacturable CAD model is generated by recursively 

combining primitive shapes using boolean operations. 

This workflow is entirely developed in a single 

parametric platform called Rhino-Grasshopper. The 

authors presently working on nodal-based layout 

optimization to obtain more optimized models and design 

verification methods to assess the structural performance 

of structures according to standard codes of practice. 
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Figure 11: Rendered view of the CAD model 
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Figure 1: Point cloud of a toy created using 

photogrammetry  

Point Cloud-Based Analysis and Validation of As-Design versus As-Built 

Drawings 
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Abstract 

Design to build variations are common in the construction field which can result in demolition or reworks and a waste of 

resources. It is important to detect these variations during their early stages to minimize the consequences. Total stations, 

leveling equipment and measuring tapes are the conventional tools used in detecting these variations which require huge 

manual work and time. Usual construction activities do not offer enough time for these sorts of checks which result in a 

search for methods that can be automated, and which can be operated with minimum human interventions. Point cloud-

based analysis is one of such methods which can be efficiently used for such purposes. The data collection and analysis 

can be fully or partially automated and the time required for the entire activity will be a fraction of the time spent in 

conventional methods. Several commercial and open-source software offers a platform to work with point clouds, but it 

is hard to modify the functionalities of that software as per our needs. This research focuses on using MATLAB to process 

synthetic point cloud data with a user-friendly GUI to achieve the research aim. 

 

1. Introduction 

Civil engineering structures involve several stakeholders 

from preliminary planning to the end of the lifetime of that 

structure. Different parties such as clients, authorities and 

contractors who hire subcontractors to do specific tasks 

need to make sure that the built structure and the structure 

represented on the plan are the same. Even if some changes 

are made during the construction (planning or execution) 

with the approval of the respective bodies, the changes 

need to be incorporated into the plans for better service, 

repair, and maintenance throughout the lifetime of the 

structure. Conventional methods used in finding as-design 

to as-built variations involve total station, level instrument 

and length measuring instruments. Obviously, such 

instruments consume a significant amount of manual labor. 

These methods are time-consuming and not reliable 

because of the most likely human errors that can be made 

during the process. Due to the strict and tight schedules in 

projects, time cannot be spent on these activities hindering 

the ongoing construction. Meanwhile, the unnoticed design 

to build variations will cost significant time and money in 

the latter stages if demolition and rework are the only 

options to correct [1]. Thus, design to build variations can 

cause major impacts on projects if not identified in the 

early stages. A method in which automation can be 

incorporated and with less analysis time is required to 

detect these variations at the early stages. The feasibility of 

using scanning tools and point cloud analysis tools in Sri 

Lankan conditions is discussed in recent research papers 

[2]. Point cloud-based analysis is one such method that can 

be used for such purpose as it can be automated up to a 

certain extent and will be requiring a fraction of time for 

analysis compared to conventional methods. A 3-

dimensional (3D) point cloud is a set of data points in a 3D 

coordinate system. These data points are usually defined 

by X, Y and Z coordinates, and often are intended to 

represent the external surfaces of an object. Application of 

point cloud-based analysis is in the fields of 3D model 
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reconstruction, geometry quality inspection, construction 

progress 1tracking, construction safety management and 

building performance analysis. With the advancements in 

the point cloud data acquisition techniques, the demand for 

point cloud-based analysis keeps increasing [3]. Updating 

the BIM of a building once it is built is a major application 

of point cloud [4]. Other than that, point cloud-based 

analysis can be utilized when we need to access the inside 

information such as reinforcements and honeycombs of 

building elements. Methods of detecting internal 

honeycombs using point cloud-based analysis are 

discussed in recent research paper.[5]. Accuracy and scan 

time were the major concerns in point cloud-based analysis 

in the past. But with the development in technology, more 

accurate and reliable data can be generated within a 

fraction of time. Virtual reality can be incorporated into 

point cloud-based analysis which will enable user to 

virtually visits the building site and take real time decisions 

[6].  

