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Editorial 
 

Welcome from the Editors 
 

Welcome to the forty (40th) issue of Malaysian Construction Research Journal (MCRJ). 

In this issue, we are pleased to include nine papers that cover a wide range of research areas 

in the construction industry. The editorial team would like to express our sincere gratitude to 

all contributing authors and reviewers for their contributions, continuous support and 

comments. 

 

In this issue: 

 

Mohd Arif Rosli et al., identified a macrocomposite as an adsorbent to treat kitchen 

wastewater from the UTHM Pagoh cafe. The characteristics of kitchen wastewater were 

determined by measuring two parameters: suspended solid (SS) and chemical oxygen demand 

(COD). Because the macrocomposite was composed of zeolite, activated carbon, aggregate, 

and cement, it had a porous structure and a large surface area for adsorption. The flow rate of 

kitchen wastewater through the column was variable. At regular intervals, an effluent sample 

was collected. The flow to the column was maintained until the interval of 120 minutes had 

passed. The performance of the column was evaluated with flow rates of 50mL/min, 

60mL/min, and 70mL/min. Using the Yoon-Nelson and Thomas models, experiment data 

were analysed. The collected and analysed data for both models indicate that a flowrate of 50 

mL/min is optimal for wastewater treatment, with the highest R2 and adsorption capacity 

values. 

 

Noor Ain Najihah Che Rosely et al., evaluated the influence of varied water-cement 

ratios on the density, ultrasonic pulse velocity and compressive strength of cement mortars. 

Through Abrams’ generalisation law, it is known that the compressive strength of concrete 

varies inversely with the water-cement ratio in workability and properties of mortars. 

Specimens are analysed through density, compressive strength tests and ultrasonic pulse 

velocity. Results indicate that the increase of the water-cement ratio reduces the values of 

properties and increases the workability. In this experiment, honeycomb appeared due to the 

improper workability of mortar because of low water content and did not use any 

superplasticizers, where the mortar was too stiff which made it tough to pour into the cube 

silicone moulds. Hence, it is suggested to add superplasticizers in the mortar mix with a low 

water-cement ratio. 

 

Mohamad Hairi Osman et al., developed reinforcing concrete (RC) beam technology 

using Expanded Polystyrene (EPS) and Palm Oil Fuel Ash (POFA) as replacement materials 

for sand and cement. The heavy of existing concrete and the use of high cement are the main 

factors for this study to be carried out. POFA can be used as constituents in concrete due to 

the pozzolanic properties and EPS has the potential to be used in concrete as structural 

elements to reduce the density of concrete. The RC beams containing EPS and POFA as 

replacement materials with a percentage between 10% and 30% were studied in terms of 

crack.  In this model, concrete's tensile cracking and compression crushing for every 

percentage of EPS and POFA were considered as data input in ABAQUS software.  

 

 

xi 



 

 
Darrien Yau Seng Mah et al., analysed on a specifically designed stormwater detention 

structures that fit in a commercial centre, namely modular-based water micro tanks in the 

veranda and the parking lot in front of shop buildings. The two designs were simulated using 

Storm Water Management Model and subjected to historical rainfall data, in which the 

selected storms were found to span more than 10 hours and with maximum hourly rainfall 

depths between 40 - 70 mm. Results from the modelling efforts were stormwater 

characteristics of the particular type of detention system in times of extreme rainfall events. 

The identified stormwater characteristics provide a guide to urban planners to mitigate urban 

flooding. It was found that accumulated rainfall of a particular storm was a better indicator 

than the maximum rainfall depth of the storm to indicate the water storing capacity of 

detention structures. 

 

Reventheran Ganansan et al., assessed current ANNs models to predict reasonable 

accuracy of crack width; however, not many studies have been found when it comes to the 

jointed part of the RC element subjected to lateral cyclic loadings. The ANN crack width 

prediction model based on Neural Net and Decision Tree was developed in this paper with a 

focus on the RC beam-column joint (BCJ) area, taking drift ratio, shear links, and length of 

the anchorage within the joint region into account. Based on the lowest errors, the best crack 

width model is chosen and further optimised using data splitting ratios. 

 

Nik Elisa Lidya Nik Badrul et al., identified the numerical application of the shape 

change strategy on a six-strut model. The shape change method solves the optimisation 

problem for forced elongation in cables and minimises distance between the targeted 

coordinates and monitored nodes. A total of four numerical cases for a six-strut tensegrity 

model were studied, with one or two nodes monitored to approach the targeted coordinates 

prescribed in either x-, y- or z- directions.  It is found that the six-strut model in all cases has 

successfully displaced and advanced to the prescribed targets via the shape change method. 

The numerical analysis results also show that the six-strut model performed axial and twisting 

deformations with the axial forces maintained within the elastic limit. 

 

Sam Tan Chek Siong et al., suggested a new passive cooling roof concept called the 

"breathable roof system" to mitigate heat trapping in the attic space of ordinary roof systems. 

A case study was conducted on residential houses in Shah Alam, Malaysia, using 

thermocouples to measure temperatures in intermediate double storey terrace houses facing 

North-South and East-West directions. The aim was to quantify the effectiveness of the 

breathable roof system compared to conventional roof systems. The study also included 

comparisons of temperatures between different house orientations and an investigation of heat 

profiles in the rooms. The results showed that the breathable roof system can reduce heat by 

12.3-19.5% compared to the conventional roof system. The use of the breathable roof system 

could be considered as an alternative solution for conserving energy and achieving sustainable 

development. 

 

 

 

 
 

xii 



 

 
Vidhya Kanakaraj and Clementz Edwardraj Freeda Christy identified that the 

factors like composition of GPC, alkali activator concentration, recycled aggregate strength, 

the inter-transition zone, water/binder ratio and the curing temperature influence the strength 

of the geopolymer concrete with recycled aggregate. The properties of geopolymer concrete 

with the thermo-mechanically treated recycled aggregate varies with the molar activator 

concentration and the curing temperature. Slag based geopolymer concrete with recycled 

aggregate had higher compressive strength under ambient curing whereas flyash based 

geopolymer concrete had higher compressive strength under steam curing. 

 

Bismiazan Abd. Razak et al., verified IES-VE reading accuracy of naturally ventilated 

Royal Malaysia Police (RMP) lockup cell thermal comfort performance. The methodology 

used in this research is empirical comparison analysis by comparing field measurement with 

IES-VE simulation results. Parameter used are air temperature, mean radiant temperature, and 

relative humidity as thermal comfort factors, and operative temperature as thermal comfort 

index which were extracted from three sets of Delta Ohm HD32.3 WBGT-PMV (internal 

parameters), one set of Seven Elements Integrated Weather Sensor WTS700 (external 

parameters), and IES-VE simulation. The results showed that the range of percentage 

differences between field measurement and the IES-VE simulation is within the acceptable 

range, which support the previous studies. 
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MACROCOMPOSITE EFFECTIVENESS IN THE 
TREATMENT OF USED WATER FROM THE UTHM 
PAGOH CAFÉ 
 
Mohd Arif Rosli1*, Nurulaine Abdullah1, Mariah Awang1, Mohd Syafiq Syazwan Mustafa1 and 
Mohamed Zuhaili Mohamed Najib2 

1Faculty of Engineering Technology, Universiti Tun Hussein Onn Malaysia, Malaysia. 
2Department of Water and Environmental Engineering, School of Civil Engineering, Faculty of 
Engineering, Universiti Teknologi Malaysia, Malaysia. 

 
Abstract 
This work aims to utilise a macrocomposite as an adsorbent to treat kitchen wastewater from 
the UTHM Pagoh café. The characteristics of kitchen wastewater were determined by 
measuring two parameters: suspended solid (SS) and chemical oxygen demand (COD). 
Because the macrocomposite was composed of zeolite, activated carbon, aggregate, and 
cement, it had a porous structure and a large surface area for adsorption. The flow rate of 
kitchen wastewater through the column was variable. At regular intervals, an effluent sample 
was collected. The flow to the column was maintained until the interval of 120 minutes had 
passed. The performance of the column was evaluated with flow rates of 50mL/min, 60mL/min, 
and 70mL/min. Using the Yoon-Nelson and Thomas models, experiment data was analysed. 
The collected and analysed data for both models indicate that a flowrate of 50 mL/min is 
optimal for wastewater treatment, with the highest R2 and adsorption capacity values. 
 
Keywords: Zeolite; macrocomposite; COD; suspended solid. 

 

INTRODUCTION 
 

Water pollution is a major global problem that is getting worse by the year, according to 

the current study, which is based on Water Resources Management Policies in Malaysia 2014 

from the journal of Quality of Water Resources in Malaysia (Yuk et al., 2015). In Malaysia, 

measurements of the river water quality made at particular monitoring sites are not published 

with exact values. Instead, the Water Quality Index (WQI) divides water quality into three 

categories (clean, slightly polluted, and polluted) based on six variables including pH, 

dissolved oxygen (DO), biochemical oxygen demand (BOD), ammonia nitrogen, and 

suspended solids (SS).  A total of 473 rivers were surveyed for the Rural Development (2014), 

Environment Quality 2013 report; only 53% were found to be significantly polluted. 

 

More than 200 fast food restaurants and over 9,000 restaurants can be found in Malaysia. 

Each day, they use more than 500,000 tonnes of water. Regrettably, the load on municipal 

wastewater collection and treatment facilities was significantly increased as a result of the 

direct discharge of untreated wastewater from these restaurants into the drain. Due to the 

development of a fat, oil, and grease (FOG) layer on the water, the presence of FOG makes it 

challenging for oxygen to dissolve in water. Due to the coagulation of oil and grease on the 

drain's surface, this will eventually have an impact on the flow of water inside the drain. 

 

The treatment of wastewater with macrocomposite, which is an environmentally with 

environment friendly green technology that is also natural and friendly to the environment, 

offers a more cost-effective method. In general, macrocomposite is a porous rock-like mass 

that can be used for wastewater treatment and is made of natural materials like aggregates, 

zeolite, activated carbon, cement, and sand (Ventures, 2014). The primary goals of this 
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research is to describe the characteristics of the wastewater emitted from the UTHM Pagoh 

Cafe and to assess the efficacy of macrocomposites in the treatment of kitchen wastewater. 

 

LITERATURE REVIEW 
 

Kitchen Wastewater 
 

The wastewater from the kitchen contained higher concentrations of oil and grease. This 

was caused by higher concentrations of foods, grease, and oil, which raise biochemical 

oxygen demand (BOD) levels. Grease can physically clog soil pores when it enters the soil 

absorption system, preventing both water infiltration and the oxygen transfer required for 

waste digestion. Grease with a higher biological oxygen demand (BOD) not only encourages 

excessive bacterial growth, but it also encourages it, which leads to the formation of thick 

anaerobic layers, which in turn leads to a worsening capacity to treat waste. This had the effect 

of already having the soil adsorption system fail (Nieuwenhuis et al., 2018). It is a common 

misconception that cooking oils that solidify as they are poured down the drain and cool in 

subsequent sewer lines are what cause the oil and grease deposits in public sewer lines. But it 

appears that the formation processes are much more complicated (Nieuwenhuis et al., 2018). 

 

Large amounts of oil from food restaurant preparation can overwhelm a septic tank or 

treatment facility, causing untreated sewage to be discharged into the drain. Lard is one 

example of a high viscosity fat that solidifies upon cooling and can combine with other solids 

to clog drainpipes. 

 

Recent Technology for Kitchen Wastewater Treatment 
 

Kitchen wastewater can be treated using a variety of technologies, such as 

electrochemistry, membrane filtration, and biological processing. The two different 

electrochemical treatment technologies are multi-electrode electro-Fenton and 

electrochemical oxidation processes. Iron, aluminium, platinum-iridium, boron-doped 

diamond, titanium-rhodium, and have all been tested as electrode materials (Yu & Han, 2013). 

 

Membrane filtration is a popular treatment method for oily wastewater. Among the 

membrane materials tested were polyvinylidene fluoride (PVDF), polysulfone (PS), 

polyacrylonitrile (PAN), ceramic materials, mullite, mullite-alumina ceramic material, 

TiO2/carbon, and ceramic-polymeric composites (Chen et al., 2000). 

 

Bio-Amp was used to treat grease trap wastewater that contained fat, oil, and grease 

biologically (FOG). Following the addition of the commercial bio-additive, their findings 

revealed a 40% reduction in FOG. Total nitrogen, total phosphorus, and total fatty acids all 

decreased by 39%, 33%, 56%, and 59%, respectively (Tang et al., 2012). 

 

Unfortunately, a small-scale alternative with low capital investment but high maintenance 

requirements due to low holding capacity has been identified. Large-scale alternatives incur 

greater capital and energy costs but require less frequent personal attention due to their larger 

FOG storage capacity. 
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Macrocomposites 
 

Zeolite, activated carbon, aggregate, and cement were the constituents of 

macrocomposite. Each component has its own function in wastewater treatment. In addition 

to absorbing organics, natural zeolite can remove ammonia from wastewater. To absorb 

colour and xenobiotic pollutants, the actual wastewater stream is treated with activated 

carbon. Granular media are critical for maintaining a high number of active biomass and a 

diverse range of microbial populations. Typically, it was square in shape with dimensions of 

2 cm x 2 cm x 2 cm. Macrocomposites are the most preferred sustainable technology due to 

their low cost, low maintenance, and environmental friendliness (Rural Development, 2014). 

 

MATERIALS AND METHODS 
 

Collection and Preservation of Samples 
 

The wastewater sample was collected from 11 a.m. to 1 p.m. at the UTHM Pagoh Campus 

cafeteria, where most students and staff eat lunch in the afternoon. Figure 1 depicts the 

location of the UTHM Pagoh Café. 

 

 
Figure 1. Location of Wastewater Sample Collected 

 

Adsorbent Preparation 
 

For zeolite, activated carbon, and cement, the macrocomposite ratios are 20:5:6. To 

ensure that all the ingredients were properly incorporated, 60mL of water was added. The 

mixture was then poured into the 2 cm x 2 cm x 2 cm mould and allowed to dry for about two 

days at room temperature. Then, the macrocomposite underwent a curing procedure to 

strengthen its structure because of water pressure. After the curing process, macrocomposites 

were allowed to dry for two days before they were ready for use. 
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Column Adsorption Experiment 
 

For this study, a gravity-based fixed bed adsorption column was utilised. Initially, a 

column was designed to determine the detention time and appropriate flowrate for the 

adsorption process. Figure 2 depicts a diagrammatic representation of the actual column 

design. 

 

 
Figure 2. Schematic Design of The Column 

 

Water Sample Collection 
 

In this study, a method known as grab sampling was used to collect water samples over 

the course of several minutes, including the 2nd, 5th, 10th, 15th, 20th, 25th, 30th, 60th, 75th, 

90th, and 2nd hours, for laboratory analysis. COD and SS were the two tested parameters. 

The purpose is to evaluate the effectiveness of macrocomposites in the treatment of kitchen 

wastewater. 

 

Parameter Testing  
 

Two tests were conducted in the laboratory, including chemical oxygen demand and 

suspended solid. Before and after application of the macrocomposite, the efficacy of the 

material in the treatment of kitchen wastewater was evaluated. The wastewater was diluted 

10 times by mixing 1 mL of wastewater with 9 mL of distilled water. This is to ensure that 

the wastewater concentrations used for testing are lower. The Standard Methods for the 

Examination of Water and Wastewater APHA (2012) manual served as the basis for all the 

procedures. 

 

Porosity Test 
 

The porosity test was used to determine the adsorption process rate for the adsorbent. 

Table 1 shows the data for the adsorption column. 

 

 

   

L =  32.5  cm   

r = 5.75   cm   

4      Mohd Arif Rosli et al. 



 

Table 1. The Adsorption Data for Column 

Parameter  Unit  Value  

Diameter, D  m  0.115  

Surface Area, A  m2  0.0104  

Media Height, H  m  0.320  

Volume, V  m3  0.00033  

Density, ρ    kg/m3  1458.65  

Porosity, Ɛ  %  61.84  

Porosity Volume, VƐ  m3  0.000206  

Mass, M = ρV  kg  0.485  

Flow rate, Q  mL/min 50.0 60.0 70.0 

Empty Bed Contact Time, EBCT = VƐ /Q  min 4.1 3.4 2.9 

Sludge Loading Rate, SLR = Q/A  cm/min 0.48 0.58 0.67 

 

Percentage Removal 
 

The purpose of wastewater treatment is to eliminate contaminants from the influent. 

Consequently, the percentage of removal efficiency formula is frequently used to calculate 

the performance of macrocomposites and evaluate the amount of contaminants that were 

removed. The percentage of removal was represented below: 

 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 (%) =
𝐶𝑖−𝐶𝑓

𝐶𝑖
× 100 (1) 

 

Where Ci and Cf represent the initial and equilibrium concentrations of all parameters in 

kitchen wastewater in mg/L, respectively. 

 

Thomas Model 
 

In the Thomas model, which is based on Langmuir adsorption-desorption kinetics, there 

is no axial dispersion. Based on continuous mode studies, this model is used to compute the 

adsorption rate constant and solid phase concentration of the metal ion on the adsorbent. 

(Vijayalakshmi et al., 2017). The linearized form of the Thomas Model is as follows: 

 

ln (
𝐶𝑜

𝐶𝑡
− 1) =

𝑘𝑇𝑞𝑜𝑚𝑐

𝑄
− 𝑘𝑇𝐶𝑜𝑡 (2) 

 

Where Ct and Co were the effluent and influent metal ion concentration at time t, kTH is 

the thomas rate constant (mL min-1 mg-1), qo is the maximum adsorption capacity (mg g-1) 

and Q is the flow rate (mL min-1). The slope and intercept of a plot of ln (Co/Ct -1) against 

time can be used to calculate the kinetic coefficient kTH and the equilibrium uptake per gram 

of the adsorbent qo (Vijayalakshmi et al., 2017). 

 

Yoon–Nelson Model 
 

The rate of decrease in adsorption probability for each adsorbate molecule in this model 

is assumed to be proportional to the probability of adsorbate adsorption and adsorbate 

breakthrough on the adsorbent (Nwabanne & Igbokwe, 2012). The Yoon-Nelson equation for 

a single component system was written as follows: 
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𝑙𝑛 (
𝐶

𝐶𝑜−𝐶
) = 𝑘𝑌𝑁𝑡 − 𝑡0.5𝑘𝑌𝑁 (3) 

 

Where kYN is the rate velocity constant (L/min), τ is time required for 50% adsorbate 

breakthrough (min), and t is time (min). The values of the rate velocity constant (kYN) and time 

required for 50% adsorbate breakthrough (τ) can be obtained from the slope and intercept of 

plot of ln [Ct/(Co-Ct)] versus t respectively (Nwabanne & Igbokwe, 2012). 

 

RESULTS AND DISCUSSION 
 

Initial Reading of Kitchen Wastewater 
 

Various parameters for the initial wastewater were measured in order to define the 

characteristics of kitchen wastewater. The initial reading of kitchen wastewater discharged 

from the UTHM Pagoh Cafe before treatment is displayed in Table 2. Two parameters were 

measured, namely COD and SS. 

 
Table 2. Initial Result of Kitchen Wastewater 

Parameter Unit Result 

COD mg/L 1,653 

SS mg/L 377 

 

Final Reading of Kitchen Wastewater 
 

The effluent was subjected to three different flowrates of 50mL/min, 60mL/min, and 

70mL/min in order to determine the efficacy of the macrocomposites at varying flowrates. 

Different flow rates produce various outcomes. The final characteristics of treated kitchen 

wastewater are displayed in Table 3 through Table 5 for each of the tested parameters. 

 
Table 3. Result of Kitchen Wastewater for COD and SS at 50mL/min 

Time (min) COD (mg/L) TSS (mg/L) 

2 32 7 

5 237 42 

10 380 65 

15 431 82 

20 609 98 

25 732 113 

30 815 140 

60 986 178 

75 1352 245 

90 1540 291 

120 1611 360 
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Table 4. Result of Kitchen Wastewater for COD and SS at 60mL/min 

Time (min) COD (mg/L) TSS (mg/L) 

2 37 12 

5 242 47 

10 385 70 

15 436 87 

20 614 103 

25 737 118 

30 820 145 

60 991 183 

75 1357 250 

90 1545 296 

120 1616 365 

 
Table 5. Result of Kitchen Wastewater for COD and SS at 70mL/min 

Time (min) COD (mg/L) TSS (mg/L) 

2 42 17 

5 247 52 

10 390 75 

15 441 92 

20 619 108 

25 742 123 

30 825 150 

60 996 188 

75 1362 255 

90 1550 301 

120 1621 370 

 

Removal Efficiency 

 

The regeneration studies will determine the reusability of the adsorbent, which 

contributes to its efficiency. Prior to beginning the regeneration study, the desorption 

experiment (Nwabanne & Igbokwe, 2012) was conducted. Based on the graphs of percentage 

removal for COD and SS shown in Figure 3 and Figure 4, the percentage of removal 

decreased as the amount of time elapsed. It will decrease until it reaches saturation, at which 

point macrocomposites will be unable to absorb or remove contaminants. From the beginning 

of the second minute until the end of the thirty-minute period, the graph showed that 

contaminants were removed actively. In comparison to 60mL/min and 70mL/min, the 

flowrate of 50mL/min is the most effective. This is because the percentage of contaminant 

removal increases as the flowrate and contact time decrease. 
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Figure 3. Graph of Percentage Removal for COD 

 

 
Figure 4. Graph of Percentage Removal for SS 

 

Thomas Model 
 

Many researchers have used the Thomas model to study packed bed adsorption kinetics 

(Vijayalakshmi et al., 2017, Nwabanne & Igbokwe, 2012). The Thomas model applies to 

adsorption processes in which neither external nor internal diffusion is limiting. Figures 5 and 

Figure 6 show the linear plot of the Thomas model for COD and SS using experimental data 

at flowrates of 50, 60, and 70mL/min, respectively. 
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Figure 5. Graph of Thomas Model for COD 

 

 
Figure 6. Graph of Thomas Model for SS 

 

According to Table 6, the increase in flowrate led to an increase in the kinetic constant 

(KTH) and a decrease in the adsorption capacity (qo,cal) and R2 for both COD and SS. When 

the flow rate was increased, the KTH increased from 0.0521 to 0.0515 and the qo,cal decreased 

from a range of 2.4181 to 1.8648. The values of R2 for both COD and SS also decrease from 

0.9095 to 0.8897 and from 0.9190 to 0.8879, respectively. The highest qo,cal value can be 

attributed to more adsorption sites at slower flow rates. 50mL/min flow rate produced the 

highest R2 value, which is closer to 1 than any other flow rate. 

 
Table 6. Linear Plots of The Thomas Model for COD and SS at Different Flow Rates 

Parameter 
Co 

(mg/L) 
Q 

(mL/min) 
KTH 

(mL/min.mg) 
qo,cal R2 

COD 1653 50 0.0521 2.4181 0.9095 

1653 60 0.0505 2.1072 0.8942 

1653 70 0.0515 1.8648 0.8897 

SS 377 50 0.0431 2.4153 0.9190 

377 60 0.0441 2.2801 0.8970 

377 70 0.0460 2.0409 0.8879 
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Yoon-Nelson Model 
 

Several authors (Vijayalakshmi et al., 2017; Nwabanne & Igbokwe, 2012) have used the 

Yoon and Nelson model to study column adsorption kinetics. The Yoon Nelson rate constant 

(KYN) and correlation coefficients, τ0.5 are calculated from the slope and intercept of plots of 

ln (Ct/Co-Ct) versus time, as shown in Figure 7 and Figure 8. Both graphs for COD and SS 

show the negative slope. For more than 40 minutes, the concentration of ln (Ct/Co-Ct) shows 

positive readings that are in the range of 1.0, 2.0, and 3.0 at 60, 77, and 90 minutes, 

respectively. Based on the graph, it clearly shows that 50 mL/min > 60 mL/min > 70 mL/min. 

 

 
Figure 7. Graph of Yoon-Nelson Model for COD 

 

 
Figure 8. Graph of Yoon-Nelson Model for SS 

 

Table 7 Yoon-Nelson model parameter obtained from linear plots of Yoon-Nelson model 

for COD and SS at different flow rate. It was discovered that with an increase in flow rate, 

the kYN increased in the range of 0.8648 to 0.9075, while the time required for 50% 

breakthrough decreased in the range of 58.532 s to 37.219 min. The value of T0.5 decreases 

with increases in flow rate. The slower the flow rate, the higher the treatment time taken to 
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reach half the initial concentration. The value of R2 obtained increased due to the increases in 

the flow rate. 

