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Abstract 

Countries that are still developing experience significant disparities in access to railway services, as these nations also 

grapple with societal inequality issues that remain unaddressed. In developed countries, railway transportation systems 

serve as the primary mode of transportation for both passengers and goods. However, in recent years, studies on disparities 

in developed countries have increased, while literature concerning developing countries remains scarce. Therefore, this 

study takes place in Thailand, a developing country facing significant population disparities. The objective is to examine 

factors contributing to these disparities in access to railway transportation systems across cities, using Exploratory Factor 

Analysis (EFA) and Confirmatory Factor Analysis (CFA) to identify user disparities. The sample group comprises 1,252 

randomly selected railway users from various regions in Thailand, obtained through Stratified Random Sampling. The 

results reveal seven dimensions of disparities: cultural, spatial, societal, political, knowledge-based, economic, and 

environmental. The CFA results also highlight cultural disparities as a significant factor in explaining access disparities 

among railway users. These findings can inform relevant organizations, aiding them in better understanding the actual 

needs of railway users and aligning railway development plans accordingly. Ultimately, this contributes to policy 

development aimed at reducing access disparities and fostering a more equitable society. 

Keywords: Railway Disparity Factors; Railway Accessibility; Exploratory Factor Analysis; Confirmatory Factor Analysis. 

1. Introduction 

The transportation system is a key component in driving the tourism and travel industry of a nation, especially the 

railway transportation system, which is considered a safe, cost–effective, convenient, and punctual mode of 

transportation [1]. When compared to other transportation systems, rail travel is widely popular in many countries. For 

instance, developed countries like Japan and Germany have strongly supported rail transportation as a primary intercity 

mode of travel [2-4]. Furthermore, railway transportation is also regarded as a sustainable mode of transport [5, 6]. 
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However, access to railway services remains a significant issue, especially in developing countries. According to the CS 

Global Wealth Report 2018, Thailand, as a developing country, has the third highest inequality in the world and is the 

country that suffers from the greatest population inequality problem in the world [7]. The most significant challenge of 

inequality in Thailand is the need to manage the public transportation services, including railways, that meet the needs 

of the population across the country. 

The current inequality situation in Thailand is related to the accessibility of train services. According to the latest 

statistics on intercity trains, Thailand has train stations in only 47 out of the country's 77 provinces, covering 61.04 

percent. This information is based on the most recent data on railway networks, as shown in Figure 1 [8]. This means 

that there are still 30 provinces without railroads passing through them. Even in provinces with railroads, not every 

district is covered. Thailand has a total of 928 districts [9], but there are only 442 railway stations [10], covering just 

48% of all districts. This lack of coverage leads to inequality in access to train services among various population groups. 

Access to train services is a fundamental factor in daily life, and expanding access to railway stations can provide nearby 

residents and those with travel needs more suitable transportation options. Wang et al. [11] have pointed out that building 

a railway network can help address population inequalities.  

 

Figure 1. Railway Routes in Thailand 

Furthermore, Exploratory Factor Analysis (EFA) and Confirmatory Factor Analysis (CFA) have also been applied 

extensively in analyzing the development of railway transportation systems. There are numerous studies that have 

attempted to explore factors influencing railway service usage in various dimensions. Examples include factors affecting 

the quality of railway services [12-14], factors influencing passenger satisfaction with railway services [15, 16], factors 
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affecting railway employees' job performance [17], factors influencing perceptions of railway safety [18, 19], and factors 

related to weather conditions affecting railway safety [19]. Although previous studies have examined the development 

of Thailand's rail transportation system, they have primarily focused on enhancing the quality of train services and 

identifying factors influencing service quality [20], as well as evaluating spatial inequality solely for analyzing 

accessibility to train stations [21]. However, there is currently a dearth of research on factors impacting inequality in 

people's utilization of train services across all dimensions. Inequality assessment can encompass various factors, 

including cultural, spatial, social, political, knowledge, economic, and environmental dimensions [22]. Therefore, this 

study aims to fill this gap by comprehensively examining all factors contributing to inequality among train users in a 

developing country context. By including all relevant dimensions, the study seeks to effectively address the issue of 

inequality in the railway transportation system. 

In addition, in developed countries, there have been numerous studies attempting to examine factors contributing to 

inequality in various dimensions. For instance, in the United States, there has been a study investigating cultural sources 

of racial inequality, particularly inequality between whites and blacks. This study focused on two dimensions of 

explanation, or attribution: internal (regarding shortcomings in black motivation and capability); and external (regarding 

the socioeconomic context), using survey experiments. The results indicated the need to change public perceptions and 

beliefs regarding racial inequality [23]. Furthermore, studies have been conducted on inequality in accessing public 

transportation services and land use in the Washington, D.C. metropolitan area. This research emphasized analyzing 

social and spatial factors, proposing a framework that disaggregates mobility and access components to identify areas 

potentially affected by inadequate transportation services and limited job opportunities. The findings of this study serve 

as crucial data for developing regional mass transportation system plans [24]. Similarly, in France, there has been a 

study examining regional disparities in railway transportation investment to assess regional balance in railway line 

planning and financial models. The results of this study led to an analysis of data from the Ministry of Infrastructure 

Budgets to monitor the development of regional inequality in terms of public sector expenditure [25]. Moreover, in Italy, 

a study explored the impact of high-speed railways (HSR) on income inequality. This research focused on analyzing 

economic and social factors related to income inequality at the provincial level using the Gini index and a two-way 

fixed-effects model to measure relationships. The findings suggested that HSR could stimulate a reduction in household 

income inequality, with positive effects on GDP per capita and employment levels [26]. Lastly, in China, a study 

investigated intra-regional inequality and urban-rural divides using a differentiated model to examine whether high-

speed railways affected intra-regional inequality. The findings indicated that high-speed rail operations expanded 

income gaps between urban and rural areas by promoting population aggregation, financial capital, and economic 

activities in urban areas adjacent to high-speed railway stations [27]. 

Absolutely, this research can be considered a novel study in the context of education in a developing country like 

Thailand. Its objectives are to study the factors influencing disparities in accessing intercity railway transportation in 

Thailand and to analyze the factors contributing to disparities in cultural, spatial, social, political, knowledge, economic, 

and environmental dimensions. This is done by considering the perspectives of current railway users through 

questionnaires. Subsequently, the data is analyzed using the CFA tool, which is suitable for identifying factors that can 

accurately confirm the nature of relationships, leading to the development of effective solutions to address disparities 

and meet the needs of railway users efficiently. Furthermore, this study proposes policies to reduce disparities among 

the Thai population for railway service providers. These policies would help relevant agencies or stakeholders involved 

in railway development better understand the actual needs of railway users and apply disparity indicators to create 

development plans that efficiently and sustainably meet the passengers' needs. 

2. Literature Review 

Inequality has become essential for understanding society. Frances (2016) posits that "Disparity has its roots in 

inequality" and "The origins of inequality in each dimension are interrelated, with inequality arising in one dimension 

potentially affecting another dimension of inequality in the form of an influence pathway". The framework of factors 

influencing inequality is depicted in Figure 2 [28]. 

Figure 2 illustrates that from the structure of the influence pathways of inequality in each dimension, they can be 

categorized into three groups of factors that influence each other. These are: Root Factors: These include cultural 

inequality and spatial inequality, which are the initial factors influencing housing insecurity, transportation, education, 

and perception [21]. Intermediate Factors: These encompass social inequality, political inequality, and knowledge 

inequality. This group of factors is heavily influenced by root factors, while spatial inequality influences knowledge 

inequality. Factors such as geographical distance from information and understanding of development discourse due to 

educational disparities lead to a lack of bargaining power [29, 30]. End Factors: These consist of economic inequality 

and environmental inequality. These factors are influenced by intermediate factors, where knowledge inequality and 

social inequality affect economic inequality. As the cost of living increases, economic inequality intensifies [31], while 

environmental inequality is influenced by political inequality and knowledge [32]. Therefore, based on this framework, 

the researchers conducted a literature review and compiled studies related to factors influencing inequality in each 

dimension, as detailed below. 
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Figure 2. Framework of Factors Influencing Inequality 

2.1. Cultural Inequality 

For instance, O'Brien & Oakley (2015) [33] point out that there is a critical need to understand the relationship 

between culture and social inequality. These factors should be considered separately in both academic research and 

policy–making, according to customs and traditions. Furthermore, a study by Lareau (2015) [34] indicates that cultural 

factors affect knowledge disparities. Therefore, from the review, it can be concluded that factors related to cultural 

inequality include (1) ethnicity and race, (2) religion and class, and (3) gender status.  

2.2. Spatial inequality 

For instance, Levinson (2012) [35] points out that rail transit can have positive spatial benefits to cities near stations 

and has a negative impact on towns that are far from train stations. Furthermore, the studies by Cascetta et al. (2020) 

[31] and Luo & Zhao (2021) [36] focus on the issue of spatial access to trains. Therefore, from the review, it can be 

concluded that factors related to spatial inequality include (1) economic growth, (2) infrastructure and facilities, and (3) 

public connectivity systems. 

2.3. Social inequality 

For instance, Lucas et al. (2019) [37] point out that the transportation service system is unevenly distributed. It may 

affect different social factors. Furthermore, a study by Zhan et al. (2020) [38] emphasizes that social equality must take 

into account the affordability and needs of rail users. Therefore, from the review, it can be concluded that factors related 

to social inequality include (1) community size, (2) social roles and duties, and (3) income level. 

2.4. Political inequality 

For instance, Rodriguez (2018) [39] point out that political participation influences politicians in shaping policies 

and projects that define the quality of society. Furthermore, a study by Beaumont (2011) [40] indicates that the primary 

cause of political inequality stems from people's marginalization, leading to diverse political expressions. Therefore, 

from the review, it can be concluded that factors related to political inequality include (1) social and political 

participation and (2) living conditions of society. 

2.5. Knowledge inequality 

For instance, Wu & Zhao (2015) [41] point out that access to the education system has a positive influence on 

people's awareness. Furthermore, the studies by Viswanath et al. (2006) [42] and Robb et al. (2010) [43] indicate that 

increased knowledge development often leads to reducing the knowledge gap among groups of people. Therefore, from 

the review, it can be concluded that factors related to knowledge inequality include (1) awareness or perception and (2) 

technological systems. 

2.6. Economic inequality 

For instance, Di Matteo & Cardinale (2023) [26] point out that the unequal provision of rail transport services affects 

regional economic inequality. Studies by Knight & Song (1999) [44] also indicate that large rural–urban divides affect 

the economic well–being of the population. Furthermore, a study by Pokropek et al. (2015) [45] focused on studying the 

concept of socioeconomic conditions in a multidimensional manner through empirical investigation. Therefore, from 

the review, it can be concluded that factors related to economic inequality include (1) employment level, (2) wages or 

income, and (3) Gross Domestic Product (GDP). 
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2.7. Environmental inequality 

For instance, Boyce (1994) [46] points out that economic activities impact environmental preservation and that 

power and wealth inequalities contribute to the degradation of natural resources. Furthermore, the studies by Song et al. 

(2016) [47] and Sun et al. (2020) [48] clearly indicate that rail transportation is the most efficient and environmentally 

friendly mode of transportation. Therefore, from the review, it can be concluded that factors related to environmental 

inequality include (1) access to natural resources and (2) environmental awareness. 

From the literature review conducted previously, researchers found that studies related to factors associated with 

transportation inequality were considered and compiled. It was found that there were 20 studies from 13 countries, as 

shown in Table 1. Most research often considered inequality factors from only a few perspectives depending on the case 

study. However, no study was found that comprehensively assessed the inequality of railway access covering all factors. 

To fill this gap in the literature, researchers therefore gathered all relevant factors to examine and evaluate the inequality 

experienced by railway users. This would help understand the true opinions of those who genuinely require railway 

services. The research assumes that an appropriate model for assessing rail user inequality should have a 

multidimensional structure comprising seven dimensions: Cultural Inequality, Spatial Inequality, Social Inequality, 

Political Inequality, Knowledge Inequality, Economic Inequality, and Environmental Inequality. 

Table 1. Summarizes the previous studies on factors related to inequality 

Author Country 

Factors 

Method 

C
u

ltu
r
a

l 

S
p

a
tia

l 

S
o
c
ia

l 

P
o
litica

l 

K
n

o
w

le
d

g
e
 

E
c
o
n

o
m

ic
 

E
n

v
iro

n
m

e
n

ta
l 

Lope & Dolgun [49] Australia          Gini coefficient and Lorenz curve 

Sanchez [50] US          Gini coefficient 

Galaskiewicz et al. [51] US          OLS 

Clifton & Lucas [52] UK and US          Empirical evidence 

Zhao & Li [53] Beijing           Empirical evidence 

Aasness & Larsen [54] Norway         Empirical evidence 

Kim & Yi [55] South Korea         
Transportation network analysis and 

Multi–regional CGE model 

Chang et al. [56] Hong Kong         The gravity model 

Benoussaïd et al. [57] Paris           
OLYMPUS emissions model and the 

CHIMERE chemistry–transport model 

Liu & Zhang [58] China           Hybrid MCDM Model 

Wanke, et al. [59] China           RBSFA 

Ongolo-Zogo & Epo [60] Cameroon           Regression function 

Allen & Farber [61] Canada          Simple correlation measures 

Zhang et al. [62] China         SEM 

Zhang & Zhang [63] China           SEM 

Nadimi et al. [64] Iran         SEM 

Wang et al. [65] China           SEM 

Ali et al. [66] Pakistan           EFA, CFA and SEM 

Loa et al. [67] Canada          EFA and CFA 

Li et al. [68] China         CFA 

Present study Thailand               EFA and CFA 

Note: OLS = Ordinary least squares regression; MCDM = Multi criteria decision making; RBSFA = Robust Bayesian Stochastic Frontier Analysis; 

SEM = Structural equation modelling; EFA = Exploratory factor Analysis; CFA = Confirmatory factor analysis. 

3. Research Methodology 

3.1. Research Framework 

This study commences with a comprehensive literature review focusing on the factors contributing to inequality, 

with the aim of identifying gaps in previous research and introducing new findings on this aspect of inequality. 

Additionally, it explores potential statistical methods and theories relevant to the study. Subsequently, a questionnaire 

was developed based on these findings, and data were collected through face-to-face interviews with a total sample 
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group of 1,252 railway users. Following the completion of data collection from the railway user survey, two statistical 

methods were applied: EFA and CFA. Data from a subgroup of 374 participants, representing 30% of the total sample, 

were employed for EFA to categorize the variable components derived from users' responses to all 37 questions into 7 

factors influencing inequality. The data from the remaining 878 participants, constituting 70%, were then employed for 

CFA to validate the factors affecting inequality identified from the EFA results. Finally, the study presents statistical 

results and discussion of the findings were presented along with policy recommendations for reducing inequality. The 

research process is illustrated in Figure 3. 

 

Figure 3. Research procedure 

3.2. Questionnaire Structure 

The questionnaire was structured into two main sections. Section 1: General Travel Behavior Information of the 
Survey Respondents, such as gender, age, education, occupation, income, frequency of train travel, and the purposes of 
train travel. Section 2: Measurement of Factors Affecting Disparities in Railway Access, consisting of 7 factors: Cultural 

Disparity Factor, Spatial Disparity Factor, Social Disparity Factor, Political Disparity Factor, Knowledge Disparity 
Factor, Economic Disparity Factor, and Environmental Disparity Factor. In this section, there are 37 questions, and the 
questionnaire responses are in the form of a 5–level Rating Scale [69, 70]. (Where 1 indicates strongly disagree and 5 
indicates strongly agree). 

We have conducted a validation of the questionnaire content using the index of item objective congruence (IOC), 
assessed by three experts. We considered questions with an IOC value higher than 0.50. The IOC values for the questions 

included in our questionnaire ranged from 0.67 to 1.00. 

3.3. Participants and Data Collection 

The sample group for this study consisted of railway service users within Thailand, located at 33 railway stations 

across four regions of the country (Northern Region, Northeastern Region, Eastern Region, and Southern Region). The 
sample selection was conducted using Stratified Random Sampling based on the geographical areas with railway stations 
to ensure that the sample represents the population effectively. Additionally, the interviews were conducted on an 
individual basis with respondents aged 18 and above. Furthermore, before conducting the interviews, respondents were 
asked for their willingness to participate. The interviews were carried out only with those who willingly agreed to 
participate in the survey. A total of 1,252 useful responses were obtained, which is considered sufficient for conducting 

CFA. According to Cangur & Ercan [71], they recommend that the sample size should be at least 15 times the number 
of observed variables. In this research, there are a total of 37 observed variables, so the minimum sample size required 
is 555. The survey received ethical approval from the Ethics Committee of Suranaree University of Technology on 
December 1, 2022 (COA No. 100/2565). Table 2 provides an overview of the characteristics of the survey participants. 

Literature review 

Questionnaire design 

Data collection 

Demographics Inequality factor 

Data analysis 

Exploratory factor 

analysis 

Confirmatory factor 

analysis 

Results and discussion 

Index of item objective 

congruence (IOC) 
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Table 2. Participant Demographics 

Characteristics Category Frequency Percentage 

Gender 
Male 516 41 

Female 736 59 

Age 

18–20 years old 272 22 

21–30 years old 393 31 

31–45 years old 311 25 

46–60 years old 194 15 

Over 60 years old 82 7 

Education 

Primary education 88 7 

High school education 321 26 

Vocational education 277 22 

Bachelor's Degree 510 41 

Master's Degree 45 3 

Doctoral Degree 11 1 

Occupation 

Agriculturist/Agricultural Organization 126 10 

Entrepreneur 143 11 

Private Employee 349 28 

Government Employee 159 13 

Student 357 29 

Others 118 9 

Income 

Less than or equal to 10,000 Baht 447 36 

10,001–15,000 Baht 369 29 

15,001–20,000 Baht 248 20 

More than 20,000 Baht 188 15 

Frequency of railway travel 

(per week) 

Every day 108 9 

1–2 times 448 36 

3–5 times 223 18 

Occasionally 473 37 

Objectives of railway travel. 

Study/Work 474 38 

Rest/Travel 540 43 

Shopping 166 13 

Others 72 6 

3.4. Analysis Methodology 

To examine the relationship between the components derived from factors influencing inequality in railway access, 

covering all 7 factors, we used EFA and CFA with two main objectives: 

Exploratory factor analysis (EFA) is utilized to generate indicator groups, focusing on factors. Exploratory factor 

analysis is a statistical method used for exploring and identifying factors to explain the relationships among observed 

variables. Additionally, EFA results can reduce observed variables by creating new variables in the form of common 

factors [72]. Therefore, researchers often employ this method when there is no well–established theory regarding the 

relationships among measurement components [73, 74]. 

Confirmatory factor analysis (CFA) is a technique used to test or confirm the relationships between observable and 

latent variables. CFA is employed when researchers know that the indicators are components according to theory or 

literature review [75, 76]. Studies have explored the components of service quality indicators for the Thai railway system 

[12, 20, 77]. However, there has been no research on the components of indicators of disparities in railway access in 

Thailand. Therefore, this study applies both EFA and CFA to analyze the indicators of disparities in railway access, 

considering the establishment of indicator groups and using the loadings obtained from the analysis to develop 

appropriate guidelines for improving disparities in railway access. 
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4. Research Methodology 

4.1. Descriptive Statistics 

The descriptive statistics of railway service users, totalling 1,252 individuals, are presented in Table 3. The 

preliminary statistical analysis includes measures such as mean and standard deviation. Prior to conducting CFA, it is 

essential to examine the descriptive statistics to confirm the appropriateness of the data for analysis. The criteria for 

adequacy are absolute value 2 for skewness and absolute value 7 for kurtosis [78, 79]. Table 3 illustrates that the 

skewness ranges from –1.367 to 0.612, and the kurtosis ranges from –1.09 to 1.385, respectively. Therefore, it can be 

concluded that our sample statistics follow a normal distribution and are acceptable for further analysis. 

Table 3. Statistical summary: Mean, Standard deviation, Skewness and Kurtosis (N = 1252) 

Variable Description Mean SD Skewness Kurtosis 

CI1 The Gender Disparities impact accessibility to railways. 2.32 1.304 0.583 –0.912 

CI2 The Ethnicity Disparities impact accessibility to railways. 2.34 1.258 0.597 –0.753 

CI3 The Physical Health Disparities Status of Vulnerable Groups impact accessibility to railways. 2.64 1.298 0.272 –1.090 

CI4 The Religious Disparities impact accessibility to railways. 2.33 1.276 0.612 –0.798 

CI5 The Cultural and Belief Differences impact accessibility to railways. 2.5 1.252 0.42 –0.915 

SP1 
Railway stations located within urban areas allow the population to access trains more easily compared 
to stations located outside urban areas. 

3.83 1.181 –0.944 0.07 

SP2 The Regional Income Disparities impact accessibility to railways. 3.69 1.181 –0.721 –0.282 

SP3 The Spatial Resource Disparities impact accessibility to railways. 3.67 1.153 –0.705 –0.228 

SP4 The Economic Growth in Specific Regions impact accessibility to railways. 3.75 1.149 –0.781 –0.175 

SP5 Regional Infrastructure’s impact accessibility to railways. 3.84 1.126 –0.896 0.073 

SP6 
The Interconnection Between Public Transportation and Railway Systems in the Area impact 

accessibility to railways. 
3.88 1.151 –0.909 –0.008 

SP7 The Physical Development of Communities impact accessibility to railways. 3.71 1.117 –0.644 –0.318 

SO1 The Socioeconomic Challenges and Resilience of Communities impact accessibility to railways. 3.8 1.098 –0.897 0.233 

SO2 
Access to government resources (such as government agencies and community resources) impacts 
accessibility to railways. 

3.77 1.107 –0.776 –0.029 

SO3 The Social roles and responsibilities Disparities impact accessibility to railways. 3.75 1.126 –0.785 –0.057 

SO4 Having a high level of social responsibility has an impact accessibility to railways. 3.66 1.129 –0.637 –0.303 

SO5 Societal inequality is a crucial factor affecting access to railway routes. 3.65 1.167 –0.658 –0.415 

PI1 The Socioeconomic Challenges and Resilience of Communities impact accessibility to railways. 3.9 1.08 –0.867 0.106 

PI2 
Access to government resources (such as government agencies and community resources) impacts 

accessibility to railways. 
3.95 1.057 –0.876 0.126 

PI3 The Social roles and responsibilities Disparities impact accessibility to railways. 4.02 1.068 –0.974 0.202 

KI1 Access to educational systems and knowledge development impacts accessibility to railways. 3.82 1.127 –0.870 0.113 

KI2 Access to educational resources (such as schools and universities) impacts accessibility to railways. 3.81 1.117 –0.828 –0.003 

KI3 Promoting quality and beneficial knowledge impacts accessibility to railways. 4.04 1.027 –1.098 0.739 

KI4 The use of modern technology and tools in daily life impacts accessibility to railways. 4.1 1.013 –1.046 0.509 

KI5 
Lack of information about railway routes can lead to missed opportunities to access the railway 

transportation system. 
4.08 0.982 –1.067 0.78 

KI6 
Having comprehensive knowledge about railway routes enables you to access the railway 

transportation system. 
4.09 0.995 –1.047 0.643 

EC1 Unemployment or lack of job opportunities impact accessibility to railways. 3.59 1.199 –0.552 –0.645 

EC2 If there are more job opportunities in your area, it will impact accessibility to railways. 3.7 1.163 –0.745 –0.197 

EC3 Income or wages impact accessibility to railways. 3.76 1.185 –0.921 0.056 

EC4 The difference in income levels between individuals impacts accessibility to railways. 3.74 1.185 –0.749 –0.332 

EC5 The promotion of solutions to alleviate poverty impacts accessibility to railways. 3.91 1.117 –0.947 0.199 

EC6 If there are solutions to alleviate poverty, it will impact accessibility to railways. 3.84 1.13 –0.893 0.132 

EN1 The current pollution issues impact accessibility to railways. 3.45 1.15 –0.579 –0.431 

EN2 Access to natural resources (such as tourist attractions) impacts accessibility to railways. 3.41 1.143 –0.487 –0.515 

EN3 
If there are current solutions to address pollution or environmental issues, it will impact accessibility 

to railways. 
3.55 1.123 –0.500 –0.515 

EN4 Maintaining a good environment impacts accessibility to railways. 4.12 1.07 –1.367 1.385 

EN5 Appropriate allocation and efficient utilization of limited resources impact accessibility to railways. 4.03 1.088 –1.285 1.183 

Note: SD = Standard deviation 
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4.2. The Exploratory Factor Analysis 

We employed EFA to identify observable indicators representing each latent factor and calculate the main factors. 

Table 4 presents the factor analysis results. The EFA results are reliable and acceptable. We obtained a Kaiser–Meyer–

Olkin (KMO) measure of 0.950, which is excellent. Additionally, Bartlett's test of sphericity yielded highly significant 

results, exceeding 99%. The EFA results identified 37 items, which were grouped into 7 clusters. Which can explain a 

total variance of 74.854%. The composite results include: (1) Cultural Disparity Factors, (2) Spatial Disparity Factors, 

(3) Social Disparity Factors, (4) Political Disparity Factors, (5) Knowledge Disparity Factors, (6) Economic Disparity 

Factors, and (7) Environmental Disparity Factors. Upon examining accuracy and reliability using Cronbach's alpha, the 

values for each variable ranged from 0.870 to 0.933, which surpasses the minimum threshold recommended in previous 

research, typically set at 0.70 [80, 81]. 

Table 4. Factor analysis results of exploratory factor analysis 

Variable Loading Communalities Eigenvalue Item Cronbach’s α 

Factor 1: Cultural disparity factor 15.873 5 0.929 

CI1 0.885 0.802 

 

CI2 0.898 0.820 

CI3 0.849 0.746 

CI4 0.881 0.809 

CI5 0.862 0.767 

Factor 2: Spatial disparity factor 4.348 7 0.933 

SP1 0.693 0.614 

 

SP2 0.748 0.769 

SP3 0.779 0.778 

SP4 0.788 0.789 

SP5 0.784 0.787 

SP6 0.728 0.705 

SP7 0.680 0.691 

Factor 3: Social disparity factor 2.522 5 0.907 

SO1 0.670 0.728 

 

SO2 0.703 0.760 

SO3 0.700 0.745 

SO4 0.765 0.795 

SO5 0.717 0.698 

Factor 4: Political disparity factor 1.618 3 0.896 

PI1 0.695 0.737 

 PI2 0.725 0.805 

PI3 0.726 0.800 

Factor 5: Knowledge disparity factor 1.266 6 0.919 

KI1 0.732 0.735 

 

KI2 0.698 0.722 

KI3 0.712 0.758 

KI4 0.713 0.749 

KI5 0.722 0.707 

KI6 0.704 0.682 

Factor 6: Economic disparity factor 1.102 6 0.920 

EC1 0.707 0.744 

 

EC2 0.718 0.803 

EC3 0.686 0.811 

EC4 0.636 0.687 

EC5 0.529 0.745 

EC6 0.557 0.705 
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Factor 7: Environmental disparity factor 0.967 5 0.870 

EN1 0.787 0.740 

 

EN2 0.805 0.745 

EN3 0.798 0.753 

EN4 0.562 0.730 

EN5 0.587 0.734 

SUM 37 0.954 

Note: Goodness of fit for EFA: Bartlett’s test approx. χ^2 = 11745.045, Degrees of freedom (df) 

= 666, p < 0.000. 

4.3. Theoretical Confirmation 

The results of the EFA will be examined in this section to verify and explain the significance of each item, confirming 

that the indicators can be components of each factor. The results of the CFA were analyzed using Mplus 7 software. 

In Table 5, it is evident that all indicators are statistically significant as components of the latent construct of 

maladjustment, with factor loadings ranging between 0.687 and 0.871. All seven factors have acceptable structural 

reliability (CR) values between 0.8662 and 0.9319, and the average variance extracted (AVE) ranges from 0.5232 to 

0.6859. The statistical values of CR are greater than 0.7, and AVE is not less than 0.5, [82-84]. Which confirms that all 

factors are suitable for CFA. 

Table 5. Model results of Confirmatory factor analysis 

Variable Loading S.E. t–Stat CR AVE 

Factor 1: Cultural disparity factor 0.9160 0.6859 

CI1 0.840 0.013 63.211 

 

CI2 0.835 0.013 62.230 

CI3 0.818 0.015 55.147 

CI4 0.861 0.013 66.936 

CI5 0.785 0.015 52.501 

Factor 2: Spatial disparity factor 0.9319 0.6621 

SP1 0.741 0.017 43.667 

 

SP2 0.819 0.013 65.230 

SP3 0.795 0.014 57.904 

SP4 0.849 0.011 78.286 

SP5 0.866 0.010 86.421 

SP6 0.819 0.012 68.105 

SP7 0.801 0.014 55.501 

Factor 3: Social disparity factor 0.9011 0.6461 

SO1 0.830 0.012 66.569 

 

SO2 0.835 0.013 65.897 

SO3 0.821 0.013 63.971 

SO4 0.767 0.016 48.858 

SO5 0.763 0.017 45.859 

Factor 4: Political disparity factor 0.8662 0.6838 

PI1 0.776 0.016 48.890 

 PI2 0.871 0.012 74.331 

PI3 0.831 0.013 62.156 

Factor 5: Knowledge disparity factor 0.8679 0.5232 

KI1 0.687 0.022 31.461 

 

KI2 0.710 0.021 33.927 

KI3 0.785 0.018 44.788 

KI4 0.723 0.020 35.731 

KI5 0.717 0.020 35.512 

KI6 0.714 0.020 34.987 
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Factor 6: Economic disparity factor 0.9162 0.6457 

EC1 0.765 0.016 47.933 

 

EC2 0.810 0.014 59.003 

EC3 0.812 0.014 59.078 

EC4 0.816 0.013 61.733 

EC5 0.800 0.014 55.648 

EC6 0.817 0.013 61.352 

Factor 7: Environmental disparity factor 0.8664 0.5655 

EN1 0.750 0.016 46.741 

 

EN2 0.790 0.016 48.212 

EN3 0.807 0.016 51.603 

EN4 0.706 0.015 45.607 

EN5 0.701 0.015 45.422 

Note: CR = Composite reliability, AVE = Average variance extracted. 

For the overall model fit assessment (Goodness–of–fit statistics), this study used absolute and incremental fit indices 

[85] and considered the following indices: Chi–square or ratio between the chi–square and the number of degrees of 

freedom (𝜒2/df) should be less than 3 [79, 86]; Comparative fit index (CFI) should be greater than 0.95 [71, 87]; Tucker–

Lewis index (TLI) should be greater than 0.95 [85, 88]; Root mean square error of approximation (RMSEA) should be 

less than 0.05 [89, 90]; and Standardized root mean square Residual (SRMR) should be less than 0.08 [91]. The CFA 

estimation results show that the model measures inequality resulting from railway access. The results were as follows: 

Chi–square test of model fit 𝜒2= 1529.267, df = 580, 𝜒2/df = 2.637; CFI = 0.962; TLI = 0.956; RMSEA = 0.046; and 

SRMR = 0.068, p < 0.001. From inspection, all values comply with the specified conditions. Therefore, it can be 

concluded that this model aligns with the empirical data. 

Cultural disparity factors: The 5 variables have standardized CFA loadings ranging from 0.785 to 0.861. Specifically, 

CI4, “The Religious Disparities impact accessibility to railways” has the highest loading factor (γ = 0.861, t = 66.936).  

Spatial disparity factors: The 7 variables have standardized CFA loadings ranging from 0.741 to 0.866. Specifically, 

SP5, “Regional Infrastructure’s impact accessibility to railways” has the highest loading factor (γ = 0.866, t = 86.421).  

Social disparity factors: The 5 variables have standardized CFA loadings ranging from 0.763 to 0.835. Specifically, 

SO2, “Access to government resources (such as government agencies and community resources) impacts accessibility 

to railways” has the highest loading factor (γ = 0.835, t = 65.897).  

Political Disparities Factor: The 3 variables have standardized CFA loadings ranging from 0.776 to 0.871. 

Specifically, PI2, “Policies set by the government regarding railway development impact access to railway routes” has 

the highest loading factor (γ = 0.871, t = 74.331).  

Knowledge disparity factors: The 6 variables have standardized CFA loadings ranging from 0.687 to 0.785. 

Specifically, KI3, “Promoting quality and beneficial knowledge impacts accessibility to railways” has the highest 

loading factor (γ = 0.785, t = 44.788).  

Economic disparity factors: The 6 variables have standardized CFA loadings ranging from 0.765 to 0.817. 

Specifically, EC6, “If there are solutions to alleviate poverty, it will impact accessibility to railways” has the highest 

loading factor (γ = 0.817, t = 61.352).  

Environmental disparity factors: The 5 variables have standardized CFA loadings ranging from 0.701 to 0.807. 

Specifically, EN3, “If there are current solutions to address pollution or environmental issues, it will impact accessibility 

to railways” has the highest loading factor (γ = 0.807, t = 51.603).  