 

 

 

 

 

 

This research aims to show that point cloud-based analysis 

can be used to validate as-built versus as-design drawings 

at improved time and financial benefits. Herein, 

developing an algorithm to perform the point cloud-based 

analyses; exception-scenario handling; model validation 

across practical case studies and creating a user-friendly 

GUI were defined as the main objectives of the research. 
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Figure 2: Before (L) and after (R) noise filtering 

Figure 3: Flow chart of the proposed methodology 

Figure 4: Downsampled point cloud 

2. Methodology

This research focuses on implementing an algorithm 

using MATLAB commercial package to validate as-design 

versus as-built point clouds. Synthetic point cloud data is 

used instead of real as-built point cloud because of the 

practical difficulties in obtaining the point cloud data from 

a real-world structure. The availability of suitable 

equipment to generate real-world point cloud data and the 

errors related to point cloud generation are some of the 

reasons for choosing synthetic point cloud data. 

Synthetic point cloud data is generated by creating the 

required Computer-Aided Design (CAD) model in the 

Autodesk Revit software and exporting it in the STL file 

format and obtaining sample points on the mesh [7]. Rigid 

body translation, beam deflection and member size 

variation are incorporated into the as-built synthetic point 

cloud. In a real-world situation, the as-design point cloud 

can be obtained from the CAD developed for the building 

during its planning stage. The as-built point cloud must be 

generated from time to time during the construction phase 

to compare with the as-design point cloud. A real-world as-

built point cloud can be generated using a laser scanner, 

LiDAR scanner (Light Detection and Range), photographs 

and videos [8]. When real-world point clouds are generated 

using above mentioned methods, they will have noise 

(points that are not related to the scanned structure) that 

needed to be removed and the point density will be another 

factor we need to consider before moving into the analysis 

stage. Otherwise, it will be difficult to proceed with the 

analysis and produce the results to expected accuracy. 

2.1 Algorithm 

2.1.1 Noise filtering 

The first step of the algorithm is to filter the unwanted 

noise in the point cloud data. Considering a real-world 

situation, when point clouds are generated using scanners, 

photographs or videos, the features that are not relevant to 

the building might get captured into the point cloud data. It 

is necessary to remove the noise present in the data before 

moving on with further analysis. Even though it is possible 

to obtain a precise and high-resolution geometry of 3D 

model using structured light or Time-of-Flight (ToF) 

sensors in the latest laser scanners, the generated point 

clouds may contain noise and outliers [9]. Regardless the 

tool used for data acquisition, noise filtering must be 

carried out to ensure proper output. 

2.1.2 Downsampling 

Downsampling is performed to reduce the size of the 

data and the computational cost when the size of the data 

is massive. For downsampling, the default octree-based 

downsampling method available in MATLAB is used. In 

the downsampling process, the input point cloud is 

spatially portioned, and a sufficient octree is computed. 

Octree cells that have points inside them are further divided 

into small octrees and the octree cells without any points in 

them are left without any further division. Once the choice 

of depth level is reached, the points inside the smallest 

octree cells are replaced by the center of the cell [10]. 

2.1.3 Global Alignment 

The as-design point cloud is obtained from the CAD 

drawing of the building. The required drawing is developed 

in CAD software and exported in stereolithography (STL) 

format. The as-design model in STL format is then fed to 

CloudCompare software and the point cloud is generated 

with predefined point density by subsampling points from 

the mesh. The next task is to align the as-design point cloud 

with the as-built point cloud. As-design point cloud and the 

as-built point cloud are in a different coordinate system, 

when they are brought to a common coordinate system, 

there is a need for aligning both point clouds. This is 
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Figure 5: Data association and transformation in ICP 

based algorithm 

Figure 6: Deviating part plotted along with 

as-design point cloud 

Figure 7: Drawing region of interest using MATLAB 

ROI function 

performed using the inbuilt Iterative Closest Point (ICP) 

algorithm in MATLAB. The ICP algorithm consists of two 

steps, data association and transformation. The data 

association between two point clouds is achieved by 

selecting and associating the closest point in the as-design 

point cloud to every point in the as-built point cloud. Then 

the as-design point cloud is kept as a reference and the as-

built point cloud is moved so that the distance between the 

closest points becomes less. The data association and 

transformation are performed iteratively until a local 

minimum is reached. The main steps in the ICP algorithm 

used in MATLAB are matching points between moving 

and fixed-point clouds, removing incorrect matches, 

recovering rotation and translation and checking for the 

algorithm to stop [11, 12].  