 
Table 7. Linear Plots of The Yoon-Nelson Model for COD and SS at Different Flow Rates 

Parameter 
Co 

(mg/L) 
Q 

(mL/min) 
KYN 

(mL/min.mg) 
T0.5 

(min) 
R2 

COD 1653 50 0.0508 46.844 0.8904 

1653 55 0.0506 41.057 0.8937 

1653 70 0.0515 37.219 0.8984 

SS 377 50 0.0444 58.532 0.8648 

377 55 0.0460 55.078 0.8909 

377 70 0.0477 49.406 0.9075 

 

Compliance Standard 
 

Standard A and Standard B from the 2009 Environment Quality Act (sewerage effluent) 

regulation DOE (2010) were compared to the final readings for treated wastewater with 

macrocomposite. Table 8 depicts the readings for COD and SS, along with a comparison of 

their initial and final values. 

 
Table 8. Characteristic of Kitchen Wastewater with Standard A and B 

Parameter Before Treatment After treatment 
EQA, 1974 

Standard A Standard B 

COD 1,653 32 120 200 

SS 377 7 50 100 

 

Standard A for COD and SS in accordance with the Environmental Quality Act for 

sewage effluent is 120 and 50, represented by the black line, while Standard B for COD and 

SS is 200 and 100, represented by the red line. According to the graphs in Figure 9 and Figure 

10, the range time for standard A is 3 minutes, while for standard B it is 4 minutes. After 

plotting the SS graph, the range time for standard A is determined to be 7 minutes, while the 

range time for standard B is calculated to be 20 minutes. 

 

 
Figure 9. Graph of Concentration Against Time for Observation of Standard for COD 
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Figure 10. Graph of Concentration Against Time for Observation of Standard for SS 

 

CONCLUSION 
 

Before and after the application of the macrocomposites, the characteristics of the kitchen 

wastewater were measured in this study. The results for each tested parameter indicate the 

increase in reading relative to the initial result. It has been demonstrated that macrocomposite 

is effective for the treatment of kitchen wastewater from the UTHM cafe, allowing the 

contaminant to be removed. With a fixed bed height, various flow rates, including 50mL/min, 

60mL/min, and 70mL/min, have been examined. The results and discussion indicate that, due 

to the longer contact time, the absorbent is more effective at absorbing and removing the 

contaminant at a lower flow rate. At lower flow rates, the Thomas and Yoon-Nelson models 

provide more accurate readings of adsorption capacity than at higher flow rates. The optimal 

flow rate for the treatment of kitchen wastewater was determined to be 50mL/min based on 

the preceding results. 
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Abstract 
Mortar is the material responsible for the distribution of stresses in masonry structures. 
Knowledge about the fresh and hardened properties of mortar is fundamental to ensure the 
good performance of masonry walls. Water-cement ratio is the variable that influences the 
physical and mechanical behaviour of mortars. The water-cement ratio has been regarded as 
the most important parameter in cement materials technology, such as concrete and mortar. 
Through the Abrams’ generalisation law, it is known that the compressive strength of concrete 
varies inversely with the water-cement ratio in workability and properties of mortars. Specimens 
are analysed through density, compressive strength tests and ultrasonic pulse velocity. Results 
indicate that the increase of water-cement ratio reduces the values of properties and increases 
the workability. Besides that, honeycombing in mortar specimens was a rough surface that 
contained voids in the mortar as a result of incomplete filling. It was also known as hollow 
cavities found in the mortar mass where the mortar was not reached. In this experiment, 
honeycomb appeared due to the improper workability of mortar because of low water content 
and did not use any superplasticizers, where the mortar was too stiff which made it tough to 
pour into the cube silicone moulds. Hence, it is suggested to add superplasticizers in the mortar 
mix with a low water-cement ratio. 
 
Keywords: Mortar; water-cement ratio; workability; compressive strength. 

 

INTRODUCTION 
 

Mortar is a component of masonry, a composite anisotropic material. Mortar is in charge 

of ensuring consistent stress distribution, rectifying block imperfections, and adapting thermal 

expansion and shrinkage deformations. It is well known that mortar has minimal effect on the 

compressive strength of brickwork (Haach, Vasconcelos, & Lourenco, 2011). In the cement 

industry, it is a well-known truth that cements mortar strength will be reduced when excessive 

content of the water is used, whereas mortar mixes might result in a poor workability state if 

inadequate content of water is applied. As a result, methods in identifying the most 

appropriate content of water to obtain high strength of cement mortar, as well as the water-

cement ratio that plays a significant role in affecting cement mortar properties are clearly 

desirable. For concrete components, the water-cement ratio is rigorously controlled by the 

quality control unit. Moreover, the skilled worker believes that the mixture will be in a good 

workability state when more water is added. Hence, it is necessary enough to have a detailed 

investigation regarding the water-cement ratio that could affect the strength of mortar (Singh, 

Munjal, & Thammishetti, 2015). 

 

 

 

Malaysian Construction Research Journal; Vol. 40 | No. 2 | 2023      15 



 

Aggregate grading and the water-cement ratio serve a vital role in the workability and 

compressive strength of cement mortar, and these elements were investigated by the authors 

(Haach et al., 2011). As a result, he discovered that when increasing the value of the water-

cement ratio, the mechanical properties of mortars will be degraded while increasing their 

workability. Another research conducted by the author (Schulze, 1999) emphasised on water-

cement ratio effect and the content of cement in polymer-modified mortar properties. 

Meanwhile, Kim, Lee, Bang, & Kwon (2014) discovered that raising the water-cement ratio 

from 0.45 to 0.60 boosted the porosity of mortars by up to 150%, compared to the compressive 

strength, which decreased by up to 75.6%. Next, the authors of (Zhou, Chen, Wu, & Kan, 

2011) discovered that when the water content in mortar mixture lowered, then the dynamic 

compressive strength of mortar improved. In addition, Ji-kai & Li-Mei (2015) discovered that 

a low water-cement ratio induced higher brittleness in fracture behaviour of mortar when 

compared to the mortar with a high water-cement ratio. An author investigated how a low 

water-cement ratio impacts the pore structure along with the strength of cement paste (Zivica, 

2009). When employing finer sand grading specimens, a greater water-cement ratio is 

required to attain an equitable workability, according to (Lim, Tan, Chen, Lee & Lee, 2013). 

The authors found that mortar comprising coarser sand with low water-cement ratio obtained 

much higher strengths compared to the mortar with finer sand. The significance of sand 

grading on the properties of mortar has also been studied (Reddy & Gupta, 2018). 

 

According to Ortiz, Aguado, Agullo, Garcia, & Zermeno (2009), the workability of 

mortars plays a significant role in constructing the structures of masonry. Workability is a 

crucial element of mortar since it strongly affects the work of the bricklayer. It is relevant to 

note that the mechanical properties of masonry can be significantly influenced by the quality 

of craftsmanship. Consistency, plasticity and cohesion are some of the properties’ collections 

in workability (Haach, Vasconcelos, Lourenco & Mohamad, 2010). Consistency is ordinarily 

used to evaluate the workability of cement mortar rather than plasticity and cohesion due to 

difficulty to measure. Prior research indicates that investigating the fresh properties as well 

as the hardened properties of mortar in order to have a thorough understanding of its impact 

on the behaviour of masonry structures. Both the water-cement ratio and properties of 

aggregate are two factors that determine the fresh and hardened behaviour of mortar. The 

water-cement ratio has traditionally been regarded as the most significant element in the 

technology of cement materials. The compressive strength of concrete varies inversely with 

the water-cement ratio, as shown by Abrams’ generalisation law, Equation 1 (Seart, Dewst, 

Kite, Harris & Troy, 1996). 

 

𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ =  
𝐾1

𝐾2
𝑤/𝑐      (1) 

 

Where 𝐾1 and 𝐾2 are constants, w represents the quantity of water and c represents the 

mass of cement. This formula works with water-cement ratios ranging from 0.3 to 1.20. The 

correlation between concrete strength and water-cement ratio is well known as Abrams’ law. 

The application of Abrams’ law is applicable for any time ranging from 3 to 365 days of 

concrete age, according to the author (Yeh, 2006). (Rao, 2001) demonstrated that empirical 

model expressions based on Abrams’ law may forecast the compressive strength and split 

tensile strength of mortar utilising a water-cement ratio larger than 0.40. The water-cement 

ratio, cement-sand ratio, cementitious material type, and aggregate properties have all been 

determined to have the largest impact on cement mortar mechanical properties. 
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It should be emphasized, however, that mortar is way too different material compared to 

concrete, in terms of distinct structures, compositions, and applications. Few studies have 

been conducted to determine whether the water-cement ratio influences mortar strength. 

Traditionally utilisation of fibre also has been used to increase the strength (Ismail et al., 

2021). Markeset & Hillerborg (1995) found several correlations between mechanical 

properties obtained in various mortar mixes, such as compressive strength, flexural strength 

and elastic modulus. A power function was also established to accurately characterise the 

compressive strength’s dependency on the water-cement ratio. According to Neville (1995), 

aggregates have a considerable impact on the properties of mortars, which are rheological 

properties, as well as the mechanical properties. Moreover, the behaviour of mortars in both 

fresh and hardened state is basically influenced by mineralogical composition, stiffness, 

particle size distribution, form, and surface roughness of aggregates. Furthermore, the type of 

sand used has a significant impact on the properties of mortar. Grading curve geometrical 

factors like fineness modulus, relative specific surface and apparent weight are some of the 

factors that influence the consumption of water by the sand in the mortar, and these factors 

also play a role in the dry density of mortars. The objective of this research is to evaluate the 

influence of varied water-cement ratios on the density, ultrasonic pulse velocity and 

compressive strength of cement mortars. This study also discusses the applicability of 

Abram’s law to cement mortar. 

 

EXPERIMENTAL DETAILS 
 

Material and Mix Design 
 

All mortar mixes were produced using Ordinary Portland cement, sand, and tap water. 

The cement used was according to ASTM C 150-07 (2008). A sufficient number of cement 

mortar specimens with varying water-cement ratios have been created to investigate their 

influence on mortar strength. The mortar specimens were made up of Ordinary Portland 

cement (OPC) as a binder and local river sand for the fine aggregate. Table 1 shows the mix 

proportions of mortar specimens with fixed unit content of fine aggregate. Table 2 and Table 

3 show the physical properties and chemical compositions of cement. 

 
Table 1. Mix Proportions 

Water-Cement Ratio Cement (kg/m3) Water (kg/m3) Sand (kg/m3) 

0.30 933 280 947 

0.40 865 348 947 

0.50 808 405 947 

0.60 758 455 947 

0.70 713 500 947 

 
Table 2. Physical Properties of Cement 

Item Spec. Limit Test Result 

Air content of mortar (volume %) 12 max 8 

Blaine fineness (m²/kg) 260 min 377 

 430 max  

Avg Blaine fineness (m²/kg) 280 min 385 

 420 max  

Autoclave expansion (%) 0.80 max 0.04 

Compressive strength (Mpa) min:  
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Item Spec. Limit Test Result 

1 day A  

3 days 7.0 23.4 

7 days 12.0 29.8 

28 days A  

Time of setting (minutes)   

(Vicat)   

Initial Not less than 45 124 

Initial Not more than 375  

(Source: ASTM C 150-07, 2008) 

 
Table 3. Chemical Compositions of Cement 

Item Spec. Limit Test Result 

SiO₂ (%) A 20.6 

Al₂O₃ (%) 6.0 max 4.4 

Fe₂O₃ (%) 6.0 max 3.3 

CaO (%) A 62.9 

MgO (%) 6.0 max 2.2 

SO₃ (%) 3.0 max 2.7 

Ignition loss (%) 3.0 max 2.7 

Na₂O (%) A 0.19 

K₂O (%) A 0.50 

Insoluble residue (%) 0.75 max 0.27 

CO₂ (%) A 1.5 

Limestone (%) 5.0 max 3.5 

CaCO₃ in limestone (%) 70 min 98 

Potential (%)   

C₃S A 50 

C₂S A 21 

C₃A 8 max 6 

C₄AF A 10 

C₄AF + 2(C₃A) A 22 

C₃S + 4.75C₃A 100 max 78.5 

(Source: ASTM C 150-07, 2008) 

 

The fine aggregates passing through 4.75 mm sieve have been used and its particle size 

distribution according to BS 882 (1992), is given in Figure 1. The material properties of fine 

aggregate are given in Table 4. 

 
Table 4. Mix Proportions 

Properties Values 

Fineness Modulus 3.5 

Specific Gravity 2.42 

Silt Content (%) 2.5 

Bulking of Sand (%) 22 

(Source: BS 882, 1992) 
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Figure 1. Particle Size Distribution Curve of Fine Aggregate 

 

Methods and Test Procedures 
 

A total of thirty mortars were prepared by weight batching in this experiment, with six 

mortars for each water-cement ratio ranging from 0.3 to 0.7. For a single water-cement ratio, 

the cement mortar mix was hand-mixed for 5-7 minutes. After mixing the mortar, six cubes 

of size (50 mm x 50 mm x 50 mm) were cast in cube silicone moulds with water-cement ratio 

of 0.3. Then followed by the rest of the mix ratios. Six cubes for each water-cement ratio, 

meaning that three cubes for 7 days of curing and another three cubes for 28 days of curing. 

A small coating of release agent was applied to the interiors of the silicone moulds using a 

clean brush before pouring cement mortar paste into the mould. Excess mortar was removed 

from the top of the mould using a metallic trowel. To accomplish full compaction, the mould 

was put on the vibrating table and vibrated for 2 minutes at a speed of 12,000 ± 400 per 

minute. Specimens were placed in the mould within the laboratory for a period of 24 hours 

(room temperature 30 ± 2°C and relative humidity 60% ± 5). The specimens were taken from 

the moulds and placed into the curing tank for 7 and 28 days at a temperature of 27 ± 2°C. 

 

Density 
 

The density of the cement mortars in this laboratory experiment was collected by referring 

to BS 4551 (1998). A single intact piece of hardened mortar of sufficient size was chosen 

from the day-7 and day-28 samples for each water-cement ratio and soaked in distilled water 

for 24 hours. The sample was hung from the balance arm using the wire stirrup and weighed 

while entirely submerged in water in a beaker, at the temperature of 27 ± 2°C. During the 

weighing procedure, be sure that neither the specimen nor the stirrup hits the edges of the 

beaker. Correctly compute the corrected mass in grams of the specimen alone in the water. 

Finally, take the specimens from the water and quickly dry their surfaces by lightly wiping 

them with absorbent cloth or paper before weighing them in the air. 

 

Ultrasonic Pulse Velocity (UPV) 
 

An electro-acoustical transducer in contact with one surface of the cement mortar under 

test produced a pulse of longitudinal vibrations. After travelling a specified route length in the 

mortar, the vibration pulse was transformed into an electrical signal by a second transducer 

and the transit duration of the pulse was monitored using electronic timing circuits. The 
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apparatus, shown in Figure 2, included an electrical pulse generator, two transducers, an 

amplifier and an electronic timing device for measuring the time interval between the 

commencement of a pulse generated at the transmitting transducer and the onset of its arrival 

at the receiving transducer. To give a reference for the velocity measurement, a calibration 

bar was provided. The test for ultrasonic pulse velocity was conducted according to BS EN 

12504-4 (2004). The pulse velocity for direct and semi direct transmissions must be calculated 

using the following formula: 

 

𝑉 =  
𝐿

𝑇
        (2) 

 

Where 𝑉 is the pulse velocity, in km/s, 𝐿 is the path length, in mm, and 𝑇 is the time taken 

by the pulse to transverse the length, in µs. 

 

 
Figure 2. Set Up for Ultrasonic Pulse Velocity (UPV) Test 

 

Compressive Strength 
 

One of the most essential characteristics of masonry structures is the compressive strength 

of cement mortar. Three cube specimens were evaluated for 7-day of curing and another three 

cube specimens for 28-day curing. Six cube specimens were tested for each mix ratios in 

Universal Testing Machine (UTM) as per ASTM C 109/C 109M-02 (2002). Compressive 

strength was determined by placing the specimens in contact with the bearing surface of the 

Universal Testing Machine (UTM), as shown in Figure 3, and applying a load at a rate of 2-

5 N/mm2 per minute until failure occurred. By dividing the greatest force applied to the 

specimen during the test by cross sectional area, the compressive strength was computed. 

 

Figure 3. Compression Test Using Universal Testing Machine (UTM) 
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EXPERIMENTAL RESULTS AND DISCUSSIONS 
 

Density, UPV & Compressive Strength of Cement Mortars at Day 7 
 

Table 5 displays the recorded values of density, compressive strength and UPV test when 

cement mortar achieved 7-day curing, for all water-cement ratios. The link between density 

and water-cement ratio variation in mortar mixes at day 7 is depicted in Figure 4. At day 7, 

Figure 6 depicts the relationship between compressive strength and water-cement ratio in 

various mortar mixtures. There was a clear pattern of decreasing density and compressive 

strength as the water-cement ratio raised for all mortar mixtures. This result is compatible 

with the findings from Mohamad, Neto, Pelisser, Lourenco, & Roman (2009) and Fernandes, 

Silva, Ferreira, & Labrincha (2005). The increase in the water-cement ratio implies that there 

is more water between the solid particles, which results in larger voids in the hardened state, 

increasing porosity and consequently reducing the density and compressive strength of mortar 

mixtures. Figure 5 shows the relationship between the UPV test and water-cement ratio 

variation in mortar mixes at day 7. It can be seen that the value recorded for UPV at day 7 

was still low. 

 
Table 5. Values of Density, Compressive Strength and UPV Test Recorded on Cement Mortar at Day 7 

Water-Cement 
Ratio 

Density at day 7 
(kg/m3) 

Compressive Strength at day 7 
(kg/m3) 

UPV Test at day 7 
(kg/m3) 

0.30 2173.60 34.19 1.37 

0.40 2099.47 28.51 2.11 

0.50 2039.47 17.63 0.68 

0.60 2028.27 14.97 0.73 

0.70 1942.93 9.99 0.78 

 

 
Figure 4. Experimental Results Density vs Water-Cement Ratio, at Day 7 

 

 
Figure 5. Experimental Results UPV vs Water-Cement Ratio, at Day 7 
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Figure 6. Experimental Results Compressive Strength vs Water-Cement Ratio, at Day 7 

 

Density, UPV & Compressive Strength of Cement Mortars at Day 28 
 

Table 6 illustrates the recorded values of density, compressive strength and UPV test 

when cement mortar achieved 28-day curing, for all water-cement ratios. The association 

between density and water-cement ratio variation in mortar mixes at day 28 is depicted in 

Figure 7. At day 28, Figure 9 depicts the relationship between compressive strength and 

water-cement ratio in various mortar mixtures. There was a definite pattern of decreasing 

density along with the compressive strength as the water-cement ratio increased for all mortar 

mixtures. Figure 8 shows the relationship between UPV test and water-cement ratio variation 

in mortar mixes at day 28. It can be seen that the value recorded for UPV at day 28 increased 

when compared to the cement mortar at day 7. 

 
Table 6. Values of Density, Compressive Strength and UPV Test Recorded on Cement Mortar at Day 28 

Water-Cement 
Ratio 

Density at Day 28 
(kg/m3) 

Compressive Strength at Day 28 
(kg/m3) 

UPV Test at Day 28 
(kg/m3) 

0.30 2182.93 35.17 3.02 

0.40 2105.87 41.08 3.53 

0.50 2069.60 27.47 2.58 

0.60 2024.80 24.40 2.76 

0.70 1929.33 11.09 2.13 

 

By comparing the density values recorded for all cement mortar mixes on day 7 and day 

28, the common approach was that raising the water-cement ratio would lead to a lower 

density. This occurred since the lower water-cement ratio, which was 0.3, included more 

cement and less water as compared to the other water-cement ratios, 0.4, 0.5, 0.6 and 0.7, 

which contained lower cement with higher water, Table 1. Cement hydration is a complicated 

chemical process that involves the transition from a suspension to a solid state. The ultrasonic 

velocity is not very sensitive to the formation of structure in the paste throughout the 

suspension phase. The water/air phase, particularly the air bubbles in the water, is the major 

component determining the UPV. The joining of smaller particles leads to clusters that create 

a percolating solid network as cement grains eventually disintegrate and nucleate. The route 

of ultrasonic pulse propagation changes from liquid to solid (Ye, Lura, Breugel & Fraaij, 

2004). 
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Figure 7. Experimental Results Density vs Water-Cement Ratio, at Day 28 

 

 
Figure 8. Experimental Results UPV vs Water-Cement Ratio, at Day 28 

 

 
Figure 9. Experimental Results Compressive Strength vs Water-Cement Ratio, at Day 28 

 

The UPV shows a considerable rise following the establishment of this solid percolation 

threshold, as the stiffness of the cement paste is heavily dependent on the solid phase link. As 

a result, it was determined why ultrasonic pulse velocity values for all mortar mixes on day 

28 were greater than mortar mixes on day 7. Beyond this stage, the impact of the solid phase 

on the UPV takes precedence over the influence of air bubbles. The stiffness of a material has 

a significant impact on its UPV. Once the relationship between UPV and solid phase 

connection is established, further attributes like stiffness and strength may be acquired (Ye et 

al., 2004). 

 

The compressive strength of water-cement ratio 0.3 recorded the highest value, 34.19 

MPa at day 7 while 0.4 recorded 28.51 MPa, lower than the compressive strength of water-

cement ratio 0.3. However, as the curing time increased to day 28, the compressive strength 

of 0.3, 35.17 MPa, recorded a value lower than 0.4. The highest water-cement ratio of 0.4 was 

recorded at day 28 with 41.08 MPa. This happened due to the presence of honeycomb 

recorded in the water-cement ratio 0.3 cement mortars, (Figure 10). While the water-cement 
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ratio of 0.4 no honeycomb (Figure 11). Honeycombing in mortar specimens was a rough 

surface that contained voids in the mortar as a result of incomplete filling. It was also referred 

to as “hollow cavities” in the mortar mass where mortar could not be reached (Saidani & 

Roberts, 2007). In this experiment, honeycomb appeared due to the mortars’ poor workability 

due to its low water content and lack of superplasticizers; the mortar was too stiff to pour into 

the cube silicone moulds. 

 

 
Figure 10. The Presence of Honeycomb Recorded in Mortar Specimens of Water-Cement Ratio 0.3 

After 28-Day of Curing 

 

 
Figure 11. Mortar Specimens of Water-Cement Ratio 0.4 After 28-Day  

 

CONCLUSION 
 

This study focused on the experimental characterisation of several mortar mixes with 

varying water-cement ratios. The following primary conclusion may be reached from the 

evaluation of experimental results: 

 
a) As the water- cement ratio increased, all tested attributes (density, compressive 

strength, and ultrasonic pulse velocity) decreased. 

b) The compressive strength follows Abrams’ law and exhibits appropriate power when 

compared to the water-cement ratio. Following Abram’s law, a general variation of 

compressive strength with water-cement ratio may be provided for the design of 

mortar mixes ranging from lean to extremely strong as a function of the single biggest 

element impacting mortar strength, which is the water-cement ratio. 
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c) Mortars with a low water-cement ratio require the addition of superplasticizers in 

order to improve the workability of cement mortars, making it easier to pour the 

mortar paste into the mould. 

d) A good mortar mix with good workability will result in a good mortar paste, which 

will have greater compressive strength. 
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Abstract 
A study is conducted to develop reinforcing concrete (RC) beam technology using Expanded 
Polystyrene (EPS) and Palm Oil Fuel Ash (POFA) as replacement materials for sand and 
cement. The heavy of existing concrete and the use of high cement are the main factors for 
this study to be carried out. POFA can be used as constituents in concrete due to the 
pozzolanic properties and EPS has the potential to be used in concrete as structural elements 
to reduce the density of concrete. The RC beams containing EPS and POFA as replacement 
materials with a percentage between 10% and 30% were studied in terms of crack.  RC beam's 
size was 150mm x 150 mm x 1000mm and simply supported at spaced 750mm apart. In this 
paper, the simulation of Finite Element Analysis by using ABAQUS was performed to study the 
non-linear behaviour of concrete containing EPS and POFA by Concrete Damage Plasticity 
(CDP) model. In this model, concrete's tensile cracking and compression crushing for every 
percentage of EPS and POFA were considered as a data input in ABAQUS software. For RC 
beams with percentages of 10% to 30% EPS and POFA that were put through a three-point 
bending test and load versus displacement curves were produced. The simulation result shows 
that the cracks of RC beam may be classified as shear cracks based on the crack angle. The 
first crack at mid span led to the development of larger cracks. Without EPS, RC Beams with 
10% POFA have a crack pattern quite similar to the control beam's. The concrete without EPS 
that contains 10% POFA displays a near ultimate load to normal concrete and demonstrates 
that concrete containing 10% POFA may withstand the same ultimate load as normal concrete. 
RC beam containing 10% POFA and 10% EPS also indicating close performance to normal 
concrete in term of capacity to bear ultimate load. 
 