Furthermore, we have presented the results of the second-order CFA, consisting of 7 variables identified as factors 

influencing inequality in access to railways. The analysis revealed that all 7 exogenous latent variables have weights in 

the range of 0.798 to 0.988, exceeding the threshold of 0.70 [92], indicating the confirmation of the perspective of 

inequality concerning the use of railway station services. All exogenous latent variables are statistically significant at 

the 0.001 level when considering the weights of the components separated by each exogenous variable. The cultural 

disparity factor has the highest component weight (γ = 0.988, t = 122.927), followed by economic disparity factor (γ = 

0.938, t = 87.534), social disparity factor (γ = 0.885, t = 62.811), knowledge disparity factor (γ = 0.855, t = 48.175), 

political disparity factor (γ = 0.843, t = 56.843), spatial disparity factor (γ = 0.836, t = 59.108), and finally, environmental 

disparity factor (γ = 0.798, t = 27.440). The results of the second–order CFA are illustrated in Figure 4. 
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Figure 4. Results of the second–order Confirmatory factor analysis model 

5. Discussion 

The evaluation of the goodness-of-fit statistics for the model in this study was successful. It comprised the following 

indices: Chi-square or the ratio between the chi-square and the number of degrees of freedom (𝜒2/df) with a value of 

2.637, which is lower than 3 as per theory [79, 86]. Comparative Fit Index (CFI) with a value of 0.962, exceeding 0.95 

as per theory [71, 87]. Tucker–Lewis Index (TLI) with a value of 0.956, exceeding 0.95 as per theory [85]. Root Mean 

Square Error of Approximation (RMSEA) with a value of 0.046, lower than 0.05 as per theory [89, 90]. Standardized 

Root Mean Square Residual (SRMR) with a value of 0.068, lower than 0.08 as per theory [91]. The results of all indices 

are consistent with the criteria and theoretically sound, confirming the consistency between the developed measurement 

model and both exploratory and confirmatory survey data. 

When considering the results of CFA, it was found that the appropriate number of factors is 7 for assessing the 

factors influencing inequality in accessing railways. This study also revealed significant findings, detailed as follows: 

Group 1: Cultural disparities factors have the highest composite weights, with a value of 0.988, which consists of 

variables from CI1 to CI5. This is related to previous studies that found cultural factors significantly influence societal 

changes [93, 94]. Cultural factors are also identified as a crucial strategy in addressing disparities issues [95]. Among 

the cultural disparity factors, the variable with the highest loading in the model is CI4, "Differences in religion affect 

the choice or access to railways." This finding is associated with studies indicating a strong relationship between 

inequality and religion, where societies with high levels of inequality have more diverse religions compared to those 

with low inequality [96]. Following that are CI1, "Differences in gender status affect access to railways." This finding 

is related to studies indicating that gender status differences influence the choice of public transportation [97]. And CI2, 

"Differences in race affect the choice or access to railways." This finding is related to studies indicating that inequality 

based on race/ethnicity affects access to public transportation [51]. 

Group 2: Economic disparity factor has the second composite weight, with a value of 0.938, which consists of 

variables from EC1 to EC6. This is related to previous studies that found railways play a crucial role in economic 

disparity development [58, 61, 98]. Among the economic disparity factors, the variable with the highest loading in the 
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model is EC6, "Having strategies to address poverty affects access to railways." This finding is associated with studies 

indicating that reducing addressing poverty positively impacts economic development, leading to increased utilization 

of railway transportation services [26]. Following that are EC4, "Differences between individuals with high income 

versus low income affect access to railways." This finding is related to studies indicating that railway systems affect 

income disparities between urban and rural residents [99]. And EC3, "Income or wages affect access to railways." This 

finding is related to studies indicating that income inequality affects the utilization of railway transportation services 

[100]. 

Group 3: The social disparity factor has the third composite weight, with a value of 0.885, which consists of variables 

from SO1 to SO5. This is related to previous studies that found social disparities influence the choice of railway 

transportation systems [101, 102]. Among the social disparity factors, the variable with the highest loading in the model 

is SO2, "Access to state resources (such as government agencies and community resources) affects access to railways." 

This finding is associated with studies indicating that developing state resources for railway network infrastructure 

expansion leads to greater equality in access [103]. Following that are SO1, "Issues of poverty and community strength 

affect access to the railway." This finding is related to studies indicating that the potential of communities from station-

level factors and communities significantly impacts the development of railway transportation systems [104]. And SO3, 

"Social roles and responsibilities affect access to railways." This finding is related to studies indicating that social roles 

influence people's transportation service choices and travel behaviors [105]. 

Group 4: Knowledge disparity factor has the fourth composite weight, with a value of 0.855, which consists of 

variables from KI1 to KI6. This is related to previous studies that found that the development of knowledge in society 

influences the reduction of disparities [62, 68]. Among the knowledge disparity factors, the variable with the highest 

loading in the model is KI3, "Giving importance to promoting quality and beneficial knowledge affects access to 

railways." This finding is associated with studies indicating that advancements in providing information for 

transportation systems benefit reducing knowledge disparities [106]. Following that are KI4, "Utilizing modern 

technology and tools in daily life affects access to railways." This finding is related to studies indicating that connecting 

internet-enabled devices and technology tools to railway transportation services promotes significant innovations in 

accessing railway services [107]. And KI5, "Lack of information on train routes affects access to railways." This finding 

is related to studies indicating that a lack of knowledge impacts the understanding of public transportation users [62]. 

Group 5: Political disparity factor has the fifth composite weight, with a value of 0.843, which consists of variables 

from PI1 to PI3. This is related to previous studies that found factors related to political roles influence the development 

of disparities [108, 109]. Among the political disparity factors, the variable with the highest loading in the model is PI2, 

"Government policy related to trains set by the government affects access to railways." This finding is associated with 

studies indicating that policies benefiting certain groups in transportation contribute to disparities in accessing public 

transportation [108]. Following that are PI3, "Efficient train route development plans affect access to railways." This 

finding is related to studies indicating that strategic planning for railway route development reduces disparities in 

accessing railway services [109]. And PI1: "Giving importance to constructive feedback affects access to railways." 

This finding is related to studies indicating that genuine opinions and discussions among people enable the public to 

perceive the beneficial perspectives of others [110]. 

Group 6: Spatial disparity factor has the sixth composite weight, with a value of 0.836, which consists of variables 

from SP1 to SP7. This is related to previous studies that found spatial inequalities affect disparities in accessing railway 

transportation [36, 111]. Among the spatial disparity factors, the variable with the highest loading in the model is SP5, 

"Infrastructure factors in the area affect access to railways." This finding is associated with studies indicating that 

infrastructure networks are crucial for people's intercity travel [36]. Following that is SP4, "Economic growth in the area 

affects access to railways." This finding is related to studies indicating that economic growth impacts regional disparities 

in railway transportation development [31]. And SP6, "The connectivity pattern of the public transportation system with 

the rail system in the area affects access to railways." This finding is related to studies indicating that integrating bus 

transit systems with railways is a significant strategy for reducing disparities in accessing railway transportation [21]. 

Group 7: Environmental disparity factors have the lowest composite weights, with a value of 0.798, which consists 

of variables from EN1 to EN5. This is related to previous studies that found environmental inequalities are caused by 

disparities from other dimensions such as cultural, economic, and social disparities [54, 59]. Among the environmental 

disparity factors, the variable with the highest loading in the model is EN3, "Having strategies to address pollution and 

environmental issues affects access to railways." This finding is associated with studies indicating that improving 

environmental efficiency in cities impacts the choice of railway transportation systems [48]. Following that are EN2: 

"Access to resources (such as tourist attractions) affects access to railways." This finding is related to studies indicating 

that external resource factors, such as tourist attractions, impact travel planning and transportation system choices [112]. 

And EN1: "Current pollution issues affect access to railways." This finding is related to studies indicating that the risk 

of exposure to pollution varies by region and group, affecting environmental inequalities [113]. 

Furthermore, the findings of the analysis reveal that cultural disparity significantly influences the accessibility of 

Thailand's railway system, especially in the context of a developing nation. Through a confirmatory model evaluation 
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of all 37 questions, it was evident that religious differences emerged as the most influential factor affecting the choice 

or accessibility of railways. This finding is consistent with previous research highlighting the profound impact of 

religions on societal dynamics, individual behaviors, and decision-making processes related to transportation [114]. 

Additionally, religious considerations also shape the development of intercity railway networks [115]. Therefore, this 

study underscores the importance of addressing cultural disparities in railway accessibility, often rooted in religious 

factors. It is clear that religious differences significantly influence the decisions of railway users regarding their choice 

or access to railway services, particularly in the context of a developing country like Thailand. Consequently, the 

researchers recommend policy interventions aimed at mitigating these disparities within the study area. By doing so, 

valuable insights can be gained to enhance development efforts and promote equitable access to Thailand's railway 

system. 

Therefore, based on the statistical data analysis mentioned, we have proposed a policy aimed at reducing disparities 

across all 7 dimensions to address and enhance the issue of disparity within the railway transportation system. The 

objective is to formulate policies that target the reduction of disparities and the promotion of equality in accessing 

railways, which is vital for fostering a sustainable society. Access to railway systems can have a significant impact on 

individuals' quality of life and their opportunities for advancement within communities. Additionally, the development 

of railway transportation systems necessitates collaborative efforts from all stakeholders, including government entities, 

the private sector, and the public, to ensure equitable access and utilization for all members of society. Our 

recommendations are derived from the critical variables identified within the model and are detailed as follows: 

Policy on Cultural Disparities: Based on our findings, we propose the following guidelines: (1) Policies should be 

in place to support train users with diverse religious backgrounds, such as providing designated seats for religious 

practitioners (e.g., Buddhist priests, votaries, and clergyman), having prayer rooms at train stations, and appropriate 

areas for prayer on trains for users of the Islamic faith. (2) Policies should address safety measures to manage concerns 

related to gender segregation, such as separating train carriages or seats between males and females, aligning with the 

findings that suggest implementing gender–segregation guidelines in public transportation policies [97], and (3) Policies 

should promote training on attitudes for railway staff based on the principles of fairness, such as providing service that 

does not discriminate based on race, disability, or gender expression [116]. 

Policy on Economic Disparities: Based on our findings, we propose the following guidelines: (1) There should be 

a policy to diversify railway service fares to meet the needs of train users, and (2) there should be a policy to stimulate 

the economy by encouraging the public to choose rail transportation services more, such as increasing service frequency 

and establishing one–stop service centers [117]. These suggestions align with the results of the study that indicate 

transportation policies need to enhance the quality of rail services to stimulate the country's economic development 

[118]. 

Policy on Social Disparities: Based on our findings, we propose the following guidelines: (1) Policies and measures 

should be established to reduce social gaps among people in society [119]. This can be achieved by exempting or 

reducing railway fares for disadvantaged groups or individuals, such as persons with disabilities and the elderly, and (2) 

Policies should ensure equal access to the railway transportation system, providing equitable access to services for all 

groups of people. For instance, railway routes should pass through educational areas like schools and universities for 

the convenience of students, and through employment areas like malls and industrial estates to facilitate commuting for 

the working population. These recommendations align with the study results, suggesting the need to enhance service 

coverage for various occupational groups to cater to diverse travel purposes [101]. 

Policy on Knowledge Disparities: Based on our findings, we propose the following guidelines: (1) There should be 

policies for modernizing information development and information technology systems, such as developing the main 

website of the railway organization to serve as a tool for conveniently, rapidly, and efficiently disseminating information 

to railway service users. (2) Policies should be in place for providing useful knowledge to railway service users within 

railway stations, such as creating information dissemination points and signs with beneficial information, which should 

be developed to be more globally accessible (e.g., in English), and (3) Policies should promote activities related to the 

continuous development of knowledge for railway service personnel, such as exchanging knowledge and work 

experiences among employees, aligning with the study's results that suggest opening opportunities for employees to 

communicate, leading to the transfer of knowledge from external sources. This is important as employees may play a 

crucial role in exchanging valuable ideas and experiences beneficial for organizational development [120].  

Policy on Political Disparities: Based on our findings, we propose the following guidelines: (1) Policies should be 

formulated to benefit the development of railways, aiming to reduce disparities in railway accessibility at both national 

and local levels. These policies should ensure comprehensive railway coverage in all dimensions, and (2) Policies should 

promote inclusiveness in meaningful stakeholder participation for the development of collaborative railway access, 

involving contributions from the government, private sector, and the public. This approach aims to genuinely reduce 

disparities by granting equal political representation to everyone, regardless of differences or societal status [121]. 

Policy on Spatial Disparities: Based on our findings, we propose the following guidelines: (1) Policies should focus 

on developing infrastructure that efficiently connects the railway transportation system (e.g., road network development) 

to enhance accessibility [122]. (2) Policies should emphasize the development of an integrated public transportation 
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system that seamlessly connects to the railway transportation system (e.g., public buses), and (3) Policies should 

prioritize the development of railway route networks to provide equal coverage and service across regions in Thailand. 

These proposals align with the government's ongoing study on the feasible development of a comprehensive and 

interconnected railway network covering and supporting various transportation modes across the nation [123]. 

Policy on Environmental Disparities: Based on our findings, we propose the following guidelines: (1) Policies 

should be implemented to promote environmentally friendly transportation, and (2) Policies should be introduced to 

enhance the environmental conditions around railway stations by increasing green areas to create a pleasant atmosphere 

and leave a positive impression on railway service users. These suggestions align with the study results indicating that 

reducing perceived disparities through environmental improvements has a positive influence on railway service users' 

attitudes [124]. 

Indeed, all the policies mentioned have been directly informed by current user feedback from railway service users 

in Thailand. These policies aim to engage stakeholders involved in the development of railway transportation systems, 

enabling them to apply these policies in setting guidelines or devising strategies to address and mitigate disparities in 

railway accessibility. Ultimately, these policies are geared towards fostering a new era of equality and efficiency, 

ultimately fostering a more equitable society. 

In light of the limitations of our study, it's important to acknowledge that our research focuses exclusively on the 

viewpoints of railway service users, disregarding users of alternative public transportation modes. Moreover, we have 

omitted railway service users under the age of 18 due to their status as minors, potentially leading to a gap in 

understanding perspectives and attitudes towards disparities that may not be adequately addressed. Additionally, our 

study solely examines disparities in railway access within Thailand. To address these limitations, future research should 

encompass a broader range of public transportation users and involve surveying individuals under the age of 18 to ensure 

a more comprehensive understanding of disparities. Researchers should also consider adapting survey questions to suit 

different age groups appropriately. Furthermore, the findings of our study can serve as a valuable groundwork for further 

research and implementation in other developing nations. Addressing disparities in railway transportation access remains 

crucial for such countries, as it can provide deeper insights and new discoveries from various angles for future 

researchers. 

6. Conclusions, Implications, and Research Limitations 

This study aims to explore the factors contributing to disparities in accessing intercity railway systems in Thailand. 

We have presented findings from a combination of EFA and CFA, revealing in-depth insights into the factors influencing 

disparities in railway accessibility. The study surveyed 1,252 railway service users nationwide using face-to-face 

interviews. This study demonstrates the evaluation of the alignment between all 7 dimensions of the model and leads to 

the formulation of policies aimed at reducing disparities in railway accessibility in Thailand. 

The results of CFA reveal that all 37 observed variables significantly contribute to indicating inequality in access to 

railways across the 7 factors (cultural inequality, spatial inequality, social inequality, political inequality, knowledge 

inequality, economic inequality, and environmental inequality) at a statistical significance level of 0.001. [125, 126]. 

Furthermore, in examining the standard component weights of CFA in the second order, it was found that cultural 

inequality was identified as the most significant indicator contributing to the highest level of inequality in accessing 

railway routes.  

Furthermore, for the additional 6 factors, they have been ranked in the following order of importance regarding their 

influence on inequality in railway access: economic inequality, social inequality, knowledge inequality, political 

inequality, spatial inequality, and environmental inequality. Therefore, it is evident that the structural model of this study 

can verify the characteristics of inequality in accessing railways. Moreover, the results from both EFA and CFA can be 

seen as accurately representing the opinions of railway service users. These findings can effectively reflect the issue of 

inequality in accessing the railway transportation system. However, it's important to note that these findings can serve 

as suitable guidelines for policy–makers involved in the development of railways (e.g., the Department of Rail Transport 

and the State Railway of Thailand). They can utilize these insights to formulate policies and development plans aimed 

at reducing inequality and enhancing access to the rail transportation system for the population in the country efficiently. 
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Abstract 

Developing of green construction and reducing CO2 emissions in the environment is a priority for industry in the coming 

years. Recycling fly ash in the concrete industry is a well-known way to reduce environmental impact. Aside from this 

benefit, there are numerous other positive effects of incorporating fly ash into concrete; however, in this research, the 

objective is to replace cement with a different percentage of non-class fly ash with high CaO, more than 42%. The analyzed 

variables are non-class fly ash properties, the effect of fly ash presence on the main properties of concrete and examining 

the optimum of non-class fly ash in ordinary concrete C-25/30 and high-performance concrete C-50/60. All investigations 

took place in the laboratory by producing 24 different mix designs and more than 1000 specimens to examine: consistency, 

setting time, shrinkage, and compressive strength in the short and long terms of curing. Recycling industrial waste in new 

construction, especially fly ash because of its non-uniform properties, still has some obstacles and is not a practical issue, 

but the future must be environmentally friendly, and this research proves that the objective of producing sustainable ordinary 

and high-performance concrete was achieved by replacing 40% of cement with non-class high CaO content fly ash. 

Keywords: Non-Class Fly Ash; Compressive Strength; Shrinkage; CO2 Emission. 

 

1. Introduction 

A way to produce sustainable concrete is by reducing CO2 emissions by decreasing cement production instead of 

incorporating industrial waste as fly ash [1, 2]. Cement as a bonding material, the basic material for concrete, causes 8% 

of total greenhouse gas production, which causes global warming and climate change [3, 4]. Meanwhile, fly ash does 

not have uniform properties and is still not specified as a quantified fly ash type for concrete mixtures. This research 

investigates non-class high CaO fly ash in the mass of concrete from Kosovo, its environmental impact, and its concrete 

properties. Furthermore, concrete is the most widely used construction material in the modern world because of its 

characteristics compared to other materials, which are: excellent strength, easy shape, long-lasting service, affordability, 

easy to obtain etc. [5, 6]. 

Hence, utilization of supplementary cementitious materials (SCM) such as industrial waste has been a global trend 

for decades. In Brazil, according to this strategy, CO2 emissions are reduced by ~ 4.4% due to the clinker content of 

cement. Research institutions in Canada are pioneers in the research of using high volumes of SCM in the concrete 

industry [7]. India has stipulated by law the utilization of fly ash in construction materials, especially in concrete, road 

construction, and bricks. The Ministry of Environment and Forestry has announced the benefits of recycling this 

industrial waste and saving natural resources [8, 9]. Australia alone is producing more than 12 million tons of fly ash 

per year. 43% of this ash is re-used for various applications, including the construction industry, while the rest is being 

dumped as waste, causing environmental problems such as groundwater contamination, spills from bulk storage, and 
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ground pollution by heavy metals [10–12]. Apart from environmental benefits, fly ash contributes to other properties 

such as workability, expansive property [13], permeability [13], and other durability attributes [14]. 

The benefits of utilizing fly ash for concrete applications are threefold: savings in CO2 emissions, reducing the 

disposal of fly ash into the environment, and improving concrete qualities. So, these strategies have more advantages 

than reducing CO2 emissions; they also conserve natural resources, reduce the disposal of fly ash into the environment, 

and increase production quality. Although there is numerous research about incorporating fly ash into concrete, there 

still remains an important scope to analyze the utilization of different types of fly ash in concrete. Usually, studies are 

focused on general issues and not studding environment effects and concrete quality based on fly ash types. The impact 

varies completely from type of fly ash used [23], and the concrete mixture has to be designed based on the type of fly 

ash. Low CaO fly ash is more effectively used for concrete resistance to alkali, silica, sulphate attacks, and acid resistant 

[13–15]. Concrete will be more durable to aggressive environment. High CaO fly ash is better to improve the early 

compressive strength of concrete because of its higher reactivity. 

In order to reduce the environmental impact of CO2 emissions, the government of Kosovo should promote and 

develop a sustainable construction industry with the aim of reducing cement production by up to 40% and replacing it 

with lignite coal fly ash obtained during the burning process of coal for the production of electricity in thermal power 

plants. Generally, fly ash is gained from the process of burning coal to produce electrical energy in power plants, which 

results in a high volume of CaO content and non-class fly ash. Its properties are different based on the type of coal and 

the technology used for burning it, but as long as fly ash fulfills the requirements of standards (EN, ASTM, JIS, etc. 

based on which country is applied), it can be used in the construction and concrete industries. Basically, according to 

ASTM, fly ash is divided into two categories: Class C (SiO2 + Al2O3 + Fe2O3 ≥ 50%) and Class F (SiO2 + Al2O3 + Fe2O3 

≥ 70%) [16–18]. 

To date, the majority of prior research on fly ash recycling has focused on using it in concrete for different purposes; 

none of the studies have optimized and found the effect of different types of fly ash in the concrete industry, especially 

when fly ash does not meet standard requirements, does not belong to any of the above-mentioned classes, and has a 

high CaO content. In the present research, three goals will be explained: The first goal is to determine the mechanical 

properties of ordinary and high-performance concrete for short- and long-term curing when the content (10, 15, 20, 25, 

30, 35, 40, 45, and 50%) of cement replacement with non-class and high CaO content of fly ash; the second goal is to 

find the optimum amount of this type of fly ash to produce ordinary and high-performance concrete; and the third goal 

is to find a reduced amount of CO2 emissions after including this type of fly ash in concrete production in Kosovo and 

other environmental effects. 

2. Materials and Experimental Program 

2.1. Materials 

The cement used was a market-available PC 20M (S-L) 42.5R, equivalent to EU standards, while fly ash was 

discharged from power plant Kosova B directly after the process of burning coal to produce electrical energy. The 

physical properties and chemical compositions of cement and fly ash are given in Tables 1 and 2. 

Table 1. Chemical composition of non – class fly ash 

Fineness Non-class Fly ash 

* 0.200 mm 

* 0.090 mm 

* 0.063 mm 

* 0.043 mm 

0.1 

4.9 

8.1 

12.5 

Capacity mass g/cm³ 2.83 

Specific surface cm²/g 6600 

Flexural MPa 4.5 ± 0.3 

Compressive MPa 21.1 ± 0.7 

Table 2. Physical properties of non-fly ash 

Materials 

Compound 

Al2O3 SiO2 SO3 K2O CaO MnO Fe2O3 MgO Na2O LOI 
Moisture 

105 Co 

Reactive 

CaO 

Reactive 

SiO2 

Non-class Fly ash % 5.67 19.28 19.41 0.36 42.92 0.08 4.85 4.31 0.58 2.3 0.29 28.44 15.69 

Cement % 6.13 19.79 2.98 0.68 63.86 - 2.73 2.42 0.19 4.14 - - - 



Civil Engineering Journal         Vol. 10, No. 03, March, 2024 

691 

 

To obtain high-performance concrete C 50/60, an additive based on polikarboksilat polymer was used. It contributes 

to meeting high demands and increasing the flow properties of fresh concrete; a constant amount of 1% cement was 

used in all mix designs. Conducting this experiment was used crushed-clean aggregate, which was divided into three 

fractions: I - (0-4) mm, II - (4-8) mm, and III - (8-16) mm. The composition of these three fractions in concrete is 45%, 

22%, and 33%. The absorption value of sand was 1.1%, while for aggregate was 0.7%. 

According to chemical compositions SiO2 + Al2O3 + Fe2O3 = 19.28 + 5.67 + 4.85 = 29.8%, Kosovo fly ash, which 

becomes from lignite coal, does not belong in class F or C based on ASTM standards. What is very important to analyze 

are the large specific surface of fly ash (6600 cm2/g), spherical-shaped particles compared to angular-shaped cement 

particles, and the high content of CaO (42.92%). Kosovo fly ash has 19.42% of SO3 and failed to satisfy restrictions of 

ASTM, BSI, and EN for SO3 content in fly ash in order to use it in concrete. Based on standards, it should be 5%, 2.5%, 

and 3.0%. 

2.2. Mix Designs and Details 

The experimental research is divided into three parts; consequently, three mixtures were without fly ash, control 

concrete, while twenty-one other mixtures were designed with different percentages of fly ash content, starting from 

(10, 15, 20, 25, 30, 35, 40, 45, and 50%) replacing cement. In total, twenty-four mixtures with a water/binder ratio 

between 0.4–0.6 were cast. The material proportions remained constant, and the slump test for all mix designs conformed 

to curve S3, ranging between 100-150 mm. Mixture details are listed in Table 3 and Figure 1. 

Table 3. Mixture proportions for 24 mix designs 

Case Mixtures Cement (kg) Fly ash (kg) Sand (kg) Gravel (kg) Water (kg) Additive (kg) w/b ratio Slump test (mm) 

C
a

se 1
 

M 1 290 0 868 1061 160.7 1.74 0.61 140 

M 2 261 29 864 1056 160.7 1.74 0.62 130 

M 3 246.5 43.5 862 1054 160.7 1.74 0.62 122 

M 4 232 58 860 1052 160.7 1.74 0.63 130 

M 5 217.5 72.5 827 1010 160.7 1.74 0.63 130 

M 6 203 87 856 1046 160.7 1.74 0.63 140 

M 7 174 116 860 1050 160.7 1.74 0.63 130 

M 8 145 145 859 1049 160.7 1.74 0.63 140 

C
a

se 2
 

M 9 340 0 791 968 211 0 0.62 122 

M 10 306 34 787 961 211.2 0 0.62 123 

M 11 298 51 784 958 211.3 0 0.62 125 

M 12 272 68 782 956 211.4 0 0.62 126 

M 13 255 85 780 953 211.5 0 0.62 130 

M 14 238 102 777 950 211.6 0 0.62 133 

M 15 204 136 781 949 211.3 0 0.62 135 

M 16 170 170 779 951 211.1 0 0.62 139 
C

a
se

 3
 

M 17 440 0 790 965 176 4.4 0.34 137 

M 18 396 44 783 958 176 4.4 0.41 132 

M 19 374 66 780 954 176 4.4 0.41 138 

M 20 352 88 777 951 176 4.4 0.41 145 

M 21 330 110 774 946 176 4.4 0.41 141 

M 22 308 132 771 943 176 4.4 0.41 143 

M 23 264 176 775 945 176 4.4 0.41 148 

M 24 220 220 781 949 176 4.4 0.41 146 

An additive based on polikarboksilat polymer was added to eight mix designs to achieve high-performance concrete 

C 50/60. The amount of additive was kept constant in all eight mixtures: 1% of cement + fly ash. 

The fresh properties of concrete mixtures were determined through consistency and density tests. Slump values are 

measured in conformity standard EN 12350-2 (see Table 3). The fresh densities were determined by the quotient of their 

mass and the volume, with values between (2.39 – 2.45) g/cm3 for the first part of the research, (2.22 – 2.34) gr/cm3 for 

the second part, and (2.38 – 2.39) gr/cm3 third part. The fresh densities of mixtures are also shown in Table 3. The very 

fine rosary shape of fly ash particles contributes to the increase in workability of fresh concrete by reducing segregation 

and helping to gain very sticky mass. Increasing fly ash content contributes to improving the properties of fresh concrete. 

Concrete specimens are molded and cured under standard conditions until testing age. 
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Figure 1. Components of 1 m³ of concrete for 8 different mix designs 

2.3. Test Procedures 

The concrete mixture was prepared in a laboratory mixer. During typical procedures, mold filling was done in two 

layers using a vibration table until the bubbles on the top of fresh concrete specimens disappeared. Specimens were 

removed from molds after 24 hours and cured in water at a constant temperature until testing after 3, 7, 21, 28, 56, 100, 

180, and 365 days, then after 3, 5, 7, and 10 years. Altogether, more than 1000 specimens, 15 cm cubes, and all 

compressive strength results were taken as the average of three readings. For the casting shrinkage experiment, a very 

sensitive method was used, with 1 mm-thick empty cylinders measuring 1 cm in diameter and 10 cm in height. For this 

examination, in total, six mix designs were prepared according to the mix design of the first part of this research, with a 

difference in fly ash content of 0, 10, 15, 20, 25, and 30% of cement substitution. For preparing these very delicate 

specimens (in terms of dimensions and preparation method), sand was filtered and particles until 150μ were used. The 

material ratio was determined to be cement: sand: water = 1:2:2.1. After the samples were put on molds, they went under 

the oven to dry for 24 hours at 40°C. To keep specimens in a moist environment, they were clad with wet cotton rags, 

and to prevent humidity evaporation, specimens were put in closed plastic bags. After specimens were removed from 

molds for three months, they were cured in water at a constant temperature of 22±2 °C to complete the hydration process 

of cement + fly ash, and then 12 empty cylinders went under examination. Six of them were put on very sensitive 

measuring ports of the shrinkage instrument (measures were done every 10 min) and the other six were examined for 

weight loss. All 12 specimens during the examination were set in a chamber with a constant temperature of 22±2 °C and 

a relative humidity of 60±5% until the end of the examination (Figure 2). 

   
a) b) c) 

   
d)                                                                                            e) 

Figure 2. Process of shrinkage specimen’s preparation and examination: a) molds and concrete, b) specimens after 24 h, c) shrinkage 

empty cylinders h=10cm, D=1cm and d=1mm, d) examination process and e) empty cylinders on corresponding ports in chamber 
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Setting time was also in focus during the examination, which was conducted by a Vicat needle according to ASTM 
191-08. Firstly, the standard consistency was determined for 10 different mix designs with 0, 10, 15, 20, 25, 30, 35, 40, 
45, and 50% cement replacement with fly ash. During casting and examination, all procedures were developed according 
to standards and in laboratory conditions. 

  
a) b) 

Figure 3. Examination of setting time of concrete: a) preparation of mass with standard consistency, b) examination with 

Vicat needle 

3. Results and Discussion 

3.1. Compressive Strength 

The compressive strength evolution shows that the strength gain over time depends on the cement ratio replaced by 

fly ash. At 7 days by w/b ratio between 0.4 and 0.6, in three different cases, the gain of strength in etalon was relatively 
high, more than 70% for the first and second cases, and more than 85% in the third case of research on its 28-day 
compressive strength. In all three treated cases, when part of the cement was replaced by fly ash, the compressive 
strength decreased compared to reference concrete. By increasing the curing time of the specimens, compressive strength 
was also increased (see Figures 4 to 6). For instance, the first case, after 180 days of curing specimens with 30% fly ash 
content, achieved class C 25/30, and it continued to increase in strength over time. After 365 days, the mix design with 

40% fly ash content gained a quality of C 25/30. Almost the same thing happened in the second case: after one year of 
curing, the mix design with 40% fly ash achieved quality C 25/30. Based on these dates, the different content of cement 
does not play any role in curing specimens for a long time. According to the third case, dates show better results; in 100 
days, class C 50/60 of concrete was obtained, a mixture with 40% cement replaced with fly ash. 

 

Figure 4. Relation between compressive strength and fly ash content - concrete C 25/30 - Kosovo case. With only 290 kg/m3 

of cement content on etalon and adding additive 

Analyzing Compressive strength progress vs. curing time is mainly dependent on the hydration rate of cement for 
etalon, while in the other 21 mixtures, it depends on the combination of hydration of cement + pozzolanic reaction of 

fly ash, which during this examination, differently from other fly ash types, started in the early ages. So, the progress of 
strength development in three cases has been continuous and constant since the beginning, while the intensity of strength 
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increase has decreased continually over time. Indeed, at mixtures with a high content of fly ash (40 and 50%), strength 
improvement was delayed, but based on the results, the requested quality of concrete was achieved and exceeded in 
time. While mix design with 30% low CaO fly ash content was achieved for ordinary concrete C 25/30 and high-

performance concrete C 50/60 for 180 days, the intensity of strength increase was too low for considering improving 
strength during a long time of curing [19]. 

 

Figure 5. Relation between compressive strength and fly ash content - concrete C 25/30 - Kosovo case 

 

Figure 6. Relation between compressive strength and fly ash content - concrete C 50/60 - Kosovo case 

3.2. Standard Consistency and Setting Time 

To examine standard consistency, we designed 10 different mixtures of cement and fly ash pastes, starting with (0, 

10, 15, 20, 25, 30, 35, 40, 45, and 50%) of the high CaO content of fly ash. Related to the very fine particles of non-

class fly ash content, the water requirement was increased. Consequently, increasing fly ash content will also increase 

water content. 

Figure 8 shows that the initial setting time and final setting time are prolonged due to increased water. Differently 

from expectations and other research, using high CaO fly ash contributes to prolonging the initial setting time more than 

the final setting time. For instance, in a mixture with 50% fly ash content, the initial setting time was prolonged for 94 

minutes, while the final setting time was prolonged for 105 minutes. This is regarding the very high content of CaO as 

a reactive part of the non-class fly ash content. The very large specific surface of this non-class fly ash helps to develop 

the hydration process since it is in its early stages. Compared to setting time with low CaO content, where the final 

setting time was 87 minutes due to the little water requirement and the final setting time was 168 minutes because of the 

little content of the reactivity substance [19]. 