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1.4 Detecting deviation 

When as-design and as-built point clouds are aligned, the 

as-built features that are not aligned over their 

corresponding as-design features, are considered deviated 

points. To detect these deviating points, the cloud-to-cloud 

minimum distance is calculated. In this step, each point in 

the as-built point cloud is taken and the distance between 

every point in the as-design point cloud is calculated and 

the minimum value is selected. To ignore small deviations 

being considered, a tolerance value is considered and if the 

minimum distance is higher than the tolerance value then 

the points are considered as deviated points. This deviation 

check is carried out as a global analysis where all the points 

in the as-built point cloud are considered.  

Let PD (X,Y,Z) and PB (x,y,z) be the points in as-design 

and as-built point clouds respectively. Then the closest 

distance between PB and the points in as-design point cloud 

(d) is calculated by iterating through each point in as-

design point cloud using ‘for’ loop in MATLAB. The 

points with minimum distances which are greater than the 

tolerance value (𝑎) are considered as deviating points. 

 

𝑑 =  √(𝑋 − 𝑥)2 + (𝑌 − 𝑦)2 + (𝑍 − 𝑧)2                    (1) 

 

𝑑 > 𝑎                                                                           (2) 

 

The points which are satisfying the condition (2) are 

marked in different color so that they can be identified 

easily in the as-built point cloud. The user should provide 

the appropriate tolerance value to get reasonable results. 

Using a very low tolerance value will make the software to 

detect minor deviations between as-design and as-built 

points. Proper tolerance value can be identified by trial and 

error. 

 

 

 

 

 

 

 

2.2.5 Region of interest (ROI) 

 The MATLAB inbuilt Region of Interest (ROI) is used to 

extract the required features from the as-built point cloud. 

MATLAB inbuilt ROI function allows drawing a cuboid 

interactively on the axis where the point cloud is plotted. 

By moving the cursor over the axes, the cuboid can be 

moved and by clicking, the position can be fixed. Clicking 

and dragging any faces of the cuboid allows changing the 

size of the cuboid. When extracting elements, it is better to 

extract the adjacent features along with the elements to 

make the manual alignment process in the latter part easier. 

 

 

 

 

 

 

 

2.2.6 Local Alignment 

When the extracted element is translated from its 

corresponding as-design element, it will be difficult to 

check its orientation. The deflection in beams and 

inclination in columns is measured by aligning the 

extracted as-built element with its corresponding as design 

element using automatic alignment and optional manual 

alignment step. The automatic alignment is carried out 

using the ICP-based algorithm. But, when an element is not 

in its actual shape (deflected and disoriented etc), the 

alignment through an ICP-based algorithm will not be the 

intended result. In such a situation, it is necessary to 

perform a manual to ensure more precise alignment of the 

as-built element over the as-design element. The manual 
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Figure 8: After one iteration of manual 

alignment, purple – before alignment, brown 

– after alignment 

Figure 11: Identification of deviations  

Figure 10: Synthetic point cloud generated 

from a geometric mesh 

Figure 9: App window 

alignment is performed by selecting four pairs of 

corresponding points from the as-built element and as-

design element (order of selection is not important) and 

once the selected points are saved to a variable, the manual 

alignment can be performed. The ICP-based algorithm is 

again utilized to align the selected four pairs of points from 

each point cloud. More precise alignment can be achieved 

by repeating the manual alignment step iteratively.  

 

 

 

 

 

 

 

 

2.2.7 Member size analysis  

The size of an as-built element is checked with its 

corresponding as-design point cloud by taking the cross-

section that element on both point clouds. To get the 

cross-sections, the user needs to choose two points on the 

edge of an element. Once the points are selected and 

saved as a variable, the cross-section can be generated. 

Then both cross-sections from the as-built point cloud 

and as-design point cloud are aligned and the cloud-to-

cloud minimum distance is calculated to determine any 

member size variation. 

2.2.8 Developed Application 

 

 

 

 

 

 

 

 

 

 

The algorithm for detecting variation between as-design 

and as-built point cloud was developed in a MATLAB 

environment. The developed algorithm was later integrated 

as a Graphical User Interface (GUI) using MATLAB App 

Designer to make it user-friendly. MATLAB App 

Designer is used to create the front end of the app by 

clicking and dragging the available features into the 

required position and the object-oriented code is 

automatically generated. Each feature created in the front-

end is assigned a specific task by writing codes under each 

feature in the code window. 