Keywords: Palm Oil Fly Ash; expanded polystyrene; concrete damage plasticity; three point bending.  

 

INTRODUCTION 
 

The Finite Element Method (FEM) is a numerical approach used in the Finite Element 

Analysis (FEA), which is the modelling of any given physical phenomena. Finite Element 

Analysis (FEA) has been used widely to analyse structures and material behaviour. FEA is 

highly efficient analytical tools for studying behaviour of structure, as an alternative to the 

experiment to reduce the cost and time. The goal of this study was to determine how much 

EPS and POFA should be utilised as a replacement to sand and cement in order to enhance or 

maintain the flexural performance of the RC beam base software simulation. In this study, 

three dimensional- nonlinear RC Beam model was developed. Software called ABAQUS was 

used because it can simulate reinforced concrete's structural behaviours. Concrete Damage 

Plasticity Model (CDP) were used in this study. The typical characteristics of concrete 

containing varying percentages of EPS and POFA, which were discovered from experiment, 

were utilized to establish FEA's simulation of the structural behaviours of a reinforced 
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concrete beam. To explore the behaviours of reinforced concrete beams containing EPS and 

POFA under three point loads, a three-dimensional nonlinear finite element model was 

developed and analysed using static technique, which is accessible in ABAQUS software. 

 

LITURATURE REVIEW 
 

ABAQUS has the capability in problem solutions related to simulation because of a large 

range of material models, including those for concrete damage and metal plasticity, as well 

as capabilities for nonlinear implicit and explicit dynamic analysis. Additionally, modal and 

buckling analysis, response spectrum analysis, and random response analysis are also 

capabilities of ABAQUS. Finally, for modelling reinforcement, ABAQUS may embed 

components and rebar with pre-stress. 

 

It provides precise, high-performance solutions for difficult linear dynamics applications, 

routine design simulations, and complex nonlinear challenges. The automobile, aerospace, 

and industrial goods sectors also utilize ABAQUS. The product's extensive range of material 

modelling capabilities and adaptability make it popular among academic and research 

institutes. ABAQUS is appealing for production-level simulations where various fields must 

be linked because it offers a good selection of multiphase capabilities, including coupled 

acoustic-structural, piezoelectric, and structural-pore capabilities. Since ABAQUS was 

primarily created to address non-linear physical behaviour, it contains a wide variety of 

material models, including the ability to represent elastomeric (rubber-like) materials. 

 

Rahman et al. (2019) carried out experimental effort to undertake three-dimensional non-

linear modelling of reinforced foamed concrete beam integrating 20% Palm Oil Fuel Ash and 

5% and 10% Eggshell Powder as partial cement replacement employing concrete damage 

plasticity failure in ABAQUS/CAE software. The simulated outcomes showed that the 

suggested finite element modelling was effective in correctly forecasting the damage 

behaviour of foamed concrete. 

 

According to Earij et al. (2017), who used ABAQUS software to simulate a fiber-

reinforced concrete beam owing to the concrete damage plasticity (CDP) model, projected 

load defection curves closely match the values of the corresponding experimental beams. In 

spite of the linear law's minor disregard of starting stiffness, the deflection curves 

demonstrated excellent agreement with the experimental response in the post-yielding phase. 

Another study by George et al. (2017) examined the behaviour of a plain concrete beam 

utilizing concrete damage plasticity with various meshes. Despite the fact that the test peak 

curve for triangular mesh was steeper than that of quadrilateral mesh, the results of the flexural 

strength were in good accord with those of standard laboratories. 

 

MATERIALS AND METHODS 
 

Modelling of The Reinforced Concrete Beam 
 

The proposed FEA model of Reinforced concrete beam is a three dimensional-nonlinear 

material model. The model was developed and analysed by quasi static technique using 

ABAQUS explicit module. Reinforced concrete beam with various of concrete properties 

containing 10%, 20%, 30% EPS and 10%, 20%, 30%, POFA for replacement level were 
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analysed using the same structural model. Using several element types according to each 

element's appropriateness, each part of a reinforced concrete beam was independently 

simulated in the part module of the ABAQUS program. Table 1 lists the elements utilized for 

each part. Specific geometry, element section properties, material information, load and 

boundary conditions, analysis types, and output requests were all considered during the 

modelling process. The reinforced concrete beam was constructed using each component's 

finite-difference geometry. As shown in Figure 1, the steel reinforcement was modelled with 

three-dimensional 2 nodes components because to the complicated reinforcement 

configuration in the beam. The cross section area and material parameters of the reinforcing 

region were assigned and included in the study. Data from experiment results and previous 

research were used to give material properties to each component. 

 
Table 1. Element Used for Each Parts of Reinforced Concrete Beam 

Part Element Definition of Element 

Beam C3D8R Three-dimensional 8-node linear 

Rebar B31 Node linear beam in space 

Reinforcement T3D2 Three dimensional 2 nodes truss element 

Stirrup B31 Node linear beam in space. 

 

 
Figure 1. Structural Model of Beam with Main Reinforcement 

 

After all the parts had been assigned with section and material properties, all parts were 

assembled. After the reinforced concrete beam model was put together, each modelled part 

was appropriately linked to the other. Tie contact technique was utilized to create proper 

interaction between reference point (RP) with the concrete as shown in Figure 2. The 

reference point (RP) and concrete components were joined together using the tie technique. 

Reference point (RP) was used as medium to transfer point load to beam. Embedded method 

was used to link the stirrup with a solid element to the main reinforcement.  The technique 

for constraint the main reinforcement to the solid element representing concrete shown in 

Figure 3. 

 

The boundary condition at Bottom of beam was assigned as pin support and roller support 

as shown in Figure 4. The distance between supports were 750 mm. Loading was placed at 

reference point (RP) and transfer to beam. Lastly, the mesh was assigned to the Reinforce 

Concrete Beam. The appropriate mesh size for model was used. Jobs had been created to do 

the analysis on beam. The field out parameter was defined such as deflection, and crack 

pattern. 
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Figure 2. Structure Model with Reference Point (RP) at Point Load 

 

 
Figure 3. Embedded Region Technique for Elements Constrains 

 

 
Figure 4. Load and Supports 

 

Parameters of Reinforced Concrete Beam 
 

Reinforced Concrete Beam with Size 150mm x 150mm x 1000mm with support 750mm 

support to support length were simulated as Figure 5 and Figure 6. All specimens were 

simulated with different percentage of EPS and POFA in concrete. 

 

 

 

 

30      Mohamad Hairi Osman et al. 



 

 

 
Figure 5. Load and Supports 

 

 
Figure 6. RC Beam Detail 

 

Modelling of Material Properties 
 

Eleven different types of material characteristics were taken into account, including those 

of normal concrete and EPS-POFA concrete with varying EPS and POFA content. In order 

to determine the concrete damage plasticity parameters as input to the model, the material 

characteristics for EPS-POFA concrete and reinforcement were collected by experimentation. 

From the experiment, the compressive strength, the tensile strength, the Young's modulus, the 

mass density, and the poisson ratio of EPS-POFA concrete were determined. 

 

The constitutive parameters utilized in the concrete damaged plasticity model for the 

EPS-POFA concrete material's compressive and tensile behaviours are shown in Table 2. 

Default values were used to determine parameters that were not measurable in the experiment 

for normal concrete, as indicated in Abaqus 2016. The data in Table 2 were also based on 

previous study done by Lee & Fenves (1998) and Lubliner et al. (1989). 

 

The Inelastic Strain is material parameter used in concrete damage parameter for normal 

concrete in Table 3 and Table 4 were obtained from experimental result and were used in 

Abaqus software for analysis and verification. The concrete damage parameter data for 

concrete with different percentage of EPS and POFA are attached in appendix. The damage 

parameters dc were calculated based on Equation 1. Where dc is the damage parameter of 

EPS-POFA concrete in compression and tension, σi is the initial stress and σcu is the ultimate 

stress. 

 

𝑑𝑐 = 1 − 
𝜎𝑖

𝜎𝑐𝑢
             (1) 
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Table 2. Concrete Damage Plasticity for Normal Concrete 

Dilation Angle Eccentricity 
Initial Biaxial/ 
Uniaxial Ratio 

k 
Viscosity 
Parameter 

31  ͦ 0.1 1.16 0.667 0.00005 

 
Table 3. Material Parameter Used in Concrete Damage Parameter for Normal Concrete Subjected to 

Compression 

Compressive Behaviour 

Yield Stress (MPa) Inelastic Strain Damage Parameter, dc 

22.066624 0 0 

22.632435 0.001000 0 

23.198246 0.001043 0 

23.764057 0.001087 0 

24.329868 0.001130 0 

24.895679 0.001174 0 

25.210269 0.001217 0 

25.179311 0.001240 0.001228 

25.031569 0.001270 0.007088 

24.854194 0.001290 0.014124 

24.446394 0.001320 0.030300 

24.266913 0.001330 0.037420 

 
Table 4. Material Parameter Used in Concrete Damage Parameter for Normal Concrete Subjected to 

Tension 

Tensile Behaviour 

Yield Stress (Mpa) Cracking Strain Damage Parameter, dc 

2.34 0 0 

2.90 0.000093 0 

2.61 0.000111 0.056180 

2.34 0.000119 0.101124 

2.08 0.000127 0.146067 

 

Stress-Strain Curve 
 

Figure 7 shows the effect of EPS and POFA on the stress-strain behaviour for all twelve 

concrete samples. This sample is sample 1 from three samples taken and put in the stress-

strain graph. The vertical strain gauge's through the displacement were used to measure the 

axial strain, and axial stress and strain graphs were then plotted against one another. All the 

diagrams appeared to have the same shape as normal concrete. Beginning with a linear range, 

it transitioned to a nonlinear response as the stress increased for strain gain until the maximum 

stress. Afterwards, stress decreased inelastically while strain increased. Figure 7 also shows 

concrete's stress-strain curves change gradually when the EPS-POFA content increases. The 

stress-strain of concrete containing 10% POFA without EPS seems almost close to normal 

concrete at the beginning and the peak stress and strain seem proximity to normal concrete 

with peak stress and strain values of 25.46 MPa and 0.001211mm/mm compared to normal 

concrete with peak stress and strain value 25.21MPa and 0.001217 mm/mm. The increase of 

EPS-POFA caused the lower maximum peak and give a smaller initial slope of curves. 

According to known theories, a smaller maximum peak may cause a lower compressive 

strength, while a smaller initial slope may cause a smaller elastic modulus. The slope of the 

curve, which is lower than that of normal concrete, indicates that EPS-POFA concrete 
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performed more ductility and had a greater capacity for absorbing energy than normal 

concrete. This trend is consistent with a previous study by Cui et al. (2016) which stated a 

descending branch of the stress-strain curve showed that EPS concrete's stress decreased 

slowly as the strain increased. When concrete containing EPS is compressed, the condition of 

failure is more delayed, and the concrete can continue to support weight after failure without 

completely collapsing. As a result, EPS-contained concrete might be used to absorb 

vibrations. The same kind of failure was also noted by Babu, (2003) for EPS concrete. 

 

 
Figure 7. The Stress-Strain Curve for All Samples 

 

Material Properties of Main Reinforcement and Shear Link 
 

Based on laboratory tensile results, the elastic and plastic characteristics of the 6mm and 

12mm diameter bars utilized for the shear link and primary reinforcement were determined. 

Initial yield stress, ultimate stress, strain at failure, Modulus' Young, mass density, and 

Poisson ratio were among the values utilized in the FEA. Table 5 contains a summary of all 

the material properties. Failure mode of reinforcement is assumed as plastic deformation with 

strain hardening after elastic stage. 

 
Table 5. Mechanic Properties of Steel Assigned for Reinforced and Shear Link in RC Beam 

Bar Diameter, Ø 
(mm) 

Initial Yield 
Stress, σy 

(MPa) 

Ultimate 
Stress, Pt 

(MPa) 
Strain, ε 

Modulus' 
Young, Es 
(kN/ mm²) 

Mass 
Density, ρ 

(kg/ m³) 

Poisson 
Ratio, ν 

12 359 600 0.00486 210 7800 0.3 

8 343 485 0.0061 210 7700 0.3 

 

FINITE ELEMENT ANALYSIS (FEA) VERTICAL LOAD VS DISPLACEMENT 
 

Displacement of RC beam upon the reaching of ultimate load carrying capacity was 

recorded from FEA, it is an important parameter to study the behaviour of RC beam. Table 6 

lists the ultimate load with maximum displacement of RC Beam recorded for various 

percentage of EPS and POFA. 
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Table 6. FEA Displacement of RC Beam with Various Percentage of EPS and POFA 

RC Beam Containing EPS 
and POFA 

% of EPS % of POFA 
FEA Ultimate 
Load, Pu (kN) 

Maximum 
Displacement, mm 

Normal Concrete 0% 0% 137.128  6.61 

EPS-POFA Concrete 1 10% 0% 116.85 6.60 

EPS-POFA Concrete 2 20% 0% 109.42 6.51 

EPS-POFA Concrete 3 30% 0% 113.36 7.019 

EPS-POFA Concrete 4 0% 10% 134.08 6.80 

EPS-POFA Concrete 5 10% 10% 124.50 7.18 

EPS-POFA Concrete 6 20% 10% 104.71 7.02 

EPS-POFA Concrete 7 30% 10% 85.16 6.94 

EPS-POFA Concrete 8 0% 20% 102.67 7.02 

EPS-POFA Concrete 9 10% 20% 99.43 7.02 

EPS-POFA Concrete 10 20% 20% 70.47 6.12 

EPS-POFA Concrete 11 30% 20% 51.72 3.5 

 

 
Figure 8. FEA Result of Load vs Displacement for RC Beam with Different Percentage of EPS and 

POFA 

 

FEA result for load versus displacement of RC beam with various percentage of EPS and 

POFA were plotted in Figure 8. The trends of displacement were similar for all RC beams. 

Loading and displacement increased linearly from elastic until the RC beam upon the plastic 

stage. After that, the trend of curves becomes non-linear from plastic stage until ultimate load 

carrying capacity achieved upon the damage stage. Figure 8 shows that when the percentage 

of EPS increase from 10% to 30%, the ultimate load of RC beam had decreased. The ultimate 

load 0%, 20% and 30% EPS with 0% of POFA shows 137.128 kN, 116.85 kN and 109.42 kN 

respectively as shown in Table 6. The same decrease trend also occurred for other percentage 

of POFA with increasing of EPS. The concrete of 10% POFA without EPS shows the close 

ultimate load with normal concrete with gave 134.8 kN and it shows the 10% POFA in 

concrete was able to sustain same ultimate load compared to normal concrete. Tay et al. 

(1990) discovered the same outcome, the ideal POFA replacement level was proposed to be 

10% in order to prevent any long-term effects on concrete strength development. In general, 

the presence of EPS in concrete causes the non-homogeneity of the concrete, which results in 

a loss in strength. Additionally, it appears that adding POFA to concrete that contains EPS 

does not assist to boost the strength of RC beams. 
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Crack Pattern of RC Beam From FEA 
 

Generally, FEA failure mode of Normal RC beam and EPS-POFA RC beam in FEA can 

be classified flexural and shear crack due to the angle of crack close to 45 degrees. Major 

cracks were developed from the first crack near mid span. Crack pattern of EPS-POFA RC 

Beam is tabulated in Table 7. It can be seen that, most of specimen shows shear crack due to 

the angle of crack close to 45 degrees. 

 
Table 7. Crack Pattern of RC Beam with Various Percentage of EPS and POFA in FEA 

RC Beam POFA (%) EPS (%) Crack Pattern 

1 0.00 0.00 Flexural cracking 

2 0.00 20.00 Shear cracking 

3 10.00 0.00 Flexural cracking 

4 10.00 20.00 Shear Cracking 

5 20.00 0.00 Flexural and Shear cracking 

6 20.00 20.00 Shear cracking 

 

 
Figure 9. Crack Pattern of Normal Reinforced Concrete Beam 

 

 
Figure 10. Crack Pattern of Reinforce Concrete Beam Containing 0% POFA and 20% EPS 

 

 
Figure 11. Crack Pattern of Reinforcement Concrete Beam Containing 10% POFA and 0% EPS 

 

 
Figure 12. Crack Pattern of Reinforcement Concrete Beam Containing 10% POFA and 20% EPS 

 

 
Figure 13. Crack Pattern of Reinforcement Concrete Beam Containing 20% POFA and 0% EPS 
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Figure 14. Crack Pattern of Reinforcement Concrete Beam Containing 20% POFA and 20% EPS 

 

For control beam as shown in Figure 9, it is evident that the center portion is where the 

main cracking occurs. The failure zone showed signs of cracking, and the concentration also 

occurred in the support and center region, spreading diagonally toward flexural failure. Next, 

it can be seen that the cracking started in the middle and moved up to the top surface. RC 

Beams with 10% POFA without EPS as shown in Figure 11 also failed similar to the control 

beam. Major cracks were developed from the first crack near mid-span. The pattern of 

cracking begins to change to shear cracking as the percentage of EPS increases up to 20% and 

above for all specimens as shown in Figure 12. Shear cracks were developed when the acting 

shear on the section exceeds the resisting shear capacity in certain situations. High EPS 

content can cause the shear capacity of the concrete to be low. According to Herki & Khatib 

(2017) the mechanism of failure was mostly a shear failure and the deflection grew as the 

replacement levels of EPS rose, regardless of the reinforcing arrangement. However, the 

involvement of POFA in the reinforcement concrete beam with 10% in Figure 11, shows the 

crack width had been reduced. Based on Altwair et al. (2014), the loss of flexural strength 

and flexural deflection capacity tends to diminish as POFA rises, which might be explained 

by a reduction in the crack width. The pattern of cracking seem also begins to bigger shear 

cracking as the percentage of FOFA increases up to 20% and above for all specimens but the 

FEA ultimate load for the RC beam containing 10% POFA seem close with control RC beam 

and this means that RC Beams with 10% POFA may improve flexural strength at the initial 

stage. 

 

CONCLUSION 
 

RC beam containing 10% POFA without EPS is seen to have almost the same capacity 

as control RC beam in simulation result. RC Beam containing 10% POFA can be observed 

has the highest bending resistant at ultimate load compared to other specimens. The ultimate 

load capacity of the RC beam appears to be reduced when EPS-POFA increases in the RC 

beam. The high level of porosity in concrete with POFA, which causes stress concentration 

and weakens cement and aggregate, may be to responsible for the decreased ultimate load. 

This may be connected to concrete's porous structure with POFA, which caused stress 

concentration and weakened the link between aggregate and paste. The feature of EPS not 

assisting the bonding between cement and aggregate has also contributed to the decrease of 

the ultimate load for EPS-POFA RC beams. Moreover, it was discovered that as the EPS 

volume % increased, the flexural strength of EPS concrete decreased linearly. Due to the 

presence of EPS particles, the flexural section height is reduced, which is the main cause of 

the drop in flexural strength. 
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Abstract 
This paper reports on a specifically designed stormwater detention structures that fit in a 
commercial centre, namely modular-based water micro tanks in the veranda and the parking 
lot in front of shop buildings. This is in line with the concept of integrating detention structures 
into urban features as small pockets to capture urban runoff along the stormwater flow path so 
that the amount of stormwater flowing downstream is reduced. The two designs were simulated 
using Storm Water Management Model and subjected to historical rainfall data, in which the 
selected storms were found to span more than 10 hours and with maximum hourly rainfall 
depths between 40 - 70 mm. Results from the modelling efforts were stormwater characteristics 
of the particular type of detention system in times of extreme rainfall events. The identified 
stormwater characteristics provide a guide to urban planners to mitigate urban flooding. It was 
found that the detention structures, although with a limited storage volume, were able to sustain 
an accumulated rainfall up to 60 mm, a feature 3 times higher than the 23 mm design rainfall. 
It was found that accumulated rainfall of a particular storm was a better indicator than the 
maximum rainfall depth of the storm to indicate the water storing capacity of detention 
structures.   
 
Keywords: Detention; Drainage; Flood; Sustainable Development; SWMM; Urban Runoff. 

 

INTRODUCTION 
 

A stormwater detention structure is made to temporarily hold stormwater on the urban 

land surfaces (Bilodeau, Pelletier & Duchesne, 2018). Having detention structures embedded 

in the veranda and parking lot in a commercial centre are in line with the trends of integrating 

urban runoff management with urban features (Hamouz et al., 2020; Pour, Wahab, Shahid, 

Asaduzzaman & Dewan, 2020). This is due to the fact that congested urban environments had 

caused difficulty to source empty land spaces for stormwater structures (Shams et al., 2018; 

Maulana, Samad & Nordin, 2022). Four examples of the integrated structures are presented 

in the following paragraphs. 

 

The first example showcases a roof detention (Figure 1a). This integration method made 

use of the building roof surfaces, one of the prominent features of cities, to capture 

stormwater. Generally, a storage layer was laid on a roof and channels were equipped to 

deliver overflowing water to the exit points (Campisano, Modica & Gullotta, 2020; Rey-

Mahía, Álvarez-Rabanal, Sañudo-Fontaneda, Hidalgo-Tostado & Menéndez Suárez-Inclán, 

2022). 

 

The second example showcases high density polyethylene pieces which were embedded 

within a building floor slab (Figure 1b). This method targeted the buildings covering the urban 

landscape. The square pieces were hollow and interconnected with pipelines. Once 
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completed, these pieces functioned as ground-level floor and water tanks which received 

water from the building itself (Rainey, Brody, Galloway & Highfield, 2021). 

 

Retaining wall is an urban feature built as a solid wall to keep the soil behind it from 

sliding. The third example showcases concrete pieces which were laid as retaining wall 

(Figure 1c). Referring to the inlet of the figure, one could see that stones filled the gaps in 

between the concrete pieces instead of soil. The voids in between the stones play a role in 

holding the stormwater (Ostendorf, Morgan, Celik & Retzlaff, 2021). 

 

The fourth example shows the most common integration to blend stormwater detention 

into roads and car parking spaces (Maurer et al., 2021; Xu, Liu & Ding, 2021). Hollow 

concrete pieces were replacing conventional tarred road structure (Figure 2d), in which the 

surfaces of the pieces supported vehicles and pedestrians alike, with service inlets to direct 

stormwater to the underground hollow chambers. In short, stormwater structures had been 

merged successfully into building roof, floor slab, retaining wall and roadway. These 

endeavours gave confidence to the current study to explore on veranda and parking lot in front 

of shops to house detention structures. 

 

  
(Source: https://sustainabletechnologies.ca/) 

a) Rooftop Detention 

(Source: https://www.aquacomb.com.au/) 

b) Building Floor Slab Detention 

  
(Source: https://magnumstone.com) 

c) Retaining Wall Detention 

(Source: https://oldcastleinfrastructure.com/) 

d) Road Subsurface Detention 

Figure 1. Integrated Stormwater Structures 

 

In the case study of this paper as depicted in Figure 2, manmade structures were designed 

with water holding capacity to replace the natural process of water infiltration to the soil layer 

that was depleted due to urbanization (Kaykhosravi, Khan & Jadidi, 2022; Yang, Zhang & 
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Krebs, 2022). Precast concrete pieces were used to create multiple micro water tanks (Figure 

2b). These pieces were non-commercialized R&D product developed by Universiti Malaysia 

Sarawak and collaborators (Bateni et al., 2020). This paper focuses on commercial centre, in 

which the modular units were tried for the walkway under the veranda and parking lot (Figure 

2c) (Mah, Bateni, Bustami, Adam & Salehe, 2021; Mah, Ayog & Salehe, 2022).) Each of the 

modular unit consisted of two hexagonal covers, in which nine covers made up of 1m2 of 

surface area. A 0.3 m high hollow cylinder was stationed in between the covers, in which each 

was provided with a side outlet so that water would fill the entire detention system. Its 

effective water storing capacity was estimated at 0.19 m3 for 1 m2 of surface area (Mah et al., 

2021). The small and compact size of the modular units allowed them to be installed as 

walkway under the veranda (3 m wide) and car parking lot (5 m wide) in front of, usually a 

row of shops. 

 
 

 
 
 
 
 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 
Figure 2. Stormwater Storage Structure, a) Commercial Centre, b) Modular Units, c) 3D Layout, d) 

Side View, and e) Cross Section View 

 

The veranda detention which is termed as Structure 1 (Figure 2c), received stormwater 

from the building roof via downpipes. The parking lot detention which is termed Structure 2 

(Figure 2c), received stormwater from the road surfaces. Eventually waters from the two were 

discharged to the perimeter drain that separated the two structures (Figure 2d). 