0

10

20

30

40

50

60

3 7 21 28 56 180 365

C
o

m
p

r
e
ss

iv
e
 s

tr
e
n

g
th

 (
M

P
a

)

Time (Days)

0%

10%

15%

20%

25%

30%

40%

50%

0

10

20

30

40

50

60

70

80

90

3 7 21 28 56 100 365

C
o

m
p

re
ss

iv
e 

st
re

n
g

th
 (

M
P

a
)

Time (Days)

0%

10%

15%

20%

25%

30%

40%

50%



Civil Engineering Journal         Vol. 10, No. 03, March, 2024 

695 

 

 

Figure 7. Material used in different mix designs during testing 

 

Figure 8. Setting time of fly ash-cement mortar 

3.3. Shrinkage 

To measure shrinkage, a very sensitive method was established called QUICK for concrete shrinkage examination. 

Figures 5 and 6 show that weight loss and shrinkage increase as ages increase for control concrete. Fly ash content helps 

to improve the pore structure of concrete, and this causes fly ash mixtures to shrink less at all ages, and the difference is 

considerable. Fly ash contributes to closing big pores, so the water is removed very slowly from small pores. During 

this process, according to capillary stress theory, an increasing internal hydrostatic stress was developed as the capillary 

pores became smaller. For instance, in a mixture with 10% weight loss, shrinkage was 1700mm × 10-4 mixture with 

20% fly ash content. And in mix designs with low CaO fly ash content, big pores were not closed, and as a result, water 

evaporated soon and the stress on capillary pores was very low. So, the examination was short, and the shrinkage was 

1150mm x 10-4 for the mix design with 20% fly ash; the difference is 550 mm × 10-4 [19]. 

A higher amount of cement content increases the heat of hydration and consequently causes shrinkage. As the amount 

of fly ash content increases, the shrinkage decreases, and concrete will become compact as a result of improving pore 

structure by expansive properties of fly ash and the pozzolanic reaction [20, 21]. 
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Figure 9. Weight loss of concrete specimens versus time 

 

Figure 10. Shrinkage of concrete specimens versus weight loss 

4. Conclusion 

Developing a sustainable construction industry is very important based on the EPA's agenda to reduce environmental 

effects and CO2 emissions. Concrete is the most widely used construction material, and it is still irreplaceable. Using fly 

ash to decrease cement production until 35–40% means reducing CO2 release from 8% to 5.2–4.8%, reducing the price 

of concrete by 40% of its value, and improving the mechanical properties of the product. It is also important to consider 

the transport distance from the power plant to the construction site. In this case, Kosovo is a small country, and at the 

same time, 93% of electricity is produced from burning lignite coal in Obiliq, so the amount of fly ash is going to 

increase in the coming years. Increasing fly ash content implicates increasing water content. It happens with very fine 

particles of fly ash; that’s why the strength progress of concrete takes more time than control concrete, but it is 

compensated by the high reactivity of the CaO content. The same effect was observed at compressive strength and 

shrinkage examinations. Due to the very fine particles of fly ash, the rosary shape helps to increase workability by 

increasing fly ash content, and the mass was sticky without segregation. The high content of CaO in fly ash is a very 

important component for using it to produce concrete. This contributes to speeding up the hardening process and the 

properties of the final product. 
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During the examination of the initial and final setting times, it was observed that the final setting time was prolonged 

only 10.5% longer than the initial one for a mixture with 50% fly ash content. This effect happened for two reasons: 1) 

the initial setting time was prolonged regarding the amount of water required to design standard consistency; and 2) the 

final setting time was fast regarding high pozzolanic activity and the hydration process as a result of the high amount of 

CaO content. Regarding compressive strength, high CaO content in non-class fly ash has the same effect in three 

investigated cases. Compressive strength is related to many factors, but according to this examination, incorporating fly 

ash with very high pozzolanic activity will increase continuously with time. The intensity of the strength increase will 

decrease with time, but it will not stop, and very good results can be achieved in the long term even with a high content 

of this industrial waste, up to 40%. The high specific surface area of non-class fly ash particles contributes to improving 

the pore structure of concrete, and to reduce concrete shrinkage, it can be used as a reducing shrinkage agent. Because 

of the expansive property, it helps to close the large porosity of the concrete mass, so the water is removed very slowly 

from small pores, and the amount is very small by inducing high stress. The examination lasted for 61 days, two times 

longer than in the case of fly ash with low CaO content. 

5. Declarations  

5.1. Author Contributions 

Conceptualization, A.A. and T.N.; methodology, A.A.; validation, T.N. and A.A.; formal; investigation, A.A.; data 

curation, N.K.; writing—original draft preparation, A.A.; writing—review and editing, N.K.; supervision, A.A.; funding 

acquisition, N.K. All authors have read and agreed to the published version of the manuscript. 

5.2. Data Availability Statement 

The data presented in this study are available in the article. 

5.3. Funding 

The research is supported by the Japan Government – MONBUKAGAKUSHO fund and Ibraki University. 

5.4. Conflicts of Interest 

The authors declare no conflict of interest.  

6. References  

[1] Thomas, M. D. A. (2007). Optimizing the use of fly ash in concrete. Portland Cement Association, New Jersey, United States 

[2] Attarde, S., Marathe, S., & Sil, A. (2014). Utilization of fly ash in construction industries for environment management. 

International Journal of Environmental, 3(2), 117-121. 

[3] Lee, S. H., Sakai, E., Daimon, M., & Bang, W. K. (1999). Characterization of fly ash directly collected from electrostatic 

precipitator. Cement and Concrete Research, 29(11), 1791–1797. doi:10.1016/S0008-8846(99)00169-6. 

[4] Das, B. B., & Pandey, S. P. (2011). Influence of Fineness of Fly Ash on the Carbonation and Electrical Conductivity of Concrete. 

Journal of Materials in Civil Engineering, 23(9), 1365–1368. doi:10.1061/(asce)mt.1943-5533.0000298. 

[5] Sun, Y., & Lee, H. (2020). Research on properties evolution of ultrafine fly ash and cement composite. Construction and Building 

Materials, 261. doi:10.1016/j.conbuildmat.2020.119935. 

[6] Amran, M., Debbarma, S., & Ozbakkaloglu, T. (2021). Fly ash-based eco-friendly geopolymer concrete: A critical review of the 

long-term durability properties. Construction and Building Materials, 270, 121857. doi:10.1016/j.conbuildmat.2020.121857. 

[7] Herath, C., Gunasekara, C., Law, D. W., & Setunge, S. (2020). Performance of high volume fly ash concrete incorporating 

additives: A systematic literature review. Construction and Building Materials, 258, 120606. doi:10.1016/j.conbuildmat.2020.120606. 

[8] Hino Junior, J. R., Balestra, C. E. T., & Medeiros-Junior, R. A. (2021). Comparison of test methods to determine resistance to 

chloride penetration in concrete: Sensitivity to the effect of fly ash. Construction and Building Materials, 277, 122265. 

doi:10.1016/j.conbuildmat.2021.122265. 

[9] Singh, N. B., & Middendorf, B. (2020). Geopolymers as an alternative to Portland cement: An overview. Construction and 

Building Materials, 237, 117455. doi:10.1016/j.conbuildmat.2019.117455. 

[10] da Silva Magalhães, M., Cezar, B. F., & Lustosa, P. R. (2023). Influence of Brazilian fly ash fineness on the cementing efficiency 

factor, compressive strength and Young’s modulus of concrete. Developments in the Built Environment, 14, 100147. 

doi:10.1016/j.dibe.2023.100147. 

[11] Felix, E. F., Carrazedo, R., & Possan, E. (2021). Carbonation model for fly ash concrete based on artificial neural network: 

Development and parametric analysis. Construction and Building Materials, 266, 121050. doi:10.1016/j.conbuildmat.2020.121050. 



Civil Engineering Journal         Vol. 10, No. 03, March, 2024 

698 

 

[12] Zhang, C., Fu, J., & Song, W. (2023). Mechanical model and strength development evolution of high content fly ash–cement 

grouting material. Construction and Building Materials, 398. doi:10.1016/j.conbuildmat.2023.132492. 

[13] Nguyen, T. B. T., Saengsoy, W., & Tangtermsirikul, S. (2018). Effect of initial moisture of wet fly ash on the workability and 

compressive strength of mortar and concrete. Construction and Building Materials, 183, 408–416. 

doi:10.1016/j.conbuildmat.2018.06.192. 

[14] Fernando, S., Gunasekara, C., Law, D. W., Nasvi, M. C. M., Setunge, S., & Dissanayake, R. (2023). Assessment of long term 

durability properties of blended fly ash-Rice husk ash alkali activated concrete. Construction and Building Materials, 369, 

130449. doi:10.1016/j.conbuildmat.2023.130449. 

[15] Kasaniya, M., Thomas, M. D. A., & Moffatt, E. G. (2021). Efficiency of natural pozzolans, ground glasses and coal bottom 

ashes in mitigating sulfate attack and alkali-silica reaction. Cement and Concrete Research, 149. 

doi:10.1016/j.cemconres.2021.106551. 

[16] Andrew, R. M. (2018). Global CO2 emissions from cement production. Earth System Science Data, 10(1), 195–217. 

doi:10.5194/essd-10-195-2018. 

[17] Hossain, M. M., Karim, M. R., Hasan, M., Hossain, M. K., & Zain, M. F. M. (2016). Durability of mortar and concrete made up 

of pozzolans as a partial replacement of cement: A review. Construction and Building Materials, 116, 128–140. 

doi:10.1016/j.conbuildmat.2016.04.147. 

[18] ASTM C595/C595M-21. (2023). Standard Specification for Blended Hydraulic Cements. ASTM International, Pennsylvania, 

United States. doi:10.1520/C0595_C0595M-21. 

[19] Alaj, A., Krelani, V., & Numao, T. (2023). Effect of Class F Fly Ash on Strength Properties of Concrete. Civil Engineering 

Journal (Iran), 9(9), 2249–2258. doi:10.28991/CEJ-2023-09-09-011. 

[20] Wang, Z. (2011). Influence of fly ash on the mechanical properties of frame concrete. Sustainable Cities and Society, 1(3), 164–

169. doi:10.1016/j.scs.2011.06.001. 

[21] Aslani, A., Hachem-Vermette, C., & Zahedi, R. (2023). Environmental impact assessment and potentials of material efficiency 

using by-products and waste materials. Construction and Building Materials, 378. doi:10.1016/j.conbuildmat.2023.131197. 



 Available online at www.CivileJournal.org 

Civil Engineering Journal 
(E-ISSN: 2476-3055; ISSN: 2676-6957) 

  Vol. 10, No. 03, March, 2024 

 

 

 

  

    

699 

 

Evaluating Groundwater Quality Using Multivariate Statistical 

Analysis and Groundwater Quality Index 

 

Nguyen Quoc Pham 1, Giao Thanh Nguyen 2*  

1 Faculty of Agriculture and Environmental Resources, Dong Thap University, Dong Thap, 81000, Vietnam. 

2 College of Environment and Natural Resources, Can Tho University, Can Tho 900000, Vietnam. 

Received 08 November 2023; Revised 14 February 2024; Accepted 21 February 2024; Published 01 March 2024 

Abstract 

Under pressure from surface water pollution and climate change, groundwater becomes a critical water source. Information 

on groundwater quality could contribute to effective groundwater management. This study was carried out to utilize 

multivariate statistical analysis and the groundwater quality index (GWQI) to evaluate groundwater quality in Ca Mau 

Province, Vietnam. Twenty-five groundwater samples from residential-urban areas, cemetery areas, landfill areas, and 

saline intrusion areas were collected for this study. Groundwater quality was evaluated using the National Technical 

Regulation on Groundwater Quality (QCVN 09-MT:2015/BTNMT) and GWQI. Principal component analysis (PCA) was 

used to identify potential polluting sources and key variables influencing groundwater quality. Cluster analysis (CA) was 

applied to cluster groundwater quality, and the sites were recommended for future monitoring. The results revealed that 

NH4
+-N contaminated groundwater in the landfill area, while the saline intrusion area was polluted by TDS and NH4

+-N. 

The groundwater quality classified as excellent, good, poor, and very poor accounted for 44, 40%, 12%, and 4%, 

respectively. Cluster analysis divided groundwater quality into four groups, mainly based on the presence of NH4
+-N and 

TDS. Nine groundwater sampling locations could be removed from the current groundwater quality program but still 

ensuring representativeness as a result of CA. PCA proposed two main sources of variation in groundwater quality at each 

residential-urban area: the cemetery area, the landfilling area, and the saline intrusion area. The groundwater parameters 

(i.e., pH, TDS, permanganate index, NH4
+-N, NO3

--N, and Fe) should be continued to monitor. Domestic and industrial 

wastewater discharge, leachate from cemeteries and landfills, the nature of groundwater aquifers, and seawater intrusion 

could be potential sources of groundwater variation. The current findings provide scientific information for local 

environmental authorities to manage and monitor groundwater quality in the study area. 

Keywords: Ammonium; Ca Mau Peninsula; Groundwater Quality Index (GWQI); Multivariate Analysis. 

 

1. Introduction 

Surface water pollution, climate change-induced drought, and sea level rise lead to groundwater become more 

important for human beings and ecosystems [1–5]. Groundwater has been used for various purposes, such as 

domesticity, irrigation, transportation, and industry [6–9]. The benefit of groundwater use to ecosystems and human 

beings is very huge [10, 11]. However, groundwater quality has been influenced by both natural and anthropogenic 

activities [8, 9, 12]. The natural processes influencing groundwater quality include groundwater recharge, rock-water 

interactions, mineral weathering, and contaminated water from the adjoining aquifer [8, 9, 13]. Anthropogenic 

activities include improper groundwater exploitation, intensive applications of agrochemicals, industrial production, 
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waste and wastewater discharge, and urbanization [8, 12, 14]. Former studies presented that groundwater quality is 

polluted. For instance, Giao and Nhien (2023) [15] reported that groundwater quality in the Vietnamese Mekong Delta 

has been polluted by heavy metals and coliforms, and the causes of pollution may be from improper treatment of 

waste in domestic activities, agricultural and industrial production. The study by Laonamsai et al. (2023) [8] also 

found that Zn, Hg, Pd, Fe, and Mn contaminated groundwater quality in Thailand. The potential sources of 

groundwater pollution in Thailand were identified as untreated sewage discharge and fertilizer usage, in addition to 

the characteristics of geological formations. The other study found that groundwater was contaminated by iron, 

manganese, aluminium, and organic matter, and the significant origins of contaminants are from agriculture (the use 

of fertilizers and pesticides), urban waste, and industry [12]. Consumption of contaminated groundwater may pose 

many risks to human health, such as diarrhea, vomiting, shortness of breath, splenic hemorrhage, blue baby syndrome, 

or methemoglobinemia [16, 17]. 

Groundwater quality monitoring plays a crucial role in pollution prevention. The monitoring data (including 

sampling sites, parameters, and frequencies) could provide useful information for the identification of sources of 

groundwater variations. This information is required for the planning of groundwater usage. One of the basic ways to 

evaluate the characteristics of groundwater quality is to compare individual measured concentrations of groundwater 

parameters to corresponding values regulated by national or international standards [15, 18]. For the overall 

groundwater quality that is presented for a well or an aquifer, the groundwater quality index (GWQI) is used. GWQI 

calculation requires the use of a set of preidentified groundwater quality data, so the groundwater quality between 

space and time is easily compared and ranked [8, 9, 15, 19]. GWQI has been widely applied in several former studies 

[3, 8, 9, 12, 13, 15]. Recently, multivariate statistical methods, including principal component analysis (PCA) and 

cluster analysis (CA), have also been widely applied in studying groundwater quality [3, 18, 19]. PCA is used to 

reduce data size, providing information on potential polluting sources and key variables influencing groundwater 

quality [3, 20]. CA is utilized to cluster groundwater quality parameters into various groups based on the similarities 

or dissimilarities between space and time of the identified groundwater quality variables [3, 13, 15, 18]. PCA and CA 

could be used simultaneously to recommend the site, the parameters, and the frequencies of environmental quality 

monitoring, including groundwater. 

Ca Mau Peninsula, a coastal province, is one of the five major regions of the Mekong Delta of Vietnam (1.6 million 

hectares, accounting for 43% of the total area of the Mekong Delta), playing an important role in the economic and 

social development of the region. With rapid social and economic growth, the demand for water use significantly 

increases. However, surface water in Ca Mau has been seriously polluted by waste discharge from industrial zones, 

aquaculture, agricultural, residential, and landfills [21, 22]. Therefore, groundwater has been becoming more important 

for water sources for the production and daily activities in Ca Mau province. Several studies have been carried out to 

evaluate groundwater quality in the Vietnamese Mekong Delta [15, 18, 23, 24]; however, information on groundwater 

quality in Ca Mau is limited. This study is conducted to evaluate groundwater quality in Ca Mau province using national 

technical regulations on groundwater quality and the groundwater quality index (GWQI). In addition, CA and PCA were 

also utilized to cluster groundwater quality and identify potential polluting sources affecting groundwater quality in the 

study area. The findings of the current study could contribute to groundwater quality monitoring and pollution 

prevention. The structure of this article comprises of the abstract, introduction, materials and methods, results and 

discussion, conclusion, and references. 

2. Research Methodology 

2.1.  Description of the Study Areas 

Ca Mau Peninsula is the southernmost land in the Mekong Delta region, with an area of about 1.6 million hectares, 

surrounded by the East and West seas. The region has an interlaced and interwoven system of rivers and canals, 

accounting for about 3.02% of the natural area, in which there are many large rivers with deep water levels, leading to 

alluvial deposits inland such as the Cua Lon River, Ganh Hao, Bay Hap, Song Doc, and Cai Tau [25]. With an average 

elevation of 0.5–1.5 m above sea level and a 254 km-long coastal area, there are three sides of the East, South, and 

Southwest, which are influenced by two tidal regimes of the West Sea (irregular tides) and the sea. In the winter, Ca 

Mau is considered to be the most severely affected area by saline intrusion. Along with the process of socio-economic 

development, the surface water of the region has been significantly polluted since groundwater sources have become an 

important source of clean water for daily life and industrial activities. According to the survey results of the Vietnam 

Geological Map Federation, the area's groundwater has relatively large reserves. The potential exploitation reserve of 

groundwater on the Ca Mau Peninsula is about 11,456,479 m3 per day. In addition, according to the statistics of the 

whole Ca Mau Peninsula, the area that can be exploited for pale groundwater is 13,901.9 km2 (accounting for 83.4%), 

and the area of saline aquifers is 2,758.1 km2 (accounting for 15.6%). According to hydrogeological characteristics of 

the area, there are all 7 aquifers, including Holocene aquifer (qh), Upper Pleistocene (qp3), Upper Middle Pleistocene 

(qp2-3), Lower Pleistocene (qp1), Middle Pliocene (n2
2), Lower Pliocene (n2

1), and Upper Miocene (n1
3) [25]. 
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2.2. Description of Groundwater Sampling and Analysis 

Groundwater quality data were collected from the Department of Environment and Natural Resources, Ca Mau 
Province, Vietnam. Twenty-five groundwater samples (GW1-GW25) were collected at 9 districts, with a frequency of 
monitoring 3 times per year (June, September, and December) in 2022. The monitoring period for the first phase was 

from June 21 to 24, 2022. Four areas are subjected to groundwater sampling, including residential-urban areas (GW1-
GW8), cemetery areas (GW9-GW17), landfills (GW18-GW22), and areas affected by saline intrusion (GW23-GW24). 
Groundwater samples were collected and stored in PE plastic bottles, refrigerated or preserved with chemicals to be 
transported to the laboratory as soon as possible, ensuring the method of sampling and preserving samples according to 
TCVN 6663-1:2011, TCVN 6663-3:2016, and TCVN 6663-11:2011. The locations of groundwater samples are detailed 
in Figure 1 and Table 1. Six physical and chemical parameters of groundwater, including pH, total dissolved solids 

(TDS), permanganate index (PI), ammonium (NH4
+-N), nitrate (NO3

--N), and iron (Fe), were examined. The pH 
parameters were measured directly in the field according to TCVN 6492:2011 (ISO 10523:2008) and SMEMW 
4500.B:2012. The parameters comprising TDS, permanganate index, NH4

+-N, NO3
--N, and Fe were analyzed in the 

laboratory according to standard methods [26]. Specifically, the TDS was determined by the drying method at 180oC 
according to the SMEWW 2540.C:2012 standard. The permanganate index is determined according to TCVN 6186:1996 
(ISO 8467:1993 (E)). Determination of NH4

+-N concentration by manual spectrometric method according to TCVN 

6179-1:1996 (ISO 7150-1:1984E). NO3
--N was determined by the spectrophotometric method using 2.6-dimethylphenol 

(TCVN 7323-1:2004, ISO 7890-1:1986). Determination of iron by spectrometric method using 1.10-phenanthroline 
reagent (TCVN 6177:1996, ISO 6332:1988). The analysis of groundwater samples was carried out by the Southern 
Environment and Natural Resources One Member Limited Liability Company. 

 

Figure 1. Map of the sampling locations in the study area 

Table 1. Brief description of the sampling locations 

Areas Code Location 

Residential and urban 

GW1 Area 4, Thoi Binh town, Thoi Binh district 

GW2 Area 2, U Minh town, U Minh district 

GW3 Area 7, Cai Doi Vam town, Phu Tan district 

GW4 Area 1, Thi Trac Rach Goc, Ngoc Hien District 

GW5 Dam Doi town, Dam Doi district 

GW6 Ganh Hao estuary area, Tan Thuan commune, Dam Doi district 

GW7 Tac Van Market, Tac Van Commune, Ca Mau City 

GW8 Residential Area 1, Cai Doi Vam Town, Phu Tan District 
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Cemetery 

GW9 Cemetery area in Hamlet 1, Nguyen Phich Commune, U Minh District 

GW10 Cemetery area of Tran Van Thoi district 

GW11 Cemetery area cluster 6, TT. Rach Goc, Ngoc Hien district 

GW12 Nha Dao - the land of the Holy Family of Huyen Su in Hamlet 3, Tri Phai Commune, Thoi Binh District 

GW13 Cemetery area of Cai Nuoc district 

GW14 Cemetery area of Nam Can district 

GW15 Area near Dam Doi district cemetery 

GW16 The area of people's cemetery in Tan Phu hamlet, Khanh An commune, U Minh district 

GW17 Area of Truong Duc cemetery, Lam Hai commune, Nam Can district 

Landfill 

GW18 The concentrated landfill area of Ca Mau province, Tan Xuyen ward, City. Ca Mau 

GW19 The area of the cluster landfill site 2. U Minh town, U Minh district 

GW20 The landfill area of cluster 5, Tran Van Thoi town, Tran Van Thoi district 

GW21 The landfill area of cluster 1, Rach Goc town, Ngoc Hien district 

GW22 Landfill area in Hai An hamlet, Nguyen Huan commune, Dam Doi district 

Areas affected by salinity 

intrusion 

GW23 Hamlet 3, Khanh Hoi Commune, U Minh District 

GW24 Mui Hamlet, Dat Mui Commune, Ngoc Hien District 

GW25 Hamlet 2, Hang Vinh commune, Nam Can district 

2.3. Data Analysis 

The difference in groundwater quality parameters (pH, TDS, permanganate index, NH4
+-N, NO3

--N, and Fe) at 

various subject areas was examined using one-way analysis of variance (One-way ANOVA), followed by Duncan's test 

at a significant level of 5% (p<0.05) using SPSS software version 20.0. The groundwater quality was evaluated by 

comparing the measured data to the one that is being regulated in the National Technical Regulation on Groundwater 

Quality (QCVN 09-MT:2015/BTNMT) [27]. The limit values of groundwater parameters according to QCVN 09-

MT:2015/BTNMT are detailed in Table 2. 

Table 2. Limit values of the used groundwater parameters in this study 

No. Groundwater parameters Limit values 

1 pH 5.5-8.5 

2 TDS 1500 

3 Permanganate index 4 

4 NH4
+-N 1 

5 NO3
--N 15 

6 Fe 5 

Overall groundwater quality in the study area was assessed using groundwater quality index (GWQI). GWQI was 

calculated using Equation 1. In this study, the GWQI index was calculated from six parameters, including pH, TDS, 

permanganate index, NH4
+-N, NO3

--N and F. 

GWQI = ∑ [(
Wi

∑ Wi
i=1
n

) × (
Ci

Si
× 100)]i=1

n   (1) 

where: Ci is the concentration of each parameter, Si is the limit value of each parameter specified in QCVN 09-

MT:2015/BTNMT, Wi is the weight of each parameter calculated by Equation 2. 

Wi =

1

∑ (
1
Si
)i=1

n

Si
  

(2) 

GWQI classifies groundwater quality into five levels, which are presented in Table 3. 

Table 3. Classification of groundwater quality based on GWQI 

No. Values Groundwater quality Colour 

1 GWQI < 50 Excellent  

2 50 < GWQI < 100 Good  

3 100 < GWQI < 200 Poor  

4 200 < GWQI < 300 Very poor  

5 GWQI > 300 Unsuitable for drinking  
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In this study, principal component analysis (PCA) was used to analyze 6 observed chemical and physical variables 

related to groundwater quality in Ca Mau. PCA is one of the widely used multivariate statistical techniques in 

environmental quality assessment and description. This method allows us to reduce the initial large data set into 

exploratory principal components (PCs) containing the most critical parameters affecting environmental quality [3]. 

When analyzing PCA, the number of PCs retained to explain the change in groundwater quality is mainly based on 

Eigenvalues, and the larger the PC value, the greater the contribution to the change in environmental quality and a 

collection of the main pollution sources for water bodies. Usually, principal components with Eigenvalues greater than 

1 will be retained for evaluation [3, 28, 29]. The main components in this study were determined by varimax rotation. 

When choosing environmental variables correlated with each PC, the factor load is divided into 3 levels: (1) strong when 

> 0.75; (2) medium when fluctuating in the range of 0.75–0.5; and (3) weak when fluctuating in the range of 0.5–0.3 

[3]. Cluster analysis (CA) is one of the multivariate statistical methods that group monitoring objects based on their 

attributes [29]. In this study, CA is applied to assess the level of groundwater pollution and group monitoring sites with 

the same physio-chemical characteristics in one group and different physio-chemical characteristics in different groups. 

Cluster analysis was performed on normalized data using the Ward method, and Euclidean distance was used to measure 

the similarity between groundwater quality variables [14, 29]. The resulting clusters of CA are presented in the form of 

dendrograms, clearly reflecting the level of water pollution and the similarity between monitoring locations. PCA and 

CA in this study were performed using PRIMER software version 5.2. 

 

Figure 2. Flow chart of the study 

3. Results and Discussion 

3.1. Physical and Chemical Characteristics of Groundwater in the Ca Mau Peninsula 

pH is one of the important water quality parameters that determines the alkalinity or acidity of groundwater [30]. 

The results showed that the average pH value in groundwater at four impact areas fluctuated in the range of 7.64±0.45-

8.04±0.36, reaching an average of 7.81±0.46. As can be seen, the groundwater in the study area was slightly alkaline 

(Figure 3). pH in groundwater at the landfill area was the lowest and had a statistically significant difference (p<0.05) 

with that at the cemetery area. Low pH in groundwater at landfill sites may be due to groundwater acidification by low-

pH leachate from landfills [31]. Compared to the national technical regulation on groundwater quality, the pH in 

groundwater in the study areas was acceptable. In addition, the pH in groundwater in Ca Mau is also within the 

permissible level in drinking water prescribed by the Ministry of Health (2018) [32]. Former studies also measured pH 

values in groundwater. For example, pH in groundwater wells in the Ho Chi Minh City area was in the range of 3.4–7.4 

[28], in the areas of Ba Ria – Vung Tau, it was 4.30–7.80 [19], and in the areas of Ha Nam Province, it was 6.19–7.33 

[33]. A previous study also found that groundwater pH in the Mekong Delta of Vietnam was in the range of 6.54–7.76 

[15]. Other studies from outside Vietnam found pH values in groundwater from 5.91 to 7.24 [3], between 7.03 and 8.50 

[9], and in the range of 6.76–9.56 [34]. pH in groundwater may be acidic or alkaline, depending on the presence of 

chemical composition. The age of groundwater, mineralogy of aquifer materials, and geochemistry of groundwater 

systems have a strong influence on pH in groundwater [35]. 
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Figure 3. Spatial variations of groundwater parameters in the study areas 

The total dissolved solids (TDS) concentration in groundwater in the study area was relatively high; there was a 

large variation between the sampling areas. The TDS concentration reached the minimum value of 588.07±227.38 mg/L 

at the landfill area and reached the maximum value of 2153.11±2113.31 mg/L in the area affected by saline intrusion 

(Figure 3). Statistical analysis results showed that TDS concentration in groundwater in areas affected by salinity 

intrusion was significantly different (p<0.05) than that from the remaining areas (Figure 3). This result indicated that 

groundwater in certain areas of Ca Mau Province is influenced by salt concentration. A former study found that coastal 

aquifers could be influenced by seawater intrusion and the horizontal movement of saline water [36]. A former study 

found that groundwater in the Mekong Delta had TDS values of 544–4194 mg/L [15]. In coastal areas, TDS in 

groundwater was found at 281–8055 mg/L in Soc Trang province [18, 37] and 286-715 mg/L in Bac Lieu province [38]. 

In the Mekong Delta of Vietnam, high TDS could be associated with the impact of agrochemicals, wastewater leachate, 

and saline intrusion. Outside Vietnam, TDS in groundwater was measured at concentrations of 149.76±132.66-

202.33±211.60 mg/L [3], 223-1372 mg/L [13]. As can be seen, TD varies spatially. TDS concentrations depend on 

groundwater aquifer characteristics, pollution sources, and saline water intrusion. TDS is used as a factor for the 

classification of groundwater into fresh hard water and medium salt hard water [39]. Compared with QCVN 09-

MT:2015/BTNMT [27], TDS concentrations in groundwater in residential-urban areas, cemeteries, and landfilling sites 

were still within the allowable limits, while the TDS in the area affected by saline intrusion exceeded the allowable limit 

by 1.4 times. 

Permanganate index (PI) is often used as an indicator to assess the pollution level of dissolved organic compounds 

in water. A high permanganate index indicates that the water has been contaminated with organic substances [40]. In 

this study, PI ranged from 2.13±0.5 to 2.27±0.65 mg/L, averaged at 2.2±0.47 mg/L (Figure 3). The values of PI in 

groundwater in all sampling areas were not statistically significant (p>0.05) (Figure 3). Compared with QCVN 09-

MT:2015/BTBMT [27], PI in all groundwater samples was less than 4 mg/L, within the allowable limit. However, PI in 
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groundwater in the study area exceeded the limit value in the regulation of QCVN 01-1:2018/BYT (PI = 2 mg/L) [32]. 

This could mean that the groundwater in the study area is organically contaminated and unsuitable for drinking. The 

former study measured PI in groundwater, and it was found to be lower than that of the present study. Hung et al. (2018) 

[41] found PI of 0.17±0.0058-2.63±0.058 mg/L in groundwater in Trang Bang district, Tay Ninh province, while PI 

measured at 0.47±0.15-0.63±0.25 mg/L in groundwater in Pleiku city, Gia Lai province [42]. The variation of PI in 

groundwater could be attributed to the presence of microorganisms due to the occurrence of nutrients [43]. The death of 

microorganisms could consequently release organic matter, resulting in PI variation. In addition, dissolved organic 

matter from agricultural and landfill areas could also percolate into groundwater, resulting in high PI [44, 45]. 

Figure 3 shows that NH4
+-N concentrations in groundwater in the study areas in the range of 0.36±0.26 to 1.69±2.03 

mg/L and averaged 0.76±0.94 mg/L. The highest NH4
+-N concentrations in groundwater were found in areas influenced 

by saline intrusion, while the lowest were found in residential-urban areas. NH4
+-N concentrations in the areas of landfill 

and saline intrusion exceeded the limit of QCVN 09-MT:2015/BTNMT [27] by 1.01 and 1.69, respectively. Notably, 

the concentration of NH4
+-N in all monitored impact areas exceeded the allowable limit of QCVN 01-1:2018/BYT [32] 

by 1.2 to 5.6 times on the quality of clean water used for domestic purposes. Sources of NH4
+-N contaminating 

groundwater could be inappropriate discharges of waste and wastewater from domestic and industrial activities, landfill 

leachate, and the application of fertilizers in agriculture [15, 20, 23, 28, 37, 46]. NH4
+-N in groundwater was found up 

to 28.2 mg/L in Duy Tien district in Ha Nam province [33], at 16,086 mg/L at Xuan Mai town in Hanoi [47], and at 57.3 

mg/L at Valley Kathmandu in Nepal [48]. Other studies found NH4
+-N concentrations in groundwater in the Mekong 

Delta, Vietnam, at 0.24–10.8 mg/L [18], 0.07–2.55 mg/L in An Giang groundwater [24], and 0–7 mg/L in Tra Vinh 

groundwater [23]. High concentrations of NH4
+-N in groundwater cause an unpleasant taste and odour, reduce the 

chlorination effect, and increase the likelihood of pathogen contamination during water distribution [7]. High levels of 

NH4
+-N in the human body could lead to blue baby syndrome, liver damage, and stomach cancer [46]. 