The app allows choosing two files from the storage by 

browsing them and plotting in the axis to check whether 

the selected files are correct. The user should provide a 

tolerance value to detect the deviating parts. Once the 

deviating parts are identified, the required element for 

further analysis is extracted using the Region of Interest 

(ROI) drawing tool. The user must decide whether to use 

automatic or manual alignment tools if there is a need for 

alignment of deviating part with the as-design point cloud. 

Then the minimum distance between the two point clouds 

is calculated once the alignment is confirmed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Results and Discussion 

For the testing of the algorithm, synthetic point clouds 

are used, and the values used as deflection, translation and 

member size in the CAD models are checked against the 

values obtained from the analysis done through the 

proposed algorithm.  

A set of columns and beams were designed in the CAD 

software for the as-design point cloud. three changes were 

made to the as-design CAD model to replicate a real-world 

situation. First, a translation was applied to one of the grids 

so that the columns will be moved by a distance from its 

original position. Second, the size of the translated columns 

was changed to have a smaller cross-section than the 

corresponding columns in the as-design point cloud. Third, 

a deflection was applied on one of the translated beams. 

In the global analysis, the translation of the grid is 

identified and displayed as a cloud-to-cloud minimum 

distance in the output window.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SSESLAS2022-12 Page. 83



SOCIETY OF STRUCTURAL ENGINEERS, SRI LANKA - ANNUAL SESSIONS 2022 
 

 

 
 

Figure 12: Measured deflection values 

Figure 13: Cross section check 

 

The deflected beam was extracted for further analysis using 

ROI tool and was aligned with the corresponding beam in 

the as-design point cloud to get the deflection values. 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Finally, the member size of the deviated column was 

checked by taking the cross section of the columns. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. Limitation of work 

Considering a real-world situation, accuracy of the results 

obtained depends on the accuracy of point cloud data, point 

cloud resolution and the skill of the person performing the 

analysis. Advanced tools can produce data with more 

accuracy and better resolution. Laser scanners used to 

generate point cloud data can capture data points with 

distance accuracy of ± 2 mm in a range of 0.6 m – 120 m. 

the measurement rate can go up to 976,000 points/s [13].As 

the analysis method is not fully automated, the errors made 

in manual alignments will reflect in the results. Further 

works are needed to incorporate automatic registration to 

improve the accuracy of the results obtained. 

5. Conclusion 

Point cloud-based analyses can be effectively used to 

validate as-design vs as-built drawings. The proposed 

method will be cost-effective and timely efficient during 

tight construction schedules. Synthetic point clouds were 

used in this research to achieve the research aim using point 

cloud analysis techniques. Using the point cloud-based 

analysis, the translation, deflection, and variation in 

member size mainly occurring in beams and columns were 

identified and corresponding deviations values were 

obtained and verified with the actual values. A GUI was 

developed to make the analysis more user-friendly and to 

develop the same in the future. Although the method is not 

completely automated, the tasks can be performed with 

least human intervention compared to conventional 

methods.  

References 

[1] A. Enshassi, M. Sundermeier, and M. A. Zeiter, “Factors 

Contributing to Rework and their Impact on Construction Projects 

Performance,” 2017. [Online]. Available: 
http://penerbit.uthm.edu.my/ojs/index.php/IJSCET 

[2] R. Subakaran, and S. Herath, “GPR and LiDAR Synergy: 

Honeycomb detection in Concrete Structures,” In: Young Members 
Technical Conference 2021 – Conference Proceedings. Sri Lanka: 

Young Members’ Section The Institution of Engineers, Sri Lanka, 

pp.230-237. http://dl.lib.uom.lk/handle/123/17350 

[3] Q. Wang, M. K. Kim, J. C. P. Cheng, and H. Sohn, “Automated 

quality assessment of precast concrete elements with geometry 

irregularities using terrestrial laser scanning,” Automation in 
Construction, vol. 68, pp. 170–182, Aug. 2016, doi: 

10.1016/j.autcon.2016.03.014. 