 

The floor level of the shop was 0.07 m higher than the walkway while the walkway was 

0.5 m higher than the car park (Figure 2e). The authors had investigated on veranda in Mah, 

Ayog and Salehe (2022) by subjecting the said structure to 5-min, 10-year Average Recurrent 

Interval (ARI) design rainfall (Table 1), following the recommendation of a Singaporean 

guideline (Singaporean Public Utilities Board [PUB], 2010). This paper is investigating 
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further to use extreme rainfall events to check the combination of veranda and parking lot 

detention structures for overflowing of floodwaters that could inundate the shops. 

 
Table 1. Studies of Veranda and Parking Lot Detention Structures 

Source Description 

Mah et al., 2022 Veranda subjected to 23 mm design rainfall for 5 minutes. 

Current study Veranda and parking lot subjected to 40 – 70 mm historical rainfall, spanned over 10 
hours, sourced from the Department of Irrigation and Drainage, Sarawak. 

 

The structures in Mah et al. (2022) were designed as a flow-through system which the 

flow mechanism had the water flowed in and out at the same time. Such a flow mechanism 

allowed the small sizes of the structures. The applied design rainfall was intense from the 

beginning of the event but for short time span. It was found that the structures were able to 

contain the stormwater without overflowing. The current study applies the same structures 

but subjected them to historical extreme rainfall. The major difference of the extreme 

compared to design rainfall was the maximum rainfall and time span were higher and these 

were a test of time to the responses of the structures. 

 

MATERIALS AND METHODS 
 

Study Area 
 

A commercial centre located in Kota Samarahan, Sarawak was selected as study area 

(Figure 3). The simple one-row shop building allowed measurement of the site conditions and 

easier interpretation of the stormwater management measures being explored (Xiong et al., 

2019). Three measures were initiated (Figure 4). 

 

 
Figure 3. Study Area 

 

42      Darrien Yau Seng Mah et al. 

Catchment Drain 0.5m x 0.5m Drain 1m x 1m 



 

 

 

 
Figure 4. Stormwater Detention, a) Measure 1, b) Measure 2, and c) Measure 3 

 

Based on the measurement of land areas in the aerial photo taken by the research team, 

the commercial centre was found to have a total catchment area of 3,425 m2. The shop 

building had 39% of the surface area, while the tarred surfaces surrounding the shop building 

had 61% of the surface area. There were 10 shop lots, in which the dimension of a corner lot 

was 9 m x 18 m, and an intermediate lot was 7 m x 18 m. The row was measured at 74 m in 

length. 
 

Measure 1 was having the veranda detention only that received water from the front roof 

(9 m x 74 m) (Figure 4a); Measure 2 was having the car park detention only that received 

water from the parking lot surfaces (5 m x 74 m) (Figure 4b); Measure 3 was a combination 

of the earlier two measures (14 m x 74 m) (Figure 4c). The veranda detention was designed 

with a dimension of 3 m x 74 m and water storing capacity of 42 m3. On the other hand, the 

parking lot detention was with a dimension of 5 m x 74 m and water storing capacity of 70 

m3. 
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Selected Historical Rainfall Events 
 

Four historical extreme rainfall events recorded for Samarahan were selected (Table 2). 

These events happened during the Northeast Monsoon experienced by Sarawak. These events 

were reported with subsequent flooding at various parts of Samarahan areas. 

 
Table 2. Selected Historical Extreme Rainfall Events Sourced from The Department of Irrigation and 

Drainage, Sarawak 

Rainfall Event Max Rainfall (mm) Duration of Storm (hr) 

Event 1: 18 Jan 2015 38.5 11 

Event 2: 19 Jan 2015 43 14 

Event 3: 17&18 Dec 2017 47.5 15 

Event 4: 11&12 Dec 2019 70.5 15 

 

Urban Stormwater Drainage Design 
 

Urban stormwater management paid attention to the water flow mechanisms for pre- and 

post-development conditions. It was taken that the pre-development condition of a catchment 

was usually forested area (Figure 5a) which most of the runoff was infiltrated to the soil layer. 

On the other hand, it was taken that post-development condition was problematic due to the 

high volume of running water generated from the impervious surfaces (Figure 5b). 

 

 
(Source: https://www.chelmervalley.co.uk) 

Figure 5. Rainfall and Runoff Processes for a) Pre- and b) Post-Development Conditions  

 

Referring to the Malaysian guideline (Malaysian Department of Irrigation and Drainage 

[DID], 2012), stormwater system started with rainfall which could be in the forms of design 

rainfall or historical rainfall. From the rainfall, it generated surface runoff on the catchment 

surfaces which was termed catchment flow. The mentioned catchment flow could be 

estimated using rational method: 

 

𝑄𝑅 =
𝐶.𝐼.𝐴𝐷

360
       (1) 

 

where, 

QR = Catchment flow (m3/s); 

C = Runoff coefficient (unitless); 

I = Rainfall intensity (mm/hr); and 

AD = Drainage area (ha). 
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The rainfall intensity came from the selected design or historical rainfall events. For pre-

development condition, a C value of at least 0.4 was applied to represent grassed land; and a 

C value of 1.0, for urban land. The drainage area could be estimated from the selected study 

area. 

 

The catchment flow was usually directed to the urban drainage system. The design of the 

usually concrete drain could be referred to the Manning formula: 

 

𝑄𝑀 =
1

𝑛
𝐴𝐹𝑅2/3𝑆𝐹

   1/2      (2) 

 

where, 

QM = Drain flow (m3/s); 

N = Manning's roughness coefficient (unitless); 

AF = Flow area of drain (m2); 

R = Hydraulic radius of drain (m); and 

SF = Friction slope of drain (m/m). 

 

Specific drainage components applied different equations according to the associated 

hydraulic processes. A stormwater detention structure was represented as the water balance 

of water in and out of the structure: 

 

S𝑡 = ∑𝑖(𝑄𝑖 − 𝑄0)∆𝑡𝑠      (3) 

 

where, 

St = Storage volume (m3); 

Qi = Inflow (m3/s); 

Qo = Outflow (m3/s); 

Ts = Duration of storm (s). 

 

Storm Water Management Model 
 

Storm Water Management Model (SWMM) version 5.0 was developed by the United 

States Environmental Protection Agency. The simulation engine of the software was 

modelling the hydrological and hydraulic processes from sky to land (Zeng, Yuan, Liang, Li, 

2021). The catchment flow in SWMM applied a nonlinear differential equation of sheet flow: 

 

𝑄𝐶 = 𝑊
1.49

𝑛
(𝑑 − 𝑑𝑝)

5/3
𝑆𝐶

   1/2
     (4) 

 

where, 

Qc = Catchment flow (m3/s); 

W = Width of catchment (m);  

Sc = Slope of catchment (m); 

n = Manning roughness value (unitless); 

dp = Maximum depression storage (m); 

d = Depth of water over the catchment (m). 
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SWMM used nodes and links to represent the drainage network. Once the catchment flow 

was directed to a node, the drain flow was routed from node to node through the channel using 

kinematic wave approximation: 

 

𝑄𝐷 =
𝜕𝐴

𝜕𝑡
+ 𝛼𝑚𝐴(𝑚−1) 𝜕𝐴

𝜕𝑥
     (5) 

 

where, 

QD = Routed drain flow (m3/s); 

A = Cross-sectional area of the drain (m2); 

x = Distance along the flow path (m); 

t = Time step (s); 

 = Flow geometry due to drain (unitless); 

m = Surface roughness of drain (unitless). 

 

Developed SWMM models of the study area with the three measures are presented in 

Figure 6. The main differences of the models were the placement of detention structure for 

the different measures. SWMM used storage unit to represent detention structures of various 

shapes and sizes by specifying the associated storage volumes (Equation 3). A storage unit 

was equipped with an orifice outlet which influenced by the orifice size and water level: 

 

𝑄𝑂 = 𝐴𝑂𝐶𝑂√2𝐻𝑂𝑔      (6) 
 

where, 

Qo = Flow from orifice outlet (m3/s); 

Ao = Orifice diameter (m2); 

Co = Discharge coefficient of orifice (unitless); 

Ho = Maximum head to centre of orifice (m); 

g = Acceleration due to gravity (m/s2). 

 

Model Verification 
 

Model verification was carried out by comparing the theoretical and modelled values of 

three major flow components, namely the catchment, storage and drain flows (Figure 7). 

Scattered plots of catchment flow (Figure 8a) produced a R square value of 0.67 which 

compared the rational method (Equation 1) with SWMM (Equation 4). 

 

Next, the storage inflow (Figure 8b) produced a R square value of 0.65 which comparing 

the rational method (Equation 1) with SWMM (Equation 4). This was because the inlet to 

storage was close to the catchment. Therefore, the catchment flows were taken as the inflows. 

Take the parking lot detention, its surface area functioned as the catchment that drained water 

to the detention structure. Similarly, the veranda detention received water directly from the 

roof that functioned as catchment. 
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Figure 6. Developed SWMM Models for a) Measure 1, b) Measure 2, and c) Measure 3 

 

 
Figure 7. Flow Mechanism 

 

On the other hand, drain flow (Figure 8c) had a R square value of 0.83 which compared 

the Manning formula (Equation 2) with SWMM (Equation 5). With these R square values 

greater than 0.6, the developed SWMM models were deduced to give reasonable estimation 

of the measures (Zakizadeh, Moghaddam Nia, Salajegheh, Sañudo-Fontaneda, Alamdari, 

2022). 

 

 

 

 

 

b) 

c) 

a) 

Storage Unit and Orifice Outlet 

Storage Unit and Orifice Outlet 

Storage Unit and Orifice Outlet 
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Figure 8. Scattered Plots of The Theoretical and Modelled Values for a) Catchment Flow, b) Storage 

Inflow and c) Drain Flow 

 

RESULTS AND DISCUSSION 
 

Flow Analyses at Outfall 
 

The flow characteristics of the investigated measures in the commercial centre could be 

observed with the modelled flow hydrographs at the outfall (Figure 9). These hydrographs 

were the catchment-wide responses of the commercial centre. The modelled flow patterns 

from the four sub-figures were obvious with the post-development hydrographs the highest, 

pre-development hydrographs the lowest and the hydrographs due to the measures 

sandwiched in between. Measure 3 had the highest reduction of peak hydrographs from post-

development conditions up to 30%. Besides, Measure 3 hydrographs were the nearest to the 

pre-development conditions. 

 

For storm events with maximum rainfall depths between 40-50 mm (Events 1-3), the 

estimated post-development peaks ranged from 0.04-0.05 m3/s, and the estimated pre-

development peaks ranged from 0.015-0.02 m3/s. For storm event with maximum rainfall 

depth more than 50 mm (Event 4), the post-development peak was estimated at 0.07 m3/s and 

the pre-development peak, about 0.03 m3/s. 

 

Stormwater management target was to lower the post-development peak as much as 

possible. In general, all measures had introduced reduction of peak hydrographs. Referring to 

Figures 9a-c, Measure 2 had the least reduction, about 12% compared with post-development 

peaks. This was followed by Measure 1 with 16% and Measure 3 with 28%. The similar peak 

reduction patterns were repeated in Figure 9d, in which Measure 2 had lowered 13%, Measure 

2 with 17% and Measure 3 with 30%. 

 

 

a) 

b) 

c) 
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Figure 9. Rainfall Hyetographs and Modelled Hourly Flow Hydrographs According to the Four 

Measures Subjected to a) Event 1 (18 Jan 2015), b) Event 2 (19 Jan 2015), c) Event 3 (17&18 Dec 
2017) and d) Event 4 (11&12 Dec 2019) 

 

Storage Performance Analyses 
 

Analysing the detention structures, on the other hand, the modelled water depths told a 

different turn. Presented in Figure 10, all detention structures showed water depths had 

reached the maximum level, 0.3 m in all cases of storm events. 

 

Contrary to Figure 9 that was plotted with hourly historical rainfall, Figure 10 is presented 

with the accumulated rainfall curve from the historical rainfall data. In the same graphs, 

detention structures in the walkway under the veranda are presented in bar charts. The 

walkway structures were sub-divided into the corner lot and intermediate lot for having 

different shop lot width. The car parking spaces were sub-divided alike. 

 

As such, the surface areas were defined as 9 m x 3 m for walkway – corner lot, 7 m x 3 

m for walkway – intermediate lot, 9 m x 5m for parking space – corner lot and 7 m x 5 m for 

parking space – intermediate lot. The height of the storage structures maintained at 0.3 m 

throughout. The orifice outlets installed to the structures were also maintained at 0.05 m 

throughout. 

 
 Under the intensity of Event 1 (Figure 10a), all the structures reached its maximum level 

from hour 6-8, after the maximum rainfall depth was reached. However, under Event 2 (Figure 

10b), the structures were full after hour 7 onwards before the maximum rainfall depth of the 

storm. Similarly, under Event 3, the structures were full after hour 10 onwards before the 

maximum rainfall depth of the storm. 

 

c) 

d) 
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Figure 10. Accumulated Rainfall Curves and Modelled Water Depths According to Detention 

Structures Subjected to a) Event 1 (18 Jan 2015), b) Event 2 (19 Jan 2015), c) Event 3 (17&18 Dec 
2017), and d) Event 4 (11&12 Dec 2019) 

 

Under Event 4, the structures were full in between hour 3 to 6 after the maximum rainfall 

depth. The relationships of maximum rainfall depth and the maximum water depth in the 

storage were not clear. However, with the accumulated rainfall curves from the four events, 

it was found that the detention structures, regardless of it types, would be full when the 

accumulated rainfall was greater than 60 mm. The durations to reach the full tank varied 

greatly from case to case, namely Event 1 would take 5 hours, Event 2 about 7 hours, Event 

3 about 9 hours and Event 4 about 2 hours. 

 

DISCUSSION 
 

In the first part of the analyses, it was found the catchment sizes that directed water to 

detention structures played a role in the reduction rates of post-development peak 

hydrographs. Take the example of Measure 3, the veranda and car parking detentions received 

water from 30% surface area of the total commercial centre. The reduction rates were 

estimated 28-30% compared with post-development peaks. The reduction was small 

considering that the rest of 70% surface area continued to discharge water to the urban drain. 

As such, it was suggested by Rosenberger, Leandro, Pauleit and Erlwin (2021) that a robust 

combination of measures was needed to restore the runoff characteristics of the commercial 

centre to pre-development condition. 

 

In the second part of the analyses, the modelling results of storage performances were 

expected to overflow. As the selected historical data were flooding events, subjecting the 

detention structures to the flooding events would point to the extends that caused the flooding. 

It was found that the detention structures were able to sustain the accumulated rainfall lesser 

than 60 mm. However, this was preliminary in nature which limited to four historical extreme 

rainfall events and the types of detention structures specified in this study. It also hinted a 

plausible relationship existed between accumulated rainfall and detention storage capacity 

which the research team could only crudely describe at the moment. 

 

 

a) c) 

d) b) 
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Limitation of the current modelling efforts was the exclusion of overflow outlets in the 

detention structures. The overflow outlets were usually placed at the upper part of the 

structures, while the orifice outlets were placed at the bottom. SWMM could only model the 

orifice outlets but could not accommodate both outlets at the same simulation. The overflow 

outlets could have lengthened the time to reach full tank and shortened the time span of having 

full tank over the course of storm. 

 

CONCLUSION 
 

The veranda and car parking lot detention structures in this study was previously designed 

to 23 mm design rainfall. As such, the structures had water storing capacity limited by the 10-

year ARI design rainfall. It was in line with the local guideline on minor stormwater system. 

However, using historical extreme rainfall events, as demonstrated, it was found the said 

detention structures could withstand up to 60 mm accumulated rainfall, but with a wide range 

of durations from 2 to 9 hours. It appeared that a relationship could be further explored on the 

accumulated rainfall and detention capacity. 

 

ACKNOWLEDGEMENT 
 

The authors acknowledged the financial support from the International Matching Grant 

Scheme between Universiti Malaysia Sarawak and Universitas Pembangunan Jaya under the 

research program entitled “Flood Infrastructure for Sustainable Urban Development”. 

 

REFERENCES 
 

Bateni, N., Lai, S. H., Putuhena, F. J., Mah, D. Y. S., Mannan, M. A., Chin, R. J. (2020) 

Hydrological Impact Assessment on Permeable Road Pavement with Subsurface Micro-

Detention Pond. Water and Environment Journal, 34(S1): 960-969. 

Doi:10.1111/wej.12613. 

Bilodeau, K., Pelletier, G., Duchesne, S. (2018) Real-Time Control of Stormwater Detention 

Basins as an Adaptation Measure in Mid-Size Cities. Urban Water Journal, 15(9): 858-

867. Doi:10.1080/1573062X.2019.1574844. 

Campisano, A., Modica, C., Gullotta, A. (2020) Long-Term Experiments for the Evaluation 

of the Potential for SDtorm Water Control of Modular Blue Roofs in Mediterranean 

Climate. Urban Water Journal, 18(1): 33-42. Doi: 10.1080/1573062X.2020.1850807. 

Department of Irrigation and Drainage (DID) of Malaysia. (2012). Urban Stormwater 

Management Manual for Malaysia, 2nd Edition. Kuala Lumpur: Percetakan Nasional 

Malaysia. 

Hamouz, V., Pons, V., Sivertsen, E., Raspati, G. S., Bertrand-Krajewski, J.-L., Muthanna, T. 

M. (2020) Detention-based Green Roofs for Stormwater Management under Extreme 

Precipitation due to Climate Change. Blue-Green Systems, 2(1): 250-266. Doi: 

10.2166/bgs.2020.101. 

Kaykhosravi, S., Khan, U. T., Jadidi, M. A. (2022) A Simplified Geospatial Model to Rank 

LID Solutions for Urban Runoff Management. Science of the Total Environment, 831: 

154937. Doi:10.1016/j.scitotenv.2022.154937. 

Mah, D. Y. S., Ayog, J. L., Salehe, A. H. M. (2022) Dual-System Concept for Stormwater 

Control in Commercial Centre. International Journal of Advanced Technology and 

Engineering Exploration, 9(86): 1-15. Doi:10.19101/IJATEE.2021.874685. 

Stormwater Detention Structures in The Veranda and Parking Lot      51 
at Commercial Centre Subjected to Historical Extreme Rainfall Events 



 

Mah, D. Y. S., Bateni, N., Bustami, R. A., Adam, J. H., Salehe, A. H. M. (2021) 

Accommodating Stormwater Storage Structure in the Veranda of Shop Building 

International Journal of Advanced Technology and Engineering Exploration, 8(82): 

1208-1221. Doi:10.19101/IJATEE.2021.874433. 

Maulana, S., Samad, M. H. A., Nordin, J. (2022) The Role of Extensive Green Roof to Reduce 

Flood Risk in Urban Scale Using Multi-Criteria Decision Analysis. Malaysian 

Construction Research Journal, 15(Special issue 1): 169-184. 

Maurer, L., Zumsteg J., Lutz, C., Ottermatte, M. P., Wanko, A., Heintz, D., Villette, C. (2021) 

Towards a Model for Road Runoff Infiltration Management. npj Clean Water, 4: 44. 

Doi:10.1038/s41545-021-00136-z. 

Ostendorf, M., Morgan, S., Celik, S., Retzlaff, W. (2021) Evaluating the Potential Stormwater 

Retention of a Living Retaining Wall System. Journal of Living Architecture, 8(1): 1-18. 

Doi: 10.46534/jliv.2021.08.01.001. 

Pour, S. H., Wahab, A. K. A., Shahid. S., Asaduzzaman. M., Dewan. A. (2020) Low Impact 

Development Techniques to Mitigate the Impacts of Climate-Change-Induced Urban 

Floods: Current Trends, Issues and Challenges. Sustainable Cities and Society, 62: 

102373. Doi: 10.1016/j.scs.2020.102373. 

Public Utilities Board (PUB) of Singapore. (2010). Technical Guide for On-Site Detention 

Tank Systems. Singapore: National Water Agency. 

Rainey, J. L., Brody, S. D., Galloway, G. E., Highfield, W. E. (2021) Assessment of the 

Growing Threat of Urban Flooding: A Case Study of a National Survey. Urban Water 

Journal, 18(5): 375-381. Doi:10.1080/1573062X.2021.1893356. 

Rey-Mahía, C., Álvarez-Rabanal, F. P., Sañudo-Fontaneda, L. A., Hidalgo-Tostado, M., 

Menéndez Suárez-Inclán, A. (2022) An Experimental and Numerical Approach to 

Multifunctional Urban Surfaces through Blue Roofs. Sustainability, 14(3): 1815. 

Doi:10.3390/su14031815. 

Rosenberger, L., Leandro, J., Pauleit, S., Erlwin, S. (2021) Sustainable Stormwater 

Management under the Impact of Climate Change and Urban Densification. Journal of 

Hydrology, 596: 126137. Doi:10.1016/j.jhydrol.2021.126137. 

Shams, S., Ismail, P. H. R. I. B. P., Zania, A. B. H., Mohamad, A. B. H. (2018) Challenges 

and Opportunities of Green Roof in Building Design: A Case Study in Bandar Seri 

Begawan. Malaysian Construction Research Journal, 5(Special Issue 3): 113-123. 

Xiong, L., Yan, L., Du, T., Yan, P., Li, L., Xu, W. (2019) Impacts of Climate Change on 

Urban Extreme Rainfall and Drainage Infrastructure Performance: A Case Study in 

Wuhan City, China. Irrigation and Drainage, 68(2): 152-164. Doi:10.1002/ird.2316. 

Xu, H., Liu, L., Ding P. (2021) Building Climate Resilient City through Multiple Scale 

Cooperative Planning: Experiences from Copenhagen. IOP Conference Series: Materials 

Science and Engineering, 1203: 032063. Doi:10.1088/1757-899X/1203/3/032063. 

Yang, W., Zhang, J., Krebs, P. (2022) Low Impact Development Practices Mitigate Urban 

Flooding and Non-Point Pollution under Climate Change. Journal of Cleaner Production, 

347: 131320. Doi:10.1016/j.jclepro.2022.131320. 

Zakizadeh, F., Moghaddam Nia, A., Salajegheh, A., Sañudo-Fontaneda, L. A., Alamdari, N. 

(2022) Efficient Urban Runoff Quantity and Quality Modelling Using SWMM Model 

and Field Data in an Urban Watershed of Tehran Metropolis. Sustainability, 14(3): 1086. 

Doi:10.3390/su14031086. 

 

 

52      Darrien Yau Seng Mah et al. 



 

Zeng, Z., Yuan, X., Liang, J., Li, Y. (2021) Designing and Implementation an SWMM-based 

Web Service Framework to Provide Decision Support for Real-Time Urban Stormwater 

Management. Environmental Modelling and Software, 135: 104887. 

Doi:10.1016/j.envsft.2020.104887. 

Stormwater Detention Structures in The Veranda and Parking Lot      53 
at Commercial Centre Subjected to Historical Extreme Rainfall Events 



 

 

 

This page intentionally left blank 



 

ARTIFICIAL NEURAL NETWORK (ANN) CRACK 
WIDTH PREDICTION MODEL FOR REINFORCED 
CONCRETE BEAM-COLUMN JOINT UNDER CYCLIC 
LATERAL LOADING 
 
Reventheran Ganansan1, Chee Ghuan Tan2, Zainah Ibrahim2, Mustapha Kamil Omran1, 
Ramappa Ramesh Nayaka3 and Ahmed El-Shafie2 
1Department of Transportation Engineering Technology, Faculty of Engineering Technology, Universiti 
Tun Hussein Onn Malaysia, Malaysia. 
2Department of Civil Engineering, Faculty of Engineering, Universiti Malaya, Malaysia. 
3Department of Civil Engineering, National Institute of Technology Warangal (NIT), India. 

 
Abstract 
When it comes to individual structural RC elements, current ANNs models predict reasonable 
accuracy of crack width; however, not many studies have been found when it comes to the 
jointed part of the RC element subjected to lateral cyclic loadings. The ANN crack width 
prediction model based on Neural Net and Decision Tree was developed in this paper with a 
focus on the RC beam-column joint (BCJ) area, taking drift ratio, shear links, and length of the 
anchorage within the joint region into account. Based on the lowest errors, the best crack width 
model is chosen and further optimised using data splitting ratios. 
 
Keywords: Crack Widths; RC Beam-Column Joint; Machine Learning; Prediction Models; Data 

Splitting Ratios. 