The concentrations of NO3
--N ranged from 0.02±0.07 mg/L to 0.28±0.35 mg/L, and the average value was 0.08±0.16 

mg/L (Figure 3). The highest concentration of NO3
--N was found in groundwater samples influenced by saline intrusion. 

Meanwhile, the lowest concentration of NO3
--N was found in the saline intrusion areas. NO3

--N was also found in 

groundwater in the Vietnamese Mekong Delta in several former studies. The mean in NO3
--N in the provinces of An 

Giang, Dong Thap, and Kien Giang were 0-1.32 mg/L, 0.73-2.23 mg/L, and 0-0.60 mg/L, respectively [15], in 

groundwater in Soc Trang province was 0.1-0.260 mg/L. This study found that NO3
--N concentrations in all sampling 

wells are within the limits of QCVN 09-MT:2015/BTNMT (15 mg/L) [27] and QCVN 01-1:2018/BYT (2 mg/L) [32]. 

Sources of NO3
--N variation in groundwater may be from nitrogen fertilizer application, livestock waste, landfill 

leachate, and industrial waste [20, 23, 49]. The nitrate concentration in groundwater found in this study was lower than 

in other studies. However, some other studies have found that nitrate is very high in groundwater. NO3
--N concentrations 

were found at 1.94 to 5.89 mg/L in the northeast part of Chengdu Plain in the Sichuan Basin [20] and at 0.12–11.51 

mg/L in Uva province, Sri Lanka [30]. Groundwater with a high concentration of nitrate could result in health issues 

such as gastric cancer, birth malformation, hypertension, and methemoglobinemia [23, 50]. 

Iron is often dissolved in groundwater, causing the water to have scale, color, and an unpleasant taste [51]. In the Ca 

Mau peninsula, the Fe concentration in groundwater was very low, ranging from 0.17±0.13 mg/L to 0.29±0.16 mg/L, 

with an average of 0.2±0.17 mg/L. The statistical analysis showed that the Fe concentration at four different impact 

areas was not statistically significant (p>0.05) (Figure 3). The former study reported that Fe in groundwater in some 

provinces in the Mekong Delta, Vietnam, was 0.02±0.02 to 3.38±1.09 mg/L [15]. Groundwater in Soc Trang province 

had a significant concentration of Fe (0.04–19.8 mg/L, averaged at 2.17 mg/L) [37]. Other studies also found high Fe 

concentrations in groundwater [28, 33, 51]. The Fe concentration in groundwater in the former study was higher than 

that in the current study. The source of Fe formation in groundwater is mainly natural, such as the weathering of iron-

rich minerals (hematite, goethite, magnetite, and siderite) [52]. However, the hydroxylation of iron ions occurs under 

anaerobic conditions, leading to iron formation in water [53]. Fe concentrations in groundwater in the study area were 

still within the allowable limit of QCVN 09-MT:2015/BTNMT [27]. However, Fe at the saline intrusion areas was 

exceeding the limit of QCVN 01-1:2018/BYT (0.3 mg/L) [32]. Fe at high concentrations (> 0.3 mg/L) causes human 

health risks such as hemochromatosis, leading to organ damage, cirrhosis, hepatocellular carcinoma, and hemosiderosis 

[53]. 

3.2. Potential Sources of Groundwater Quality Change 

Principal component analysis showed that two main sources have an influence on groundwater in the study area 

(Figure 4 and Table 4). In this study, the retained PCs to explain the groundwater quality change had Eigenvalues greater 

than 1 [14, 53]. Two PCs were formed in residential-urban areas, cemeteries, landfills, and areas affected by the saline 

intrusion, explaining 79.6%, 85.2%, 89.2%, and 100% of the total variance, respectively. According to Elemile et al. 

(2021) [3], a total variance of PCs greater than 70% is acceptable. At the same time, the study examined the relevance 

of PCA through the Kaiser-Meyer-Olkin index (KMO) and Bartlett test. The significant KMO value means that the 

factor analysis is appropriate and the Bartlett test is statistically significant (p < 0.05); the observed variables are 
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correlated with each other in the population. Analysis results at each impact area, including residential-urban areas 

(KMO = 0.633; p = 0.01), cemetery (KMO = 0.5; p = 0.00), landfills (KMO = 0.544; p = 0.00), and areas affected by 

saline intrusion (KMO = 0.5; p = 0.00), indicated that all the values of KMO were equal to or greater than 0.5 and the 

p-value was less than 0.05. So, the results of the PCA analysis were suitable. 

 

Figure 4. Scree plots for the principal component analysis 

Table 4. Key variables influencing groundwater quality in the study area 

Parameter 
Residential and urban Cemetery Landfill Salinity intrusion 

PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 

pH -0.396 -0.203 0.515 -0.243 -0.410 0.149 0.261 -0.753 

TDS 0.433 -0.417 0.436 0.387 -0.452 0.160 -0.433 -0.286 

PI 0.450 0.222 0.420 0.343 -0.451 -0.079 -0.415 -0.381 

NH4
+-N 0.501 0.080 -0.453 0.180 -0.410 -0.479 -0.452 -0.116 

NO3
--N 0.332 -0.638 0.110 0.657 -0.446 -0.215 -0.454 -0.077 

Fe 0.303 0.567 -0.389 0.458 0.238 -0.819 -0.402 0.431 

Eigenvalues 3.30 1.48 3.08 2.04 4.34 1.01 4.81 1.19 

%Variation 55.00 24.60 51.30 34.00 72.40 16.90 80.20 19.80 

Cum. %Variation 55.00 79.60 51.30 85.20 72.40 89.20 80.20 100 

In the residential-urban area, the first principal component (PC1) is the most crucial component, explaining 55% of 

the total variance of six groundwater quality variables, with moderate loading values to NH4
+-N (0.501) and weak to pH 

(-0.396), TDS (0.433), PI (0.450), NO3
--N (0.332), and Fe (0.303). The possible source of pollution can be domestic 

wastewater since it contains high concentrations of TDS, C, N, and P [54, 55]. Iron oxides in the soil layer can be leached 

and reduced by organic matter under anaerobic conditions, leading to the formation of Fe in groundwater [28]. Therefore, 

PC1 could be from internal and external causes of groundwater pollution. The second component (PC2), which 



Civil Engineering Journal         Vol. 10, No. 03, March, 2024 

707 

 

explained 24.60% of the total variance of the groundwater quality dataset, had a mean loading factor of NO3
--N (-0.638) 

and Fe (0.567). The concentration of Fe in groundwater in urban residential areas was relatively low, possibly due to 

natural causes such as the weathering of iron-rich minerals in rocks [52]. Similarly, the concentration of NO3
--N was 

only recorded to be very low at GW3 and GW8, possibly because nitrogen metabolism occurred in suitable 

environmental conditions, which converted NH4
+-N into NO3

--N. 

In the cemetery area, PC1 formed a moderate correlation to pH (0.515), weak to TDS (0.436), PI (0.420), NH4
+-N 

(-0.453), and Fe (-0.389). PC1 explained more than 51% of the total variance of the groundwater quality parameters. 

Pollutants generated from old cemeteries could contaminate the soil and seep into groundwater [56]. PC2 explained 34% 

of the total variance and was positively related to NO3
--N (0.657). Nitrogen, especially in the form of nitrate, is one of 

the main pollutants from decomposing corpses and can have a negative impact on the environment [57]. Nitrogen is one 

of the main components of protein in the human body, so nitrogen can enter groundwater through leachate generated 

after human body decomposition [58]. In addition, the groundwater affected by the cemetery area also has high pH and 

TDS values [58]. At the same time, PC2 also explained that it had a weak correlation with TDS (0.387), permanganate 

index (0.343), and Fe (0.458). This result showed that natural sources also contributed to the TDS and Fe concentrations. 

At the landfill site, the first PC was correlated with most groundwater quality parameters, explaining more than 72% 

of the total variance. PC1 formed a weak correlation with pH (-0.410), TDS (-0.452), permanganate index (-0.451), 

NH4
+-N (-0.410), and NO3

--N (-0.446). While the second PC explained almost 17% of the total variance, it was mainly 

strongly correlated with Fe (-0.819). The source of groundwater pollution in this area may come from leachate, the 

decomposition of organic matter in waste streams. Open-air, unsorted, and uncoated landfills could lead to leachate 

seeping directly into the soil and entering groundwater vertically. Leachate from landfills represents a serious threat to 

groundwater quality as it contains a wide range of contaminants. Typically, very high and fluctuating concentrations of 

BOD, COD, NH4
+-N, Fe2+, and TDS were in the range of 10,000–25,000 mg/L, 15,000–40,000 mg/L, 1500–4250 mg/L, 

500–1500 mg/L, and 10,000–25,000 mg/L, respectively [59]. In this study, the concentration of NH4
+-N in groundwater 

in the area affected by the landfill exceeded the allowable limit of QCVN 09-MT:2015/BTNMT. The status of leachate 

contaminating groundwater has been reported in several areas [59–61]. In addition, unclassified waste burying could 

contribute to Fe accumulation in the soil and negatively affect groundwater quality in the study area. 

In the area affected by saline intrusion, PC1 was the most important component, explaining more than 80% of the 

total variance of the groundwater quality parameters. PC1 formed correlations with most groundwater variables, such 

as TDS (-0.433), permanganate index (-0.415), NH4
+-N (0.452), NO3

--N (0.454), and Fe (-0.402), at weak levels. The 

high TDS concentration in groundwater samples in coastal areas is mainly derived from intrusive seawater [36]. TDS 

pollution can be caused by domestic and industrial wastewater, sewage pipe leaks, and the dissolution of mineral-bearing 

rocks. High concentrations of TDS and exceeding the allowable limit of QCVN 09-MT:2015/BTNMT were recorded 

in this area. In addition, this area had the highest concentrations of NH4
+-N, NO3

--N, permanganate, and Fe. Sources of 

pollution could come from domestic and industrial wastewater. Meanwhile, PC2 strongly correlated with the pH 

parameter (-0.753), explaining about 20% of the total variance. The pH value was greater than 7 in most of the 

groundwater monitoring stations, which was caused by saline intrusion in the coastal area, which increases strong basic 

salts and weak acids in aquifers. 

PCA results indicated that two main sources are causing groundwater variation in the residential-urban area: the 

cemetery area, the landfilling area, and the saline intrusion area. All the observed groundwater parameters (pH, TDS, 

permanganate index, NH4
+-N, NO3

--N, and Fe) play key roles in representing groundwater quality in the study area and 

thus should be monitored. Potential polluting sources of groundwater in the study areas could be domestic and industrial 

wastewater discharge, leachate from cemeteries and landfills, the nature of groundwater aquifers, and seawater intrusion. 

3.3. Classification of Groundwater Quality in the Study Area 

In the study, the groundwater quality index (GWQI) was calculated from six variables (pH, TDS, permanganate 

index, NH4
+-N, NO3

--N, and Fe) to provide information regarding the overall quality of the groundwater (Figure 5). 

Groundwater quality in the study area was divided into four categories: (1) excellent, (2) good, (3) poor, and (4) very 

poor. In which, groundwater samples with excellent and good water quality accounted for the majority, with GWQI 

index values ranging from 31–40 and 50–86, respectively. There were a total of 21 groundwater samples with excellent 

water quality (accounting for 44% of the total) and good water quality (accounting for 40% of the total), including 8 

groundwater samples (GW1-GW8) in residential-urban areas, 7 groundwater samples (GW9, GW10, GW11, GW13, 

GW15, GW16, and GW17) in the cemetery area, 4 samples of groundwater (GW18-GW22) at the landfill site, and 2 

samples of groundwater (GW23 and GW24) in the affected area. At these locations, most of the groundwater parameters 

reached the allowable limit of QCVN 09-MT:2015/BTNMT [27]. Groundwater quality at these locations can be used 

for drinking purposes, but it must be treated accordingly. For poor water quality, there were three locations (accounting 

for 12% of the total), including GW12, GW14 in the cemetery area, and GW21 in the landfill area. These three locations 

had NH4
+-N concentrations that exceeded the limit of QCVN 09-MT:2015/BTNMT by 1.3–2.3 times. The groundwater 

quality at the location GW24 (in the saltwater intrusion area) was very poor and not recommended for drinking purposes. 
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TDS and NH4
+-N exceeded the limits of QCVN 09-MT:2015/BTNMT by 3.3 times and 4.4 times, respectively. The 

causes of groundwater pollution at the GW24 site may be due to seawater intrusion and improper wastewater and waste 

management. Compared with other studies, the overall groundwater quality in Ca Mau was better than that in Ha Nam 

province (GWQI 67–369) [33], but it was worse than the groundwater quality in Ba Ria – Vung Tau [19] and the 

groundwater quality in Dong Thap, An Giang, Hau Giang, and Kien Giang [15]. The difference in results of GWQI in 

various areas in the current and former studies could be from the input data. More groundwater quality parameters should 

be added to the calculation of the GWQI in the future at the study areas for groundwater quality evaluation. 

 

Figure 5. Map of groundwater quality classification 

Four groups of groundwater quality were formed as the result of cluster analysis (Figure 6). Group I represented 

groundwater with the worst water quality, including site GW24 (4% of the total). This result is similar to the GWQI 

index result; this is a location with "very bad" water quality with TDS and NH4
+-N concentrations exceeding the 

permissible limit of QCVN 09-MT:2015/BTNMT 3.3 times and 4.4 times, respectively. Group II represented 

groundwater of medium quality, including site GW12 (4% of the total). Group II groundwater quality had a high 

ammonium concentration (1.6 times higher than the limit of QCVN 09-MT:2015/BTNMT). Group III gathered several 

locations with the most similar groundwater characteristics, with 14 sites (56% of the total) in residential areas, urban 

areas, cemeteries, and areas affected by saline intrusion (GW1, GW2, GW3, GW4, GW5, GW6, GW7, GW8, GW10, 

GW11, GW13, GW15, GW17, and GW25). Group III was the group with the lowest concentration of groundwater 

pollutants and was within the allowable limits of QCVN 09-MT:2015/BTNMT. Similarly, the groundwater quality of 

Group IV was still unpolluted, and the concentrations of groundwater pollutants were still within the allowable limits of 

QCVN 09-MT:2015/BTNMT. However, the concentration of NH4
+-N in groundwater was at an alarming level, close to 

1 mg/L. Group IV gathered 9 locations, including GW9, GW14, GW16, GW18, GW19, GW20, GW21, GW22, and 

GW23, belonging to cemeteries, landfills, and areas affected by saline intrusion. CA results revealed that there is possible 

to reduce sampling sites in residential-urban areas, cemetery areas, and landfill areas. Cluster III comprised eight sites 

in residential-urban areas, which could mean that the groundwater quality in this area is relatively uniform. The study 
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result suggests reducing 4 out of 8 sites from residential-urban areas but still remaining representative of groundwater 

quality monitoring. In addition, there were four sites (GW10, GW11, GW13, and GW17) in the cemetery grouped in 

the same Cluster III, and two of these four sites could be considered to be removed from the current monitoring program. 

For the landfill area, the five sites of GW18, GW19, GW20, GW21, and GW22 were clustered in Group IV, and these 

sites could be reduced by three sites (GW20, GW21, and GW22). CA recommends reducing 9 out of 25 sites from the 

current monitoring program. 

 

Figure 6. Clustering groundwater quality in the study area 

4. Conclusion 

The present study examined groundwater quality in residential-urban areas, cemetery areas, landfilling areas, and 

saline intrusion areas in Ca Mau Province, Vietnam. The results revealed that groundwater in the landfilling area was 

contaminated by NH4
+-N, and the groundwater quality in the saline intrusion area was polluted by TDS and NH4

+-N. 

The groundwater quality index classified groundwater into four categories (i.e., excellent, good, poor, and very poor 

water quality), accounting for 44%, 40%, 12%, and 4% of the total samples, respectively. NH4
+-N and TDS represented 

groundwater parameters that contribute to poor and very poor quality. Cluster analysis divided groundwater quality into 

four groups, of which Group I had the lowest quality. PCA results indicated two main sources causing groundwater 

variation in each residential-urban area: the cemetery, landfilling, and saline intrusion areas. All the observed 

groundwater parameters (pH, TDS, permanganate index, NH4
+-N, NO3

--N, and Fe) play key roles in representing 

groundwater quality in the study area and, thus, should be monitored in the future. However, more groundwater quality 

parameters (for examples, chloride, arsenic, hardness, bicarbonate, etc.) should be added to the monitoring program. 

Potential polluting sources of groundwater in the study areas could be domestic and industrial wastewater discharge, 

leachate from cemeteries and landfills, the nature of groundwater aquifers, and seawater intrusion. The current study's 

results suggest reducing 9 groundwater sampling locations while still ensuring groundwater quality monitoring 

representative. The current findings provide scientific information for local environmental authorities to manage and 

monitor groundwater quality in the study area. 
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Abstract 

Climate change is a threat and crisis that hit the world today. The green industry is widely implemented in the 

manufacturing sector as an effort to reduce negative impacts on the environment. The implementation of the green industry 

is influenced by various factors. The Chemical Industry is one sector that faces challenges in implementing green industry 

practices. The objective of this paper is to create an innovative conceptual framework that combines blockchain technology 

and building information modeling. This research examines the concept of green retrofitting in the chemical industry using 

an assessment based on the Ministry of Public Works and Housing Regulation No. 21 of 2021. The study was conducted 

in a chemical industry located in Cilegon, Banten, Indonesia. The research method combines Blockchain-Building 

Information Modeling (BIM) to analyze the cost efficiency of green retrofitting and Structural Equation Modeling-Partial 

Least Squares (SEM-PLS) as a tool to process data from questionnaires and identify influential factors. The results indicate 

that the use of Blockchain-BIM can reduce retrofitting costs by 4.42% for low-level, 4.45% for medium-level, and 4.40% 

for high-level categories. This demonstrates that Blockchain-BIM has a significant impact on improving cost performance 

in the retrofitting process. 

Keywords: Green Retrofit; Green Chemical Industry; Blockchain-BIM; SEM-PLS; Cost Efficiency. 

 

1. Introduction 

The awareness of the worldwide consequences of climate change, energy depletion, and the increase in greenhouse 

gas emissions has intensified public concern about the current trends in energy consumption [1–3]. Approximately 30% 

of the world's total CO2 emissions can be attributed to buildings [4–6]. The progression of climate change and increasing 

temperatures amplifies the occurrence and intensity of droughts. In arid and semi-arid areas, climate change has resulted 

in more frequent and severe droughts, diminishing the accessibility of water for diverse purposes [7]. As part of the 

Coordinated Regional Climate Downscaling Experiment, Ozturk et al. [8] conducted a study investigating the impact of 

climate change on the seasonal fluctuations of precipitation and temperature in an Asian region. The results indicated a 

notable warming trend in surface temperatures in the southeastern Pacific. Due to the significant challenge of global 

warming faced by the world, climate change is an important environmental issue [9], impacting both private sector 

institutions and governments. It has become essential for all communities to develop new business plans that prioritize 

finding environmental solutions. The construction industry plays an important role in various industrial impacts on the 

natural environment. The industry is characterized by high energy and resource consumption and high environmental 

pollution [10]. The construction sector bears responsibility for the excessive utilization of natural resources and energy 

consumption [11, 12]. The concept of Green Buildings offers several advantages in terms of economics, social aspects, 
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and the environment, which incorporate principles of sustainable resource conservation (energy, water, land, and nature), 

resource efficiency (energy, water, land, and materials), and resource sharing (public facilities for transportation and 

work) [13]. The Technical Guidelines of the Ministry of Public Works and Housing No. 1 of 2022 provide the latest 

guidelines for green building construction in Indonesia. According to this regulation, there are three rating levels: Green 

Building Main (80%–100%), Middle (65%–80%), and Primary (45%–65%), with a maximum total score of 165 points 

[14]. Generally, retrofitting existing buildings tends to be more expensive compared to integrating Green Building 

concepts into new construction. The cost to upgrade existing buildings into Green Buildings can reach around 10.77% 

of the initial cost [15]. 

The green building chemical industry plays a crucial role in promoting the development of environmentally 

sustainable buildings through the integration of design strategies that minimize the adverse effects of buildings on the 

environment and their occupants [16]. The chemical industry catalyzes the development and progress of modern society 

[16]. The issue of global warming is a significant global concern that affects both private enterprises and governmental 

organizations, necessitating the need for everyone to devise innovative business plans that prioritize environmental 

solutions [17]. Draft Building Green has multiple advantages in terms of economics, social aspects, and the 

establishment of environmentally friendly structures through the utilization of sustainable conservation sources (energy, 

water, land, and nature), efficient power sources (such as geothermal energy and eco-friendly materials), and the ability 

to share resources (including general facilities, transportation, and workspace) [1, 18]. 

Identifying critical success factors (CSFs) is crucial for the successful implementation of a project and the attainment 

of specified objectives [19]. In the context of green concept development, understanding the CSFs is vital for ensuring 

optimal project performance, as suggested by the existing literature and proposed methodology [20]. Based on the 

reviewed literature, the three most significant factors are management support, financial capability, and design 

specifications [21]. Furthermore, the literature indicates that project cost is a more critical factor compared to project 

schedule and quality. Green buildings offer tangible benefits such as 30-50% water savings and 20-30% energy savings. 

Additionally, there are intangible benefits such as enhanced air quality, natural light, and improved health, comfort, and 

well-being for occupants [22]. 

Blockchain operates as a decentralized framework for handling transactions and information [23]. Blockchain is a 

technology that enables the secure and immutable exchange of information and transactions between two or more 

participants through complete encryption [24]. Blockchain technology relies on distributed ledger technology—a shared 

ledger among all participants in the network [25, 26]. Transfers do not require a centralized intermediary to identify and 

authenticate information but are distributed among multiple independent participants in the blockchain network (nodes) 

who register and validate it [27]. Each participant has an exact copy of the information, enabling traceable and tamper-

proof transactions. This transparency can be extended to every change made to the project model [28]. The identification 

has been made that Blockchain possesses the capability to overcome obstacles hindering industries from embracing BIM 

for sustainable design [29]. 

Building Information Modeling (BIM) represents a paradigm shift that offers numerous benefits, not only for those 

involved in the construction industry but also for the wider community [30]. A superior building requires less energy, 

labor, and capital during its construction phase [31]. Through BIM models that create realistic prototypes of building 

design and construction, it generates sufficient information that meets the needs of users [25, 28, 31]. BIM provides all 

the necessary tools and automation to achieve end-to-end communication, data exchange, and information sharing 

among collaborators [32]. A Building Information Modeling (BIM) model, which serves as a prototype for the visual 

representation of genuine building design and construction, is capable of producing substantial information for users 

[33]. Lessons learned include the fact that, while BIM can provide certain benefits to a project, it also extends the project 

duration and increases project costs [34, 35]. The first integrated application of Blockchain and BIM aimed at 

productivity has been tested at the research and technology development site of the Spanish DELFOS project [36]. The 

integrated technology of BIM and Blockchain promises an increasingly secure and private environment for conducting 

business with full control over processes [37]. Blockchain enables features such as proof of ownership, for example, 

addressing rights; proof-of-provenance, for example, recording through a traceable and immutable ledger; and reduction 

of human errors and deviations [38]. Blockchain smart contracts have emerged as a new value proposition for enhancing 

specific sustainability aspects within projects [39]. 

This research utilizes an Action Research approach to transform the building's status into a green industry and 

address the environmental impacts generated by the chemical industry [40]. To obtain a better analysis of cost efficiency 

using Blockchain-BIM in the green retrofit-based chemical industry, a research framework was employed, consisting of 

variables formulated to compare the resulting impacts. The collected data was then analyzed to gather preliminary 

information. This initial information was subsequently discussed and reviewed to draw conclusions regarding the 

effective payment process and provide a descriptive account to enhance cost efficiency using Blockchain-BIM in the 

green retrofit-based industry. 
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2. Methodological Framework 

2.1. Data Collection 

In this study, primary data was collected through an audit or verification process to evaluate the compliance of 

existing buildings with green building requirements [41]. The primary data reflects the level of compliance with the 

Technical Guidelines of the Ministry of Public Works and Housing Regulation No. 01 of 2022. In this stage, the use of 

data begins with available secondary data within the company, such as energy production and consumption data. 

Additionally, secondary data in the form of project documents, such as planning drawings, Bill of Quantity, and 

operational data of the facility, will also be utilized. During the development of the questionnaire, the author sought 

indicators that had the most significant influence. When formulating the questionnaire, we referred to the indicators that 

had been identified and presented by previous researchers. This questionnaire will be distributed to project stakeholders, 

including those directly and indirectly involved. In analyzing the data, we will utilize a simulation tool called Structural 

Equation Modeling (SEM) using the SMART PLS (Partial Least Squares) 3.0 software. Additionally, we will conduct 

interviews to gain a deeper understanding. With the use of this tool, we aim to identify the main factors and dominant 

subfactors that influence the cost efficiency we are examining. SMART PLS is a widely used and renowned software 

for data analysis in scientific research. 

2.2. Research Methodology 

The objective of this research is to identify the significant factors influencing the implementation of cost efficiency 

in green retrofitting of the chemical industry based on Blockchain-Building Information Modeling (BIM). Below is a 

flowchart diagram (Figure 1) illustrating the process of discovering the most significant influencing factors. In the initial 

stage of this research, the identification of relevant factors and subfactors was conducted. Subsequently, data collection 

was carried out using the research instrument. These steps have been completed before the current discussion. The 

research involved a literature review to gather influential factors related to the Chemical Industry (X1), Green 

Retrofitting (X2), Blockchain-BIM (X3), and Cost Variable (Y).  

 

Figure 1. Research Framework [5, 42] 
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The questionnaire provided to selected respondents involves a rating scale from 1 to 6, where each answer choice 

represents a different criterion. The scale is designed in such a way that a score of 1 indicates the least expected answer, 

while a score of 6 indicates the most expected answer. The processed and tabulated data in Excel format will be securely 

stored as an archive. This is done to ensure that the data can serve as easily accessible evidence if needed. Following 

data collection, the data will be examined and categorized based on respondents' highest education level, position, and 

work experience. This process is crucial to ensure the targeted distribution of the questionnaire and to ensure the obtained 

data has good validity. The research instruments used, including the questionnaire, have been thoroughly prepared and 

are available in a comprehensive appendix that also includes a summary of respondent data. 

The PLS (Partial Least Squares) method follows a three-stage approach, which includes the principal component 

approach, the projection or regression approach, and the measurement approach. In SEM-PLS analysis, several factors 

need to be considered when determining the appropriate sample size, such as missing values, data distribution, and 

measurement scales [43]. Researchers should pay attention to whether the data used meets the requirements for SEM-

PLS modeling. Researchers should also consider the presence of incomplete observations (missing values) in their data. 

Additionally, it is advisable to use a better measurement scale than a nominal scale when measuring endogenous latent 

variables to ensure a well-identified model. In SEM-PLS testing, factors under consideration encompass model 

properties, sample size, the distribution shape of data, missing values, and the measurement scale. The determination of 

the minimum sample size arises from the path factor (p-min) and the variation observed during the 80% statistical stress 

test [44]. To accomplish the research objectives, the subsequent phase involves formulating a research plan for each step 

to obtain statistical analysis and outlining the steps for implementing the research in the case studies. 

Revit is renowned across various engineering domains due to its versatility, exceptional precision, and rapidity. It 

functions as a Building Information Modeling (BIM) software, commonly referred to as Revit. The evolution of 

information modeling streamlines the storage of data, facts, and analyses. The results of the project will be amalgamated 

with a supportive framework to generate a realistic depiction. For enhanced accuracy in translation, additional details 

from the source text are necessary. Panels are present on both opposing sides. The assessment of project time and cost 

management principles, coupled with existing methodologies, aims to provide actionable suggestions. 

According to Figure 2, the execution of the research involves 4 main variables, which are subsequently investigated 

and analyzed to ensure the precision of the research. Subsequently, the researcher details the stages involved in 

exploring, developing, and analyzing the key factors in the research process to attain the research objectives. 

 

Figure 2. Research Implementation of GB Concept on Chemical Industrial Building, Configured of [42, 45, 46] and Flow 

Adoption of Yuliatti et al. (2022) [47] 
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3. Result and Discussion 

3.1. Data Processing Result 

The study was conducted at a Chemical Industry Building Project located in Cilegon-Banten, Indonesia. This 

project, spanning approximately ± 50,000 m2, is intricate and aligns with all the stipulated parameters outlined in 

the Technical Guidelines for implementing the latest Green Building regulations mandated by the Indonesian 

government. Research questionnaires were distributed to 120 participants, which meets the minimum requirement 

of 118 respondents for statistical analysis (Figure 3). The respondent data consists of the information collected from 

the participants: 

 

Figure 1. Respondent data, (a) position, (b) education, (c) work experience 

To ensure that the data population is accurately targeted, determining the population is not solely based on the 

population size but also involves validation from experts. This is done to ensure that the targeted population aligns with 

the research objectives. After data collection, the gathered data is examined and grouped based on variables such as 

education, job position, and project experience. This is crucial to appropriately direct the questionnaire to relevant 

respondents, thereby obtaining valid data (Table 1). By the latest Green Building regulations established by the 

Indonesian government, it is mandatory for this building to meet the specified Green Building criteria. However, the 

evaluation results reveal a score of 62.3 points in the planning stage, indicating the need for improvements across various 

aspects to achieve a minimum Basic rating of 74.25 points. Of particular significance is the role of energy-related points 

in reaching this goal. 
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Table 1. Performance Assessment of Utilization Stage in Green Building based on Technical Guidelines of the Ministry of 

PUPR No.1 Year 2022 [14, 48] 

No.  Criteria Point No. Criteria Point 

1 Public Transportation 1 57 Do not use materials that affect health 2 

2 Vehicle electric battery charging 1 58 Construction does not interfere with activities 2 

3 Bicycle parking lots 1 59 Project innovation toward 'green' area improvement 2 

4 Environmental Management Documents 1 60 Efficient construction equipment 1 

5 Document on water-saving efforts 1 61 Safety against tool use 1 

6 Document on energy-saving efforts 1 62 Management of construction waste piles 1 

7 Area improvement effort document 1 63 Green construction process document 1 

8 Document on waste management efforts 1 64 Work handover document 1 

9 Document on waste management efforts 1 65 Government spatial plant drawing document 1 

10 Opr. & Standard Operating Procedure (SOP) Document 1 66 Evaluation of waste management utilization 3 

11 Master plan area 1 67 Evaluation of water consumption utilization 3 

12 Performance management area 1 68 Evaluation of local material utilization 3 

13 Inspection of area infrastructure and facilities 1 69 Evaluation of electricity consumption utilization 3 

14 SOP emergency response 1 70 Evaluation of Outdoor Space Function Utilization 3 

15 Maintenance manager training 2 71 Maintenance and care according to evaluation 4 

16 Soft skills training 1 72 Improvements to increase tenant satisfaction 4 

17 Local architecture design 2 73 Local architecture for building and area design 2 

18 Preservation of heritage areas and buildings 2 74 Preservation of cultural heritage buildings 2 

19 20% local raw materials (0-20 km radius) 3 75 20% local materials 2 

20 Consumption plants (min. 10% of green space area) 1 76 Planting of consumption of crops min. 10% 2 

21 Drainage with flood ≤ 30cm, receding ≤ 2 hours 1 77 Drainage reliability to manage water logging 2 

22 Periodic blackout-free power grid 2 78 Regional power grid free of periodic blackouts 2 

23 Information and communication networks. 2 79 Disruption-free information. and comm. networks 2 

24 Facilities are in good condition. 2 80 Vehicle electric battery charging 2 

25 Min. 10% of the area of the facility 1 81 Min. 10% of the area for MSEs 1 

26 Maintenance of regional road facilities and infrastructure 1 82 There are road operations within the area 1 

27 Green lanes on-road facilities and infrastructure 1 83 Green lanes on-road facilities and infrastructure as required 1 

28 Path of Sharing in a Residential Environment 1 84 Roads in residential neighborhoods 1 

29 Shared beneficial path 1 85 Sharing the road with speed bumps 1 

30 Sharing road equipped with speed bumps 1 86 There are road signs 1 

31 Road signs or markers 1 87 Min. 50 street trees per 10 meters 1 

32 Min. 50% of road sections share trees 1 88 There is >30% green space from the total area of the whole area 3 

33 Outdoor Space > 30% of the total area 3 89 Land area according to the Government Spatial Plan 2 

34 Land by Government Spatial Plan 3 90 Not using productive land 1 

35 Development of areas not on productive land 2 91 There is a soil pollution investigation 1 

36 Area soil pollution investigation 1 92 Negative value land revitalization 2 

37 Land revitalization is negative. 2 93 Min. 50% natural terrain 2 

38 Retain min. 50% natural landforms. 2 94 Min. 30% infiltration surface area 1 

39 Min. 30% of the area's surface for rainwater. 2 95 Min. 10% porous land cover 2 

40 Min. 10% using porous covers 1 96 There is green vegetation with a canopy area of min. 20% of the area 2 

41 Green vegetation min. 20% area 2 97 There is a use of alternative water sources of at least 10%. 1 

42 Alternative water sources min. 10% 1 98 Note of work application 1 

43 Whole area water meters 1 99 The entire area uses water meters 1 

44 Min. 1% catchment area 1 100 Min. 1% water catchment area 1 

45 Min. 1 communal wastewater treatment 1 101 There is a communal wastewater treatment plant 1 
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46 Min. 1 communal garbage 1 102 There is at least 1 communal waste disposal facility 1 

47 Min. 1 communal waste composter 1 103 Min. 1 waste composter facility 1 

48 Min. 1 waste collection device 1 104 There is at least 1 polling station 1 

49 Min. 1 temporary waste storage 1 105 There is 1 waste recycling building 1 

50 Min. 1 Waste recycling 1 106 There is an organization that manages the waste in the area 1 

51 Waste management organization 1 107 There is the use of renewable electricity sources 2 

52 Infrastructure lighting area 2 108 Project implementation record 1 

53 Facility lighting area 1 109 If only 50% of the lights are illuminated, the score is 1 point. 2 

54 Facilities and infrastructure meet the law 2 110 There is the use of renewable electrical energy sources 2 

55 Reuse of used materials min. 10% of the total cost 2 111 Facilities and infrastructure comply with laws and regulations 2 

56 Renewable materials min. 10% of material costs 2 112 Use of 10% reused materials 2 

3.2. Implementation of SEM-PLS for Identifying the Dominant Factor of Influence 

In this research project, the questionnaire data gathered by the researchers will undergo processing and analysis using 

"structural equation modeling" (SEM). The p-values of the loading factor and path coefficient, along with the diagram 

corresponding to Figure 4, can demonstrate the relationship between p-value and path coefficient. SEM allows for a 

thorough examination of latent variables, factors, and procedural issues, which can be analyzed as subfactors of observed 

or latent variables. The researchers utilized the SEM SMART-PLS software version 3.0 for this analysis. Figure 5 shows 

that the R-Square value of the collective influence on the Cost (Y) variable is 0.825, with an adjusted R-Square value of 

0.824. This indicates that all independent variables collectively influence the Cost (Y) variable by 0.825, or 82.5%. 

Since the adjusted R-Square value of 82.5% is greater than 50%, it can be concluded that the influence of all independent 

variables on the Cost (Y) variable is considered strong. 