[4] Z. Ma and S. Liu, “A review of 3D reconstruction techniques in civil 
engineering and their applications,” Advanced Engineering 

Informatics, vol. 37. Elsevier Ltd, pp. 163–174, Aug. 01, 2018. doi: 

10.1016/j.aei.2018.05.005. 

[5] R. Subakaran, and H.M.S.T. Herath, “Feasibility of using 3D point 

cloud technologies in Sri Lankan Civil Engineering Industry,” 

Modulus, 31(01), pp. 19–25, 2021,  
http://dl.lib.uom.lk/handle/123/16510 

[6] S. K. Tadeja, Y. Lu, M. Rydlewicz, W. Rydlewicz, T. Bubas, and P. 

O. Kristensson, “Exploring gestural input for engineering surveys of 
real-life structures in virtual reality using photogrammetric 3D 

models,” Multimedia Tools and Applications, vol. 80, no. 20, pp. 

31039–31058, Aug. 2021, doi: 10.1007/s11042-021-10520-z. 

[7] C. Kim, C. Kim, and H. Son, “Fully automated registration of 3D 

data to a 3D CAD model for project progress monitoring,” 

Automation in Construction, vol. 35, pp. 587–594, 2013, doi: 
10.1016/j.autcon.2013.01.005. 

[8] P. Tang, D. Huber, B. Akinci, R. Lipman, and A. Lytle, “Automatic 

reconstruction of as-built building information models from laser-
scanned point clouds: A review of related techniques,” Automation 

in Construction, vol. 19, no. 7. Elsevier B.V., pp. 829–843, 2010,  

doi: 10.1016/j.autcon.2010.06.007. 

[9] M. K. Park, S. J. Lee, and K. H. Lee, “Multi-scale tensor voting for 

feature extraction from unstructured point clouds,” in Graphical 

Models, Jul. 2012, vol. 74, no. 4, pp. 197–208. doi: 
10.1016/j.gmod.2012.04.008. 

[10] F. Pomerleau, F. Colas, R. Siegwart, and S. Magnenat, “Open-
source library and experimental protocol,” Autonomous Robots, vol. 

34, no. 3, 2013, doi: 10.1007/s10514-013-9327-2ï. 

[11] P. J. Besl and N. D. McKay, “Method for registration of 3-D 
shapes,” in Sensor Fusion IV: Control Paradigms and Data 

Structures, Apr. 1992, vol. 1611, pp. 586–606. doi: 

10.1117/12.57955. 

[12] S. Du, N. Zheng, S. Ying, and J. Liu, “Affine iterative closest point 

algorithm for point set registration,” Pattern Recognition Letters, 

vol. 31, no. 9, pp. 791–799, Jul. 2010, doi: 
10.1016/j.patrec.2010.01.020. 

[13] M. K. Kim, H. Sohn, and C. C. Chang, “Automated dimensional 

quality assessment of precast concrete panels using terrestrial laser 
scanning,” Automation in Construction, vol. 45, pp. 163–177, 2014, 

doi: 10.1016/j.autcon.2014.05.015. 

 

SSESLAS2022-12 Page. 84




	SSESL_AS2022_Proceedings_body.pdf
	SSESL_AS2022_KeyNote
	SSESL_AS2022_Paper 01_ID 5203_Cloride_induced_corrosion
	SSESL_AS2022_Paper 02_ID 2092 Biochar slag production
	SSESL_AS2022_Paper 03_ID 7494 Early age thermal cracking
	SSESL_AS2022_Paper 04_ID 4958 Bamboo reinforced concrete
	SSESL_AS2022_Paper 05_ID 3898 Stirrup corrosion
	SSESL_AS2022_Paper 06_ID 1550 Spalling behaviour
	SSESL_AS2022_Paper 07_ID 7401 Corrosion detection
	SSESL_AS2022_Paper 08_ID 7200 Facade fire propagation
	SSESL_AS2022_Paper 09_ID 5026 Seismic performance
	SSESL_AS2022_Paper 10_ID 4311 Flattening mechanics
	SSESL_AS2022_Paper 11_ID 9403 Nothing is better
	SSESL_AS2022_Paper 12_ID 9805 Point cloud