 

INTRODUCTION 
 

Since the uncontrollable nature of crack formation in reinforced concrete structures can 

seriously affect the structure's stability and strength, it has been the subject of numerous 

studies in recent years (Elshafey et al., 2013). Such cracks begin as narrow and elongated 

cracks with openings of less than 0.5 mm, which are frequently not visible with the naked eye 

(Souza, 2019). Although design codes impose crack width restrictions based on empirical 

formulas, uncertainty is frequently associated with determining crack width propagation due 

to cyclic / seismic loads (ACI., 2001 : Normalisation, 2004). Many computational methods 

and neural network models were used to assess crack propagation and crack duration. 

Artificial Neural Network (ANN) and Finite Element Modelling (FEM) have been widely 

used over the last decade to analyse and predict crack formation, crack propagation, and crack 

width, allowing the surface of reinforced concrete structures to be predicted with reasonable 

accuracy. 

 

A review of existing research reveals that no methods for determining the crack widening 

mechanism are available, especially when reinforced concrete structures are subjected to 

seismic charging events such as earthquakes (Xu et al., 2017). In particular, studies have 

lacked the development of models for predicting crack width in RC beam-column joint (BCJ) 

members subjected to cyclic lateral loading. As a result, for engineering practise, a robust 

approach is required to develop a prediction model with insight into the crack width in RC 

BCJ structures. This paper used Rapidminer machine learning to analyse and predict the 

evolution of crack width using two types of prediction models. Inputs for the RC BCJ design 

parameters included the number of shear links, anchorage length, and lateral cyclic drift ratio 

loading. Based on the least error observed compared to experimental crack widths, the best 
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crack width ANN model was chosen from the simulation results. Additional analysis and 

optimization were carried out using the data splitting process. 

 

EXPERIMENTAL DESIGN 
 

This study includes seven exterior RC BCJs of the same dimensions (column: 2000 mm 

x 200 mm 200 mm, beam: 1250 mm x 200 mm x 250 mm). Table 1 contains the specifics. 

Figure 1 depicts a schematic drawing of the specimen layout along with the test setup. The 

test specimens were considered partially fixed at both ends of the column. The tops of the 

columns were connected to a 500 kN horizontal hydraulic actuator, while the bottoms of the 

columns were braced on the surface of a strong floor. The ends of the beams were secured by 

a circular axial steel pin attached to the strong base of the floor. 

 
Table 1. Designed Specimen Description 

Specimen 

Detailing  

Remarks 
Column Beam At joint 

Main 
Bar 

Shear Link 
Spacing 

(mm) 

Main 
Bar 

Shear Link 
Spacing 

(mm) 

Anchorage 
Length (mm) 

BCJ-1 4T12 - 4T12 - 250 Design based on British 
Standard (Allen, 2014) 

BCJ-2 4T12 R8-75 (600*) 4T12 R8-75 (300*) 250 Strengthen at joint based on 
EC8 (Low to moderate 
seismic) (Fardis et al., 2015) 

BCJ-3 4T12 R8-75 (850) 4T12 R8-75 (600*) 250 Designed as in BCJ-2 with 
30% increased number of 
shear links 

BCJ-4 4T12 R8-50 (600) 4T12 R8-50 (300*) 250 Designed as in BCJ-2 with 
minimum link spacing allowed 
in the seismic design 

BCJ-5 4T12 R8-75 4T12 R8-75 (300*) 180 Designed as in BCJ-2 without 
anchorage length (U-bar) 

BCJ-6 4T12 R8-75 4T12 R8-75 (300*) 500 Designed as in BCJ-2 with 
twice anchorage length 

BCJ-7 4T12 R8-75 4T12 R8-75 (300*) 750 Designed as in BCJ-2 with 
thrice anchorage length 

  (*Shear span of additional shear links) 

 

The increased anchorage length and additional shear link spacing (see Figure 1) in BCJ-

2, BCJ-3, BCJ-4, BCJ-5, BCJ-6, and BCJ-7 specimens were arranged as "strong column / 

weak beam" for low to moderate seismicity based on ductility class medium (DCM) (Fardis 

et al., 2015 : Standards Malaysia, 2017). The displacement control mode was used to test 

these specimens with simulated earthquake loading under lateral cyclic loading (Roy & 

Laskar, 2018). Figure 2 depicts the cyclic load history in accordance with ACI 374.2R-13 

(Rautenberg et al., 2013). The cycles were repeated three times at each drift ratio (∆y) level 

of 0.25%, 0.50%, 0.75%, 1.00%, 1.25%, 1.50%, and so on until the specimen failed. The drift 

ratio (∆) was calculated as lx/H, where lx represents the lateral displacement and H is the 

column height (Truong et al., 2017). 
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Figure 1. Typical Setup and Detailing of RC BCJ Specimen 

 

 
Figure 2. Cyclic Lateral Load History of RC BCJ Specimen 

 
Table 2. List of Data Chosen for Modelling Purposes as Input Parameters 

Num Parameters Obtained Before and After Experimental Testing Abbrev. Unit 

1. Reinforcement area  As mm2 

2. Shear link spacing at beam OLB mm 

3. Shear link spacing at column OLC mm 

4. Shear span for additional shear links at beam SSLB mm 

5. Shear span for additional shear links at column SSLC mm 

6. Anchorage length at joint  AL mm 

7. Concrete compression strength Cc MPa 

8. Drift ratio DR % 

9. Maximum positive load carrying capacity Qmax(+ve) kN 

10. Maximum negative load carrying capacity Qmax(-ve) kN 
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As shown in Table 2, many data were documented before and after experimental testing 

and were defined as potential input parameters for experimental crack width modelling. The 

data on crack widths is the most important output factor for prediction models. During testing, 

a dinolite microscope camera was used to measure and evaluate the crack width in each drift 

ratio (DR) point, as previously recommended in studies (Akter Hosen et al., 2016; Borg et al., 

2018). 

 

ANN FRAMEWORK MODEL CONFIGURATION 
 

Creating an accurate structural quality prediction model can be difficult, especially when 

modelling crack width in the RC BCJ area subject to lateral cyclic loading with respect to 

different DR levels. In this project, two types of ANN prediction models were used: Neural 

Net (NN) and Decision Tree (DT) from Rapidminer software. NN is a feed-forward model in 

which no direct cycle is formed by connecting the units. In this network, information travels 

only one way from the input nodes to the output nodes: through the hidden nodes (if any) 

(Singh & Chauhan, 2009). As illustrated in Figure 3, the basic framework for NN requires 

three layers (Input, Hidden and Output) (Da Silva et al., 2017). The input layer is the first 

layer where data / features are obtained, and certain standardisation techniques are applied to 

these inputs to limit the inputs to a specific set. Standardized inputs improve the function of 

the neural network, resulting in higher precision. The hidden layer (intermediate or invisible) 

may be a collection of layers, depending on the network application. These layers are in 

charge of identifying a process or system's pattern. The NN's activities are mostly carried out 

in these layers. Additionally, neurons in the output layer are used to reflect the final network 

outputs generated by the previous layers of neuron processing. Feed-forward NN has sparked 

a lot of interest in material and civil engineering issues (Awodele & Jegede, 2009). As a basic 

but user-friendly approach, the model demonstrates a feasible approach used in weather 

forecasting, water management regulation, and concrete strength prediction (ranging in 

different number scales) (Khashei & Bijari, 2012; Kin et al., 2012; Sampaio et al., 2009). 

 

 
Figure 3. The Feed-Forward NN Layer with Interconnected Nodes 

 

DT is a supervised method of learning that is used for classification and regression tasks. 

DT was derived from the term Classification and Regression Tree (CART), which was 

introduced in 1984 by Breiman and his colleagues (Breiman et al., 1984). DT is usually 

produced by creating algorithms that divide a dataset (instances) into branch-like segments. 

Such segments form an inverted decision tree that begins at the top of the tree with a root 

node (Mastorakis et al., 2015). Figure 4 shows that the DT model can have both continuous 

and discrete attributes (Deepnarain et al., 2019). Several DT applications in engineering 

practise have promoted numerical and categorical data with satisfactory results, 
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demonstrating that the model can handle data at various scales, make it easy to understand, 

and facilitate the development of rules for predicting complex relationships. (Karbassi et al., 

2014; Khosravi et al., 2018). However, because DT is not a stable model for small datasets, 

large amounts of data are required for this standard computing model to perform well. 

Furthermore, the DT model will build overly complex trees (overfitting) that are poorly 

generalised from the training data (Brandmaier et al., 2013; Deng et al., 2011; James et al., 

2013). 

 

 
Figure 4. An Example of DT Regression Model 

 

Rapidminer's system model was created as shown in Figure 5, which was similar for both 

prediction models. The labelling data set evaluated the classification regression output for all 

models, where input data was assigned label roles and experimental crack width data was 

assigned an attribute with a predictive function. The label attribute contains the actual 

observed values, whereas the prediction attribute contains the predicted label values from the 

regression models. The models are created by training with a collection of sample data known 

as a training set. Trained models were then given a test set to predict the accessible accuracy 

of crack width data. The simulation used 9 input vector numbers and a split data ratio of 75:25 

(training: testing) for both prediction models. Section 4.1 describes the predicted models of 

crack widths in greater detail. 

 

 
Figure 5. The Framework Model Applied for Both Prediction Model from Software 
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RESULTS AND DISCUSSION 
 

Comparison of Prediction Models from Machine Learning 
 

A total of 1000 experimental crack width datasets from all seven specimens were 

collected at each DR stage for training and testing in the Rapidminer programme. Table 3 

shows two types of crack width prediction models. Figure 6 depicts the regression analysis 

plots for the distribution of predicted crack width in all prediction models. 

 
Table 3. Detailed on Four Types of Prediction Models 

Num Model Prediction Method 

1. Neural Net 
(NN) 

Shuffle: This specifies that, before learning, input data should be shuffled. While it 
increases memory usage, if data is sorted before it is recommended. 

2. Decision 
Tree (DT) 

Least square: For splitting, an attribute is chosen, which minimizes the square 
distance between the node averages in terms of the true value. 

 

 
Figure 6. The Distribution of Predicted Crack Width for a) NN Model and b) DT Model 

 

The figure includes an equity line as a reference, which represents the condition of equal 

values for the predicted and measured crack widths. The analysis shows that the NN model 

had a better prediction with the lowest error, with the predicted distribution being lower (20% 

error) and higher (34% error) than the DT model (46% and 52%). The DT model revealed 

that nearly all of the predicted points were clustered around the measured crack widths, 

resulting in over-fitting. Because the DT model was unreliable due to a lack of a large number 

of simulation datasets, as stated in the previous section, these high errors suggested that 

insufficient data was the main factor (James et al., 2013; Deng et al., 2011; Brandmaier et al., 

2013). The NN model's accuracy of expected crack widths was consistently improved within 

the equity rows, demonstrating regression technique with input-output relations. This was 

supported further by the regression technique developed for concrete strength prediction (Kin 

et al., 2012) which demonstrated that the NN prediction is in reasonably good agreement with 

the measured data. As a result, NN demonstrated the best learning technique for this 

regression task, and it was chosen for further optimization analysis using data splitting, as 

described in the following subsection. 
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Data Splitting Ratio Analysis in NN Model 
 

When an explicit testing set was not available, the split validation operator was used to 

predict the model's fit to a hypothetical testing set. Split validation also allows for training on 

one data set and testing on another explicit testing data set. The goal of categorising data in 

this prediction model was to avoid over- and under-fitting while only optimising the training 

dataset accuracy. As a result, there is a need for a model that performs well on datasets that it 

has never seen before (test data), which is referred to as generalisation. Figure 7 depicts three 

different results based on linear sampling for the prediction model's split ratio between 

training and testing of 70:30, 75:25, and 80:20. 

 

 

 
Figure 7. The Distribution of the Predicted Results by Each Split Ratio a) 70:30, b) 75:25 and c) 80:20 

 

The split ratio of 70:30 near the reference line resulted in the lowest error of predicted 

crack widths (18% and 21%). It is thus a greater split ratio than the split ratios of 75:25 (20% 

and 34%) and 80:20 (31% and 56%). Due to unbalanced data from a smaller number of 

datasets, the majority of the predicted points for the 80:20 split ratio was far below the 

equity/measured line, resulting in a high predictive variance that can significantly change 

testing accuracy. In other words, significant over-fitting in the 80:20 split ratio may result in 

redundancy in experimental output data. According to previous research, the proportion 

chosen for fewer data set numbers (1000 data) in the analysis was 70% for the training set 

and 30% for the test set. Less test data means more variance efficiency for the model 

algorithm, while more training data means less variance in parameter estimates (Murthy & 
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Suresha, 2015; Torresani & Lee, 2007). As a result, for this data set, the 70:30 split falls within 

the experimental range and is a reasonable choice. 

 

CONCLUSION 
 

In this study, predictive models were developed to analyse and predict crack width in the 

area of reinforced concrete beam-column joints (RC BCJ) under cyclic lateral loading. 

Rapidminer machine learning software was used to create the prediction models, which took 

into account the numbers in the drift ratio (DR) level as well as the number of offset shear 

links and anchorage length within the joint zone. The results demonstrated that the neural net 

(NN) model outperformed other models in the crack width prediction process. In this analysis, 

the following conclusions are reached: 

 

• The NN prediction model was chosen because it had a 34% lower discrepancy 

between measured and predicted crack width than the DT prediction model (52%). 

• The 70:30 split testing and training smaller number dataset for NN prediction model 

data splitting ratio was comparable with the experimental range, making this study a 

decent and reasonable choice. 

 

For future research, the current datasets will be implemented in various types of ANN 

prediction models (Rapidminer machine learning software), including several optimization 

approaches, with the goal of achieving the lowest error with a predicted value of 5-10%. 
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Abstract 
Active and deployable tensegrity structures are extensively studied due to the unique 
characteristics of tensegrity such as highly deformable and controllable. This paper presents 
the numerical application of the shape change strategy on a six-strut model. The shape change 
method solves the optimisation problem for forced elongation in cables and minimises distance 
between the targeted coordinates and monitored nodes. A total of four numerical cases for a 
six-strut tensegrity model were studied, with one or two nodes monitored to approach the 
targeted coordinates prescribed in either x-, y- or z- directions. This paper aims to evaluate the 
effectiveness of the shape change method and determine the structural characteristics of a 
six-strut model during the shape change analysis. It is found that the six-strut model in all cases 
has successfully displaced and advanced to the prescribed targets via the shape change 
method. The numerical analysis results also show that the six-strut model performed axial and 
twisting deformations with the axial forces maintained within the elastic limit. 
 
Keywords: Tensegrity; Shape change; Six-strut; Optimisation. 

 

INTRODUCTION 
 

Since the 1990s, there has been a rising focus on studying the deformation and 

deployment of tensegrity structures. Due to its unique structural characteristics like higher 

deformation capacity, good shock resistance ability, high strength-to-weight ratio, and 

foldability (Caluwaerts & Carbajal, 2015; Cimmino et al., 2017), tensegrity is suitable for 

shape change and deployment. Shape change of a tensegrity structure can be performed by 

altering the lengths of elements in the structure. One of the shape change strategies is to 

employ active cables with changeable length while the struts remain passive with no forced 

elongation (Van de Wijdeven & De Jager, 2005). Moreover, tensegrities are capable of 

undergoing large displacements despite their lightweight characteristic. Through the 

distribution and balancing of its mechanical stresses, tensegrity structures are self-stressed 

and stable (Tur & Juan, 2009). Tensegrities can convert a small local pressure into a large 

global deformation while continuously searching for a new balanced topology arrangement 

(Oh et al., 2020). 

 

Shape change studies of tensegrity began in the 1990s. Past researchers incorporated 

various strategies to achieve a shape change of their tensegrities. Shape change strategies 

differ over different tensegrity models since there are no universal rules on the study of 

tensegrity (Rhode-Barbarigos et al., 2012). For instance, different methods were employed, 

such as the optimisation method (Caluwaerts & Carbajal, 2015) and force analytic method 

(Du et al., 2016) for the shape change study of the six-strut tensegrity model. 
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This paper presents the shape change analysis of a six-strut tensegrity model to achieve 

the targets via the computational method presented in author’s previous works (Oh et al., 

2022; Oh et al., 2019). The predetermined target positions in terms of nodal coordinates of 

either one or a set of two monitored nodes of the tensegrity model is described in this study. 

This paper aims to investigate the effectiveness of the shape change method through 

numerical application to a six-strut tensegrity model. The structural behaviours such as the 

deformed shape and the axial member forces throughout the shape change analysis are 

discussed. 

 

LITERATURE REVIEW 

 

An American architect named Richard Buckminster Fuller had developed a variety of 

inventions, mainly focusing on architectural designs. The term tensegrity which combines the 

word 'tension' and 'integrity' was first coined by Fuller. Tensegrity is a stable system in a 

constant self-equilibrated state consisting of islands of compression members in an ocean of 

continuous tension members (Rhode-Barbarigos et al., 2012). Figure 1 shows a class one 

three-strut tensegrity where continuous cables surround the struts. Tensegrity systems consist 

of compression elements (i.e., struts or bars) and tension elements (i.e., cables or strings) that 

exist in their pre-stressed form. In this structure, compression elements are not connected to 

each other at a node. 

 

Since tensegrities can be folded or unfolded, the members and elements in tensegrity 

systems can be altered to its varying length. The pre-stressed interaction in the elements in 

the system preserves stability, thus adopting another steady configuration in tensegrity. Due 

to its characteristics, tensegrity is recommended as a good system for shape change study (Oh 

et al., 2019). Past researchers have studied tensegrity for space applications (Fazli & Abedian, 

2011), deployable footbridges (Rhode-Barbarigos et al., 2012; Veuve et al., 2016), composite 

solar façades and wind generators (Cimmino et al., 2017). A study of tensegrity robots found 

that elastic cables provide excellent deformation capability (Du et al., 2016). Thus, the shape 

change of tensegrity considering the alterable length of cables is investigated in this study. 

 

 
Figure 1. Three-Strut Tensegrity 

 

Shape change methods combine measurements and control-command to produce the 

desired shape. Applying shape change methods like cable elongation to a deployable structure 

offers a unique prospect to study the shape change potentials of a multi-modular system (Oh 
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et al., 2022). The concept of shape-changing tensegrity has also been proposed, especially in 

the design of deployable structures and robots. Shape-changing structures are promising 

replacements for present structures applied in the construction, robotics, space engineering 

and medical industries (Van de Wijdeven & De Jager, 2005). Although many studies on the 

shape change of tensegrity, there is still limited application due to the complication in 

computation and the characteristics of the structure. In this study, the proposed shape change 

strategy by author’s previous work is employed to study the characteristics of a six-struts 

tensegrity model. 

 

METHODOLOGY 
 

Topology 
 

The effectiveness of shape change strategy is evaluated through a numerical application 

to a six-strut tensegrity model presented in (Xu & Luo, 2011). It is to note that a pre-stressed 

characteristic is required to achieve a stable form before the application of any external 

loadings. The self-equilibrated six-strut tensegrity model at initial state is shown in Figure 2. 

The model is pin-jointed at the connection between members and consists of six struts and 

twenty-four cables. While there is no strut-to-strut connection, the struts are assumed rigid, 

and no elongation of struts were allowed. The nodal coordinate and element connectivity of 

the model is shown in Table 1. 

 

 
Figure 2. Self-Equilibrated Six-Strut Tensegrity Model 

 

Shape Change Strategy 
 

The shape change strategy proposed by the author's previous work involves four states: 

initial state, deformed state, shape change state and target state as shown in Figure 2 (Oh et 

al., 2022; Oh et al., 2019). This study employed a strategy to study the shape change of a six-

strut tensegrity model. The initial topology of the six-strut tensegrity model was obtained 

from (Xu & Luo, 2011). The methodology of this study involves two parts: (1) determination 

of self-equilibrium state of the six-strut tensegrity model and (2) optimisation of forced 

elongation of cable for shape change analysis of the tensegrity model. The struts in the 

tensegrity model only show elastic elongation whereas the cables show both the forced and 

elastic elongation during the shape change analysis. 
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Table 1. Nodal Coordinate and Element Connectivity of The Six-Strut Tensegrity Model 

Nodal Coordinate Element Connectivity 

Node x y z Member i j T Member i j T 

1 -250 0 500 1 1 5 Cable 16 4 12 Cable 

2 -250 0 -500 2 1 7 Cable 17 5 9 Cable 

3 250 0 500 3 1 9 Cable 18 5 11 Cable 

4 250 0 -500 4 1 10 Cable 19 6 9 Cable 

5 -500 250 0 5 2 5 Cable 20 6 11 Cable 

6 500 250 0 6 2 7 Cable 21 7 10 Cable 

7 -500 -250 0 7 2 11 Cable 22 7 12 Cable 

8 500 -250 0 8 2 12 Cable 23 8 10 Cable 

9 0 500 250 9 3 6 Cable 24 8 12 Cable 

10 0 -500 250 10 3 8 Cable 25 1 2 Strut 

11 0 500 -250 11 3 9 Cable 26 3 4 Strut 

12 0 -500 -250 12 3 10 Cable 27 5 6 Strut 

 13 4 6 Cable 28 7 8 Strut 

14 4 8 Cable 29 9 10 Strut 

15 4 11 Cable 30 11 12 Strut 

Note: x, y, z are coordinates and i, y, T are near end, far end and types of elements, respectively. 

 

Figure 3 illustrates the shape change strategy involving four main states. At the initial 

state (t=0), the static equilibrium in forces of the six-strut tensegrity is obtained. The six-strut 

tensegrity model is in self-equilibrium and stands freely without constraints or pressure. At 

the initial state, while preparing the nodal coordinates and element connectivity, no boundary 

conditions or external loadings were applied to the tensegrity model. Axial forces of the model 

demonstrate the pre-stressed condition of the tensegrity, and there is no deformation at this 

state. At step t=1, when the monitored node and target coordinates have been assigned 

accordingly, the structure is in its deformed state and endures linear elastic deformation under 

self-weight loading and pin-supported at the base. The model performs its shape change state 

with their forced elongation in active cables. The monitored nodes eventually reached their 

specified target coordinates in their final state after the iterative step reaches N. It is to note 

that, N is the absolute number of incremental iterations to achieve a target state of the six-strut 

tensegrity and it is the end of a shape change analysis. 

 

 
Figure 3. States in Shape Change Analysis 

 

Figure 4 shows the shape change analysis algorithm that incorporate the four main states 

in the shape change analysis. The shape change method involves Sequential Quadratic 

Programming (SQP) to solve the nonlinear optimisation problem as shown in Equation 1. 
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where tl is a mcf ×1 vector of incremental forced elongation which corresponds to the 

optimisation variable, H is a positive-definite approximation of Hessian matrix of the 

Lagrangian function. mcf is the number of cables excluding the undeformed cables. Matrix A2 

and vector b2 are the inequality constraints corresponding to the limitation in allowable axial 

forces and forced elongation. 

 

 
Figure 4. Shape Change Analysis Algorithm 

 

For elastic material properties, the lower and upper axial force limit for cables and struts 

are defined as in Equation 2. 
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Where nc, c and Ac are axial forces, yield stress and cross-sectional area for cable elements, 

respectively; ns, Es, Is, Ls, s and As are axial forces, Young modulus, moment of inertia, element 

current length, yield stress and cross-sectional area for strut elements, respectively. In this study, 

all strut elements have circular cross-section. 

Start 

Form-finding of six-strut tensegrity model 
 

Solve axial forces and deformations at state t=0 

Define inputs (e.g., loading, boundary conditions, monitored 
nodes and target coordinates) 

Solve axial forces and deformations at state t=1 

Solve for optimised cable forced elongation, l forces and 
deformations at state t=i 

Minimise the objective function, obj 

 Reach Minimum obj or 
Maximum steps 

Solve axial forces and deformations at state t=N 

Yes 

No 

End 
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RESULTS AND DISCUSSION 
 

The shape change strategy has been proven in 4 different cases where the target 

coordinate for the randomly selected monitored nodes was prescribed in either x, y, or z-

coordinate system under uni-direction mode. Different monitored nodes and target 

coordinates have been assigned to each case to represent the various shape changes of the six-

strut tensegrity model. The six-strut tensegrity model is fixed at node 2 (N2) and node 4 (N4); 

hence, movement of N2 and N4 are not permitted. In addition to elastic elongation, the cables 

undergo force elongation, which also means changes of length, either shortening or 

lengthening, in the cables of the six-strut tensegrity are optimised to achieve the target 

coordinates for all four cases. 

 

Table 2 shows the monitored nodes and target coordinates for the analysis cases, i.e., Case 

1 to Case 4. For Cases 1-3, only one node was randomly selected as the monitored node. The 

chosen node was monitored during the shape change analysis to approach the target 

coordinates prescribed in x-, y-, or z- coordinates. For instance, Node 8 was monitored to 

reach the target which set at a z-coordinate of -100 in Case 1. This also means that the z-

coordinate of Node 8 at the target state must be at a magnitude of -100, whereas the x-, and 

y- coordinates can be in any magnitudes. While for Case 4, two nodes were chosen to be 

monitored to approach in y directions. 