 

Figure 2. The Diagram of P-values and Partial Coefficients 
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Figure 3. The diagram of R-Square values 

Based on the analysis conducted on 170 factors, it was found that there are 10 factors in Table 2, that have the most 

significant influence in improving the cost performance of Green Building retrofit in Industrial Buildings using 

Blockchain-BIM Table 3. The most influential factor, in descending order, is the evaluation of electricity consumption 

utilization Table 4. 

Table 1. The Most Influential Main Factor 

No Factor R Square 

1 Utilization Stages (X2.1) 0.998 

2 External Costs (Y1.1) 0.956 

3 Technology Adjustment (X3.2) 0.928 

4 Implementation Stages (X1.3) 0.902 

5 Auction Stages (X1.2) 0.896 

6 Planning Stages (X1.1) 0.888 

7 Internal Costs (Y2.1) 0.882 

8 BIM Reliability (X3.1) 0.810 

9 Operational and Maintenance Stages (X1.4) 0.772 

10 Demolition Stages (X2.2) 0.631 

Table 2. Results of Construct Reliability Examination based on Convergent Validity 

Main Factor Cronbach’s Alpha rho_A 
Composite 

Reliability 
Average Variance Extracted 

(AVE) 

Green Retrofit (X2) 0.992 0.992 0.992 0.514 

Chemical Industry (X1) 0.993 0.993 0.993 0.807 

External Costs (Y2) 0.900 0.904 0.952 0.909 

Internal Costs (Y1) 0.901 0.904 0.931 0.773 

Costs (Y) 0.935 0.940 0.949 0.757 

Blockchain-BIM (X3) 0.973 0.974 0.976 0.760 

BIM Reliability (X3.1) 0.949 0.950 0.964 0.844 

Auction Stage (X1.2) 0.992 0.992 0.994 0.977 

Implementation Stages (X1.3) 0.992 0.992 0.993 0.938 

Utilization Stages (X2.1) 0.991 0.992 0.992 0.517 

Demolition Stages (X2.2) 0.871 0.883 0.912 0.721 

Technology Adjustment (X3.2) 0.979 0.980 0.983 0.876 

Planning Stages (X1.1) 0.991 0.992 0.992 0.887 

Operational and Maintenance Stages (X1.4) 0.995 0.995 0.996 0.977 
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Table 3. The Most Influential Sub Factor (Significant) 

No Sub Factor 
Original 

Sample Value 
Mean 

t. statistic > 1.96 

(p < 0.05) 
R Square 

1 Waste management X2.1.66 0.831 0.831 32.617 

0.998 

2 Blockchain Transactions X3.2.3 0.920 0.920 32.344 

3 Demolition Material Disposal Locations X2.2.3 0.866 0.865 27.238 

4 
Planting consumption crops min. 10% of the industrial open 

space area 
X2.1.76 0.815 0.815 27.612 

5 Min. 30% of the surface area absorbs rainwater X2.1.94 0.812 0.811 25.279 

6 Documents efforts to save energy X2.1.6 0.686 0.686 12.958 

7 The reliability of the drainage network manages stagnant water X2.1.77 0.715 0.717 15.756 

8 
The use of renewable sources of electrical energy for lighting 

industrial facilities 
X2.1.108 0.709 0.709 12.599 

9 Evaluation of water consumption utilization X2.1.67 0.680 0.681 12.571 

10 Evaluation of the utilization of electricity consumption X2.1.69 0.653 0.653 9.735 

The suggested optimization and decision support techniques are subjected to simulation for validation purposes. All 

simulations were and 12 GB of RAM, using BIM Revit 2023. The results of the retrofit simulation conducted with the 

addition of natural lighting in the warehouse building have proven to be very successful. From the lighting lux 

measurement results, before the retrofit, it was below 200 lux Figure 6, and after the retrofit, the luminance value 

increased to above 200 lux Figure 7. 
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Figure 4. Lumination check before retrofitting, (a) building condition without natural lighting, (b) lux meter measurement 

value, (c) values chart in lux 

 

Figure 5. Lumination check after retrofitting, (a) building condition with natural lighting, (b) lux meter measurement value,              

(c) values chart in lux 
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Utilizing BIM enabled the creation of highly efficient building models for overseeing low-carbon construction 

initiatives. This approach ensures a thorough analysis of the entire lifecycle, encompassing service life planning and the 

optimization of building design and usage throughout its lifecycle. Before the retrofitting of the existing building, the 

monthly electricity consumption can be observed in Table 5, and the electricity consumption versus the kWh meter 

graph is shown in Figure 8. 

Table 4. Monthly electricity consumption of case study, 2023 

Month 
KWh 

Cost/KWh (IDR) Total Cost (IDR) 
LWBP WBP Total 

Jan-22 625,350 130,950 756,300 IDR   1,035.78 IDR   783,360,414 

Feb-22 625,460 130,810 756,270 IDR   1,035.78 IDR   783,329,341 

Mar-22 624,300 131,990 756,290 IDR   1,035.78 IDR   783,350,056 

Apr-22 628,890 127,360 756,250 IDR   1,035.78 IDR   783,308,625 

May-22 624,980 130,860 755,840 IDR   1,035.78 IDR   782,883,955 

Jun-22 624,340 132,020 756,360 IDR   1,035.78 IDR   783,422,561 

Jul-22 626,450 129,900 756,350 IDR   1,035.78 IDR   783,412,203 

Aug-22 624,580 131,780 756,360 IDR   1,035.78 IDR   783,422,561 

Sep-22 624,390 131,940 756,330 IDR   1,035.78 IDR   783,391,487 

Oct-22 622,990 133,350 756,340 IDR   1,035.78 IDR   783,401,845 

Nov-22 624,640 131,670 756,310 IDR   1,035.78 IDR   783,370,772 

Dec-22 625,680 130,670 756,350 IDR   1,035.78 IDR   783,412,203 

Total (IDR) 7,502,050 1,573,300 9,075,350 IDR 12,429.36 IDR9,400,066,023 

 

Figure 6. Monthly electricity consumption of case study, 2023 

Table 6 and Figure 9 below illustrate the reduction in electricity consumption measured in kWh meters, resulting in 

reduced electricity usage costs from March 2024 to August 2024 after the green retrofitting of the chemical industry 

building. 
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Table 5. Monthly electricity consumption of case study, 2024 

Month 
KWh 

Cost/KWh (IDR) Total Cost (IDR) 
LWBP WBP Total 

Jan-23 625,456 130,975 756,431  IDR   1,035.78   IDR   783,496,101  

Feb-23 625,468 130,828 756,296  IDR   1,035.78   IDR   783,356,271  

Mar-23 622,200 126,990 749,190  IDR   1,035.78   IDR   775,996,018  

Apr-23 621,890 126,360 748,250  IDR   1,035.78   IDR   775,022,385  

May-23 620,980 125,860 746,840  IDR   1,035.78   IDR   773,561,935  

Jun-23 620,340 125,020 745,360  IDR   1,035.78   IDR   772,028,981  

Jul-23 619,850 124,900 744,750  IDR   1,035.78   IDR   771,397,155  

Aug-23 620,180 125,180 745,360  IDR   1,035.78   IDR   772,028,981  

Total (IDR) 4,976,364 1,016,113 5,992,477  IDR   8,286.24   IDR6,206,887,827  

 

Figure 7. Monthly electricity consumption of case study, 2024 

The analysis of the implementation of Blockchain-Building Information Modeling (BIM) on retrofitting works 

through modeling and input of unit price parameters resulted in the investment value of chemical industry retrofitting 

works and the analysis results as shown in Table 7, cost savings of 4.42% for Primary, 4.45% for Middle, and 4.40% 

for Main were obtained. 
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Table 6. Budget Plan for Green Retrofitting with Blockchain-BIM 

NO DESCRIPTION 
Initial Budget 

Plan 

Green Building Improvement Budget Plan 
Green Building Improvement Budget Plan Using 

Blockchain-BIM 

PRIMARY MIDDLE MAIN PRIMARY MIDDLE MAIN 

1 Preliminary, Legal, and Safety Work 4,539,606,575 4,539,606,575 4,539,606,575 4,539,606,575 4,539,606,575 4,539,606,575 4,539,606,575 

2 Structure Office Building 19,395,000,000 19,395,000,000 19,395,000,000 19,395,000,000 19,395,000,000 19,395,000,000 19,395,000,000 

3 Laboratory Building 1,320,763,000 1,320,763,000 1,320,763,000 1,320,763,000 1,320,763,000 1,320,763,000 1,320,763,000 

4 Utility Facility 24,937,500,000 24,937,500,000 24,937,500,000 24,937,500,000 24,937,500,000 24,937,500,000 24,937,500,000 

5 Plant Production Facility 106,816,000,000 106,816,000,000 106,816,000,000 106,816,000,000 106,816,000,000 106,816,000,000 106,816,000,000 

6 Infrastructure Facility 10,500,000,000 10,500,000,000 10,500,000,000 10,500,000,000 10,500,000,000 10,500,000,000 10,500,000,000 

7 Provision of Green Building Handbook (BGH) SOP & Governance Documents.  260,000,000 364,000,000 572,000,000 260,000,000 364,000,000 572,000,000 

8 Planning for Renovation Work  416,000,000 468,000,000 577,200,000 416,000,000 468,000,000 577,200,000 

9 Retrofitting Works        

 - Bus Stop  - 385,000,000 385,000,000 - 367,290,000 367,290,000 

 - Solar panel  8,586,070,577 8,586,070,577 8,586,070,577 8,191,111,330 8,191,111,330 8,191,111,330 

 - Replacement of Water-Efficient Sanitary Fixtures  - 445,769,222 445,769,222 - 425,263,837 425,263,837 

 - Provision of Outdoor Smoking Area Outside the Building  - - 175,000,000 - - 166,950,000 

 - Temporary Waste Storage Area  2,026,061,613 2,026,061,613 2,026,061,613 1,932,862,779 1,932,862,779 1,932,862,779 

 - Organic Waste Composting Machine  - - 397,612,378 - - 379,322,209 

 - Inorganic Waste Recycling Machine  - - 357,500,000 - - 341,055,000 

 - Provision of Biopores and Infiltration  489,750,000 489,750,000 489,750,000 467,221,500 467,221,500 467,221,500 

 - Natural Lighting Fixtures inside the Building  995,766,611 995,766,611 995,766,611 949,961,347 949,961,347 949,961,347 

 - Public Street Lighting and Garden Lamps Using Solar Cells  - 3,668,836,563 3,668,836,563 - 3,500,070,081 3,500,070,081 

 - Sewage Treatment Plant (STP)  - 2,391,214,509 2,391,214,509 - 2,281,218,642 2,281,218,642 

 - Improvement cooling tower system  2,928,913,800 2,928,913,800 2,928,913,800 2,794,183,765 2,794,183,765 2,794,183,765 

10 Maintenance Work During Utilization Period  1,361,881,973 1,702,352,466 2,213,058,205 1,299,235,402 1,624,044,252 2,111,257,528 

11 Socialization and Empowerment Work for Green Building Occupants/Users  453,960,658 453,960,658 453,960,658 433,078,467 433,078,467 433,078,467 

TOTAL (IDR) 167,508,869,575 185,027,274,806 192,414,565,592 194,172,583,710 184,252,524,165 191,307,175,575 192,998,916,060 

Difference between Non-Green Building Cost Estimate (RAB) and Green Building Improvement Cost 

Estimate (RAB) (IDR) 
17,518,405,231 24,905,696,017 26,663,714,135 16,743,654,590 23,798,306,000 25,490,046,485 

Difference (%) 10.46% 14.87% 15.92% 774,750,641 1,107,390,017 1,173,667,650 

Percentage Reduction in Cost Difference 4.42% 4.45% 4.40% 
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4. Conclusion 

The implementation of green initiatives like energy-efficient systems, improved lighting, water conservation, and 

recycling results in a 10.77% increase in green construction costs, often referred to as retrofitting costs. Considering that 

all assessment results indicate a rating exceeding 10.77%, it implies the need for retrofitting. To mitigate these 

retrofitting expenses, the blockchain-BIM approach can be employed. The flow diagram for implementing cost 

efficiency in Green Industrial Buildings using Blockchain-BIM has proven to be effective in improving the cost 

efficiency of Green buildings. The research results showed cost savings of 4.42% at the Primary level, 4.45% at the 

Middle level, and 4.40% at the Main level for Chemical Industry Buildings with Blockchain-BIM implementation. 

Based on the analysis results, the hypothesis was confirmed that the Blockchain-BIM method in the Green Industry can 

effectively improve the cost efficiency of Chemical Industrial Buildings. 

In this research, assistance is required for initiating the development of intelligent smart contracts on the Blockchain 

network due to limitations that impact the technological aspect of the study. The researchers have encountered setbacks 

multiple times while attempting to create applications based on Blockchain. Consequently, future studies should involve 

collaborative efforts with Blockchain practitioners to streamline and facilitate the implementation of this method. The 

associated expenses, conversely, will be in direct correlation with the electrical energy generated, depending on the 

stakeholders in question. Evaluating the profitability of a technology necessitates considering both its cost and energy 

demands. Moreover, governmental policies, regulations, and incentives are pivotal and can drive the widespread 

adoption of the Green Building (GB) concept, particularly in retail structures. This strategy is crucial for attaining the 

objectives of sustainable development in Indonesia. 
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Abstract 

Pyrite swelling in soils below buildings is a major issue. It leads to severe deformations in floor foundations. A survey is 

carried out at a selected site in the city of Laval, Quebec, to assess the usefulness of ground-penetrating radar (GPR) to 

detect deformations that may be indicative of the presence of pyrite. Four soil samples are taken from the aforementioned 

site to determine the soil type below the concrete slab. The results indicate the presence of limestone, moor clay, and shale 

sediments, which are prone to pyrite swelling. The GPR data were collected using the GSSI SIR 4000 with a high frequency 

antenna and processed using RADAN software. The GPR data indicate the presence of severe deformation in many 

locations of the concrete slab. The most important wave reflections indicative of pyrite swelling are the rebar reflections, 

showing interesting pushed-up and dropped-down reflections. These reflections appear in two forms. The first is the 

attenuated reflections that may occur due to pyrite-rich materials. The second is the high amplitude reflections that occur 

because of the air void, which can be formed due to heaving the concrete slab because of pyrite swelling. As a result, GPR 

appears to be an effective method for assessing and mapping the effect of pyrite swelling below concrete slabs. 

Keywords: Assessment; Ground Penetrating Radar; Radan; Pyrite. 

 

1. Introduction 

Major issues with concrete slabs occur in buildings that are constructed on compact rock fills containing pyrite, 

particularly black shale and mudstone. Pyrite oxides when shale is excavated or used as a foundation material. Pyrite is 

very sensitive to humidity, whereas even a very small amount of water can lead to the Pyrite reaction [1]. Pyrite problems 

are observed as swelling shale bedrock affects the foundations and concrete slab on grade of buildings. The first 

documented case of pyrite swelling in bedrock was reported in Canada in the late 1960s [2]. Such swelling issues often 

take a considerable amount of time to become evident. For instance, it took approximately 20 years to diagnose that the 

swelling problems in Quebec City were caused by pyrite [3]. Similarly, numerous cases of concrete heaving due to 

pyrite swelling have been reported in the UK [4], Ireland [2], the USA [1], and Japan [5].  

The effect of pyrite on building foundations is well discussed and documented in the literature. Hawkins and John 

report that oxygen and moisture are key factors that help pyrite crystallisation within most rock types, leading to swelling 

and thereby extensive damage to the concrete slab [6, 7]. This damage may be observed either in the concrete itself as 

result of pyrite presence in the aggregate within the mix or in the soil underneath the slab. Maher & Gray report that 

serious pyrite swelling problems in the concrete slabs that occurred in a large number of buildings in Ireland and Canada 

were due to the use of mudstone aggregation, which contains pyrite crystals [2]. Hoover et al. report severe cracks in 

concrete slabs in the Evangelical Hospital in Pennsylvania, USA, due to swelling of the underlying soil, which consists 
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of weathered shale fragments [8]. They suggested additional laboratory research to produce better identification tools 

for geotechnical engineers unfamiliar with pyrite's expansive nature. Maher et al. describe a large-scale laboratory study 

involving pyrite-swelling tests conducted over two years [9]. The results demonstrate that mudstone swelling continues 

at a rate of 0.6% of the fill thickness per year, leading to significant building damage. Mckeon et al. proposed a novel 

physical model that provides a valuable framework for predicting the time required to generate specific amounts of floor 

movement in residential dwellings [10]. 

GPR has been widely used for various applications, including archaeology, geology, engineering, and environmental 

studies [11–15]. It provides high-resolution two-dimensional (2D) and three-dimensional (3D) images of the subsurface 

[11]. Furthermore, it is an economical, fast, and effective method compared with the traditional methods [16, 17]. 

Ground-penetrating radar (GPR) is a non-invasive, non-destructive method that offers precise imaging capabilities. 

It helps researchers and surveyors accurately locate and determine the depth of buried objects. It depends on emitting 

electromagnetic (EM) waves through the ground by a transmitting antenna. These EM waves will propagate and intersect 

any geological interface between two different materials that occurs due to any difference in the physical and chemical 

properties. As a result, the propagation velocity of the EM waves will change, and part of these waves will reflect back 

to the surface [18]. As such, the receiving antenna will record wavelength, amplitude, and the two-way travel time as 

shown in Figure 1. 

 

Figure 1. Illustrates the principle of ground penetrating radar detection 

Many research studies discuss the effectiveness of the GPR to assess concrete slab conditions and to detect rebar, 

cracks, voids, and other issues in concrete. Oikonomopoulou et al. report a laboratory application of GPR on six 

concrete slabs, where several objects made of different materials are embedded within [19]. They concluded that the 

GPR is effective in the identification the embedded objects. They also found that the cross-polarization GPR antennas 

can detect different rebar diameters. Liu et al. propose a rebar detection method using deep learning and migration 

[20]. The results suggest that this method can automatically detect the rebar from the GPR image in real-time. Tian et 

al. detect and identify three major defects in concrete structures, including delamination, air void, and moisture by 

analyzing their reflection polarity [21]. Perez-Garcia el at. investigate cracks in concrete slab on grade with GPR [22]. 

Rahman M, et al. use a controlled laboratory environment to analyze the attenuation of GPR signals in concrete due 

to various subsurface defects and rebar [23]. The results show a variation in the measured reflected amplitudes for  

different materials due to differing dielectric constants. Dinh & Gucunski explore various factors that may affect the 

detectability of concrete delamination in GPR images [24]. They conclude that there is always a signal reflected 

whenever there is delamination or solid-air interface, with increasing signal strength with the thickness of the 

delamination. Rasol et al. reports a laboratory investigation to assess the ability of the GPR to detect and quantify 

cracks in concrete samples covered with asphalt [25]. The results showed that crack’s width was detected in most 

cases with cross-polarisation. 

No literature reports the use of GPR to detect the effect of pyrite swelling in concrete slabs. This paper reports 

research organized in two parts. The first part is to assess the soil composition beneath the slab to verify any evidence 

of pyrite existence in the soil. The second part is to delimitate the impacted pyrite swelling underneath the slab using a 

high-frequency GPR antenna, offering maximum resolution for targets within or just below the concrete slab. 

2. Site Description and Fieldwork  

The investigated site in a commercial building is located in the city of Laval, Canada, at latitude 45°33'12.96" N and 

Longitude 73°45'24.08" W, severe cracks and heaving are observed on concrete slabs on grade as presented in Figure 

2. The fill materials beneath the concrete slab predominantly consist of clayey materials. Before collecting GPR data, 

Figure 3 shows that four soil samples were extracted directly from the area beneath the concrete slab. These samples 

were selected from the corners of the slab to identify and characterize the soil type underneath the slabs. 
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Figure 2. Location of the investigated site, the concrete slab is characterized by the presence of cracks and heaves that 

distributed along it 

 

Figure 3. GPR profiles within the investigated site. Red dots represent the locations of the soil samples 

The GPR data were collected using a Geophysical Survey Systems, Inc. (GSSI) SIR4000 pro console coupled with 

a 1600 MHz antenna [26]. The GPR data is collected within a grid measuring 14 x 28 m. This grid comprised 14 GPR 

profiles in the X-direction and 29 profiles in the Y-direction, with a 1-meter spacing between every two profiles as 

shown in Figure 3. The length of the profiles in the X-direction ranged between 23 m to 28 m, but most of the profiles 

were within 26 m long, while in the Y-direction, the profiles varied between 12 m and 14 m. The variation in profile 

lengths was adjusted by the presence of obstacles within the investigated site. 

3. Data Processing and Interpretation 

The processing and interpretation of the data are divided into two steps as shown in Figure 4. The first step is to 

identify and characterize the soil samples, while the second step collects, processes and interprets the GPR data. 

The soil samples were analyzed using the CTQM200 protocol to determine the Petrographic Swelling Potential 

Index (PSPI) as tabulated in Table 1 [27]. This analysis involved testing of weighted soil groups extracted from various 

depths for each sample, Figure 3 presents the locations of the samples. Each weighted soil is treated to classify its 

components. Here, the components consist of twelve items and each item represents a soil type. However, only two 

main components respond to the PSPI. These components are Dolo Limestone/Clayey Dolomite and Shale. For each 

sample, the percentage of the practical fraction size (RF%) of the components was measured, and the PSPI was 
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subsequently calculated. The PSPI values are varied between 3.4 to 5.4 reflecting aggregates deemed to come from the 

right and left sides of the site. Consequently, the soil type can be classified as Ordovician limestone, more clayey in 

places, which probably intersects thin clayey beds and shale sediments. The Shale and clayey materials on the site are 

more likely to contain pyrite within their particles, which can react with air and moisture. Then pyrite swelling is 

probably the reason for the concrete slab deformation in the investigated site. 

 

Figure 4. Flowchart of the research methodology 

Table 1. PSPI test results 

Sample (a)  Shale Dolo limestone/ Clayey Dolomite 

 

RF%* 2.10 13.0 

PSPI Coefficient 1.00 0.10 

PSPI** 2.10 1.30 

PSPI (Shale+Dololimstone)*** 3.4 

Sample (b)  Shale Dololimestone/ Clayey Dolomite 

 

RF%* 3.00 18.1 

PSPI Coefficient 1.00 0.10 

PSPI** 3.00 1.81 

PSPI (Shale+Dololimstone)*** 4.81 

Sample (c)  Shale Dololimestone/ Clayey Dolomite 

 

RF%* 3.40 20.0 

PSPI Coefficient 1.00 0.10 

PSPI** 3.40 2.00 

PSPI (Shale+Dololimstone)*** 5.40 

Sample (d)  Shale Dololimestone/ Clayey Dolomite 

 

RF%* 2.40 17.2 

PSPI Coefficient 1.00 0.10 

PSPI** 2.40 1.72 

PSPI (Shale+Dololimstone)*** 4.12 

* %RF = % compared to the % of the particle size fraction without debris; 

** PSPI= Petrographic Swelling Potential Index; 

*** PSPI Cumulative of the sample. 

The GPR profiles were processed using RADAN software from the GSSI manufacturer. The processing involved 

several basic steps to enhance the quality of the 2D GPR profiles. These steps included time zero correction (0.703 ns), 

background removal, and Bandpass filter (500 MHz for high pass and 3000 MHz for low pass). These processing steps 

improve the clarity and accuracy of the GPR data. For the 3D GPR model, all the GPR profiles are migrated with a 

velocity of 0.09 m/ns and then the Hilbert transform is used as the final processing step. However, three main reflections 

are observed within the processed GPR profiles. These reflections correspond to the presence of rebar, voids, and utility 

lines presented Figure 5. These reflections provide valuable information about the subsurface conditions and can help 

in identifying potential areas of concern related to pyrite swelling and concrete slab deformation. 
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Figure 5. GPR profiles no. 10 and 12, showing rebar, void, and utility reflections 

The rebar reflections in all the GPR profiles show clear deformation in their shapes and locations, indicating 

significant distortion of the concrete slab. This distortion is attributed to the swelling of the underlying soil that is caused 

by the reaction of pyrite with the surrounding materials shown in Figure 6. Normally, when the concrete slab is in good 

condition, the rebar mesh should appear at a consistent level. However, due to the severe impact of the swelling on the 

concrete slab, the rebar mesh is distorted. This deformation can therefore be considered as evidence of the presence of 

pyrite in the subsurface material. 

 

Figure 6. GPR profile no. 38, showing the rebar reflections are distorted due to the swelling, which severely effect the 

concrete slab 

Figure 6 is a good example that shows the deformations in the slab where some parts of the rebar are slightly up and 

others are slightly down. The GPR profile no. 38 in Figure 6 shows that the thickness of the slab varies between 12 to 

18 cm in depth. Furthermore, two distinctive reflections observed as a result of air voids inside or just beneath the 

concrete slab appear clearly in this profile. An interesting reflection is also shown in some GPR profiles, which indicates 

that part of the concrete slab is pushed up while the other parts remain at their locations, as shown in Figure 7. This 

reflection appears clearly at a depth of 8cm, while the other reflections appear at a depth of 16cm. This uplifted part of 

reflection may indicate two things. The first is an air void that is created just below the concrete slab. The second is that 

the reflections from the rebar are too weak. This phenomenon may occur for two reasons. The first reason is the high 

amplitude reflection of the air void, where the GPR waves speed up when traveling through the air void to reach airspeed, 

then severely slow down when hitting the underlying layer. Therefore, this high-amplitude reflection will cover the 

weaker reflections of the rebar. The second reason is the high attenuation that occurs due to the high conductivity of 

pyrite-rich materials [16] and their reaction with moisture [7]. It seems that the concentration of pyrite and moisture in 

this part of the slab is higher than in the other parts. Therefore, the reaction of pyrite with its surrounding materials may 

lead to attenuate the GPR wave and produce weak reflections. On the other hand, the other parts of reflection appear 

approximately at the same level as shown in Figure 7. This may indicate that this part of the concrete slab is intact, and 

mainly no pyrite swelling occurs at these parts. 
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Figure 7. GPR profile no. 13, showing that the bottom of the concrete slab is pushed up due to swelling of underying 

materials. The other parts of the slab remain at the same level 

The 3D presentation shows how the high attenuation of the GPR waves, and the swelling of the underneath materials 

affect the GPR reflections. For instance, the cross-section of the GPR profiles No. 11 (in the Y-direction) and No. 45 

(in the X-direction) reveals distinct zones of attenuation, as shown in Figure 8a. The effect of the swelling can also be 

seen along the cross-section, where some parts of the concrete slab are pushed up and others are dropped down. 

Additionally, multiple distinct reflections from air voids are observed on both GPR profiles at approximately the same 

level. These reflections collectively indicate that the deformation of the concrete slab is severe due to the reaction of 

pyrite with other materials. Another good example is shown in Figure 8b, where a cross-section of the GPR profiles No. 

8 (in the Y-direction) and No. 37 (in the X-direction) is presented. Again, the zones of low and high amplitude 

reflections, as well as the upward and downward reflected parts, indicate the indirect impact of pyrite when it reacts 

with moisture and the surrounding materials. These sections effectively highlight the effect of pyrite swelling, which 

significantly attenuates the GPR reflections and leads to severe deformation in the concrete slab. 

 

Figure 8. Low and high amplitude reflections zones 

To obtain a more detailed understanding of the condition of the concrete slab and the underlying materials, a 3D 

Iso-surface map is derived from the grid of the GPR profiles at a depth of about 12 cm beneath the ground surface 

presented in Figure 9. Within this map, two significant areas are observed. The first area corresponds to the rebar 

mesh, which is visible in some locations. The amplitude strength of the rebar reflections on the map varies, ranging 
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from very high to low amplitude reflections. This variation is expected since the level of the rebar mesh is not uniform 

due to the swelling of the underlying soil. The second area looks vanished with no reflections. It seems that this area 

is the most affected by the attenuations and/or swelling of the underneath materials. This suggests that the concrete 

slab is severely affected in these regions of vanished reflections. However, this does not imply that the other rebar 

mesh areas are not affected by attenuation or swelling, but it seems that the concentration of pyrite in rebar mesh areas 

is relatively lower than in other areas. 

 

Figure 9. Iso-surface map. Two main areas are present, the rebar mesh area and the area with no reflections 

Based on the above results, the GPR method successfully addressed the effect of the pyrite reaction with moisture 

and other surrounding materials on the concrete slab. This reaction is shown on the GPR profiles as air-void reflections, 

pushed-up reflections, and dropped-down reflections. Further, the pyrite reaction also appeared as an attenuation that 

affects the GPR waves to produce very weak reflections. These results provide valuable information about the condition 

of the concrete slab and the underlying materials, which highlights the extent of deformation in the concrete slab due to 

the influence of the pyrite swelling effect. 

4. Conclusion 

Pyrite swelling in concrete slabs is a major issue. Many cases have been registered in Quebec since the 1960s. The 

use of the GPR method to trace pyrite swelling in concrete slabs is investigated in this paper. In order to detect pyrite 

swelling in slabs on grade, an extensive assessment is applied using the GPR method in a selected site that occurs in the 

city of Laval, Quebec. Before the GPR survey, soil samples were collected to determine the soil composition behind the 

concrete slab. The analysis revealed the presence of limestone, which is more clayey in places and probably intersects 

thin clayey beds, severe and shale sediments. These sediments are known to have a higher tendency to produce pyrite 

swelling. The GPR investigation identified three types of reflections: rebar, air-void, and utility reflections. The most 

important reflections that indicate the pyrite swelling are the rebar reflections. These reflections show a clear 

deformation in their shapes and places, indicating that the concrete slab is exposed to severe distortion due to pyrite 

swelling. This deformation is presented on the GPR profiles in the form of pushed-up and dropped-down reflections. 

The effect of the pyrite swelling on GPR reflections can be recognized in two means. Firstly, the attenuated reflections 

that may occur as a result of pyrite-rich materials. Secondly, the high-amplitude reflections that may occur due to the 

presence of air voids. These air voids can be caused due to pushing the concrete slab as a result of pyrite swelling. The 

3D Iso-surface map provided valuable information about the most affected areas of the concrete slab. The deformed 

locations can be recognized easily compared with intact locations. In conclusion, the results indicate that GPR is an 

effective and reliable method for assessing and mapping the deformations in concrete slabs. It has the capability to locate 

areas of deformation without the need for extensive excavation work. This makes GPR a valuable tool for addressing 

the pyrite swelling issues in concrete slabs and ensuring the structural integrity of buildings. 