 
Table 2. Monitored Nodes and Target Coordinates for All Four Cases 

Case Monitored Nodes 
Target Coordinates 

x y z 

Case 1 N8 - - -100 

Case 2 N1 -100 - - 

Case 3 N5 - -100 - 

Case 4 N5 - -100 - 

N8 - 100 - 

 

Convergence Curve 
 

The monitored node in each case successfully reaches its target coordinates after some 

iterations, as shown in Table 3. Figure 5 shows the normalised objective function (NOF) graph 

against computational steps for Cases 1, 2, 3 and 4. All the cases illustrate almost linear trend 

of the NOF curves. An insignificant change of slope along the NOF curve Case 3 and Case 4 

was also observed. The objective function was set based on the minimisation of distance 

between the nodal coordinate at the current step and the targeted coordinates. The slight 

change of slope in NOF curve may be due to the compliance of the constraints bound within 

the limits of the axial force in the struts or cables during the iterative shape change analysis 

in the minimisation of the objective function. Out of all the cases, Case 4 has recorded the 

highest number of iterations of 69 steps. Since there are two monitored nodes assigned having 

two different target coordinates to be achieved, it is reasonable to take more iterations in Case 

4 to achieve the objective functions. Although all cases have different monitored nodes and 

target coordinates, the objective function was successfully achieved at their own respective 

pace. Overall, it can be concluded that this shape change program is effective for a six-strut 

model to reach the prescribed targets despite assigning different monitored nodes and target 

coordinates in either x-, y-, or z- axis. 
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Table 3. Total Computational Steps 

Case 1 Case 2 Case 3 Case 4 

22 24 61 69 

 

Axial Forces 
 

Figure 6 shows the axial forces of the six-strut tensegrity model at each iterative step for 

Case 1, Case 2, Case 3, and Case 4. There are 30 members in the model, particularly members 

1 to 24 are cables while members 25 to 30 are struts. The six-strut tensegrity model has one 

self-equilibrated mode. The axial forces at initial state were obtained, indicating the six-strut 

tensegrity model is pre-stressed, satisfying the equilibrium in forces at all nodes. The changes 

in axial forces were first observed in deformed state when the model is under their self-weight 

loading. Fluctuation in the axial forces in all members was observed throughout the iteration 

steps in the shape change state. Despite changes in axial forces, the cables always in tension 

force and struts in compressive force validate the shape change method. The method ensures 

the satisfaction of the axial force constraint in solving the minimisation problem. It is to note 

that all the forces are within the lower and upper limits of the tension and compression forces. 

 

 
Figure 5. Graph of Normalised Objective Function Against Computational Steps 

 

The changes of axial forces either in obvious or gradual fluctuations, are closely related 

to the deformation of the model in advancing towards the target. All the members have their 

axial forces changed in the same way in Cases 1 and 2. In Cases 3 and 4 on the other hand, 

different groups of members present same trend of changes in axial force, with a few members 

present unique trend (e.g., member 30 in Case 3, members 29 and 30 in Case 4). 
 

Characteristics of Six-Strut Tensegrity Model During Shape Change      71 



 

 
Figure 6. Axial Forces for Case 1 to Case 4 

 

Deformed Shape 
 

Figure 7 represents the shape change of the six-strut tensegrity model for Cases 1, 2, 3, 

and 4. Six-strut tensegrity model at the initial state (at step 1), shape change state (at half of 

the computational steps) and at target state (at maximum iteration) are presented for each case. 

To emphasise, all the defined monitored nodes in all cases reaches the target coordinates at 

the target state. For example, Figure 7(a) shows the displacement of node 8 towards the target 

throughout the shape change analysis. As seen in the figure, the target coordinate for each 

case is plotted in a red dot. The model in Case 1 during the iteration shows that the cables 

connected to the monitored node have been stretched and the entire six-strut tensegrity has 

slanted while leaning towards the direction of the target. The model in Case 2 on the other 

hand, records significant forced elongation in cables connected to Node 1. The strut 

connecting Node 1 and Node 2 is displaced in an inclined way towards the target in x-

direction. In observing the shape change of the model in Case 3, it can be found that the six-

strut tensegrity model undergoes a twist of about 30 degrees towards the target. 

 

72      Nik Elisa Lidya Nik Badrul et al. 



 

 
(i) Step 1 

 
(ii) Step 2 

 
(iii) Step 3 

(a) Case 1 

 
(i) Step 1  

 
(ii) Step 2  

 
(iii) Step 3  

(b) Case 2 

 
(i) Step 1 

 
(ii) Step 2 

 
(iii) Step 3 

(c) Case 3 

 
(i) Step 1 

 
(ii) Step 2 

 
(iii) Step 3 

(d) Case 4 

Figure 7. Deformation of Six-Strut Tensegrity 
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Before a twist, the cables surrounding Node 5 elongated while the struts displaced 

inwards and towards the target. The shape change of six-strut tensegrity in Case 4 is similar 

to the shape change in Case 3, which also undergoes a twisting. However, the model in Case 

4 shows a movement on both the left and right-hand side of the model. It is found that six-

strut model performed axial and twisting deformations during the shape change analysis. 

 

CONCLUSIONS 
 

The paper presents shape change analysis on a six-strut model in four different cases. The 

target coordinates were prescribed in either x-, y- or z- directions for one or two randomly 

selected monitored nodes. The numerical analysis shows in all the cases, the monitor node of 

the six-strut model successfully reaches the target by using the shape change method. A few 

conclusions can be made from the paper as follows: 

 

1) The shape change method effectively solves the minimization problems where the 

monitored nodes reach the prescribed target coordinate in all the analysis cases. 

2) The convergence curves in all numerical cases are linear, indicating effective and fast 

solutions to the minimization of objective function in the shape change method. 

3) The axial member forces for cables and struts fluctuate over the shape change analysis 

but stay within the limits of the elastic range. 

4) The six-strut model deforms in axial and twisting modes to advance to the target 

nodes during the shape change. 
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Abstract 
Roof may transfer a huge amount of heat from the sun radiation into interior space of a building. 
In ordinary roof system, heat may trap in attic space and transfer into the interior building even 
at night-time. This will lead to thermal discomfort and reliance of air-conditioning system which 
increase the electricity consumption. A new passive cooling roof concept namely “breathable 
roof system” is introduced to mitigate this problem. This preliminary case study aims to 
investigate the cooling effects of the breathable roof system of residential houses in Shah 
Alam, Malaysia. Thermocouples were used to measure temperature in intermediate double 
storey terrace houses which were facing North-South and East-West directions, to quantify the 
effectiveness of the breathable roof system compared to the conventional roof system. Besides 
that, the comparisons of temperature between different house orientations and investigation of 
heat profile in the rooms were also conducted. The result shows that breathable roof system 
can reduce the heat by 12.3-19.5% compared to the conventional roof system. North-South 
facing houses were measured with lower temperature compared to East-West facing houses. 
In conclusion, the use of breathable roof system could be used as an alternative solution in 
conserving energy to achieve sustainable development. 
 
Keywords: Breathable Roof; Ventilated Roof; Sustainable Development; Passive Cooling; Thermal 

Comfort. 

 

INTRODUCTION 
 

Cooling devices, such as air-conditioning, are commonly used in households to cool the 

indoor space and provide thermal comfort to the dwellers. Nowadays, more and more 

households in tropical countries are installing air conditioning to adapt to the climate change 

and gradually high temperature. The increase usage of air-conditioners has increased the 

electricity expenditure tremendously (Sena et al., 2021).  It is estimated about 37.0% of global 

electricity will be used for space cooling by 2050 (IEA, 2018). Increase in electricity energy 

consumption will cost higher electricity bills to the dwellers. This will particularly affect low-

income households in which they might need to divert a larger portion of their income for 

cooling demand purpose and reduce budget for other expenditures, for instance food and 

education (Teresa Randazzo et al., 2020). 

 

In Malaysia, non-renewable resources are the main sources used to generate electricity, 

such as natural gas, crude oil and diesel (Energy Commission of Malaysia, 2017). The 

increasing trend of electricity demand and generation lead to rapid increase in green house 

gaseous and carbon dioxide emission which have significant environmental degradation and 

public health issues (Mrabet et al., 2019). Hence, alternative methods that are able to conserve 

energy and improve thermal comfort of the building occupants are required to be studied. 
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Roof system is one of the key factors that determine the indoor thermal conditions 

(Hashemi, 2016). Heat is mainly transferred through the roof system to different part of the 

building in single and double storey residential houses. Concrete and brick are the main 

construction materials in Malaysia buildings (Harun et al., 2020). When thermal mass 

materials, such as concrete and brick structure, exposed to heat during daytime, they have the 

ability to absorb and retain heat within the structure and release heat at night-time (Shafigh et 

al., 2018). An effective and eco-friendly roof system in tropical country should be able to 

promote heat dissipation and conserve energy that used for cooling indoor space purpose. 

Besides building materials, passive design strategies such as building orientation, thermal 

insulation and air tightness, shading devices, glazing area and natural ventilation, could lower 

energy consumption of a building (Yao et al., 2018). Therefore, this study aims to investigate 

the performance of breathable roof system and the measured temperature differences between 

houses with different orientations. 

 

METHODOLOGY 
 

Study Design 
 

The design of this study is arranged in such a way that it takes into the consideration that 

the orientation of the houses which can influence the solar and thermal conditions and 

ventilation potential and building envelope material as in the Lafarge ventilation plaster board 

(Noor Aziah, 2015). This is in contrast stark to finding from Al-Tamimi et al. (2011) that 

natural ventilation strategies including orientation of the building are not as reliable and ideal 

for urban context. However, optimum orientation, together with passive cooling breathable 

roof as introduced in this study will help in achieving better indoor thermal comfort. The 

passive cooling breathable roof is in line with the direct non-mechanical evaporative cooling 

of ventilation air which is served as one of the passive and low energy systems suggested by 

Givoni (1990). Also, a comparative study conducted by Tatarestaghi et al., 2018 reveals that 

the concept of passive cooling is an alternative thermal comfort strategies applicable to 

tropical climates country like Malaysia. 

 

A preliminary case study was carried out in four full-scaled double storey residential 

houses at Shah Alam, Malaysia from May 2013 to July 2013. Four intermediate houses, with 

two facing North-South direction and another two facing East-West direction, were selected 

for temperature monitoring in this case study. For each type of house-orientation, one house 

was installed with breathable roof system, another house was installed with conventional roof 

system. Intermediate type of residential houses was selected in this study to minimize the heat 

gain effect through other building envelopes, which are walls and windows. 

 

Data Collection and Analysis 
 

In each of the intermediate house, thermocouple temperature data loggers were installed 

to measure the temperature data for 24 hours continuously, with sampling interval of 15 

minutes. Figure 1 shows the measurement locations of the thermocouple at various parts of 

the roof system and building envelope. Figure 2 and Figure 3 present the breathable roof 

systems installed at the double storey houses. The recorded temperature data were then 

compiled and keyed in into spreadsheet for data analysis. Line graphs were created to compare 

the trends of temperature at center attic, ridge tile and master bedroom for houses installed 
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with breathable roof and non-breathable roof, and to compare the temperature at centre attic, 

ridge tile and master bedroom ceiling for East-West and North-South facing houses that 

equipped with non- breathable roof. Then, the heat profile for the master bedroom and 

bedroom 3 were further analysed by comparing the temperature recorded at the centre attic, 

ceiling of the rooms and indoor temperature of the rooms, for both types of roofs and 

directions. 

 

 
Figure 1. Measurement Locations of The Thermocouples at The Roof System and Building 

Envelope of The House 

 

 
Figure 2. Breathable Roof System Installed at The Corner of The Double Storey Residential Houses 

 

 
Figure 3. Breathable Roof Installed at The Side of The Double Storey Residential House 
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RESULTS AND DISCUSSION 
 

Houses Installed with Ventilated and Conventional Roof Design 
 

Figure 4, Figure 5 and Figure 6 showed the temperature recorded at the centre attic, ridge 

tile and master bedroom for both houses installed with ventilated and conventional roof, 

which facing the North-South direction. The highest temperatures recorded at the centre attic, 

ridge tile and master bedroom of house equipped with breathable roof were 36.4˚C, 31.4˚C 

and 33.0˚C, respectively. The highest temperature recorded at the centre attic, ridge tile and 

master bedroom of house with conventional roof were 41.5˚C, 39.0˚C and 35.5˚C, 

respectively. Compared to house installed with breathable roof, house installed with 

conventional rood design had higher temperature data. This suggests that the breathable roof 

system provides good ventilation in the roof and reduces the temperature in the ridge tile up 

to 7.6˚C. This finding is in line with the Karam et al. (2014) where the cooler attic would 

eventually result in a cooler indoor environment. An indoor thermal study carried out by Ng 

et al. (2019) at a two-storey corner terrace house in Kuala Lumpur, Malaysia, reported mean 

air temperature of 45°C measured in the attic space, mean temperature of 42°C at top surface 

ceiling, mean temperature of 40°C at the bottom surface ceiling and followed by mean indoor 

air temperature of 34°C at the family area. In conventional roof system, the heat absorbed by 

the ceiling will be transferred into the interior space of master bedroom by convection 

mechanism. However, our monitoring results showed the breathable roof system able to 

reduce the heat transferred into the house interior space and will have lower indoor 

temperature. Thus, houses installed with breathable roof system in tropical countries could be 

more energy efficient as less electrical energy will be utilised to cool the indoor space. 

 

 
Figure 4. Comparison of Temperature Recorded at Centre Attic for North-South Facing Houses Which 

Equipped with Breathable Roof and Conventional Roof 
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Figure 5. Comparison of Temperature Recorded at Ridge Title for North-South Facing Houses Which 

Equipped with Breathable Roof and Conventional Roof 

 

 
Figure 6. Comparison of Temperature Recorded at Ridge Title for North-South Facing Houses Which 

Equipped with Breathable Roof and Conventional Roof 

 

Figure 7, Figure 8 and Figure 9 show the temperature recorded at the centre attic, ridge 

tile and master bedroom for both houses installed with breathable and non-breathable roof 

system, which facing the East-West direction. The highest temperatures recorded at the centre 

attic, ridge tile and master bedroom of house equipped with breathable roof were 38.3˚C, 

40.5˚C and 34.5˚C, respectively. While the highest temperature recorded at the centre attic, 

ridge tile and master bedroom of house with non-breathable roof were 44.0˚C, 46.2˚C and 

37.4˚C, respectively. Temperature differences at centre attic and ridge tile at these two 

different houses were up to 5.7 ˚C. This similar trend of higher recorded temperature at house 

with non-breathable roof further supports our earlier findings. 
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Figure 7. Comparison of Temperature Recorded at Centre Attic for East-West Facing Houses That 

Equipped with Breathable Roof and Non-Breathable Roof 

 

 
Figure 8. Comparison of Temperature Recorded at Ridge Title for East-West Facing Houses That 

Equipped with Breathable Roof and Non-Breathable Roof 

 

 
Figure 9. Comparison of Temperature Recorded at Master Bedroom Ceiling for East-West Facing 

Houses That Equipped with Breathable Roof and Non-Breathable Roof 
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Houses Orientation 
 

Figure 10 shows the temperature profiles of roof centre attic at houses with non-

breathable roof which facing the North-South and East-West direction. From the graph, it was 

observed that the house facing North-South direction had relatively lower temperature at the 

roof centre attic compared to those facing East-West direction. The lowest temperatures 

recorded at the roof attic was at around 7am, which were 29.3˚C for house facing North-South 

direction and 29.9˚C for house facing East-West direction. The highest temperatures recorded 

at the roof attics were 44.0˚C and 41.5˚C for house facing East-West and North-South 

direction, respectively. House facing North-South direction has lower temperature because it 

has relatively less direct sun exposure compared to those facing the East-West direction. 

Similar trend of finding was reported in other previous study that solar heat gain in building 

facing East-West directions were higher than heat gain in buildings facing North-South 

directions (Hashemi and Khatami, 2017; Yao et al., 2018). This is due to heat radiation from 

the sun is stronger in the east and west orientations (Wong and Li, 2007). Thus, houses that 

facing east and west orientations are exposed to more solar radiation and will trap more heat 

in the building envelops and being released into the interior space of the building. 

 

Figure 11 shows the heat profile of ridge tile for houses installed with conventional roof 

which facing North-South and East-West direction. It was observed that the temperature 

increased significantly from 7 am to 1 pm from 29.2-39.0˚C for North-South direction and 

29.9-46.3˚C for East-West direction. The drastic increase in heat at ridge tile for East-West 

direction was mainly caused by the longer hours of direct sunlight exposure onto the roof tile. 

 

Figure 12 shows the temperature profile at the ceiling of the master bedroom for 

conventional roof house facing North-South and East-West direction. The highest 

temperatures at the master bedroom ceiling at approximately 2.30pm were 37.7˚C and 35.5˚C 

respectively for East-West and North-South direction. 
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Figure 10. Comparison of Temperature Recorded at Centre Attic for East-West and North-South 

Facing Houses That Equipped with Non-Breathable Roof 

 

 
Figure 11. Comparison of Temperature Recorded at Ridge Tile for East-West and North-South Facing 

Houses That Equipped with Non-Breathable Roof 

 

 
Figure 12. Comparison of Temperature Recorded at Master Bedroom Ceiling for East-West and 

North-South Facing Houses That Equipped with Non-Breathable Roof 
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Heat Profile of Room with Breathable and Non-breathable Roof System 
 

Figure 13 and Figure 14 show the heat profile of the master bedroom for houses facing 

North-South direction that installed with conventional and breathable roof, respectively. The 

centre attic shows the highest temperature followed by the master bedroom ceiling and the 

lowest temperature was recorded in the indoor environment of the master bedroom between 

9am to 1am. The radiant heat from the sunlight increased the temperature significantly at the 

centre attic and ceiling of master bedroom between 8am to 3pm and dropped drastically after 

that. However, the radiant from the sunlight only give little impact to the indoor temperature 

of the master bedroom. From the Figure 6 (a) and 6 (b), it was observed that the indoor 

temperature of the master bedroom increased slowly from 9 am to 7pm. There was a delay of 

approximately 4 hours of time between the highest temperature in the centre attic and master 

bedroom ceiling as compared to the indoor heat in the master bedroom. The temperature in 

the master bedroom cooled slowly since the room was properly closed without allowing 

ventilation to happen. It is suggested that the cooling process in the master bedroom can be 

expedited by opening the windows or by installing exhaust fan to provide better ventilation. 

Good ventilation after the sunset will allow cool air to flow into the master bedroom. Thus, 

the master bedroom can cool down in a shorter time through convection mechanism. 

 

 
Figure 13. Heat Profile of Non-Breathable Roof for Master Bedroom Facing North-South 

 

 
Figure 14. Heat Profile of Breathable Roof for Master Bedroom Facing North-South 
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Figure 15 and Figure 16 show the heat profile of the master bedroom for conventional 

and breathable roof house facing East-West direction, respectively. The master bedroom 

which is facing East direction is strongly influenced by the radiant heat of the sun. It was 

observed that the indoor temperature and the temperature at the ceiling of the master bedroom 

increased rapidly from 9am and reached the peak at approximately 2pm and followed by a 

quick drop after that as the sun sets in the West. In present study, the centre attic and the 

ceiling of the master bedroom which is well ventilated by the breathable roof expedite the 

reduction in temperature. The indoor temperature in the master bedroom installed with 

conventional roof demonstrated as low reduction in temperature since the room was poorly 

ventilated. Similar findings were reported by other studies that carried out in poorly ventilated 

house or room at two-storey terraced houses in Malaysia. Kubota et al. (2009) reported indoor 

air temperature range from 29.5°C – 32.4°C in houses with no ventilation at Johor Bahru; 

while Ng et al. (2019) reported indoor air temperature range from 30.9°C – 32.2°C in rooms 

without ventilation at Kuala Lumpur. 

 

 
Figure 15. Heat Profile of Non-Breathable Roof for Master Bedroom Facing East-West 

 

 
Figure 16. Heat Profile of Breathable Roof for Master Bedroom Facing East-West 
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Figure 17 and Figure 18 show the heat profile for Room 3 installed with conventional 

roof and breathable roof which facing North-South direction, respectively. It was observed 

that the heat at the centre attic increased rapidly as the sun rising. The temperature of ceiling 

and indoor temperature of Room 3 increased slowly through convection from the centre attic 

in the morning and afternoon. The indoor temperature of Room 3 reduced slowly after the 

sunset since it was poorly ventilated. In this study, the indoor temperature in Room 3 was 

slightly higher than the centre attic and ceiling at night-time which might be due to the heat 

trapped in the interior space of the enclosed room. The thermal comfort in the room can be 

further improved by providing good ventilation. 

 

 
Figure 17. Heat Profile of Non-Breathable Roof for Room 3 Facing North-South 

 

 
Figure 18. Heat Profile of Breathable Roof for Room 3 Facing North-South 
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Figure 19 and Figure 20 show the heat profile of Room 3 installed with conventional roof 

and breathable roof which facing East-West direction, respectively. Room 3 which was facing 

West direction is strongly influenced by the radiant heat of the sun in the evening. It was 

observed that the indoor temperature of Room 3 increased gradually from 9am to 6pm and 

cooled down slowly after that. Similar trend of results was reported in a previous study where 

the room that installed with conventional 4-mm thick cement board ceiling and facing west 

orientation, was measured with higher mean indoor temperature during evening and night-

time due to external wall of the room acted as a thermal mass to absorb heat in the evening 

and release heat to the room during the night (Ng et al., 2019). 

 

 
Figure 19. Heat Profile of Non-Breathable Roof for Room 3 Facing East-West 

 

 
Figure 20. Heat Profile of Breathable Roof for Room 3 Facing East-West 

 

Different types of passive cooling techniques have been studied in recent decades. In 

China, Chen et al. (2015) found that the passive evaporation cooling wall (PECW) which is 

constructed by using a pipe-shaped ceramics could reduce the surface temperature of about 

4oC to 6oC below the ambient and is suitable for dry and hot climates because the design 

utilises the concept of capillary force to absorb water. As for cooling roof, Alturki and Zaki 

(1990) found that the effect of intermittent spraying of a building’s roof could reduce the 

cooling load of 40% for hot dry conditions in the context of Saudi Arabia through a numerical 

modelling. However, this approach is rather an active mean to reduce air conditioning load 
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rather than a passive mean. In addition, Wang et al. (2007) found that a combination of cooling 

ceiling and microencapsulated phase change material (MPCM) slurry storage to enhance the 

evaporative cooling potentials so as to achieve the passive cooling effect for building. The 

study highlighted the hybrid system could save energy of a building up to 60% in northwestern 

China climate and up to 10% in southeastern China climate. Thus, it can be concluded that 

the effectiveness of passive cooling technique is mainly dependent on geographic location 

where the weather variables such as temperature, precipitation, pressure, wind, humidity and 

cloudiness play a significant role in determining the evolution of passive cooling technology. 

Apart from the geographic location, passive cooling studies focus either single system or 

hybrid system. 

 

The common passive cooling techniques that have been studied in Malaysia with hot and 

humid climate including night ventilation, roof cover, roof or ceiling insulation, windcatcher, 

window and wall shading, small courtyard concept and microclimate modification (Nejat et 

al., 2021; Ng et al., 2020; Toe & Kubota, 2015; Kubota, Chyee & Ahamad, 2009). However, 

there is lack of local research on innovative roof with passive cooling strategy. As such, a 

Malaysian context passive cooling technique known as breathable roof system is proposed in 

this study. 

 

A well-design ventilated roof improves the overheating condition at the attic (Ciampi et 

al., 2005). Ismail et al. (2012) further enhanced that the ventilated roof could play a role in 

reducing indoor temperature by as much as 80C. Existing practices of ventilated roof often 

tends to be active in nature with solar ventilators installed on the roof to disperse the trapped 

hot air. Also, Abdul Rahman et al. (2019) highlighted that the efficiency of stack effect which 

occurs because of the hot air travelling from an area with low pressure to an area with high 

pressure is depended on the ease of air movement inside the building. This study, however, 

further enhance the stack effect by incorporating the ventilated plaster board as shown in 

Figure 2. The hot trapped air is dispersed through a roof top which includes a plurality of 

rafters, arranged at a sloping angle to meet at the peak of a roof and forming a triangular 

shaped roof top, with such rafter attaching to a plurality of battens to support a plurality of 

roof tiles which are installed on the surface of the battens, wherein such battens will raise the 

roof tiles off the rafter leaving space in between to create the first air passage way. This is 

supported by a study conducted by Ibrahim et. al. (2014) where the more easier the hot air 

trapped underneath the roof the more indoor comfort could be achieved by the houses. 

 

The roof top is positioned over the ceiling to provide an attic space and a breathable 

membrane with pre-punched hole which is attached at the peak of the roof top and covered 

by ridge tiles which is placed on breathable membrane with pre-punched holes to provide a 

second air passageway that connected to the first air passageway of the roof top as shown in 

Figure 1. 

 

CONCLUSION 
 

In this study, it can be concluded that breathable roof concept is efficient in reducing heat 

transfer into the interior space of the building through housing roof element. Good ventilation 

in the roof system could reduce the temperature up to 5.1°C at the attics up to 5.1°C, up to 

2.1°C at master bedroom and Room 3. House orientation that facing North-South direction 

has showed lower temperature up to 1.9°C at the centre attic, 2.7°C at master bedroom and 
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0.4°C at Room 3 as compared to house facing East-West direction. Thus, houses installed 

with breathable roof and facing North-South direction could be an alternative of sustainable 

and green choice to reduce the dependency on air-conditioning which require higher 

electricity energy expenditure. 

 

The breathable roof system demonstrates that it could be an alternative passive roof 

ventilation to achieve better indoor comfort. As the breathable roof utilised the combination 

of ventilators located at the upper floor’s bathrooms and the fibre cement board with 

ventilation slots installed at roof eaves, it basically incurs no additional construction cost. As 

such, the breathable roof shall be widely adopted and it could even be accepted as one of the 

roofing design to achieve the assessment criteria of indoor environmental quality for the 

Green Building Index (GBI) in Malaysia. 
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Abstract 
The infrastructure development increased the of cement production requirement. During the 
cement manufacturing process, more emission of carbon dioxide pollutes the environment. For 
an eco-friendly concrete, need for an alternative binder material arises. For the material to be 
an eco-friendly, instead of cement as the binder, the alkaline activators in combination with 
sodium / potassium silicates as the binder and with the recycled aggregate as a part of the 
coarse aggregate may be used. Reuse of recycled aggregate from concrete waste lead to 
economic utilization of raw materials and increases the sustainability concept. But the cement 
mortar adhered over the recycled aggregate forms the weak porous layer that affects the 
interfacial behaviour of the aggregate phase and cement phase that reduces the strength. A 
critical review has been made on the recycled aggregates in geopolymer concrete were 
summarized and presented in this article. More studies are still needed to enhance the strength 
and the durable properties with additives in geopolymer concrete with the recycled aggregate. 
 
Keywords: Geopolymer; Recycled Aggregate; Carbon Footprint; Binder; Alkaline activator; 

Geopolymerization. 

 

INTRODUCTION 
 

In the infrastructure development, concrete is a widely utilized material. In Portland 

cement concrete, the cement pastes bind the aggregates and make the concrete hard and 

strong.  But, the production of cement affects the sustainability (Rao, 2000) as, it releases one 

tonne of carbon dioxide (CO2) (i.e.) greenhouse gases, into the environment for every tonne 

production of cement (Joseph Davidovits, 1993; Gartner, 2004). These gases affect the 

environment to a greater level which may lead to the global warming and leaves the carbon 

footprint. An alternative binding material is required to reduce the carbon footprint in turn to 

reduce the carbon footprint (Rangan, 2008). Geopolymer concrete (GC) is reported to be an 

alternative material that reduces the carbon footprint. It ensures sustainability and gain the 

acceptance worldwide (Duxson et al., 2007). The sustainable reasons for GC are indicated in 

Figure 1. 

 

Geopolymer Concrete 
 

Geopolymer concrete reduces the cement production and thereby reduces the 

carbondioxide emission and leads to a sustainable environment (Duxson et al., 2007; Meyer, 

2009, Malayali, 2002). Geopolymer concrete enhances the concrete sustainability with the 

reduction of about 80% of embodied carbon (Ahmad et al., 2021) than the conventional 

concrete. Geopolymers, are the inorganic polymers with amorphous microstructure than 
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crystalline structure (Bakri et al., 2011; Srinivasan and Sivakumar, 2013; Nergis et al., 2018). 

Based on the requirement of the end users, availability, cost and application, the source 

materials for geopolymer concrete can be chosen. 

 

 
Figure 1. Sustainable Reasons for Geopolymer Concrete (Duxson et al., 2007) 

 

Geopolymerization 
 

In 1970’s Davidovits developed geopolymers with the industrial waste products like 

flyash, SiO2, rice-husk ash, steel slag granules, etc that are rich in aluminosilicate. The 

powdery aluminosilicates are activated with the basic activator like NaOH or KOH in 

combination of sodium/potassium silicate solution and form as binder paste and hardens 

within short duration by exothermic polymerisation reaction (Xu and Van Deventer 2000, 

Cong and Cheng, 2021). The geopolymerization takes place with the alkaline activator that 

catalyse the aluminosilicate from industrial waste / by-product and bind the materials. The 

aluminosilicate gel formation determines the geopolymer characteristics (Živica et al., 2014). 

 

Recycled Aggregate Concrete (RAC) 
 

The demolished concretes are disposed as landfills, possesses threat to humanity. 

Utilization of recycled aggregates as construction materials are inevitable (Vaishnu Devi et 

al., 2021). The demolished concretes can be crushed or uncrushed and the aggregates may be 

recycled to reduce the disposal problem and to control the environmental pollution to a greater 

extent. The mechanical characteristics are investigated with the mineral admixtures in 

geopolymer concrete. The variables and contents of the recycled aggregate are summarised 

in Table 1. 

 
Properties of GRAC 

 

Concrete with Geopolymeric binder produce wide range of strength development 

mechanism with mechanical properties (Nuruddin et al., 2016). Mechanical properties and 

the durability properties of geopolymer concrete and with recycled aggregate are discussed. 
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Table 1. Variables and The Contents of The Recycled Aggregate in GRAC 

Reference 
Source 
Material 

Curing Variable 
Recycled Aggregate 

Content 

Shaikh (2016) Class F Fly ash Steam curing Recycled coarse 
aggregate content 

15, 30 & 50% 

Liu et al. (2016) Class F Fly ash Ambient temperature Water cement ratio 55% coarse aggregate, 
18% medium aggregate 
and 27% fine aggregates 

Nuaklong et al. 
(2016) 

Calcium rich 
flyash 

Heat curing NH concentrations 100% 

Nuaklong et al. 
(2018) 

High calcium 
flyash 

Heat curing Metakaolin 100% 

Ridzuan et al. 
(2014) 

Wastepaper 
sludge ash 

Ambient temperature NH concentrations 100%  

Curing - ambient, oven 
& external 

Shi et al. (2012) Class F Flyash Heated at 80°C in the 
oven for a day, and 
further under ambient 
temperature 

Recycled coarse 
aggregate content 

0, 50 & 100% 

Xie et al. (2019) Flyash & GGBS Demoulded after 24 h 
and heated at 80°C for 
24 hours in the oven, 
and further 200 C till the 
date of testing 

GGBS/fly ash weight 
ratio and water to binder 
ratio 

100% 

Xie et al. (2019) Flyash & GGBS 
(1:1) 

Heated at 80°C in the 
oven for 24 hours after 
demoulding and further 
200 C till the date of 
testing. 

Water/binder ratio and 
recycled aggregate 

0,30,50,70 & 100% 

Koushkbaghi et 
al. (2019) 

Metakaolin Ambient temperature  Recycled concrete 
aggregate and sodium 
silicate (SS) to sodium 
hydroxide (SH) ratios 

10, 20 & 30% 

 

Compressive Strength 
 

Geopolymer concrete with the recycled coarse aggregate as part of the conventional 

aggregate as 15%, 30% & 50%, and observed 6% higher compressive strength (Xie et al., 

2019; Nuaklong et al., 2018; Liu et al., 2016). The geopolymeric recycled aggregate concrete 

(GRAC) showed increased compressive strength with the concentration of additives. The 

concentration of NaOH influence the compressive strength of geopolymer concrete with 

recycled aggregate concrete (Ridzuan et al., 2014). The geopolymer concrete prepared with 

the conventional aggregates at 8, 12, and 16 Molarity of NaOH resulted in the compressive 

strength of 40.0, 41.4, and 38.4 MPa respectively and with the recycled concrete aggregates 

found as 30.6, 38.4, and 34.8 MPa respectively and 12 Molarity concentration was found to 

be optimum. The gel formation depends on the alkali-hydroxide ion concentration (Herwani, 

2018). The weak chemical reaction with the low alkali hydroxide concentration in 

geopolymer concrete reduced the compressive strength (Nuaklong et al., 2016). The hydrated 

cement mortar overlayed on the recycled aggregates also modify the properties of concrete 

(Serina and Engelsen, 2018; Rao et al., 2011; Thomas et al., 2022). The presence of 

metakaolin in geopolymer concrete enhanced the compressive strength with the conventional 

aggregate as well as recycled aggregate (Nuaklong et al., 2016). Curing method also impact 

the compressive strength of the geopolymer concrete. Generally, steam curing and ambient 

curing methods are preferred. Among these two, the steam cured method showed best results 
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(Xie et al., 2019) for flyash based geopolymer concrete. It was reported that the hydrated gels 

of ground granulated blast-furnace slag (GGBS) increase the bond of the GGBS and fly ash 

matrix within the geopolymer concrete. The GGBS and water–binder ratio can influence the 

compressive strength of GRAC (Xie et al., 2019). The compressive strength of 

geopolymerized recycled aggregate concrete with the sodium silicate (SS) and sodium 

hydroxide (SH) ratio as 2, 2.5 and 3 is shown in Figure 2. 

 

  
Figure 2. Compressive Strength of Geopolymerized Recycled Aggregate Concrete  

(Koushkbaghi et al., 2019) 

 

From Figure 2, it was found that the mortar at the interface may affect the strength of 

aggregate and binder. As the quantity of recycled aggregate is increased, the compressive 

strength is found to be lowered (Koushkbaghi et al., 2019). Also, it is reported that high water-

binder ratio and the porosity reduces the strength. The activation process with GGBS and fly 

ash can be reduced when the alkali concentration is lowered (Xie et al., 2019). Geopolymer 

concrete with recycled aggregate (GRAC) exhibited excellent performance compared with 

the normal concrete and with the recycled aggregate concrete (Xie et al., 2019). 

 

Tensile Strength 
 

It was reported that the tensile strength of geopolymer concrete may be influenced by the 

recycled aggregate (Shaikh, 2016). Ordinary Portland cement containing 50% recycled 

aggregate concrete has marginal reduction in indirect tensile strength on 7 and 28 days 

(Shaikh et al., 2015). The geopolymer concrete with 12 M of NaOH gave the highest split 

tensile strength with crushed limestone as aggregate (Nuaklong et al., 2016). The strength 

properties of geopolymerized concrete are shown in Table 2. 

 

The tensile strength of the geopolymer concrete with recycled aggregate was reduced 

upto 37% than the natural aggregate geopolymer concrete (Nuaklong et al., 2018). An average 

of 25% reduction is observed in the flexural strength of geopolymer concrete with recycled 

aggregate than the geopolymer concrete with natural aggregate (Shi et al., 2012), due to the 

interface separation because of hydrated mortar on the recycled aggregate (Rao et al., 2011; 

Thomas et al., 2022). 
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Table 2. Strength Properties of Geopolymerized Concrete with Recycled Aggregate 

References Series Parameter 

Compressive 
Strength (MPa) 

Split Tensile 
Strength (MPa) 

Flexural 
Strength (MPa)  

7 days 28 days 7 days 28 days 7 days 

Shaikh 2016 

GPC 0 

RA content 

41.1 45.3 3.9 4.4 - 

GPC15 40.6 41.8 3.7 4.1 - 

GPC30 37.4 37.6 3.1 3.9 - 

GPC50 35.0 36.8 3 3.7 - 

Nuaklong et al. 
(2016) 

8M 

NH concentration 

30.6  2.9 - 4 

12M 38.4 - 4 - 5.3 

16M 34.8 - 3.9 - 4.6 

Nuaklong et al. 
(2018) 

0 MKC 

Metakaolin content 

32.9 - 2.7 - 3.6 

10 MKC 40.4 - 3.1 - 4.3 

20 MKC 45 - 3.5 - 6.1 

30 MKC 47.2 - 3.4 - 6 

Liu et al. (2016) 

GRAC-1 

w/b ratio 

- 27.15 - - - 

GRAC-2 - 25.51 - - - 

GRAC-3 - 18.04 - - - 

OPC-RAC - 25.68 - - - 

 

Flexural Strength 
 

From Table 2, the flexural strength of geopolymer recycled aggregate concrete with 12 

Molarity NaOH is found to be 5.3 MPa (Nuaklong et al., 2016) and with 20% Metakaoline 

geopolymer concrete, the flexural strength has been enhanced to 6.1 MPa and with fibers it 

enhances the strength further (Nuaklong et al., 2018; Meor Ahmad Faris, 2022). 

 

Elastic Modulus 
 

The structural parameters of geopolymerized concrete containing recycled concrete 

aggregate are presented in Table 3. The elastic modulus is reduced by 42% when 50 percent 

of conventional aggregate is replaced with recycled concrete aggregate. The modulus of 

elasticity is reduced as porosity and weak inter-transition zone of the recycled coarse 

aggregate led to microcracks in geopolymer concrete (Shaikh, 2016). 

 

From Table 3, the density and the elastic modulus of geopolymer recycled aggregate 

concrete, GRAC specimen is found lesser than the recycled aggregate concrete (Shi et al., 

2012). The elastic modulus of geopolymer recycled aggregate concrete has been improved 

with GGBS/fly ash ratios of 1:1 and 2:1, due to the interface bond between the geopolymer 

matrix and the aggregate matrix (Xie et al., 2018; Xie et al., 2019). 
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Table 3. Structural Properties of Geopolymerized Concrete with Recycled Aggregate 

References Series 
Elastic Modulus (GPa) Poisson’s 

ratio 
Density 
(kg/m3) 7 days 28 days 

Shaikh (2016) 

GPC0 23 24 - - 

GPC15 21 20 - - 

GPC30 17 15 - - 

GPC50 16 14 - - 

Liu et al. (2016) 

GRAC-1 - 14.13 0.25 2124.89 

GRAC-2 - 11.03 0.22 2099.09 

GRAC-3 - 1.86 0.17 2081.84 

OPC-RAC - 21.20 0.22 2082.74 

Shi et al. (2012) 

RC0 - 43.6 0.25 2536 

RC50 - 26.8 0.16 2444 

RC100 - 24.2 0.14 2353 

GRC0 - 37.7 0.22 2552 

GRC50 - 27.9 0.16 2451 

GRC100 - 21.0 0.15 2356 

Xie et al. (2019) 

S25-W0.5 12.3 - 0.21 - 

S25-W0.5 19.2 - 0.22 - 

S25-W0.5 23.1 - 0.23 - 

NC-W0.5 20.2 - 0.18 - 

RC-W0.5 15.6 - 0.17 - 

Nuaklong et al. (2016) (NH 
concentration as variable) 

8M - - - 2160 

12M - - - 2190 

16M - - - 2210 

Nuaklong et al. (2018) (Quantity 
of metakaolin as variable) 

0 MK-C - - - 2199 

10 MK-C - - - 2195 

20 MK-C - - - 2239 

30 MK-C - - - 2196 

 

Poisson’s Ratio 
 

The poisson's ratio enhanced with the fly ash and GGBS based geopolymer concrete with 

recycled aggregate (GRAC) and could be employed in construction (Liu et al., 2016; Xie et 

al., 2019). The Poisson’s ratio of the concrete with 50% and 100% of recycled aggregate 

concrete, decreased about 38% and 44% than the conventional concrete (Shi et al., 2012; Xie 

et al., 2019). From Table 3, the water–binder ratio influence the Poisson’s ratio. The poisson's 

ratio is reduced in the range of 12 to 23 percent as the w/b ratio increased in geopolymer 

concrete with recycled aggregate (GRAC) (Liu et al., 2016). 

 

Density 
 

The density of geopolymer concrete with recycled aggregate is found to be lower than 

that of conventional concrete with recycled aggregate concrete (Liu et al., 2016) as indicated 

in Table 3. Geopolymer concrete with crushed limestone as aggregate (GL) had density of 

about 2,390 kg/m3, similar to the density of conventional concrete (2,400 kg/m3), (Nuaklong 

et al., 2016).  The unit weight of geopolymer concrete with metakaoline, is reduced up to 30% 

than the conventional concrete (Nuaklong et al., 2018). The densities of the geopolymer 

98      Vidhya Kanakaraj and Clementz Edwardraj Freeda Christy 



 

concrete with the recycled aggregate concrete (GRAC) showed marginal reduction of about 

4% than the recycled aggregate concrete (RAC). 

 

Durability Properties 
 

Sorptivity 
 

Sorptivity of the geopolymer concrete with recycled aggregate has been increased, as the 

cracks and fissures in the recycled concrete aggregate absorb the transit water (Shaikh, 2016). 

The adhered mortar of the masonry products on the recycled aggregate surface, increased the 

water absorption rate and made the concrete porous (Shaikh, 2016). 15% increase of recycled 

aggregate in concrete have better water uptake capability. The long-term performance of the 

geoplymerized concrete with recycled aggregate is discussed in Table 4. 

 
Table 4. Durability Properties of Geopolymerized Concrete with Recycled Aggregate 

References Series 

Sorptivity 
(mm/s^0.5) 

Absorption 
(%) 

Volume of permeable 
voids (%) 

28 days 28 days 28 days 

Shaikh (2016) 

GPC0 0.026 4.9 11.3 

GPC15 0.023 4.8 11.8 

GPC30 0.028 5.6 13.7 

GPC50 0.033 5.9 14.3 

 
 
 
Nuaklong et al. 
(2018) 

0 MK-L 38.2 x 10-3 - - 

10 MK-L 9.6 x 10-3 - - 

20 MK-L 8.4 x 10-3 - - 

30 MK-L 7.7 x 10-3 - - 

0 MK-C 67.8 x 10-3 10.31 - 

10 MK-C 19.4 x 10-3  5.31  - 

20 MK-C 10.6 x 10-3 4.63  - 

30 MK-C 10.0 x 10-3 4.58 - 

 

The geopolymer concrete with recycled aggregate concrete (GRCA) always have good 

water intake behaviour (Nuaklong et al., 2016). The sorptivity is reduced with the metakaolin 

content, as the fine powdered metakaolin particles penetrate the existing cracks and voids, 

and strengthen the inter-transition zone of the recycled aggregate (Nuaklong et al., 2018). 

 

Water Absorption 
 

The water absorption rate is increased about 32% with 50% of the recycled aggregate 

concrete contents (Nuaklong et al., 2016; Shaikh, 2016). The density and porosity matrix of 

the geopolymer concrete with recycled aggregate concrete absorbed more water (Nuaklong 

et al., 2018) than the lime concrete as indicated in Figure 3. 
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Figure 3. Water Absorption of Geopolymer Concrete with Metakaolin (Nuaklong et al., 2018) 

 

The water absorption of geopolymer concrete with lime aggregate and recycled aggregate 

decreased with 8M, 12M and 16 Molarity of sodium hydroxide concentration as indicated in 

Figure 4. 

 

 
Figure 4. Water Absorption of Geopolymer Concrete, Nuaklong et al. (2016) 

 

The volume of voids may also influence the water uptake behaviour. The water intake 

behaviour of geopolymer concrete with recycled aggregate (0%, 10%, 20%, 30%) reduced up 

to 23% than the geopolymer concrete with limestone (Koushkbaghi et al., 2019). The water 

transport properties were reduced with the enhancement of metakaolin quantity (Nuaklong et 

al., 2018). 

 

Permeable Voids 
 

Geopolymer concrete with 50% recycled aggregate concrete under steam cured has 

increased the volume of permeable voids by 22% (Shaikh, 2016) than conventional concrete.  

It was also reported that the geopolymer mixed with recycled concrete have better pore 

volume than the geopolymer concrete with limestone (Nuaklong et al., 2016).  Generally, the 

recycled aggregate with mortar on its surface result in higher porosity than the limestone 

aggregate. 
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Chloride Ion Penetration 
 

The geopolymer concrete with 10%, 20% and 30% of recycled concrete aggregate under 

steam cured is prone to the ion’s infiltration (Shaikh, 2016) and the chloride ion penetration 

depth increased by 67%, 90% and 129% than that of an ordinary portland cement concrete as 

indicated in Figure 5. 

 

 
Figure 5. Electrical Resistivity of Geopolymer Concrete with Recycled Aggregate 

(as per ACI-222) Koushkbaghi et al. (2019) 

 

Also, geopolymer with recycled concrete had higher chloride ion penetration compared 

with geopolymer concrete with limestone (Nuaklong et al., 2016). The movement of Cl- ions 

found to be higher in the geopolymer recycled aggregate concrete (GRAC) because of the 

adhered mortar and the masonry content on the surface of the recycled aggregate (Nuaklong 

et al., 2018; Koushkbaghi et al., 2019). But the geocrete had higher chloride resistance as it 

has less pores and it also influence the long-term strength (Mugahed Amran et al., 2021). 

 

Carbon Footprint 
 
Carbon footprint is obtained across the supply chain, their environmental impact, their 

benefits and their wastes (Jerome Ignatius et al., 2022). Geopolymer concrete is a cement-

less concrete and reduces 80% carbon footprint than the conventional Portland cement 

concrete (Akbari et al., 2013) as it reduces the cement production. In geopolymer concrete, 

one of the raw materials is obtained from the waste combustion (i.e.) flyash, rice husk ash, 

furnace slag etc., with 17% lesser CO2 equivalent emissions than the conventional concrete 

(Kelly Cristiane, 2019). Hence, the geopolymer concrete with recycled aggregate concrete 

reduces the carbon footprint and minimizes the environmental pollution. 

 

CONCLUSION AND RECOMMENDATION 
 

From the published data, the geopolymer concrete with recycled aggregate (GRAC) is a 

better and booming option in construction industry. The geopolymer based concrete reduces 

80% carbon footprint into the environment than the cement concrete production. The fly ash 

and GGBS based geopolymerized concrete can enhance the strength properties of geopolymer 

concrete with recycled aggregate. 12 M NaOH concentration can yield better compressive 

strength for geopolymer concrete. The durability property of geopolymer concrete can be 

improved with the presence of required amount of metakaolin. Porosity and Cl- penetration 

can also be controlled with the recycled aggregate content in geopolymer concrete. Further 
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investigations are required on additives especially nanocomposite materials that may enhance 

the mechanical and durability characteristics of geopolymer recycled aggregate concrete. 
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Abstract 
Along with the rapid emerging technology and research diversification, especially on the 
building performance simulation program, there are various programs that have been 
introduced by program developers, researchers and academicians in ensuring data accuracy. 
Correspondingly, the Integrated Environmental Solutions-Virtual Environment (IES-VE) is one 
of the simulation programs that is usually being used for a building performance simulation 
study. However, the IES-VE performance on data accuracy has often been debated and has 
been compared to other engineering simulation programs. Therefore, the objective of this study 
is to verify IES-VE reading accuracy by comparing on-site physical measurements with IES-
VE simulation result using a naturally ventilated Royal Malaysia Police (RMP) lockup cell with 
an area of 9.0 m2 as the case study room. Using the air temperature, mean radiation 
temperature, and relative humidity as the thermal comfort factors and the operative 
temperature as a thermal comfort index, three sets of Delta Ohm HD32.3 WBGT-PMV (internal 
parameters) and one set of Seven Elements Integrated Weather Sensor WTS700 (external 
parameters) had also been used as measurement instruments. The results show that the range 
of percentage differences between physical measurement and the simulation is from -11.39% 
to 8.67%), which support the previous studies on IES-VE data accuracy percentage difference 
which is below 20% and the simulated data that are considered as accurate and valid for 
thermal performance for the targeted building. 
 
Keywords: IES-VE; Simulation; Thermal Performance; RMP Lockup. 