5. Declarations  

5.1. Author Contributions 

Conceptualization, N.K.A. and G.J.A.; methodology, N.K.A. and G.J.A.; formal analysis, N.K.A.; writing—original 

draft preparation, N.K.A. and G.J.A.; writing—review and editing, N.K.A. and G.J.A. All authors have read and agreed 

to the published version of the manuscript. 

5.2. Data Availability Statement 

The data presented in this study are available on request from the corresponding author. 



Civil Engineering Journal         Vol. 10, No. 03, March, 2024 

736 

 

5.3. Funding and Acknowledgements 

This research was supported by the Mitacs Acceleration Program in partnership with Groupe ABS. The authors 

gratefully acknowledge the financial support provided through this program, which facilitated the execution of the 

research activities described in this paper. 

5.4. Conflicts of Interest 

The authors declare no conflict of interest.  

6. References  

[1] Anderson, W. H. (2008). Foundation problems and pyrite oxidation in the Chattanooga Shale, University of Kentucky, Estill 

County, Kentucky. Report of Investigations--KGS. University of Kentucky, Lexington, United States. doi:10.13023/kgs.ri18.12. 

[2] Maher, M., & Gray, C. (2014). Aggregates prone to causing pyrite-induced heave: How they can be avoided. Proceedings of the 

17th Extractive Industry Geology Conference, September 2014, Ormskirk, United Kingdom. 

[3] ACQC. 1999. Pyrite and Your House. Association des Consommateurs pour la Qualité Dans la Construction, Montréal, Canada. 

(In French). 

[4] Nixon, P. J. (1978). Floor heave in buildings due to the use of pyritic shales as fill material. Chemistry and Industry, March, 160-

164. 

[5] Yamanaka, T., Miyasaka, H., Aso, I., Tanigawa, M., Shoji, K., & Yohta, H. (2002). Involvement of sulfur- and iron-transforming 

bacteria in heaving of house foundations. Geomicrobiology Journal, 19(5), 519–528. doi:10.1080/01490450290098487. 

[6] Hawkins, A. B. (2014). Implications of pyrite oxidation for engineering works. In Implications of Pyrite Oxidation for 

Engineering Works. Springer International Publishing, Cham, Switzerland, doi:10.1007/978-3-319-00221-7. 

[7] Cripps, J. C., Reid, J. M., Czerewko, M. A., & Longworth, I. (2019). Tackling problems in civil engineering caused by the 

presence of pyrite. Quarterly Journal of Engineering Geology and Hydrogeology, 52(4), 481–500. doi:10.1144/qjegh2019-024. 

[8] Hoover, S. E., Wang, M. C., & Dempsey, B. (2004). Structural damage induced by pyritic shale. International Conference on 

Case Histories in Geotechnical Engineering, 13-17 April, 2004, Missouri, United states. 

[9] Maher, M. L. J., Azzie, B., Gray, C., & Hunt, J. (2011). A large scale laboratory swell test to establish the susceptibility to 

expansion of crushed rock containing pyrite. Proceedings of the 14th Pan-Am CGS Geotechnical Conference, 1-7 October, 2011, 

Toronto, Canada. 

[10] McKeon, É. P., O’Connell, A. M., & McCabe, B. A. (2017). Laboratory foundation model with pyrite-bearing mudstone fill. 

International Journal of Physical Modelling in Geotechnics, 17(4), 204–219. doi:10.1680/jphmg.16.00001. 

[11] Conyers, L. B. (2004). Ground-penetrating Radar for Archaeology. AltaMira Press, California, United States.  

[12] AL-Hameedawi, M. M., Thabit, J. M., & AL-Menshed, F. H. (2023). Electrical resistivity tomography and ground-penetrating 

radar methods to detect archaeological walls of Babylonian houses near Ishtar temple, ancient Babylon city, Iraq. Geophysical 

Prospecting, 71(9), 1792–1806. doi:10.1111/1365-2478.13293. 

[13] Pajewski, L., Benedetto, A., Derobert, X., Giannopoulos, A., Loizos, A., Manacorda, G., Marciniak, M., Plati, C., Schettini, G., 

& Trinks, I. (2013). Applications of Ground Penetrating Radar in civil engineering - COST action TU1208. 2013 7th International 

Workshop on Advanced Ground Penetrating Radar. doi:10.1109/iwagpr.2013.6601528 

[14] Knight, R. (2001). Ground penetrating radar for environmental applications. Annual Review of Earth and Planetary Sciences, 

29(1), 229–255. doi:10.1146/annurev.earth.29.1.229. 

[15] Busby, J., Cuss, R., Raines, M., & Beamish, D. (2004). Application of ground penetrating radar geological investigations. British 

Geological Survey, Keyworth, United Kingdom. 

[16] Mellett, J. S. (1995). Ground penetrating radar applications in engineering, environmental management, and geology. Journal of 

Applied Geophysics, 33(1–3), 157–166. doi:10.1016/0926-9851(95)90038-1. 

[17] Balkaya, Ç., Kalyoncuoğlu, Ü. Y., Özhanlı, M., Merter, G., Çakmak, O., & Talih Güven. (2018). Ground-penetrating radar and 

electrical resistivity tomography studies in the biblical Pisidian Antioch city, southwest Anatolia. Archaeological Prospection, 

25(4), 285–300. doi:10.1002/arp.1708. 

[18] Neal, A. (2004). Ground-penetrating radar and its use in sedimentology: Principles, problems and progress. Earth-Science 

Reviews, 66(3–4), 261–330. doi:10.1016/j.earscirev.2004.01.004. 

[19] Oikonomopoulou, E. C., Palieraki, V. A., Sfikas, I. P., & Trezos, C. G. (2022). Reliability and limitations of GPR for identifying 

objects embedded in concrete – Experience from the lab. Case Studies in Construction Materials, 16, 898. 

doi:10.1016/j.cscm.2022.e00898. 



Civil Engineering Journal         Vol. 10, No. 03, March, 2024 

737 

 

[20] Liu, H., Lin, C., Cui, J., Fan, L., Xie, X., & Spencer, B. F. (2020). Detection and localization of rebar in concrete by deep learning 

using ground penetrating radar. Automation in Construction, 118, 103279. doi:10.1016/j.autcon.2020.103279. 

[21] Tian, H., Zhou, Z., Zhang, Y., & Wei, Y. (2020). Axial behavior of reinforced concrete column with ultra-high performance 

concrete stay-in-place formwork. Engineering Structures, 210, 110403. doi:10.1016/j.engstruct.2020.110403. 

[22] Pérez-Gracia, V., González-Drigo, R., & Di Capua, D. (2008). Horizontal resolution in a non-destructive shallow GPR survey: 

An experimental evaluation. NDT and E International, 41(8), 611–620. doi:10.1016/j.ndteint.2008.06.002. 

[23] Abdul Rahman, M., Donda, D., Latosh, F., Tarussov, A., & Bagchi, A. (2022). Entropy evaluation of subsurface materials and 

defects in Concrete Slabs using GPR. 11th International Conference on Structural Health Monitoring of Intelligent Infrastructure, 

8-12 August, 2022, Montreal, Canada.  

[24] Dinh, K., & Gucunski, N. (2021). Factors affecting the detectability of concrete delamination in GPR images. Construction and 

Building Materials, 274, 121837. doi:10.1016/j.conbuildmat.2020.121837. 

[25] Rasol, M. A., Pérez-Gracia, V., Fernandes, F. M., Pais, J. C., Santos-Assunçao, S., Santos, C., & Sossa, V. (2020). GPR 

laboratory tests and numerical models to characterize cracks in cement concrete specimens, exemplifying damage in rigid 

pavement. Measurement, 158, 107662. doi:10.1016/j.measurement.2020.107662. 

[26] GSSI Handbook. (2003). Geophysical Survey Systems, Inc., North Salem, United States. Available online: 

www.geophysical.com (accessed on February 2024). 

[27] Procedure CTQ-M200. (2001). Appraisal procedure for existing residential buildings. Quebec Technical Committee for the 

Study of Swelling, Quebec City, Canada. 

https://doi.org/10.1016/j.measurement.2020.107662
http://www.geophysical.com/


 Available online at www.CivileJournal.org 

Civil Engineering Journal 
(E-ISSN: 2476-3055; ISSN: 2676-6957) 

  Vol. 10, No. 03, March, 2024 

 

 

 

  

    

738 

 

Integration of Artificial Intelligence Applications and Knowledge 

Management Processes for Construction Projects Management 

 

Meervat R. Altaie 1* , Marwa M. Dishar 1  

1 Department of Civil Engineering, Faculty of Engineering, University of Baghdad, Baghdad, Baghdad, Iraq. 

Received 03 November 2023; Revised 17 February 2024; Accepted 22 February 2024; Published 01 March 2024 

Abstract 

Artificial intelligence systems have gained access to various scientific and research fields, especially in the construction 

industry. The study seeks to confirm the vital role of introducing Knowledge Management (KM) integrated with Artificial 

intelligence (AI) applications in the projects. It requires qualifying engineers and imposing their current qualifications to 

achieve the benefits of Integration of AI Applications based on KM processes to perform their professional roles and 

recognize the need to develop their capabilities through training and development. The field survey was intended only for 

85 engineers working on construction projects (public and private sectors). Three axes were clarified to allocate the extent 

of the sample response and determine the benefits of using the KM process and AI applications for the success of 

construction projects. The results showed a positive relationship between the demographic variables of the response and 

the benefit of using the KM process and AI applications and explaining the variance in the regression relationships. 

Therefore, the study suggests integrating AI applications based on the KM process to achieve business goals and effectively 

benefit and exchange management, as its use leads to faster and more effective decision-making, especially if the project 

strategy approves it. 

Keywords: Knowledge Management; Artificial Intelligence; construction; Correlation; Regression. 

 

1. Introduction 

Knowledge is vital in our daily lives, whether at the personal level or within institutions; knowledge enables us to 

understand the world around us and make the right decisions effectively. It is luxurious, as the information, experiences, 

skills, and capabilities of the individual or organization enable them to make the correct decisions and behaviors 

promptly. It includes scientific, experimental, cultural, social, technical, administrative, and other knowledge. 

Knowledge is constantly changing and evolving due to updates, innovations, and changes in society, culture, technology, 

economics, science, and modern technologies. So, knowledge management is the process of identifying, collecting, 

organizing, analyzing, distributing, and using knowledge in an organization and includes the creation and improvement 

of systems, methods, and operations to collect, share, and use knowledge within the organization [1]. 

The use of information, data, knowledge, skills, and abilities inherent within organizations is one of the most 

important reasons for their success, in addition to the organization’s ideas, commitment, and motives in making good 

decisions, which is evidence of this organization’s distinctive environment. Therefore, organizations are interested in 

implementing KM processes and techniques as an integral part of comprehensive development strategies for their 

increasingly important role in global economic development [2]. 
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In our current era, AI applications are assuming increasing importance due to their possession of the keys to the 

fundamental processes of explicit knowledge in attracting, storing, sharing, and spreading, doubling the value of data 

and information, and employing them in supporting knowledge management, which has exceptionally increased in 

importance and area in recent years thanks to unlimited capabilities in construction projects [3]. 

Applying AI techniques to construction projects gives the project manager more control and better management of 

all project phases. Human error by project managers is one of the inherent problems facing project management, which 

leads to project failure. The application of AI techniques in any project phase can lead to improving accuracy, 

forecasting, and addressing administrative and technical errors in projects whose benefits have become apparent, 

especially in dealing with uncertainty, improving efficiency, scheduling, stakeholder management, and improving cost 

management in engineering, procurement, and construction (EPC) projects [4]. 

However, the problem of integrating the use of AI applications with the concept of KM faces many challenges, and 

this is clear from the different percentages of variation between workers in the construction industry sector, especially 

engineers, in how to apply it in the project work. 

The engineers need to be able to use AI applications to complement their experience in KM. It requires studying a 

set of demographic characteristics for engineers and knowing the extent to which these characteristics affect the ability 

of engineers to use artificial intelligence applications with knowledge management to achieve the goals required for the 

success of projects. It is what the current study is seeking to find out. 

2. Literature Review 

Many scientific studies have reviewed the discovery of AI and its role in enhancing KM systems and practices 

through various methods that support appropriate decision-making. Some studies have focused on the overall benefits 

and available opportunities that can significantly facilitate the work of construction sector organizations.  

The study referred to many scientific publications in the past century that studied the topic of AI-PM, indicating that 

the construction sector is the sector most affected by AI due to the nature of massive projects in this sector, which are 

characterized by their complexity. Multiple studies have dealt with artificial intelligence significantly in planning and 

measurement processes, predicting project time, studying uncertainty, studying safety issues, project delivery, predicting 

project status, and many other applications and fields in various project phases and within multiple scenarios supported 

by artificial intelligence. 

Anumba & Khallaf's study reported the benefits of using AI-based knowledge management through different vital 

technologies that facilitate knowledge management in the construction field by classifying some artificial intelligence 

techniques for organizational knowledge management processes and systems. The most important benefits are the ease 

of matching knowledge with problems, retrieving data quickly, increasing the ability to create new knowledge, 

improving knowledge evaluation, increasing capital, greater flexibility in representing knowledge, ease of participation, 

and improving the decision-making process [5]. Igbinovia & Ikenwe's study recommended the need to encourage 

organizations to create knowledge through scientific methods supported by artificial intelligence, with the need to 

support research activities and encourage cooperation and teamwork between individuals and institutions [6]. 

Ramaj & Pjero's study also recommended deepening knowledge about information technology through training or 

special courses. Especially in light of the increasing use of information systems in all sectors and different industries in 

which there is business through mutual interaction between professional bodies and universities [7]. Karki & 

Hadikusumo's study was conducted to find the competency factors of project managers in Nepal by developing a 

predictive model of project manager performance using a machine learning approach in medium-sized construction 

projects. The study determined that project managers must have high competence in leadership skills, personal 

characteristics, team development and delegation, communication, technical, problem-solving, and relationship 

management skills [8]. 

The workers must connect with knowledge management while developing their abilities to use artificial intelligence, 

which requires new skills, competencies, and capabilities. It calls for enhancing perceptions, skills, and work practices 

so that workers can benefit from their knowledge management partners while avoiding risks. These early preparations 

by organizations help apply the capabilities of artificial intelligence based on knowledge management processes, which 

is only achieved through an effective symbiotic partnership between workers in knowledge management and intelligent 

systems [9]. 

Therefore, our study seeks to clarify the impact of applying knowledge management based on artificial intelligence 

and to reveal the various goals that must be met for the success of investment projects by shedding light on scientific 

methods for managing investment construction projects and arriving at methods that help control projects. Successful 

application can only be achieved after providing a qualified cadre of engineers who can develop their skills using 

artificial intelligence in the stages of knowledge management. It requires knowing the biographical characteristics of 

engineers and their relationship with the success of the integration method to achieve the project goals. 
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3. Methodological Framework  

The flow chart in Figure 1 explains the methodology of the study, which consists mainly of the Conceptual 

Framework for the theoretical application and the practical study to finalize the test of the two hypotheses for the study. 

As mentioned below: 

 

Figure 1. Flow chart of the study 

3.1. Problem, Justification and Objectives of the Study  

Investment projects must improve using AI applications based on KM processes at all project stages. The different 

demographic characteristics of engineers may contribute to significant skills and abilities to use AI integrated with the 

KM process, in addition to determining the level of training necessary to improve engineers' skills and professional 

capabilities. 

After recent technological development, the construction industry has flourished in Iraq to carry out and develop the 

construction industry in a way that serves the country's interests, especially after the disclosure of the strategic Iraqi plan 

for the year 2030 and the beginning of the work to reconstruct the liberated cities. Various construction projects have 

worked on the inclusion and application of all modern technologies in the rehabilitation and implementation of 

construction projects, which will inevitably lead to an upgrade in the performance of construction projects and identify 

the main obstacles facing the management of construction projects and address their causes. 

Determine the relationship type between the applying AI applications based on KM with the performance and 

qualifications of engineers. This can help to address the project problems, especially delays in cost and time 

overruns, treat the challenges, and help in completing the project activities in a shorter time with a lower cost within the 

required quality. The correlation type will also determine the qualifications required for engineers to work for 

construction companies seeking unique distinctions within the current competition in the construction industry. 
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The following are the main objectives can be clarified: 

a)  Detecting the benefits of applying the KM process in construction project management in Iraq.  

b)  Detecting the benefits of applying AI applications in construction project management in Iraq.  

c)  Detecting the benefits of integrating AI Applications and KM processes for construction project management in 

Iraq.  

d)  Recognizing the correlation between demographic variables and the integration of AI Applications and KM 

processes for construction project management in Iraq from the engineers' point of view. 

e)  Interpreting the variation in the regression relationships between demographic variables and the integration of AI 

Applications and KM processes for construction project management in Iraq from the engineers' point of view. 

3.2. Hypotheses of the Study 

The study states two hypotheses: 

1st Hypothesis: There is a positive correlation between the demographic variables for engineers (Age, Qualification, 

Current Position, and Years of Experience) and: 

a) The Benefits of applying the KM process in the construction projects management. 

b) The Benefits of applying  sn appcications  in the construction projects management. 

2nd Hypothesis: There is a statistically significant effect for the demographic characteristics of the engineers (Age, 

Qualification, Current Position, and Years of Experience) and: 

a) The Benefits of applying the KM process in the construction projects management. 

b) The Benefits of applying  sn appcications  in the construction projects management. 

3.3. Methodology of the Study 

The analytical descriptive approach and the deductive approach were adopted to address the impact of the application 

for integrating AI applications and KM processes for construction project management in Iraq from the engineers' point 

of view in Iraq. 

The practical study was applied to a random sample of public and private sectors in Iraq from a selected sample of 

engineers; the study clarifies various benefits from statistical results to link various factors and influences that led to the 

integrated relationship results. Statistical Package for the Social Sciences (SPSS-version 25) was used to analyze and 

process the data contained and test the hypotheses' validity. 

4. Conceptual Framework  

The study's conceptual framework will focus on two crucial axes, knowledge management (KM) and Artificial 

Intelligence (AI), by focusing on various theoretical foundations and concepts. 

4.1. Knowledge Management (KM) Concepts 

KM is a multidisciplinary business model that deals with all aspects of knowledge in all companies, including 

knowledge creation, codification, sharing, and imparting to enhance learning and innovation. All technological tools 

and organizational procedures that can contribute to the success of organizations must be included [10]. 

4.1.1. Definition of KM 

KM is defined as "planning, organizing, controlling, coordinating, and synthesizing knowledge and assets related to 

intellectual capital, operations, personal and organizational capabilities, and capabilities, so that the greatest possible 

positive impact on the results of competitive advantage is achieved, and KM includes achieving the process of 

sustainability of knowledge and capital intellectual money and its exploitation [11]. It is also defined as the ability of 

knowledge to create new knowledge, disseminate it throughout the organization, and embody it in products and services 

[12]. 

4.1.2.KM Processes 

KM has several processes that differ according to their inputs. The researchers unanimously agreed that there are six 

essential processes for KM, namely: diagnosing knowledge, defining knowledge goals, generating knowledge, storing 

knowledge, distributing it, and finally applying it, which can be explained in detail as follows [13]. 
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A) Knowledge Acquisition and Generation  

The process of acquiring knowledge can be defined as obtaining knowledge from various sources (experts, 

specialists, competitors, customers, databases, or through the archives of the organization) using performance 

measurement methods, attending conferences and workshops, using experts, periodicals, publications, email, and 

individual learning [14]. It is possible to obtain knowledge sometimes by chance, provided that the importance of this 

knowledge is realized through various methods such as storage and retrieval in a better way to achieve the desired 

benefit, and this method differs from one organization to another, provided that it is understood in its way because it has 

a substantial impact on the culture of the organization and its style in managing the approach to knowledge acquisition 

that is required to achieve the success of the organization [15]. 

B) Knowledge Storage 

After the Knowledge Acquisition process, it is stored in many ways; the most essential storing ways are: 

1) Organizations can record everything that happens for all information in a specific place as individual records, 

like regular files or on a computer network. It is available for all organization members to view the information 

if they want it in the needed time [16]. 

2) A responsible person stores information accurately by collecting it in a manner that is easy to use by everyone if 

they want to view it, without caring about analyzing knowledge and being able to disseminate and circulate it 

effectively. All individuals can provide their knowledge to any person or department if they want to view it in 

time. Nevertheless, this entity should analyze and purify the knowledge, then store it in the best and most accurate 

manner so the organization or a specific responsible person can easily circulate it. 

3) Collect knowledge in an organized manner, analyzed and purified. It is arranged, coordinated, and fragmented to 

be stored in the best way, but taking this into account, it must be quickly circulated, published, and extracted 

accurately and efficiently by any individual working in the organization [17]. 

C) Knowledge Sharing 

The third loop in KM circles is knowledge transfer; it depends on the presence of formal and informal methods and 

applicable mechanisms. "Informal methods may include job changes inside or outside the organization, personal 

relationships that bind workers to each other, and work teams [18]. Many factors affect the transfer of knowledge in the 

organization, like cost "when purchasing devices, using technology, holding conferences and seminars, and the transfer 

of knowledge can be affected by the potential of content change in light of the structure of the hierarchical organizational 

structure [6]. 

D) Knowledge Application 

The application of knowledge is the primary goal of the KM process. This application requires organizing knowledge 

(through classification, indexing, or appropriate tabulation of knowledge), knowledge retrieval (by enabling employees 

in the organization to access it quickly and in the shortest time) and making knowledge ready for use (deleting some 

inconsistent parts, re-correcting and constantly examining knowledge, introducing new and appropriate ones, and 

excluding obsolete ones [18]. That is, the knowledge must be used functionally and effectively to fill a void or need. 

KM has proven through its practical applications and, in many situations, that it is the fastest and easiest way to add 

value to the organization and individuals [19, 20]. 

4.2. Artificial Inelegant (AI) and Its Conditions 

AI is the product of 2,000 years of traditions of philosophy, perception, and learning theories and 400 years of 

mathematics that led to the possession of theories in logic, probabilities, and computing, in addition to a long history of 

the development of psychology and what revealed the capabilities and workings of the human brain [21]. 

4.2.1. Definition of AI 

AI is defined as computing systems that can participate in human-like processes such as learning, adaptation, 

synthesis, self-correction, and the use of data to process complex tasks. It has become clear how AI has changed the 

performance of jobs and tasks in various fields, and many experts predict that by 2030, more than 80% of repetitive 

tasks will be eliminated by intelligent machines. The application of AI in the construction industry, based on previous 

knowledge, is nothing new and has proven successful in various fields [22]. 

Artificial intelligence aims to solve problems in various disciplines in a manner similar to human methods by creating 

images and texts and making decisions based on stored data. This means that any organization can integrate artificial 

intelligence capabilities into various applications to improve business, accelerate decision-making, and stimulate 

innovation [23]. 
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4.2.2. AI Terms 

There must be three main elements of AI are implemented correctly, and they are mainly represented in the 

following:  

a)  The ability to learn this information from statement to information to knowledge, after the growth of his 

intelligence abilities in analysis and deduction, then the ability to maneuver and choose from among the available 

alternatives [24]. 

b)  The possibility of collecting and analyzing data and information is the ability to visualize relationships between 

this information and data, especially in light of the increasing spread of giant data available on databases [25]. 

c)  Making decisions based on analyzing information is the stage of making intelligent decisions among several 

options and not relying on just one algorithm to achieve a specific goal [26]. 

5. Field of the Study 

Field study consists from the following procedures: 

5.1. Design the Study Questionnaire 

To facilitate field study procedures and collect and analyze data to complete the field side of the study, a 

questionnaire was prepared in a way that helps collect data and obtain accuracy in its design with what was covered in 

the theoretical side as well as previous studies and the clarity of the questions and phrases of the questionnaire to enable 

the sample members to answer them objectively. 

The current study relied on a structure similar in design to a previous study conducted to reveal the impact of 

knowledge management processes based on artificial intelligence software when applied to construction projects in the 

Kingdom of Saudi Arabia and on a group of study factors that were added to the axes of the questionnaire. It is worth 

noting that the Alghamdi & Al-Dirman study recommended enhancing the application of knowledge management based 

on artificial intelligence software to solve the problems of delayed completion of construction projects, as well as the 

need for financial attention, and striving to improve project efficiency while sharing and applying knowledge that 

supports knowledge management processes [27]. That is what our current study is trying to prove, but from the point of 

view of engineers working on Iraqi construction projects. It concluded by constructing a questionnaire that includes two 

parts, as follows: 

 The first part includes personal data related to the general characteristics of the study sample members, including 

age, qualification, current position, and years of experience. 

 The second part is divided into three dimensions, as follows: 

a) The Benefits of applying the KM process (15 elements). 

b)  The Benefits of applying  sn appcications  (17 elements). 

c)  The Benefits of applying  an integrated combination of tn and AI applications (18 elements). 

5.2. Select Sample of the Study 

The study depended on a deliberate sample, including a group of engineers working in various construction 

companies in the public and private sectors in various construction sectors in Iraq. The study sample was distributed to 

100 questionnaires for engineers characterized by high professionalism and efficiency. After retrieving and sorting them, 

it was found that 85 questionnaires were suitable for statistical processing. 

5.3. Internal Consistency  

Internal consistency, or the study's validity, is that the questionnaire questions perform and measure what they were 

designed to measure [28]. It means the clarity of the questionnaire, its vocabulary, the questionnaire paragraphs, and its 

comprehensibility to the members of the study sample who will be included in the questionnaire, as well as the 

questionnaire paragraphs being for statistical analysis. Internal consistency can also be defined as the degree of 

interconnection of each scale factor with the total result of the total scale to which the phrase belongs [29, 30]. 

The questionnaire was distributed to ten (10) experts from academics and engineers in the public and private sectors 

to perform and measure what the questionnaire was designed to measure, the clarity of the questionnaire, vocabulary, 

elements of a questionnaire, and its concept for the study. 

Tables 1 to 3 show a summary of the results, which showed a statistically significant relationship between the 

elements of each axis. The questionnaire designed for the study has a high degree of internal consistency. 
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Table 1. Validity of the internal consistency for KM Process Benefits 

No. Dimensions and axes of the study 
Correlation with the total 

Pearson Correlation Sig 

1 Improve the decision-making process 0.923** 0.000 

2 Follow up on the implementation of the project plan 0.931** 0.000 

3 Continuous improvement of operations 0.911** 0.000 

4 Improve the efficiency of tasks or activities 0.949** 0.000 

5 Contribute to improving teamwork 0.960** 0.000 

6 Reduce the company's costs and prepare the project budget 0 .962** 0.000 

7 Control project time planning 0 .948** 0.000 

8 Improve the quality of products and services 0.949** 0.000 

9 Exchange experiences between employees and communication 0.903** 0.000 

10 Share information among stakeholders 0.951** 0.000 

11 Reduce the risks of tasks/activities 0.940** 0.000 

12 Describe procedures within the organisation 0.949** 0.000 

13 Prove methods to feature KM in construction projects 0.923** 0.000 

14 Recourse allocation and analysis 0.947** 0.000 

15 Develop quality control on the spot 0.965** 0.000 

**: A significant relationship between the statement and the total score of its axis. 

Table 2. Validity of the internal consistency for AI Applications Benefits 

No. Dimensions and axes of the study 
Correlation with the total 

Pearson Correlation Sig 

1 Learn the best practices 0.913** 0.000 

2 Prepare and issue the predictive reports 0.961** 0.000 

3 Provide recommendations to address the causes of the delay 0.912** 0.000 

4 Prepare purchasing management automatically 0.936** 0.000 

5 Link resources with project activities 0.901** 0.000 

6 provide a project uncertainty assessment 0 .953** 0.000 

7 provide a project risk management and analysis 0 .948** 0.000 

8 Plan performance and analysis for projects 0.946** 0.000 

9 provide a project time management and analysis 0.913** 0.000 

10 Issue alerts when the project deviation 0.937** 0.000 

11 Introduce safety oversight for construction tasks 0.942** 0.000 

12 Introduce cost estimation and management 0.944** 0.000 

13 learn to develop local practices 0.925** 0.000 

14 Prepare the budget for bidding properly 0.938** 0.000 

15 Familiarise the relevant legislation for the project 0.928** 0.000 

16 Selecting the materials or equipment 0.897** 0.000 

17 Develop quality control on the spot 0.902** 0.000 

**: A significant relationship between the statement and the total score of its axis. 
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Table 3. Validity of the internal consistency for Integrated AI & KM Benefits 

No. Dimensions and axes of the study 
Correlation with the total 

Pearson Correlation Sig 

1 Compliance with the project implementation plan 0.913** 0.000 

2 Match the contractor's capabilities to the requirements of the project 0.814** 0.000 

3 Improve the implementation of the KM system 0.771** 0.000 

4 Enhance the significant amount of project time 0.681** 0.000 

5 Resolve expected risks in projects for all parties 0.823** 0.000 

6 Match the achieved costs with the estimated cost 0.842** 0.000 

7 Facilitate the difficulties in the contractor's financial 0.815** 0.000 

8 Enhance site supervision 0.789** 0.000 

9 Improve the competence of the project manager 0.698** 0.000 

10 Improve communication between project parties 0.814** 0.000 

11 Set up the Violations with subcontracting parties 0.791** 0.000 

12 Prove methods to feature KM in construction projects 0.781** 0.000 

13 Focus on the individual level rather than the team level 0.845** 0.000 

14 Enhance sharing knowledge 0.872** 0.000 

15 Apply the necessary technological infrastructure to implement it 0.865** 0.000 

16 Gather scattered information systems and various technological means 0.799** 0.000 

17 Improve time and extra workload 0.812** 0.000 

18 Clarify unknown concepts to the contractor and the engineers 0.0903** 0.000 

**: A significant relationship between the statement and the total score of its axis. 

The correlation coefficients shown in the tables above on the three axes are characterized by internal consistency, as 

the correlation relationship is statistically significant. The Sig. value (the significance level) of the statistical values of 

the Pearson correlation coefficients calculated in each dimension is less than the 0.05 significance level, indicating a 

relationship between the study axes for each axis. 

5.4. Reliability of the Study  

The concept of reliability refers to the ability of an instrument to measure what it is designed to measure over different 

periods. Cronbach's alpha coefficient was used to determine the stability of the study tool [31, 32].  

Table 4 indicates the results of Cronbach's alpha coefficient values for all study axes, which were more significant 

than 0.7; this indicates that the study tool has high stability and reliability [33]. The questionnaire for the study has 

reliability. 

Table 4. coefficients of Cronbach's alpha 

Dimensions and axes of the study No. of elements Cronbach's alpha coefficient 

Benefits of applying the KM process 15 0.923 

Benefits of applying AI applications 17 0.907 

Benefits of applying an integrated combination of KM and AI 18 0.929 

5.5. Statistical Methods 

SPSS was used to collect and analyze the data from the study. Many statistical methods commensurate with the 

nature of the data were used [34]. These methods are Arithmetic Mean, Standard Deviation, Relative Important Index, 

Correlations between the Variables, and Multiple Regressions Analysis. 

6. Statistical Results 

The following are the final results that will be adopted to verify the research hypotheses. 

6.1. Demographic Characteristics 

Table 5 reviews the different characteristics of the sample distribution stated in the questionnaire under study. It 

includes (Age, Qualification, Current Position, and Years of Experience) and they represent in Figure 2. 
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Table 5. Demographic characteristics 

Accumulative per cent % frequency Category Variable 

18.82 18.82 16 21-30 

Age 
38.82 20 17 31-40 

62.35 23.53 20 41-50 

100 37.65 32 More than 51 

16.47 16.47 14 Diploma 

Qualification 
55.29 38.82 33 Bachelor's 

83.53 28.24 24 Master's 

100 16.47 14 PhD 

7.06 7.06 6 Director general 

Current position 
27.06 20 17 Project manager 

50.59 23.53 20 Advisor 

100 49.41 42 Site engineer 

24.71 24.71 21 Less than 5 yr. 

Years of Experience 

47.06 22.35 19 6-10 

68.24 21.18 18 11-15 

85.89 17.65 15 16-20 

100 14.12 12 More than 20 

 

  

  

Figure 2. Demographic characteristics 

6.2. Results and Descriptions 

6.2.1. Mean, Standard Deviation, and Relative Important Index Results 

A. Benefits of applying the KM process in construction project management: 

This axis dealt with 15 objectives to determine how the sample used the KM process in the construction work. Table 

6 refers to the Arithmetic Mean, Standard Deviation, Variance, and Relative Important Index (RII) results. There was 

high agreement among the respondents to all objectives of this axis, as the percentage reached the axis (77.64%). The 

five most essential percentages of the sample's responses to the objectives of this axis are: contribute to improving 

teamwork (85%), improve the efficiency of tasks or activities (82.8%), exchange experiences between employees and 

communication (82.6%), continuous improvement of operations (82.4%), and follow up on the implementation of the 

project plan (82.4%). 
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Table 6. Statistical Results for the Benefits of Applying KM Process 

Ranking RII% Mean Std. Deviation Objective No. 