 

INTRODUCTION 

 

Building performance simulation programs are often used by researchers as an alternative 

in validating reading data that have been obtained from field studies (Leng et al., 2012), 

evaluating the performance of thermal comfort (Nur ’aini, 2017), energy consumption rates 

and building performance (Cho et al., 2012; Nguyen et al., 2014), they are also an initiative 

towards energy efficient, cost effective, and sustainable building design (Ji et al., 2009). Since 

the 1960s, building performance simulation programs have been developed to analyse 

building energy consumption and are further extended to assess the dynamic thermal 

behaviour of buildings from brief use to complex levels (Ahmad & Szokolay, 1994). The use 

of the simulation program was also detected around the same year by the United States of 

America (USA) government who had been involved in a collapsed shelter project through the 

assessment of the thermal environment (Attia et al., 2009). Crawley et al. (2008) has stated 

that over the past 50 years, hundreds of building energy simulation programs have been 

developed, improved and used as indicators of building performance including its energy 

consumption and demand, temperature and humidity measurements as well as costs. 
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Building performance simulation programs are also used to determine passive systems 

performance of buildings with natural and hybrid ventilation as well as in optimising 

operating time in producing innovative and sustainable building designs (Ji et al., 2009). Apart 

from evaluating and analysing the performance of energy consumption, simulation programs 

are also used by researchers in evaluating the performance of daytime lighting and natural 

ventilation based on the variety of building light well designs (Ahadi et al., 2018). In recent 

years, the building performance simulation program has achieved a high level of maturity 

through the production of various programs and models that can assess building performance 

diversity (Attia et al., 2012). Overall, the simulation program is very important to the 

designers, especially to the architects, in helping to provide some alternative steps towards 

solving design problems in order to maximise the performance of the building. 

 

The selected case study lockup for this validation process is one of the RMP lockup cells 

that have been identified to have poor ventilation system and an insufficient opening size 

which cause thermal discomfort to the detainees such as hot indoor environmental conditions 

(Abd. Razak et al., 2020; SUHAKAM, 2016). The study is purposely conducted on the RMP 

lockup cell since very few studies are related to thermal comfort and natural ventilation and 

are rarely conducted on this type of building or equivalent. 

 

LITERATURE REVIEW 

 

Constraints on the Existing Building Performance Simulation Programs 
 

The development of computer technology and the world of research on the construction 

industry has triggered the invention of simulation programs that suit the needs of research 

irrespective of the field of study, professional background, expertise and industry. Rapid 

changes in technology and the increasing needs have caused the evolution of Building 

Performance Simulation (BPS) such as ECOTECT, EnergyPlus, IES-VE, TRNSYS, ANSYS 

and many more which are being used for data validation. 

 

Although various improvements to the existing building performance simulation 

programs on the market have been made by program developers, researchers, professionals 

and the academia, there are still unresolved constraints. For example, there is still no ready-

to-use simulation programs for the architects to analyse buildings and comfort performance 

in hot climate environments. The inability of some programs to support and assist the design 

process at an early stage is also among the constraints that have been identified (Attia et al., 

2012). 

 

According to Anand et al. (2017), 132 building performance simulation programs have 

been listed by the U.S. Department of Energy (US DOE) website and of that number, only 

about 42 programs can be used for energy simulations on buildings. According to Attia et al. 

(2012) most simulation programs in the current market are not user friendly, not 

comprehensive and produce inaccurate thermal comfort results based on the design 

environment and potential, with a passive or active approach that is  to be used by architects 

in the early stages of design. She has also added that out of the 392 BPS that are listed on the 

DOE website in 2011, less than 40 programs have been developed for the architects use in the 

early stage of design. 
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Integrated Environmental Solution-Virtual Environment (IES-VE) 
 

An online survey by Attia et al. (2009) has been conducted and participated by 249 

respondents to understand the difference of 10 major simulation programs that are available 

in the market, such as ECOTECT, HEED, Energy 10, Design Builder, eQUEST, DOE-2, 

Green Building Studio, IES VE, Energy Plus and Energy Plus-SketchUp Plugin 

(OpenStudio). The purpose is to identify an appropriate program that is to be used by 

architects from an architectural point of view in analysing the building performance from the 

early stage of a building design. This is because most of the existing programs do not meet an 

Architectural requirement, working methods, complexity, and they are cumbersome and 

difficult to operate even with simple tools. The analysis was made based on two main aspects 

that are often prioritised by architects in the selection of simulation programs. Firstly, 

usability and information management, and secondly integration of intelligent design that is 

knowledge based. Apart from these two aspects, the handling of building modelling, the 

accuracy of the program and the ability to perform complex and detailed simulations of 

building components are also highly prioritised by architects. Based on the survey by Attia et 

al. (2009), three main programs are identified to be the suitable choices for architects use, 

especially for building simulation. They are IES-VE (85%), followed by HEED (82%) and 

eQuest (77%). The IES-VE was rated based on its user-friendly graphics and template-driven 

approach which are comprehensive and beneficial compared to the other programs which 

usually use text as the outcome. The IES-VE is also certified by Attia et al. (2009) as an easy 

program to operate and very helpful in supporting analytical advances towards thermal 

performance simulations which in producing rapid results for the initial design stage and 

detailed analysis for the later stage. 

 

The above statements are also supported by Leng et al. (2012) through simulations of 

studies conducted using the IES-VE program to see the accuracy of the program through 

comparison with data recorded from field studies. In this study, test room was used for 

physical measurements with the HOBOware U-1 instrument to measure the air temperature 

and relative humidity of the room. The results of this field study were then verified with air 

temperature and relative humidity readings analysed through IES-VE simulations. The 

comparison between the field study results and simulation showed a very small difference 

which ranged from 6.99% to 13.62% for air temperature and 0.002% to 14.90% for relative 

humidity. Based on the previous study that has been conducted by Maamari et al. (2006), the 

differences between the field measurement and simulation that range from 10% to 20% is 

acceptable which indirectly indicate that the IES-VE usage is reliable. The study shows that 

the IES-VE is among the programs that have high accuracy, flexibility and is valid for the 

simulation of building thermal performance. 

 

In addition, according to Zaki et al. (2012), various justifications have been expressed by 

previous researchers regarding the ability of the IES-VE program in the implementation of 

simulations on building performance as an internationally verified program for the purpose 

of thermal and visual comfort simulation. Notably, equip with a database designed based on 

ASHRAE Mohammadi et al. (2010) assist designers especially architects in solving 

environmental problems and building criteria through the variety of applications that have 

been offered by Leng et al. (2012), simulation capabilities of airflow and heat transfer 

Almhafdy et al. (2015), capable of predicting accurate results Ibiyeye et al. (2015) and provide 

an environmental environment in a detailed design evaluation of a building for the purpose of 
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optimising comfort and energy consumption criteria Lau et al. (2016). IES-VE is also capable 

of producing air temperature, mean radiant temperature and relative humidity readings results 

through ApacheSim application which is very much in line with this study where the results 

are much needed in comfortable temperature setting based on previously selected equations 

(IES-VE, 2020). 

 

The Integrated Environmental Solutions-Virtual Environment (IES-VE) is known as one 

of the recommended programs for building performance simulation study. A lot of previous 

studies have shown that the IES-VE simulation results are acceptable if the percentage 

differences between the field measurement and simulation results are within 0% to 20%. This 

statement has also been supported by experts in previous studies namely by Leng et al. (2012) 

and Qays Oleiwi et al. (2019), that have been conducted in the hot and humid climate of 

Malaysia. The first study is more focused on the study of software validation for one room 

using air temperature and relative humidity only, while the second study is more on validation 

for three rooms using three thermal comfort parameters which are air temperature, mean 

radiant temperature and relative humidity. Hence, the current study has been conducted on a 

naturally ventilated RMP lockup cell as the targeted room in order to be more comprehensive 

and to support the expert’s agreement on the IES-VE data accuracy by comparing on-site 

physical measurements with IES-VE simulation result using four parameters, i.e., air 

temperature, mean radiation temperature, relative humidity as the thermal comfort factors, 

and the operative temperature as a thermal comfort index. Also, three sets of Delta Ohm 

HD32.3 WBGT-PMV (internal parameters) and one set of Seven Elements Integrated 

Weather Sensor WTS700 (external parameters) have been used as a measurement instrument 

based on the Class 1 field measurement protocol which has never been implemented by any 

previous studies. 

 

METHODOLOGY 
 

To achieve the objectives of this study, two procedures have been set, they are the field 

measurement and the building performance simulation, using the IES-VE software. The 

results from these two procedures were then compared to see the effectiveness of the IES-VE. 

 

Case Study Room (RMP Lockup Cell) 
 

Figure 1 shows the selected lockup, which is located in Alor Gajah District Police 

Headquarters, Malacca (2°38′00″ N 102°21′00″ E). 

 

With an area of 9.0 m2 (3.0 m (W) x 3.0 m (L) x 4.2 m (H)) as shown in Figure 2, the 

lockup cell has been constructed to accommodate one to three detainees at a time. The lockup 

cell is on the ground floor of a two-storey building and is equipped with a window opening 

of 0.6 m (W) x 0.6 m (H) facing south, which is parallel to the direction of the surrounding 

wind. The design of the existing window is in iron grilles which is conform with the design 

standards for a lockup cell, as shown in Figure 3a. However, the existing window only offers 

a 4% ventilation opening which is insufficient as stipulated by the Law of Malaysia (Act 133) 

(Uniform Building By Law 1986 (Ammendment 2012), 2012) the minimum ventilation 

opening should be from 10% to 15% of the floor area. 
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Figure 1. Case Study Room Location (RMP Lockup Cell) 

 

 
Figure 2. Case Study Room Details: (a) Location; (b) Floor Plan; (c) Isometric 

 

 
Figure 3. Case Study Lockup Condition: (a) Existing Window; (b) Bed and Toilet 
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The lockup cell consists of a bed and a toilet as shown in Figure 3b. In general, the 

external walls are constructed using reinforced concrete with weatherproof paint finishing. 

While the internal lockup cell walls are constructed using industrialised building system 

concrete panel with emulsion paint finishing. The floor is made from reinforced concrete with 

floor hardener finishing while the ceiling is painted with emulsion paint. The finishing that is 

used for the toilet walls and floor is epoxy paint. For the bed area, the building material is 

reinforced concrete at 150 mm heights, complete with tongue and groove plank finishes. The 

bed and toilet are separated by a 1200 mm height partition wall to provide a bit of privacy to 

the detainees. 

 

Field Measurement Procedure 
 

Based on the Class 1 field measurement protocol, three sets of Delta Ohm HD32.3 

WBGT-PMV (internal parameters) with different height above the floor level (Abd. Razak et 

al., 2020; Maarof, 2014) and one set of Seven Elements Integrated Weather Sensor WTS700 

(external parameters) which comply with ISO 7726 requirement (ASHRAE 55, 2017) were 

used as a measurement instrument. The three Delta Ohm instruments were placed in the 

middle of the lockup cells bed with a height of 0.6 m above the floor for D1, 1.1 m above the 

floor for D2 and 3.2 m above the floor for D3, as shown in Figure 4. D3 was placed at a 

position 1.0 m inward from the centre of the existing window. The data that were obtained 

from these three Delta Ohm were analysed using DeltaLog10 software. For W700, the 

location of the instrument was in the open area outside the building without wind flow 

obstruction with a height of 1.8 m above the ground. It was used to record readings of the 

external environment of the study area. The data obtained from the W700 were then be 

analysed using DLG Master software. All instruments used in this field measurement have 

been calibrated in advance to obtain accurate and precise data. 

 

 
Figure 4. Position of Physical Measuring Instruments: (a) Internal Instrument Position (Schematic 
Floor Plan); (b) Delta Ohm HD32.3 WBGT-PMV; (c) Seven Elements Integrated Weather Sensor 

WTS700 
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Simulation Procedure 
 

The simulation procedure started with the development of a case study room model using 

Sketchup Pro 2018 software. The case study room labelling was set in Sketchup Pro 2018 

software with the Confinement Cells Police Station. The completed model was then exported 

into the IES-VE [ModelIT] program for the purpose of setting up the orientation of the case 

study room. The location of the case study room was then made in the IES-VE [ApLocate] 

program. The Design Weather Data set was based on Malaysia Standard (MS 1525:2014, 

2014) with a temperature of 33.3 °C for dry bulb temperature and 27.2 °C for wet bulb 

temperature. Determination of the model case study room building materials and simulation 

duration was made through the Building Template Manager IES-VE [ModelIT and Apache] 

just like the actual lockup cell, as shown in Figure 5 and Table 1. Since the selected case study 

room was using natural ventilation with open ventilation at all times, the window openings 

were fixed using IES-VE [MacroFlo] as per actual condition. The whole model was then 

simulated using IES-VE [ApacheSim] to obtain the required reading data such as air 

temperature (Ta), relative humidity (RH), mean radiant temperature (Tr) and operative 

temperature (To) from IES-VE [VistPro]. 

 

 
Figure 5. IES-VE Assign Construction Process 

 
Table 1. Assign Project Construction 

Category Construction Thickness 
(mm) 

U-Value 
(W/m2-K) 

External wall Reinforced concrete c/w cement plaster and rendering 150 3.8322 

Internal partition Cast concrete (IBS) c/w cement plaster 150 2.6071 

Exposed floor Reinforced concrete c/w screed 150 3.5853 

Internal ceiling Reinforced concrete c/w cement plaster and screed 150 2.9861 

Door and internal grille panel Iron grille 20 6.6625 

Window Iron grille c/w expanded metal 25 6.6620 

Bed Reinforced concrete c/w gravel and hard wood on top 
(tongue and groove) 

150 1.9964 
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Research Limitation 
 

The case study room selected for the purpose of this study was a lockup cell with natural 

ventilation. Although there were wall fans and exhaust fans in some lockup cell areas, they 

were turned off throughout the study period. The lockup cell was also left empty without 

detainees in order to obtain a default reading. The field measurement was carried out in five 

days, 24 hours a day starting from 27th. July to 1st. August 2020 where during this period, 

Malaysia experienced high average daily temperature from 31.2 °C to 33.2 °C due to monsoon 

changes (Jabatan Meteorologi Malaysia, 2020; World Meteorological Organisation, 2020). 

One hour a day was allocated for data collection measurement and instrument reset. During 

this period, three thermal comfort factors including air temperature (Ta), relative humidity 

(RH) and mean radiant temperature (Tr) and a thermal comfort index of operative temperature 

(To) were measured and analysed. All settings implemented on the field measurements were 

also set in the IES-VE program as close as possible to obtain accurate variance data. However, 

for weather data setting, Kuala Lumpur has been chosen as the location since there are no 

weather data for Malacca that is available in the IES-VE, and Kuala Lumpur is the nearest 

equivalent. The log interval that has been set for each data reading for the field measurement 

and simulation is 10 minutes. 

 

RESULTS AND DISCUSSION 
 

The data reading results that were obtained from the field measurement and IES-VE 

simulation were analysed and compared to see the percentage differences in accuracy and 

precision. Equation (1) was used as recommended by Leng et al. (2012) and Qays Oleiwi et 

al. (2019) in order to calculate the reading results. 

 

𝑃𝐷 =  [(𝑆𝑀 − 𝐹𝑀) / 𝐹𝑀] 𝑥 100         (1) 

 

Where 

 

PD = Percentage different 

SM = Simulation measurement 

FM = Field measurement 

 

Maamari et al. (2006) in their previous studies had recommended that the adopted 

percentage difference between the field measurement and simulation program to be from 10% 

to 20%. This statement has also been supported through a validation study of the difference 

in accuracy between the field measurement and simulation programs that have been 

implemented by Leng et al. (2012) with the obtained percentage of difference from 0% to 

15% for the studies involving air temperature and relative humidity, while Qays Oleiwi et al. 

(2019) have obtained a percentage from 0% to 20% for the studies involving air temperature, 

relative humidity and mean radiant temperature. For this study, the benchmarks that were 

recommended by all the three studies were used by setting the maximum accuracy difference 

between the field measurement and IES-VE simulation program, with not more than or equal 

to 20% in order to ensure the suitability and reliability of the IES-VE software for this study 

and in the future. 
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Figure 6 and Table 2 show the comparison of average air temperature differences between 

the field measurement and simulation for a five-day duration. The average air temperature 

readings that were recorded during the five days of field measurements for instruments D1-

D3 ranged from 27.97 °C to 28.19 °C, while the readings produced by the IES-VE simulations 

over the same period were 28.77 °C. The percentage differences that were recorded for the 

average air temperature between the field measurements and simulations ranged from 2.06% 

to 2.86%. The readings for the maximum air temperature that were recorded for the field 

measurements were from 28.35 °C to 28.53 °C, while the readings produced from the IES-

VE simulations were 29.74 °C. The percentage differences that were recorded for the 

maximum air temperature between field measurements and simulations ranged from 4.24% 

to 4.90%. For the minimum air temperature readings, the that were readings recorded from 

the field measurements were from 27.59 °C to 27.85 °C, while the readings produced from 

the IES-VE simulations were 27.73 °C. The percentage difference that was produced for the 

minimum air temperature was from -0.43% to 0.51%. The range of percentage differences 

that was recorded for air temperatures was below 20% and thus considered reliable and 

acceptable as recommended by previous studies and established benchmarks. 

 

 
Figure 6. Comparison of Average Air Temperature Between Field Measurement (D1-D3) and IES-VE 

Simulation 

 
Table 2. Comparison of Average Percentage Differences of Air Temperature Between Field 

Measurement and IES-VE Simulation for Five Days 

 Instrument 
Delta Ohm 

(F0ield Measurement) 
(°C) 

Simulation 
IES-VE 

(°C) 

Percentage Differences 
(%) 

D1 D2 D3 W700 D1 D2 D3 

Average 28.19 27.97 28.05 26.02 28.77 2.06% 2.86% 2.57% 

Maximum 28.53 28.40 28.35 30.70 29.74 4.24% 4.72% 4.90% 

Minimum 27.85 27.60 27.59 23.44 27.73 -0.43% 0.47% 0.51% 

D = Delta Ohm HD32.3 WBGT-PMV; W700 = Seven Elements Integrated Weather Sensor WTS700 
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Figure 7 and Table 3 show the comparison of average relative humidity differences 

between the field measurement and simulation for a five-day duration. The average relative 

humidity readings that were recorded during the five days of field measurements for 

instruments D1-D3 ranged from 79.05% to 82.57%, while the readings produced by the IES-

VE simulations over the same period were 74.21%. The percentage differences that were 

recorded for the average air temperature between field measurements and simulations ranged 

from -10.12% to -6.12%. The readings for the maximum relative humidity that were recorded 

for field measurements were between 81.78% to 87.56%, while the readings produced from 

the IES-VE simulations were 77.59%. The percentage differences recorded for the maximum 

air temperature between the field measurements and simulations ranged from -11.39% to -

5.12%. For the minimum relative humidity readings, the readings that were recorded from the 

field measurements were from 75.90% to 77.44%, while the readings produced from the IES-

VE simulations were 69.86%. The percentage difference that was produced for the minimum 

air temperature was from -11.39% to -5.12%. The negative readings might be influenced by 

the window opening which then caused bad internal air circulation. However, the readings 

were acceptable if they were below 20% as recommended by previous studies and established 

benchmarks. 

 

 
Figure 7. Comparison of Average Relative Humidity Between Field Measurement (D1-D3) and IES-

VE Simulation 

 
Table 3. Comparison of Average Percentage Differences of Relative Humidity Between Field 

Measurement and IES-VE Simulation for Five Days 

 Instrument 
Delta Ohm 

(Field Measurement) 
(%) 

Simulation 
IES-VE 

(%) 

Percentage Differences 
(%) 

D1 D2 D3 W700 D1 D2 D3 

Average 79.05 82.57 80.27 88.44 74.21 -6.12% -10.12% -7.55% 

Maximum 81.78 87.56 83.25 98.42 77.59 -5.12% -11.39% -6.80% 

Minimum 75.90 77.44 77.15 69.52 69.86 -7.96% -9.79% -9.45% 

D = Delta Ohm HD32.3 WBGT-PMV; W700 = Seven Elements Integrated Weather Sensor WTS700 
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Figure 8 and Table 4 show the comparison of average mean radiant temperature 

differences between the field measurement and simulation for a five-day duration. The 

average means radiant temperature readings that were recorded during the five days of field 

measurements for instruments D1-D3 ranged from 27.58 °C to 27.75 °C, while the readings 

produced by the IES-VE simulations over the same period were 28.80 °C. The percentage 

differences that were recorded for the average mean radiant temperature between the field 

measurements and simulations ranged from 3.78% to 4.42%. The readings for the maximum 

mean radiant temperature that were recorded for the field measurements were from 27.87 °C 

to 28.08 °C, while the readings produced from the IES-VE simulations were 29.68 °C. The 

percentage differences that were recorded for the maximum mean radiant temperature 

between the field measurements and simulations ranged from 5.70% to 6.49%. As for the 

minimum mean radiant temperature readings, the readings that were recorded from the field 

measurements were from 27.21 °C to 27.42 °C, while the readings produced from the IES-

VE simulations were 27.81 °C. The percentage difference that was produced for the minimum 

mean radiant temperature was from -1.42% to 2.21%. The range of percentage differences 

that was recorded for the mean radiant temperatures was from 1.42% to 6.49% which was 

below 20%, and thus considered reliable and acceptable as recommended by previous studies 

and established benchmarks. 

 

 
Figure 8. Comparison of Average Mean Radiant Temperature Between Field Measurement (D1-D3) 

and IES-VE Simulation 

 
Table 4. Comparison of Average Percentage Differences of Mean Radiant Temperature Between 

Field Measurement and IES-VE Simulation for Five Days 

 Instrument 
Delta Ohm 

(F0ield Measurement) 
(°C) 

Simulation 
IES-VE 

(°C) 

Percentage Differences 
(%) 

D1 D2 D3 D1 D2 D3 

Average 27.63 27.75 27.58 28.80 4.23% 3.78% 4.42% 

Maximum 27.87 28.08 27.91 29.68 6.49% 5.70% 6.34% 

Minimum 27.27 27.42 27.21 27.81 1.98% 1.42% 2.21% 

D = Delta Ohm HD32.3 WBGT-PMV 
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Figure 9 and Table 5 show the comparison of average operative temperature differences 

between the field measurement and simulation for a five-day duration. The average operative 

temperature readings that were recorded during the five days of field measurements for 

instruments D1-D3 ranged from 27.82 °C to 27.91 °C, while the readings produced by the 

IES-VE simulations over the same period were 28.69 °C. The percentage differences that 

were recorded for the average operative temperature between the field measurements and 

simulations ranged from 2.79% to 3.13%. The readings for the maximum operative 

temperature recorded for the field measurements were from 28.13 °C to 28.24 °C, while the 

readings produced from the IES-VE simulations were 30.57 °C. The percentage differences 

that were recorded for the maximum operative temperature between the field measurements 

and simulations ranged from 8.25% to 8.67%. For the minimum operative temperature 

readings, the readings that were recorded from the field measurements were from 27.40 °C to 

27.56 °C, while the readings produced from the IES-VE simulations were 27.00°C. The 

percentage difference that was produced for the minimum air temperature was from -2.03% 

to -1.46%. The range of percentage differences that were recorded for operative temperatures 

was from -2.03% to 8.67% which was below 20%, and thus considered reliable and acceptable 

as recommended by previous studies and established benchmarks. 

 

 
Figure 9. Comparison of Average Operative Temperature Between Field Measurement (D1-D3) and 

IES-VE Simulation 

 
Table 5. Comparison of Average Percentage Differences of Operative Temperature Between Field 

Measurement and IES-VE Simulation for Five Days 

 Instrument 
Delta Ohm 

(F0ield Measurement) 
(°C) 

Simulation 
IES-VE 

(°C) 

Percentage Differences 
(%) 

D1 D2 D3 D1 D2 D3 

Average 27.91 27.86 27.82 28.69 2.79% 2.98% 3.13% 

Maximum 28.20 28.24 28.13 30.57 8.40% 8.25% 8.67% 

Minimum 27.56 27.51 27.40 27.00 -2.03% -1.85% -1.46% 

D = Delta Ohm HD32.3 WBGT-PMV 
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Based on the results, the range of percentage differences between the field measurement 

and IES-VE simulation is from -11.39% to 8.67%. This is within the previous data accuracy, 

which is below 20%. In other words, the IES-VE is reliable, accurate and is valid to be used 

as the physical measurement replacement for building performance simulation. Moreover, the 

result is supported by previous studies, i.e., Leng et al. (2012), Maamari et al. (2006) and 

Qays Oleiwi et al. (2019). 

 

CONCLUSION 
 

The accuracy investigation that has been carried out on the IES-VE simulation program 

in accordance with the building performance, namely, for the thermal comfort performance 

is very important in ensuring that the program can be used in future studies. The accuracy 

investigation has been conducted on three thermal comfort factors which are air temperature 

(Ta), relative humidity (RH) and mean radiant temperature (Tr), where a thermal comfort 

index of operative temperature (To) is one of the alternative steps in the IES-VE program 

validation process for future research. The results show that: 

 

• The difference of field measurement and IES-VE simulation is small (-11.39% to 

8.67%) and is within the acceptable range which is below 20%. 

• IES-VE simulation is acceptable and is able to perform effectively for simulating 

building performance (thermal comfort) of air temperature, relative humidity, mean 

radiant temperature and operative temperature based on the above statement. 
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