7 81.4 4.07 1.28 Improve the decision-making process 1 

5 82.4 4.12 1.349 Follow up on the implementation of the project plan 2 

4 82.4 4.12 1.051 Continuous improvement of operations 3 

2 82.8 4.14 1.002 Improve the efficiency of tasks or activities 4 

1 85 4.25 0.937 Contribute to improving teamwork 5 

9 80 4 0.988 Reduce the company's costs and prepare the project budget 6 

8 80.2 4.01 0.919 Control project time planning 7 

11 75.8 3.79 1.156 Improve the quality of products and services 8 

3 82.6 4.13 0.997 Exchange experiences between employees and communication 9 

10 77.6 3.88 1.128 Share information among stakeholders 10 

6 82.4 4.12 1.128 Reduce the risks of tasks/activities 11 

12 75.6 3.78 1.106 Describe procedures within the organisation 12 

15 62.2 3.11 1.020 Prove methods to feature KM in construction projects 13 

13 70.0 3.50 0.989 Recourse allocation and analysis 14 

14 64.2 3.21 1.012 Develop quality control on the spot 15 

High 77.64 3.882  Total  

B. Benefits of Applying AI applications in construction projects management: 

This axis dealt with 17 different objectives to determine the percentages of AI applications used in the management 

and follow-up of projects. Table 7 refers to the Arithmetic Mean, Standard Deviation, Variance, and Relative Important 

Index (RII) results. There was high agreement among the respondents to all objectives of this axis, as the percentage 

reached the axis (80.44%). The five most essential percentages of the sample's responses to the objectives of this axis 

are: prepare and issue the predictive reports (92.4%); learn the best practices (87.6%); link resources with project 

activities (85.6%); introduce safety oversight for construction tasks (84%); and prepare purchasing management 

automatically (83.8%). 

Table 7. Statistical Results for the Benefits of Applying AI Applications 

Ranking RII% Mean Std. Deviation Objective No. 

2 87.6 4.38 0.899 Learn the best practices 1 

1 92.4 4.62 0.723 Prepare and issue the predictive reports 2 

8 82.4 4.12 1.028 Provide recommendations to address the causes of the delay 3 

5 83.8 4.19 0.945 Prepare purchasing management automatically 4 

3 85.6 4.28 0.881 Link resources with project activities 5 

10 80.2 4.01 0.957 provide a project uncertainty assessment 6 

9 80.4 4.02 0.926 provide a project risk management and analysis 7 

11 80.2 4.01 0.957 Plan performance and analysis for projects 8 

7 83.2 4.16 0.937 provide a project time management and analysis 9 

12 78.6 3.93 1.067 Issue alerts when the project deviation 10 

4 84.0 4.2 1.021 Introduce safety oversight for construction tasks 11 

15 76.0 3.8 1.091 Introduce cost estimation and management 12 

13 78.4 3.92 1.082 learn to develop local practices 13 

6 83.2 4.16 1.045 Prepare the budget for bidding properly 14 

14 76.0 3.80 1.067 Familiarise the relevant legislation for the project 15 

16 70.9 3.50 1.102 Selecting the materials or equipment 16 

17 64.6 3.23 1.072 Develop quality control on the spot 17 

High 80.44 4.02  Total  
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C. Benefits of applying an integrated combination of KM and AI in construction projects management: 

This axis dealt with 18 different objectives to determine the benefits and impacts of using the integrated combination 

of KM and AI in construction projects related to the engineers' view. Table 8 refers to the Arithmetic Mean, Standard 

Deviation, Variance, and Relative Important Index (RII) results. The respondents agreed highly to all reasons for this 

axis, as the percentage reached the axis (77.37%). The results were arranged in ascending order, depending on the five 

most essentiac percentages of the sampce's responses to the objectives of this axis are: “Compciance with the project 

implementation plan (92.5%), Resolve expected risks in projects for all parties (89.9%), Gather scattered information 

systems and various technological means (85.3%), Enhance the significant amount of project time (85.1%), and Apply 

the necessary technocogicac infrastructure to impcement it (83.5%)”. 

Table 8. Statistical Results for the Benefits of the Integration of AI Applications based on KM 

Ranking RII% Mean Std. Deviation Objective No. 

1 92.5 4.627 0.676 Compliance with the project implementation plan 1 

12 73.5 3.675 0.885 Match the contractor's capabilities to the requirements of the project 2 

9 78.6 3.928 0.866 Improve the implementation of the KM system 3 

4 85.1 4.253 0.895 Enhance the significant amount of project time 4 

2 89.9 4.494 0.846 Resolve expected risks in projects for all parties 5 

13 72.8 3.6386 0.970 Match the achieved costs with the estimated cost 6 

11 74.0 3.699 0.997 Facilitate the difficulties in the contractor's financial 7 

7 81.4 4.072 0.934 Enhance site supervision 8 

14 71.8 3.59 1.025 Improve the competence of the project manager 9 

17 65.8 3.29 0.989 Improve communication between project parties 10 

15 68.2 3.41 1.045 Set up the Violations with subcontracting parties 11 

18 65.2 3.26 0.926 Prove methods to feature KM in construction projects 12 

8 79.8 3.988 0.981 Focus on the individual level rather than the team level 13 

6 81.7 4.084 0.872 Enhance sharing knowledge 14 

5 83.6 4.181 0.885 Apply the necessary technological infrastructure to implement it 15 

3 85.3 4.265 0.938 Gather scattered information systems and various technological means 16 

10 77.1 3.855 0.857 Improve time and extra workload 17 

16 66.4 3.32 1.012 Clarify unknown concepts to the contractor and the engineers 18 

High 77.37 3.868  Total  

The results also indicate how the demographic characteristics of the sample affect achieving the benefits of applying 

knowledge management and artificial intelligence applications. There are clear variations and differences depending on 

the category of the sample. Figure 3 indicates that the current generation of engineers (age from 21 to 30) excels in using 

artificial intelligence in their work in parallel with the use of knowledge management. This will lead to a huge 

stimulation of integration between the two axes. Therefore, age has an inverse relationship with the axes of the study. 

 

Figure 3. Effect of age category 
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As for Figure 4, academic achievement has an important role in achieving the goal; the relationship is linear with 

the study axes. 

 

Figure 4. Effect of Qualification category 

However, Figure 5 notices a diverse relationship with the current job position of the engineer, and this is good and 

fits with their responsibilities for managing construction tasks. But the project manager has an important role in 

achieving high points for the three axes under study. 

 

Figure 5. Effect of Current position category 

Figure 6 shows the effect of experience with the use of KM processes and AI applications. Although it is not possible 

for those with great experience to be compatible with the uses of AI in their work, they received a high rating in 

knowledge management despite their reliance on the manual method in implementing activities. The results show that 

the respondents who have experience (10–20) have experienced most of the different applications in AI and have become 

experienced in their field of work by using AI applications. As for those who have little experience, they need higher 

training to compete with those with greater experience due to their ability to understand the basics and applications of 

artificial intelligence. 
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Figure 6. Effect of Years of Experience category 

6.2.2.Test of Hypothesis 

1st Hypothesis: The statistical hypothesis adopted a positive correlation between the demographic variables of the 

selected sample, including (Age, Qualification, Current Position, and Years of Experience) and the two axes (The 

Benefits of applying the KM process and AI applications in construction project management). Table 9 indicates the 

results of hypothesis testing according to the simple correlation coefficient between the variables. 

Table 9. Simple correlation coefficient between variables 

Category Applying AI applications Applying KM process 

Age 
Pearson Correlation -0.196 -0.152 

Sig. (2-tailed) 0.072 0.164 

Qualification 
Pearson Correlation -0.238* -0.259* 

Sig. (2-tailed) 0.028 0.017 

Current position 
Pearson Correlation 0.395** 0.372** 

Sig. (2-tailed) <0.001 <0.001 

Years of experience 
Pearson Correlation 0.328** 0.302** 

Sig. (2-tailed) 0.02 0.03 

**. Correlation is significant at the 0.05 level (2-tailed). 

*. Correlation is significant at the 0.01 level (2-tailed). 

1) There is a negative statistically significant correlation between Age and the two axes (Applying KM processes 

and AI applications), and the values of the simple correlation coefficient between them are -0.196 and -0.152, 

respectively, which are out of a statistically significant value at the probabilistic level of 0.05. 

2) Statistically significant correlation between qualification and the two axes (Applying KM processes and AI 

applications), the values of the simple correlation coefficient between the variables are (-0.238 and -0.259), 

respectively, which are two statistically significant values at the level of probability 0.05. 

3) A positive statistically significant correlation between the current position and the two axes (using KM processes 

and AI applications in the management of investment projects), as the value of the correlation coefficient between 

the two variables, reached (0.395 and 0.372), respectively, which is a statistically significant value at the 

probabilistic level of 0.05. 

4) There is a positive statistically significant correlation between years of experience and (Applying KM processes 

and AI applications in construction project management; the values of the simple correlation coefficient between 

them reached 0.328 and 0.302, respectively, which is a statistically significant value at the probabilistic level of 

0.05. 

2nd Hypothesis: Regression analysis was used to determine the relationships between the variables. Linear 

regression approximates the causal relationship between two or more variables. Regression models are considered highly 

valuable because they are one of the most common ways to make predictions and inferences [35]. 

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

5.00

Less than 5 yr. 10-Jun 15-Nov 16-20 More than 20

Applying KM Applying AI Integration AI based on KM



Civil Engineering Journal         Vol. 10, No. 03, March, 2024 

751 

 

Simple linear regression occurs when there is only one response variable or when studying and analyzing the effect 

of one variable on another variable. It is concerned with studying the dependence of one variable, known as the 

dependent variable or dependent variable on one or more variables defined as explanatory variables or independent 

variables to estimate or predict the average values of the dependent variable with the information of the explanatory 

variables. Regression analysis is used for three primary purposes [36]. The study explains the variation in the application 

of the KM process in construction project management and then for AI applications in construction project management 

with the demographic variables of the samples. 

A. Interpretation of variance for applying the KM process in construction project management: 

The research hypothesis developed was that there is an impact of all demographic variables on the use of the KM 

process. This hypothesis was tested according to the linear regression coefficient, as its results are shown in Table 10. 

Table 10. Correlation coefficient of determination 

Model R R Square Adjusted R Square Std. Error of the Estimate 

1 0.579 a 0.378 0.290 0.76460 

a. Predictors: (Constant), Age, Qualification, Current Position, Years of Experience. 

The results indicate that the value of the multiple correlation coefficient between all demographic variables and the 

use of the KM process in construction projects amounted to the values of the three correlation coefficients, the simple 

correlation coefficient R (0.579). The coefficient of determination, square R, was (0.378), while the adjusted coefficient 

of determination was (0.290), which means that the independent explanatory variables (Age, Qualification, current 

position, Years of experience) were able to explain the changes that occurred in the interpretation of variance in the 

application of the KM process in construction project management. The rest is attributed to other factors. State the 

following hypothesis to test the significance of the regression: 

H0: B1=B2= B3= B4 (1) 

where H1 is At least one parameter is not equal to zero. 

From Tables 11 and 12, the value of (Sig<0.001) is cess than the vacue (α = 0.05), so reject the nucc hypothesis and 

accept the alternative hypothesis; the regression is significant. That means there is an effect of the independent variables 

on the dependent variables, and predict the dependent variable by independent variables. 

Table 11. Analysis of variance in a multiple linear regression model 

Model Sum of Squares Mean Square F Sig. 

1 

Regression 22.443 5.611 9.597 <0.001a 

Residual 46.769 0.585   

Total 69.212    

a. Predictors: (Constant), Age, Qualification, Current Position, Years of Experience. 

Table 12. Model summary 

Model 
Unstandardised Coefficients Standardised Coefficients 

t Sig. 
Correlations 

B Std. Error Beta Zero-order Partial Part 

 

(Constant) 5.775 0.329  17.579 <.001    

Age 0.696 0.229 0.875 3.031 0.003 -0.196 0.321 0.279 

Qualification -0.306 0.246 -0.323 -1.244 0.217 -0.238 -0.138 -0.114 

Current position -1.150 0.207 -1.244 -5.563 <0.001 -0.395 -0.528 -0.511 

Years of Experience 0.246 0.197 0.376 1.249 0.215 -0.193 0.138 0.115 

To determine which of the coefficients is significant and causes significant analysis of variance for the multiple 

linear regression test for the significance of each parameter separately, it was found that two factors (Qualification and 

Years of Experience) are not significant, which means they have no significant effect on the significance of the analysis 

of variance regression. However, in the case of the variables (Age and current position), these coefficients are significant 

and impact the use of knowledge applications. The significance of the analysis of variance is due to the multiple linear 

regressions. To find out the percentage for each variable that contributes to explaining the variation in the applying KM 

process in construction project management, correlational analysis and stepwise multiple regression were performed, as 
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shown in Tables 13 to 15, where the results indicate a multiple linear regression equation that includes two variables: 

Age and current position. The results of the coefficient of determination indicate that the two variables explain 29.1% 

of the variance in the applying KM process. 

Table 13. Adjusted model summary (KM process) 

Model R R Square 
Adjusted R  

Square 

Std. The error of the  

Estimate 

Change statistics 

R Square Change F Change Sig. F Change 

1 0.555a 0.308 0.291 0.76420 0.308 18.257 <0.001 

a. Predictors: (Constant), Age, Current Position. 

Table 14. Adjusted Analysis of Variance in a multiple linear regression model 

Model Sum of Squares df Mean Square F Sig. 

1 

Regression 21.324 2 10.662 18.257 <0.001a 

Residual 47.888 82 0.584   

Total 69.212 84    

a. Predictors: (Constant), Age, Current Position. 

Table 15. An adjusted model summary 

Model 
Unstandardised Coefficients Standardised Coefficients t Sig. 

B Std. Error Beta   

 

(Constant) 5.579 0.295  18.899 <0.001 

Age 0.741 0.175 .932 4.242 <0.001 

Current Position -1.148 0.203 -1.242 -5.652 <0.001 

B. An explanation of the variation in AI applications in construction project management: 

The research hypothesis developed was that there is an impact of all demographic variables on the use of AI 

applications in investment projects. This hypothesis was tested using the linear regression coefficient, as shown in Table 

16. 

Table 16. Correlation coefficient of determination 

Model R R Square Adjusted R Square Std. An error in the Estimate 

1 0.611a 0.373 0.342 0.64814 

a. Predictors: (Constant), Age, Qualification, Current Position, Years of Experience. 

The results indicate that the multiple correlation coefficient between all demographic variables and the use of AI 

applications in construction projects amounted to the values of the three correlation coefficients, including the simple 

correlation coefficient R, which was 0.611. The coefficient of determination, square R, was (0.373), while the adjusted 

coefficient of determination was (0.342), which means that the independent explanatory variables (Age, Qualification, 

current position, Years of experience) were able to explain the changes that occurred in the interpretation of variance in 

the use of AI applications in investment construction projects. The rest is attributed to other factors. State the following 

hypothesis to test the significance of the regression: 

4= B3= B2=B1: B0H (2) 

where H1 is At least one parameter is not equal to zero 

From Tables 17 and 18, the value of (Sig<0.001) is cess than the vacue (α = 0.05), so reject the nucc hypothesis and 

accept the alternative hypothesis; the regression is significant. That means there is an effect of the independent variables 

on the dependent variables, and predict the dependent variable by independent variables. 

Table 17. Analysis of variance in a multiple linear regression model 

 

 

 

a. Predictors: (Constant), Age, Qualification, Current Position, Years of Experience. 

Model Sum of Squares Mean Square F Sig. 

1 

Regression 20.028 5.007 11.919 <0.001a 

Residual 33.607 0.420   

Total 53.635    
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Table 18. Model summary 

Model 
Unstandardised Coefficients Standardised Coefficients 

t Sig. 
Correlations 

B Std. Error Beta Zero-order Partial Part 

 

(Constant) 5.608 0.278  20.139 <0.001    

Age 0.891 0.194 1.274 4.583 <0.001 -0.152 0.456 0.406 

Qualification -0.428 0.209 -0.513 -2.052 0.043 -0.259 -0.224 -0.182 

Current position -1.042 0.175 -1.280 -5.948 <0.001 -0.372 -0.554 -0.526 

Years of Experience 0.120 0.167 0.209 0.722 0.472 -0.202 0.080 0.064 

To determine which of the coefficients is significant and causes significant ANOVA for multiple linear regression, 

test the significance of each parameter separately. It was found that factors (Years of Experience) are not significant, 

and this means they have no significant effect on the significance of the analysis of variance regression. However, in the 

case of the variables (Age, Qualification, current position), these coefficients are significant and impact the use of AI 

applications. The reason for the significance of the analysis of variance is the multiple linear regression. To find out the 

percentage for each variable that contributes to explaining the variation in the use of AI applications in investment 

projects, correlational analysis and stepwise multiple regression were performed, as shown in Tables 19 to 21, where 

the results indicate a multiple linear regression equation that includes three variables: Age, Qualification and Current 

position. The results of the coefficient of the determination indicate that the three variables explain 34.6 % of the variance 

in the use of AI applications. 

Table 19. Adjusted model summary (Applying AI Application) 

Model R R Square 
Adjusted 

R Square 

Std. An error in the 

Estimate 

Change statistics 

R Square Change F Change Sig. F Change 

1 0.608 0.369 0.346 0.64622 0.369 15.812 <0.001 

a. Predictors: (Constant), Age, Qualification, Current Position. 

Table 20. Analysis of variance in a multiple linear regression model 

Model Sum of Squares df Mean Square F Sig. 

1 

Regression 19.809 3 6.603 15.903 <0.001a 

Residual 33.216 81 0.4152   

Total 53.025 84    

a. Predictors: (Constant), Age, Qualification, Current Position. 

Table 20. An adjusted model summary (AI Application) 

Model 
Unstandardised Coefficients Standardised Coefficients 

t Sig. 
B Std. Error Beta 

 

(Constant) 5.523 0.252  21.950 <0.001 

Age 0.948 0.178 1.354 5.331 <0.001 

Qualification -0.334 0.162 -0.400 -2.056 0.043 

Years of experience -1.031 0.174 -1.268 -5.926 <0.001 

7. Conclusions 

The study seeks to find new advantages to enhance the success of the implementation of construction projects in 

different regions of the governorates of Iraq depending on the type of applied characteristics, like the work of 

management and facilities used. The study dealt with enhancing the KM process based on AI applications. The study 

reached several results, the most important of which are: 

 The percentage of engineers' responses on the axis of the benefits of applying the KM process to construction 

projects (77.64%) is relatively high. 

 The percentage of engineers' responses for the benefits of using AI applications in project management and follow-

up is very high, amounting to 82.13%. 

 The percentage of engineers' responses for the benefits of integrating AI applications based on the KM process in 

project management is very high, amounting to 77.37%. 
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 The percentage of engineers' benefits about using the integration of KM and AI in construction projects related to 

the view of engineers in descending order to include (Compliance with the project implementation plan, Resolving 

expected risks in projects for all parties, gathering scattered information systems and various technological means, 

enhancing the significant amount of project time, and applying the necessary technological infrastructure to 

implement it). 

 The impact of two variables (Qualification and Years of Experience) on the application of the KM process in 

construction projects is not significant; they have no significant effect on the significance of the analysis of 

variance regression. 

 The impact of two variables (Age and current position) is significant and impacts the application of the KM process 

for the significance of the analysis of variance.  

 There is a negative statistically significant correlation between the age and the two axes (KM processes and AI 

applications in construction projects); the values of the simple correlation coefficient between them reached 0.196 

and 0.152, respectively, which are two statistically significant values at the probability level of 0.05. 

 There is a negative statistically significant correlation between the age and the two axes (using the KM process 

and AI applications in the management of investment projects); the values of the simple correlation coefficient 

between the variables reached 0.283 and 0.259, respectively, which are two statistically significant values at the 

level of probability 0.05, which is a statistically significant value at the probabilistic level of 0.05. 

 There was a positive statistically significant correlation between the current position and the two axes (using the 

KM process and AI applications in the management of investment projects), as the value of the correlation 

coefficient between the two variables reached 0.395 and 0.372, respectively, which is a statistically significant 

value at the probabilistic level of 0.05. 

 There was a positive statistically significant correlation between years of experience and the two axes (using the 

KM process and AI applications in the management of investment projects); the values of the simple correlation 

coefficient between them reached 0.328 and 0.302, respectively, which is a statistically significant value at the 

probabilistic level of 0.05. 

7.1. Recommendations 

KM is a fundamental philosophical principle in the new information era. Because it has a considerable impact on the 
value-added benefits if it is implemented correctly and integrated with AI software to enhance a practical path for the 
parties involved in the implementation process, access to knowledge and information in a faster time, and passing many 
of the required modifications and changes. However, AI software can assist in various KM processes by different 
construction companies, regardless of the type of construction project. 

The study showed that the success of many investment companies in adopting AI applications is due to solid reasons, 

such as the huge investments at the beginning, their awareness of its full benefits, or how it can enhance KM within the 
company and during the various stages of the project. So, there is ample space for research and development in the 
future, mainly if the user focuses directly on his ability to use these systems and develop them to serve the construction 
process. The role of the expanded value of knowledge gives importance to KM in building a structure for the 
technological approach within the company, and this work takes the form of qualitative research to assess the level of 
the categories of AI software currently used or required to be used in the KM process. For this, future research must be 

done extensively to introduce new concepts to most investment companies that desire to apply and expand AI 
applications based on KM. Provide that the user's demographic characteristics are essential for the correct application 
and appropriate development of KM integration in all construction project phases. 

The study recommends the need to strengthen the adoption of the application of KM based on AI applications to 
resolve all problems of delayed completion of investment construction projects in Iraq, in addition to the need to pay 
attention to the financial aspect and improve the efficiency of these projects by sharing and applying KM in integration 
with the application of intelligent applications, which is the basis of KM operations. 

Adopting the demographic characteristics of engineers (years of experience, current position) can help organizations 
choose the appropriate engineers to perform their professional work to help complete projects with high quality. It can 
also be adopted for the purpose of training and development to raise the skills of engineers in light of the great 

development witnessed by the construction industry after the tremendous developments in most applications of artificial 
intelligence. 
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Abstract 

The ability of a structure to dissipate energy through inelastic behavior is reflected in the response reduction factor (R), 

which is influenced by redundancy, ductility, and overstrength. Accurate determination of R is crucial for seismic design. 

This study focuses on determining the response factor for reinforced concrete (RC) structures with various irregularities. 

Non-linear static pushover analysis using SAP2000 was employed for numerical simulations to assess the impact of soil-

structure interaction (SSI). The analysis included elevational and in-plan irregularities, revealing that buildings with 

irregular vertical geometries have lower inelastic seismic capacities compared to regular buildings. Consequently, R 

should be reduced by 15–40% from the ECP 2020 standard before the design phase for such structures. Irregularity was 

found to have a significant impact on weak soil conditions (C), leading to a reduction in R of 20.3% and 13.1% for fixed 

and isolated supports, respectively, on loose soil. Additionally, stiffer base soils were associated with higher R values 

for the same structure. 

Keywords: Irregular RC Buildings; Elevation Irregularity; Plan Irregularity; Nonlinear Static Pushover Analysis; Response Reduction 

Factor; Soil Structure Interaction. 

 

1. Introduction 

A structure must be able to withstand intense seismic events without collapsing suddenly, even though it may 

suffer some structural and nonstructural damage. This is the core principle of earthquake -resistant design, which 

involves constructing a structure to withstand seismic forces by dissipating energy and exhibiting inelastic behavior 

[1-3]. Recent earthquakes have shown that elastic analysis is inadequate for assessing the true seismic performance 

of reinforced concrete buildings. Nonlinear time history analysis (NTHA), although challenging and dependen t on 

ground motion data, can predict the likely inelastic response of structures [4]. To ensure safe and cost -effective 

designs, elastic analysis techniques are used to account for a structure's inelastic response by amplifying deformations 

and reducing seismic forces. Therefore, seismic design response elements are essential for both safety and cost -

effectiveness [5]. Many seismic codes include response reduction or behavior factor (R) in their seismic analysis 

studies. NTHA is being replaced by other performance-based seismic evaluation techniques, such as nonlinear 

pushover analysis (NPA). 
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Several methods, including the FEMA440 displacement coefficient technique [6], the capacity spectrum technique 

of ATC-40 [7], the N2 method by Fajfar & Fischinger [8], and modal pushover analysis (MPA) [9], are considered as 

part of nonlinear pushover analysis (NPA) to determine a structure's inelastic performance. The response factor (R) is a 

crucial element in earthquake design, representing a structure's ability to dissipate energy through inelastic deformations 

[2]. Most structures use reduction factors to reduce seismic loads and bring the building closer to the inelastic range. 

Therefore, more deformation is required to dissipate energy from the structure. It is essential to consider both the 

economy and the performance and safety of constructions during earthquakes, highlighting the significance of the 

behavior factor in the seismic design process. The behavior factor (R) is a key component in the seismic design of new 

construction materials and is also used in equivalent static analysis as a seismic design parameter. It determines the 

nonlinear behavior of structural buildings during intense earthquakes. R is determined by engineering judgment and 

experimental testing; however, there is no standard method to calculate this value under various circumstances. Building 

response characteristics, which significantly impact the rates assigned to R, must be systematically assessed to enhance 

the reliability of modern earthquake-resistant buildings [10]. 

Accurate estimation of R is essential for assessing a structure's seismic response effectively. If the modification 

factor is overestimated, it can lead to a reduction in base shear and potentially result in more economical design solutions. 

However, precautions should be taken to ensure the structure's ductility performance [2-4]. Conversely, underestimating 

R could lead to uneconomical structural designs. Design codes implicitly account for structural non-linearity by reducing 

the seismic base shear of structures by the value of R. 

The structural systems of buildings often need to incorporate various geometric irregularities, either in the horizontal 

or vertical plane, as specified by architectural requirements. Many existing structures exhibit severe irregularities that 

may not be addressed by current design codes, necessitating thorough research for their proper design [3]. Past 

experiences have shown that irregular constructions are more prone to catastrophic damage during earthquakes 

compared to regular structures [11]. In reality, most existing structures are asymmetrical, some intentionally designed 

that way for reasons such as creating commercial basements by removing central columns. Moreover, smaller beams 

and columns were added to the upper stories to meet functional requirements and for additional commercial purposes, 

such as storing large mechanical appliances. This variation in usage along a floor's length compared to neighboring 

floors results in irregularities in mass, stiffness, and strength distribution. Other structures may unintentionally become 

irregular due to factors like inconsistent building techniques and materials. The irregular distribution of mass, strength, 

and stiffness along a building's height can also occur [2]. Previous experiences demonstrate that structures with vertical 

irregularities perform poorly inelastically when located in seismically active areas. Hence, reliable design requirements 

are crucial for earthquake-prone areas. Regarding the impact of these irregularities [12], Brahmavrathan & Arunkumar 

[2] noted that the number of stories greatly influences the reduction of R for non-regular structures. Their research 

showed that the R factor value decreased by 37.53% and 31.04% for ordinary moment resisting frames (OMRF) and 

stiff moment resisting frames (SMRF) structures, respectively. 

ECP-201 (2012) [13] sets values for R ranging from 3 to 5 for framed structures with sufficient to limited ductility. 

These values need to be adjusted to accommodate severe irregularities. Fayed et al. [3] calculated behavior factor values 

at failure for idealized multistory frame systems with moment resistance made of RC and developed in compliance with 

ECP-201 (2012) [13]. A decrease in the stated R values was observed. The structure's fundamental TP and seismic zone 

significantly impact the reduction factor. It decreases as the seismic zone becomes larger and increases with a longer 

basic TP. Hussein et al. [1] assessed how irregularities in floor heights and span lengths affect the behavior factor for 

common RC frames used in various structures. The outcomes showed inconsistent R values compared to structures with 

uniform bay length and floor height. El-Mahdy et al. [14] noted that R values differ in the X- and Y-directions for the 

cases covered in their research, which is more realistic than the design code-specified constant value. The lowest R 

values were determined for constructions with a loose ground story and a coupled asymmetric setback. Additionally, 

R's sensitivity to the vertical irregularity index (Vtm) was found to have an R-squared value of 80%, as demonstrated 

by Ahmed et al. [15]. 

Moreover, this article addresses the impact of SSI. The interaction between soil and foundation significantly affects 

the structure's response [16, 17]. The behavior of a structure during an earthquake is influenced by three interconnected 

systems: the construction, the foundation, and the soil surrounding the foundation. SSI is the process through which the 

soil's response affects the structure's motion, and the motion of the structure affects the soil's response [16, 18]. Design 

codes do not provide sufficient guidance on incorporating SSI effects on structures. A well-defined computational 

technique is necessary to encourage practical engineers to include SSI in the design process [19]. For ensuring the safety 

and earthquake resilience of non-regular RC buildings, it is important to conduct a thorough seismic risk evaluation 

considering both site selection and geometric irregularity. Proper consideration of these issues during design and 

strengthening stages will result in safer structures and more effective mitigation measures [20]. According to some 

studies, the flexible base condition affects the building's response differently than the fixed base condition, reducing the 

structure's stiffness and altering the response spectrum [21]. 
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The structure's response is dependent on various factors, including the stiffness of the soil, the structure's dynamic 

characteristics, damping factor, natural period, mass, and stiffness [22-25]. In the United States, the amount of scientific 

investigation considering SSI increased towards the end of the 2000s, with some studies summarized in the FEMA-440 

report [6], which considered nonlinear analysis. The findings of this research were incorporated into US code 

requirements [26]. However, the provisions in FEMA-440 and ASCE 2013 standards are not recommended for NLT 

assessments, highlighting the need for new studies. In 2012, additional research on SSI in performance-based seismic 

engineering was compiled, suggesting an approach that could be applied to NLT analysis [27, 18]. Research investigated 

the impact of soil-structure interaction and found a significant decrease in R due to SSI for 3, 6, and 9-story buildings, 

with a 16% reduction in loose soils (R fixed support vs. R isolated footing type D). ECP-201 (2012) suggests a value of 

3.9 for the response reduction factor R for limited ductility reinforced concrete moment frame buildings in multi-story 

multi-bay frames. Building on soft soil increases displacement, while increasing soil rigidity decreases lateral 

displacement [28]. The natural period becomes longer when considering the soil's flexibility, and the characteristics of 

the footings affect the building's performance [22, 7]. Many researchers have studied the influence of irregularities on 

RC structures' seismic performance, finding that regular buildings have larger roof displacement values than irregular 

buildings, while non-regular buildings were the first to achieve life safety and collapse prevention [23]. 

The influence of plan irregularity, specifically L-shaped structures, was illustrated by determining the actual 

overturning moment response from seismic analysis of L-shaped models. Improper layout of building elements could 

compromise the building's stability [29]. The increased total mass and rigidity of the building caused more displacement 

in the structure. Top displacement is greater in irregular building models than in standard frames. Additionally, the 

model of vertical irregularities included in the bottom story displayed the maximum value of the story drift ratio [24]. 

Allena & Chowdary [25] investigated how irregularities affected the seismic performance of high-rise buildings. They 

found that when the center of gravity and center of mass were aligned, mass irregularity did not significantly affect the 

reduction in frequency. The model with lumped mass at lower stories was substantially stiffer and showed more 

resistance [30]. It is evident that base shear and lateral displacement increase as seismic energy rises, indicating greater 

seismic demand for the structure. Nonlinear static pushover analysis (POA) has gained significant attention among 

researchers in recent years, providing a review of various pushover analysis approaches for vertical and horizontal 

irregularities of structures [31]. The factor R is affected by the hysteresis loop's shape, ductility, natural period, structural 

system, and construction materials. Only 8% of previous research attempts were dedicated to assessing the seismic 

response of irregular buildings [5]. 

This study focused on three main branches: evaluating the modification factor for irregular RC structures, employing 

nonlinear seismic analysis using the pushover analysis (POA) method to assess the seismic performance of irregular 

buildings, and incorporating soil-structure interaction (SSI) to evaluate the influence of soil and foundation type on 

assessing R. Nonlinear POA was used to evaluate the modification factor R for three RC structures with structural plan 

and elevation irregularities. Changes in floor plan geometry were made for each structure, which had different areas and 

heights. The study also considered the influence of various soil types on various subgrade response moduli (𝑘𝑠), as well 

as various seismic regions with ground accelerations of 0.15g, 0.20g, and 0.25g. Finally, the two response spectra 

identified by ECP were considered and investigated. 

2. Response Modification Factor 

The concept behind the response factor is to integrate nonlinearity with the overstrength, redundancy, and ductility 

of a structure to accurately assess the seismic force. Figure 1 illustrates the relationship between a structure's base shear 

(total horizontal load) and its roof displacement, as described by [1-3] for nonlinear static analysis. The reduction factor 

is typically expressed as a function of various structural system factors, including strength, ductility, damping, and 

redundancy. This factor is referred to as the response modification factor (R-factor) in the Egyptian code (ECP 2020), 

the behavior factor in the Eurocode, and the response modification coefficient in ASCE/SEI 7-22 [26, 32-34]. Therefore, 

the response factor (R) is calculated as follows: 

𝑅 = 𝑅𝑆  ∙  𝑅µ  ∙  𝑅ƺ  ∙  𝑅𝑅 (1) 

where, 𝑅𝑠 is the over strength that is defined as the ratio of the base shear at yielding to the design lateral strength. 

𝑅𝑠 = 𝑉𝑦/𝑉𝑑 (2) 

where 𝑅𝑅 intended to quantify the improved reliability of seismic framing system that uses multiple lines of vertical 

seismic framing in each principal direction of the building. The higher of the redundancy factor 𝑅𝑅 Cannot be larger 

than one. Therefore, 𝑅𝑅 was taken equal to unity, 𝑅ƺ is the damping factor used to account for the influence of additional 

viscous damping in constructions that have additional energy dissipation devices. If such devices are not provided, the 

damping factor is normally set at 1.0, and 𝑅µ of the displacement at yield to the allowable displacement or maximum 

considered displacement. 
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Figure 1. Relationship between applied base shear and roof horizontal deformation for regular buildings [3] 

Factor that reduces ductility 𝑅𝜇  based on the properties of earthquake ground motion additionally features of 

structure including ductility and basic period of vibration (T) [11, 35-42]. In this study, the formulation recommended 

by Priestley & Paulay (1992) [38] is used: 

Rµ = 1.0  for zero-period structures (3-a) 

Rµ = √2𝜇 − 1 for short-period structure (3-b) 

Rµ = µ for long-period structure (3-c) 

Rµ = 1+ (µ-1) T/0.70 (0.70 < T < 0.30) (3-d) 

where, 𝑅𝜇 is the ductility reduction factor and μ is the displacement ductility. 

Many codes and standards had addressed ranges for R, UBC97 has set values for (R) ranges between 3.5–8.5 while 

IBC (2012) [43] and ASCE7 uses near values ranges from 3.0–8.0 for ordinary to special moment resisting frames, 

respectively. ECP 2012 and IS 1893 have set values ranges from 5.0–7.0 and 3.0–5.0 for limited (ordinary) to Sufficient 

ductility frames, respectively. Moreover, Eurocode related the value of (R) to the ratio (𝑉𝑢/𝑉𝑦) based on the structure 

configuration. 

3. Nonlinear Static Analysis (Pushover Analysis (POA))  

Nonlinear Dynamic Time History (NDTH) analysis is widely recognized as the most accurate method for seismic 

evaluation in structural nonlinear analysis. However, due to its extensive computational requirements and the complexity 

of interpreting the responses for design purposes, it is considered impractical for routine use in structural design. Another 

significant challenge is the selection of suitable acceleration records for the numerical analysis, along with the need to 

account for torsional effects in the nonlinear static responses of irregular buildings. 

The findings of nonlinear static analyses on irregular multi-story RC buildings were deemed appropriate [10]. 

Previous studies [44-47] have developed a 3D pushover approach for investigating non-regular building structures. So, 

it can be concluded that nonlinear static pushover analysis (POA) yields satisfactory results when applied to the analysis 

of irregular buildings. Consequently, nonlinear static POA has been utilized to compute the response factor for a building 

model. 

Pushover Analysis (POA) is a method used for conducting non-linear static structural analysis. It determines the 

capacity curve by comparing base shear with displacement and evaluates the formation of plastic hinges at different 

stages beyond the elastic limit. In this analysis, the increasing load is represented by horizontal forces or displacements 

applied to a mathematical model of the building. The analysis concludes when it reaches a critical condition or target 

displacement. This target displacement or drift represents the maximum displacement or drift experienced by the 

building during the earthquake. 
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Figure 2. Moment - rotation graph for pushover analysis 

4. Research Methodology 

In this comparative analysis, we employed the equivalent static approach to seismic analysis for buildings with 6, 7, 

and 10 stories. Finite Element Models were created using the widely used software SAP2000 [46], with frame elements 

used to model beams and columns, and shell elements for simulating slabs. A parametric study was conducted, varying 

soil type, seismic zone, building irregularity, and using different spectra (Ⅰ and Ⅱ) as the main parameters. The design 

and comparison were guided by ECP-203. Figure 3 outlines the test procedures and estimates the number of trials needed 

for the study. Initially, the focus was on three models of structures with irregularities, labeled A, B, and C, with 

irregularity percentages of 28.6%, 30%, and 21%, respectively. Irregularity percentage was calculated as the total surface 

area of the cut floors of a building compared to the total surface area of all floors of the corresponding regular building. 

Corresponding regular models, named A’, B’, and C’, were also created for control. These six models were constructed 

on different soil strata, categorized as per ECP-203 classification. This resulted in twelve models subjected to two types 

of response spectrum, each simulated at different seismic zones, totaling 144 models. Nonlinear pushover static analysis 

was utilized to determine the status of plastic hinges at yield and ultimate states. The structures were horizontally 

displaced until reaching predetermined failure conditions. 

 

Figure 3. Sequence of numerical trails 

5. Models Description 

In this section, three different categories of structures were numerically simulated. The first category was denoted 

as Model (A) and Model (A’), representing relatively short buildings with 7 floors and a stepped reduction in floor area 

in one direction only. The second category was denoted as Model (B) and Model (B’), representing relatively taller 

buildings with 10 stories. The third category, named Model (C) and Model (C’), represented buildings with a random 

reduction in floor areas, each with 6 stories. Figure 4 illustrates different cross-sectional views for the three models, 

while Figure 5 shows 3D views of all structures. The irregularity percentage of each structure was determined by 

calculating the total surface area of the regular structure and subtracting the missing area until the irregularity percentage 

of buildings A, B, and C reached 28.6%, 30%, and 21%, respectively. 

Spectrum Type

Type I

(0.15g, 0.2g, 0.25g)

Type II

(0.15g, 0.2g, 0.25g)

Fixed Base 

Springs 

Model

A (irregular) 

A' (regular)

B (irregular) 

B' (regular)

C (irregular) 

C' (regular)

Soil type

B - Meduim 
dense

C - Loose Soil
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Model A Model A’ Plan View 

Typical Floor Elevation View -irregularity percentage (28.6%) 

  

 

Model B Model B’ Plan View 

Typical Floor Elevation View- irregularity percentage (30%) 

  

 

Model C Model C’ Plan View 

Typical Floor Elevation View - irregularity percentage (21%) 

Figure 4. Description of Models 

Nonlinear static analysis was conducted using SAP2000 [46]. Various parameters were taken into account during 

modeling, including material properties with different stress-strain relationships, expected locations and lengths of 

plastic hinges, and their types. The moment-curvature relationship is essential for nonlinear static analysis. Factors such 

as geometry, material properties, longitudinal reinforcement, shear reinforcement, and applied loads on a specific 

member all influence the values derived from an element's moment-curvature relationship. 
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A A’ B B’ 

  
C C’ 

Figure 5. 3D simulation of all Multistory Buildings 

Table 1. Material Properties used in simulation 

Material Properties Value 

Concrete characteristic strength (FC) 25000 kN/m2 

Rebar yield strength (FY) 36709780 kN/m2 

Modulus of elasticity of rebar (ES) 360000 kN/m2 

Modulus of elasticity of concrete (EC) 22433756 kN/m2 

Shear modulus – CONCRETE (G) 93473980 kN/m2 

Poisson’s ratio for concrete (Yc) 0.2 

Poisson’s ratio for steel (Ys) 0.3 

  

                 (a) Stress-strain curve for concrete            (b) Stress-strain curve for steel bare 

Figure 6. Stress-strain curves for used materials 

RC frame structures with 6, 7, and 10 stories were designed according to ECP-203 (2020) to withstand both gravity 

and seismic loads (spectrum types I and II) at various seismic zones (0.15g, 0.2g, and 0.25g) as shown in Figure 7. The 

soil was classified as Type B and Type C according to ECP-203. For each soil type, the models were simulated using 

both fixed support, considering a rigid foundation, and an isolated footing system based on design outcomes. Initially, 

the models were simulated assuming a limited ductility moment-resisting frame with R equal to 5. Throughout the design 

process, the following factors were considered: 
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 To ensure that the standards for damage limitation are met, the inter-story drift should not be greater than 0.005 

of the story height. 

 Stirrups were assumed to carry shearing forces in columns as well as to enhance their ductility. 

   
SP1 SP2 

Figure 7. Applied Response Spectrum at seismic zone (0.25g) 

For all models, the beams were designed with the same cross-sectional area (250 mm × 500 mm). The top and bottom 

reinforcement were also kept constant at (8T16) for top and bottom reinforcement. 

It was noticed that the capacity/demand ratios for most columns are at lower levels in all the analyzed buildings, and 

within the range of 0.75 to 0.90, the reinforcement ratio of sections is shown in Table 2. 

Table 2. Column sections with corresponding reinforcement ratio 

Reinforcement 

Ratio 

Column Section 

25×25 30×30 40×40 50×50 

µ % 1.44: 2.5 1: 1.79 1.5 1.287 

6. Modelling Soil-Structure Interaction 

A theory regarding the vibration of the foundation soil suggests that because buildings are more flexible than 

corresponding fixed-base structures, inertial interaction effects cause the natural period of the soil-structure system to 

lengthen. Additionally, it states that an increase in damping of the soil-structure system is caused by energy dissipation, 

and radiated waves from the building back into the ground. This theory distinguishes the case of flexible foundation 

motion used in an FB model and proposes a direct approach for SSI studies that resolves the dynamic equilibrium 

equation of the soil-structure assembly [46, 47]. 

In section 6.3 of FEMA 356, two approaches for modeling SSI are described [6]. The first approach utilizes flexible 

soil and a stiff foundation, with the foundation's modeling based on six formulas for each of the six degrees of freedom. 

The second approach involves linear flexible soil and flexible foundations, where the soil support is represented by 

distributed springs with homogeneous spring values dispersed throughout the footing's length. This approach is most 

suitable when the foundation's structural elements are flexible (refer to Figures 8 and 9). 

 

Figure 8. Foundation modeling approaches with vertical springs presented in FEMA (2020)  
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Figure 9. Typical foundation modeling with vertical soil springs is based on ASCE/SEI 41-17 in SAP2000 

6.1. Flexible-base Analysis 

For SSI calculations, understanding the behavior of a building with a flexible base is crucial. This can be approached 

in two ways. Firstly, to compute radiation damping reductions, which depend on the ratio of fixed-base to flexible-base 

periods, it is necessary to consider the change in dynamic behavior between the fixed-base and flexible-base conditions. 

Secondly, to properly account for soil-structure interaction, ASCE/SEI 7-16 Section 19.1 recommends considering all 

aspects of foundation flexibility, including soil flexibility and the foundation's rotational, vertical, and horizontal 

orientations.  

For analysis, ASCE/SEI 7-16 Section 12.13.3 specifies a 50% increase and decrease in soil spring values. This 

involves multiplying the best estimations by 1.5 and 0.5 to determine the maximum and minimum spring values.  

Equation 4 for vertical soil springs is based on ASCE/SEI 41-17 Section 8.4.2.5, Technique 3, which uses a uniform 

spring along the footing's length (refer to Figure 9). This method leverages the relative flexibility of the concrete 

foundation element to the soil. Since the continuous footings extend as cantilevers beyond the frame columns, creating 

flexibility in the foundation structure, and because the model explicitly considers the footings' flexibility, this method 

appears to be suitable. 

𝐾𝑆𝑉 =
1.3G

B𝐹(1−𝑉)
  (4) 

The spring values are depending on the shear modulus of the soil, G, and Poisson’s ratio, ν, B is width of footing, 

and the modules of subgrade reaction, (KS) is the value in this study according to soil type shown in Table 3. 

Table 3. The modules of subgrade reaction, (KS) value 

Vertical soil springs is based on ASCE/SEI 41-17 Area Spring at the 

bottom of footing (Stiffness/length2) 
Soil Type 

KS= 9806.6502 kN/m2 Soil type B 

KS= 19613.3 kN/m2 Soil type C 

7. Results and Discussion 

The results of the simulation, including contributing mode shapes, the effects of different soils, and seismic zones, 

are introduced in the next sections. The effect of different irregularities was discussed. The obtained R was compared 

with the corresponding value of regular buildings. 

7.1. Mode Shapes 

A structure's modes are its intrinsic characteristics, independent of applied loads or forces. Changes in the structure's 

boundary conditions (mountings) or material properties (mass, stiffness, damping) will also change the modes. Mode 

shapes, on the other hand, are unique. They represent the unique motion of a point to another at resonance. Therefore, 

the structure's irregularity percentage significantly influences the mode shape, as higher irregularity percentages result 

in higher torsional moments on the structure. The fundamental natural periods for all regular and non-regular buildings 

were determined. Figure 10 displays the first four periods for irregular structures. During analysis, these modes exhibit 

a modal participation factor over 95%. It was observed that the first two modes corresponded to global structural bending 

motions, while torsional modes appeared in the third mode. Significant bending modes for the higher floors in irregular 

buildings were observed in the fourth mode. The natural period is provided under each mode. Generally, a greater 

number of modes are required for accurate assessment of the dynamic response of irregular structures [24, 25]. Thus, it 

is important to consider torsion effects in the nonlinear static responses of irregular buildings. 
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A, T1=1.12 Sec B, T1=1.43 Sec C, T1=1.14 Sec A, T2=1.12 Sec B, T2=1.40 Sec C, T2=1.14 Sec 

a- First mode b- Second mode 

 
A, T=0.84 B, T=1.04 C, T=0.93 A, T=0.48 B, T=0.66 C, T=0.58 

c- Third Mode d- Fourth mode 

Figure 10. 3D view of vibration mode shapes of studied building models. a 1st vibration mode shape, b) 2nd vibration mode 

shape, c) 3rd vibration mode shape, and d) 4th vibration mode shape 

The fundamental natural periods for all regular and non-regular buildings were obtained. Figure 10 shows the first 
four periods for irregular periods. During analysis, these modes have a modal participation factor of over 95%. It was 

also noted that the first two modes represented global structural bending motions. Torsional modes appeared on the third 
mode. Whereas significant bending modes for the higher floors in irregular buildings appeared in the fourth mode. The 
natural period is written under each mode. Generally, for an accurate assessment of the dynamic response of the 
structure, a greater number of modes are required for irregular structures [38]. So, we need to take into account the 
torsion effects in irregular buildings' nonlinear static responses. 

7.2. Pushover Curves 

The pushover curves listed in Figures 11 to 16, which draw the relationship between the top displacement and the 
ultimate base shear. 

   

   

Figure 11. Pushover curves (P.O.C.) for the spectrum type I for models A, A’ 
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Figure 12. Pushover curves (P.O.C.) for the spectrum type II for models A, A’ 

   

   

Figure 13. Pushover curves (P.O.C.) for the spectrum type I for models B, B’ 
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Figure 14. Pushover curves (P.O.C.) for the spectrum type II for models B, B’ 

   

   

Figure 15. Pushover curves (P.O.C.) for the spectrum type I for models C, C’ 
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Figure 16. Pushover curves (P.O.C.) for the spectrum type II for models C, C’ 

Structural behavior during a weak earthquake tends to be similar across different structures, despite varying 

geometries and characteristics. However, at higher seismic intensities, the mass, stiffness, and geometry of a building 

significantly affect the shape of the pushover curve (POC). Buildings with more floors and higher irregularity 

percentages exhibit greater areas under the curve, resulting in higher displacement ratios, particularly when considering 

the effects of soil-structure interaction (SSI). This phenomenon allows all structural elements to reach their maximum 

deformation capacity, leading to higher displacement values. 

7.3. Effect of SSI 

In this section, the effect of different soil types on the structures was investigated. The obtained charts are labeled 

with a specific code format. For example, "A-F-Sp1-B-0.15g" represents building (A) with fixed support (F), subjected 

to response spectrum type I (Sp1), founded on soil type (B), in seismic zone with intensity (0.15g). In the case of isolated 

footing, "S" was used instead of "F". Each pair of successive rows in the upcoming graphs represents one building. Each 

row contains a family of curves where the seismic intensity was increased from 0.15g to 0.25g (see Table 4). The first 

row corresponds to spectrum type I, while the second row corresponds to spectrum type II. 

The base shear value and the natural time period (NTP) were both impacted by soil-structure interaction, as illustrated 

in Figures 17 and 18. For the A, B, and C models, the base shear decreased by 1%, 10.5%, and 1%, respectively, when 

SSI was considered, especially in soft soil (type C) for SP1. Additionally, for SP2, the base shear decreased by 17%, 

12%, and 1% for the A, B, and C models, respectively. Furthermore, the NTP increased by 14%, 12%, and 13% in the 

A, B, and C models, respectively, as seen in Figure 18. Due to the SSI effect, the structure's natural period becomes 

longer, with a more pronounced effect in soft soil. The natural time period is a key factor controlling the building’s 

lateral seismic response. Therefore, evaluating this value without considering seismic design could lead to significant 

errors. It has been observed that the NTP increases with soil flexibility. The structure's characteristics cause the rate of 

increase in NTP to be higher when the soil is represented by springs, showing a higher time period than the fixed base 

model. This difference is less for low-rise buildings and increases with the building's height. Additionally, high-rise 

structures on weak soil are more affected by SSI than low-rise ones, as indicated by a parametric analysis varying the 

height and geometry of the building with and without SSI [45]. The influence of SSI was evident in the push-over curve, 

where irregular Model B (soil type C - zone 0.25g) had a maximum lateral displacement of 0.32 m, increasing by 31.5% 

compared to a fixed base, and 14% for regular Model B. Thus, the impact of soil representing SSI's effect on seismic 

design, especially for irregular structures, needs to be considered. 
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Table 4. Response modification factor value for fixed base (F) and isolated footing (S), for models 

Response Modification Factor (R) 

Spectrum (I) 

Models 
A A’ B B’ C C’ 

F S F S F S F S F S F S 

S
o

il
 T

y
p

e
 

B 

0.15g 6.72 7.10 7.35 7.65 5.893 6.55 6.41 6.86 7.123 7.34 7.52 7.96 

0.2g 6.52 7.07 6.87 7.25 5.297 6.08 5.82 6.43 6.857 7.28 7.37 7.90 

0.25g 5.42 6.14 5.87 6.32 4.060 5.18 5.00 5.92 6.126 6.60 6.65 7.32 

C 

0.15g 5.40 6.00 5.72 6.25 4.590 5.41 4.89 5.53 5.827 6.18 6.12 6.51 

0.2g 4.67 5.35 4.94 5.57 3.489 4.76 4.11 5.31 5.126 5.79 5.55 6.10 

0.25g 3.79 4.56 4.18 5.13 2.523 3.48 3.29 4.20 4.495 5.30 5.14 5.83 

Spectrum (II) 

B 

0.15g 5.24 5.69 5.44 5.78 4.800 5.24 4.98 5.56 5.723 6.07 5.78 6.30 

0.2g 4.81 5.27 5.11 5.69 4.401 4.80 4.72 5.35 5.312 5.88 5.58 6.31 

0.25g 4.64 5.12 5.05 5.70 4.139 4.37 4.45 5.12 4.895 5.49 5.27 6.03 

C 

0.15g 4.26 4.51 4.67 5.17 3.997 4.20 4.35 4.82 4.533 5.13 4.91 5.35 

0.2g 3.75 4.19 4.16 5.06 3.193 3.70 3.64 4.27 4.170 4.73 4.66 5.45 

0.25g 3.26 4.01 3.72 4.79 2.597 3.39 3.46 4.70 3.816 4.47 4.39 5.28 
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Model C,C’ 

Figure 17. Base shear values for models 

   

Figure 18. Natural Time Period (Sec) for models 

There is an observed improvement in the natural period, roof displacement, base shear, and structure’s deformation, 

along with an improvement in the flexibility of the soil; essentially, the conclusion will affect the response factor. 

7.4. Effect of Irregularity 

It was clear how the structure's irregularity on the pushover curve affected the structure's strength and how it behaved 

during the earthquake. The deducted area from the structure, or the degree of irregularity of the structure. 

The impact of irregularity appears more pronounced in flexible structures, such as model B, highlighting that the 

effect is more noticeable in more flexible models. Regular and non-regular structures exhibit similar behavior in response 

to a weak earthquake. Figures 9 to 14 show that structures (models A, B, and C) demonstrate low ductility. However, 

models (A’, B’, and C’) exhibit good ductility, with irregularity causing a decrease in maximum displacement of 0%, 

54%, and 18% respectively for Sp I compared to regular models. This decreased by 22.5%, 16%, and 23% respectively 

for Sp II (for fixed base). 

With fixed base: In both regular and irregular buildings, as the seismic zone's intensity increases, the value of R 

decreases, approaching the values specified in the ECP (2012) code for soil type B. For soil type C, the values were 

9.3%, 23.4%, and 12.61% for models A, B, and C respectively for SP1. For SP II, the values were 12.4%, 25%, and 

13.12% for models A, B, and C respectively. When representing soil with springs: Similar to the fixed base scenario, in 

both regular and irregular buildings, as the seismic zone's intensity increases, the value of R decreases, approaching the 

values specified in the ECP (2012) code for soil type B. For soil type C, the values were 11.13%, 16.5%, and 9.1% for 

models A, B, and C respectively for SP1. For SP II, the values were 16.2%, 28%, and 15% for models A, B, and C 

respectively. In tall buildings with many floors, the percentage decrease in the structure's response was higher as the 

seismic zone increased, particularly in weak soil (type C). 

The seismic load significantly affected the structure's response, especially due to the varying percentage irregularity 

in the study's models. Design requirements and code standards need to consider the irregularity percentage to ensure 

more stable and secure seismic load designs. For instance, a 30% irregularity rate caused the reduction factor to decrease 

0

200

400

600

800

1000

1200

1400

1600

1800

2000

B-0.15g B-0.2g B-0.25g C-0.15g C-0.2g C-0.25g

C-Sp1-Footing C'-SP1-Footing C-SP1-Fixed C'-SP1-Fixed

B
a

se
 S

h
e
a

r
 (

k
N

)

0

200

400

600

800

1000

1200

1400

1600

1800

2000

B-0.15g B-0.2g B-0.25g C-0.15g C-0.2g C-0.25g

C-Sp2-Footing C'-SP2-Footing C-SP2-Fixed C'-SP2-Fixed

B
a

se
 S

h
e
a

r
 (

k
N

)

0.0

0.4

0.8

1.2

1.6

2.0

N
a

tu
r
a

l 
T

im
e
 P

e
r
io

d
 (

se
c
)

A-Fixed

A-Footing

0.0

0.4

0.8

1.2

1.6

2.0

N
a

tu
r
a

l 
T

im
e
 P

e
r
io

d
 (

se
c
)

B-Fixed

B-Footing

0.0

0.4

0.8

1.2

1.6

2.0

N
a

tu
r
a

l 
T

im
e
 P

e
r
io

d
 (

se
c
)

C-Fixed

C-Footing



Civil Engineering Journal         Vol. 10, No. 03, March, 2024 

772 

 

to 23.4% for soil type C and 18% for type B (for SP1). Similarly, it decreased to 25% for soil type C and 7% for type B 

(for SP II). 

Model C has a 21% irregularity percentage. For SP1, the reduction percentage varied from 7% to 6% in weak soil 

(type C) and from 5% to 4.5% in soil type B in the same seismic zone. The reduction percentage varied between 4.5% 

and 3.8% in soil type B. Conversely, the decrease for models B, A, and C was around 17%, 11%, and 9%, respectively, 

when the soil was represented by springs. 

Because structures have a large reserve strength and the ability to dissipate energy—properties known as 

overstrength and ductility, respectively—seismic design regulations take these into account and reduce design loads 

using a reduction factor. This study shows that structural irregularity impacts the value of R, especially in weak soil 

subjected to strong seismic intensity. For instance, model B, with a 30% irregularity rate, shows a more pronounced 

effect. As the seismic zone becomes more intense, the decrease in the value of R is significantly less than the values 

listed in the ECP, approaching the values of the Euro Code. Therefore, it is necessary to review the ECP values and 

reduce them, especially for irregular buildings. Using the Egyptian Code values for irregular buildings, particularly after 

considering soil representation, is considered an unsafe design practice (see Figures 19, 20, and Table 5). 

The value of R decreased as the seismic zone increased for all models. The shape or irregularity of the structure had 

a clear impact on the values of R with the same soil type and seismic zone, indicating that the value of R was close to 

the values of the Euro Code, especially in poor soil in SP2. It is indirectly impacted by the structure's shape and 

irregularity. The reduction in the modification factor is clearly influenced by the number of floors, and the percentage 

of irregularity also had an impact, with the maximum decrease in the modification factor reaching 23% in model B in 

loose soil (type C) for spectrum I. For springs, the maximum decrease reached 17.7% in model B for spectrum I. The 

decrease reached 16.2% in model A, 28% in model B, and 15.4% in model C for spectrum II in loose soil (type C). 

 

 

Figure 19. Response Modification factor (R) for models, (spectrum type I) 
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Figure 20. Response Modification factor (R) for models, (spectrum type II) 

Table 5. Response factor value for fixed base (F) and isolated footing (S), for models 

Decrease in Response Modification Factor (R) due to irregularity % 

MODELS 
A (28.6%) B (30%) C (21%) 

F S F S F S 

Spectrum I 

S
o

il
 T

y
p

e
 

B 

0.15g 8.61 7.16 8.12 4.46 5.28 7.78 

0.2g 5.22 2.47 9.08 5.42 6.96 7.78 

0.25g 7.67 2.91 18.83 12.42 7.92 9.83 

C 

0.15g 5.56 3.98 6.32 2.13 4.84 5.02 

0.2g 5.53 3.94 15.25 10.34 7.69 5.02 

0.25g 9.30 11.14 23.39 17.17 12.61 9.09 

Spectrum II 

B 

0.15g 3.60 1.64 3.67 5.81 1.06 3.58 

0.2g 6.03 7.46 6.78 10.29 4.87 6.78 

0.25g 8.11 10.14 7.03 14.54 7.26 8.99 

C 

0.15g 8.76 12.86 8.13 12.97 7.82 4.09 
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7.5. Effect of Seismic Zone 

Figure 21 shows that as the zone increases Displacement also increases [40], and Base shear and lateral displacement 

increase with increase in the seismic intensity. 

 

Spectrum Type II 

 

Spectrum Type II 

Figure 21. Response Modification factor (R) for models 

The Figure 22 illustrates how SSI affects the strength reduction factors for weak soils. Because of this, applying 

fixed-base strength reduction factors for interacting systems results in non-conservative design forces, hence interaction 

effects for weak soils cannot be ignored [39]. 
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Figure 22. Reduction in Response factor due to irregularities% (R), for SP I and SP II 

8. Conclusions 

The present study aims to determine the effectiveness of plan and elevation irregularities in relation to seismic 

response within seismic zones I, II, and III, on medium and poor soil (types B & C), for both types of design response 

spectra given in ECP-201 (2012). The study also seeks to understand the significance of SSI or representing soil 

interaction with the footing (using isolated footing with springs) on R-value, base shear, lateral displacement of 

buildings, and the fundamental natural period of regular and irregular models. The investigation reveals the following 

main conclusions: 

There is an observed enhancement in the natural period, roof displacement, base shear, and structure’s deformation 

with an improvement in soil flexibility. Essentially, this conclusion will impact the response factor. If the SSI approach 

is not appropriately included in the investigation and design, it may be difficult to determine how safe a structure is 

from earthquakes accurately. When the seismic zone increases, the basic time period (TP) increases, and therefore, 

the response factor decreases. The natural period of the structure becomes longer due to the SSI influence, with the 

effect being more pronounced in soft soil. One of the main factors controlling the building’s lateral seismic reaction 

is the NTP. Therefore, if this value is evaluated without considering seismic design, significant errors could occur. It 

has been demonstrated that as soil flexibility increases, so does the NTP. The irregularity resulting from increased 

structural rigidity seems insignificant for buildings supported by isolated footings. Regular and non-regular buildings 

that rely on weak soil deposits may not have sufficient structural safety guaranteed by standard design techniques if 

the SSI method is not used. Regular and non-regular structures behave similarly in response to weak earthquakes. The 

seismic zone has a significant impact on the reduction factor. As the seismic zone increases, the decrease in R's value 

is significantly less than the values listed in the ECP and is considered close to the Euro Code values. Therefore, it 

must be considered that the ECP values need to be reviewed and this percentage reduced, especially in irregular 

buildings. Taking the ECP Code values for irregular buildings, specifically after representing the soil and considering 

it, is considered an unsafe design. 
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Abstract 

Presently, there is a notable surge in infrastructure development, leading to a heightened occurrence of accidents within the 

construction sector. This trend has positioned the construction industry as one of the most accident-prone areas compared to 

other sectors. This suggests that the current construction safety audit procedures have not proven effective in preventing 

accidents. Typically, audits are conducted primarily during the construction phase, with infrequent assessments during the 

design phase. According to the Szymberski theory, actions taken during the design phase significantly influence the 

occurrence of accidents more than those taken during construction. Previous research has discussed a lot about safety 

management systems. However, it has not discussed how to assure the quality of its implementation. Considering this, the 

research aims to (a) identify the processes, elements, activities, sub-elements, objectives, criteria, and risks associated with 

construction safety audits and (b) formulate an integrated, risk-based audit process covering both the design and construction 

phases. This qualitative research employed the Delphi method to gather insights from construction safety experts, and the 

developed audit process utilized a risk management approach. The resulting audit process integrates principles from ISO 

19011:2018 and Regulation of the Minister of Public Works and Housing Number 10 of 2021. The findings revealed 34 

activities in audit program management, 34 activities in audit implementation, and 32 sub-elements in audit criteria. These 

components are incorporated into a comprehensive construction safety audit framework, organizing audit processes, 

activities, and criteria. This framework underscores that improving construction safety performance is not solely confined to 

the construction phase but extends to the design phase as well. The audit results serve as a foundation for continuous 

improvement, aiding in enhancing safety performance and preventing accidents within the construction industry. 

Keywords: Audit; Construction Safety; Safety Performance; Accident; Risk. 

 

1. Introduction 

In this era, Indonesia is vigorously pursuing infrastructural development, with the Ministry of Finance reporting an 

average annual growth of 12.7% in the infrastructure budget from 2015 to 2022 [1]. The government had officially 

announced the plan to relocate the Indonesian capital with the construction of Nusantara Capital City (IKN), scheduled 
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from 2022 to 2024. This initiative started with the construction of essential infrastructure, such as high-rise buildings 

for the Presidential Palace, the People Consultative Assembly/Parliament facility, etc. [2]. Due to the increasingly 

dynamic and complex lifecycle of a construction project, it is positioned as a dangerous or highly hazardous industry 

[3]. Statistics on occupational accidents revealed that high-rise building construction is one of the riskiest workplaces 

[4]. 

Accidents ensued as a great burden to the employee and employer in terms of absenteeism, loss of productivity, 

ergonomic disabilities, high costs incurred, bad company reputation, higher incidence rates of illnesses, and fatalities 

[5]. Managing this complexity to reduce risks could be achieved through the Construction Safety Management System 

(CSMS) [6]. Previous research has discussed a lot about safety management systems. However, it has not discussed how 

to assure the quality of its implementation. To assure the quality of the CSMS implementation, a structured and 

continuous audit is necessary because it provides a direct and comprehensive means to monitor the realization and 

effectiveness of the safety management system. Safety audit results also assist diverse companies in developing checklist 

standards and improved recommendations, enhancing environmental, health, and safety performance, as well as 

reducing the number of accidents [7, 8]. A safety audit is carried out to ensure that unsafe acts and unsafe conditions are 

brought to a minimum level so that there is a safe work environment. The purpose of a safety audit is to ensure that there 

are definitions and safe procedures for work and that the set definitions and safe procedures are practiced [9]. 

An audit is a systematic and, wherever possible, independent examination to determine whether activities and related 

results conform to planned arrangements and whether these arrangements are implemented effectively and are suitable 

to achieve the organization's policy and objectives [10]. Audits had been disintegrated and typically confined to a single 

stage of the project lifecycle, with a focus on the implementation phase, often conducted after accidents. Safety audits 

during the design phase are infrequent [11]. Despite Szymberski [12] stating that its activities have a more significant 

influence on the occurrence of accidents compared to the procurement or implementation phases, as shown in Figure 1. 

In his theory, Szymberski suggests that it is ideal for construction safety to be a prime consideration during the 

conceptual and preliminary design phases of construction projects, as there is a greater potential for accident reduction 

than what exists in later construction phases. This implies that efforts to control risks and prevent construction accidents 

cannot be assured, potentially leading to increased mishaps. 

 

Figure 1. Time-safety influence curve [12] 

The construction industry is considered high-risk as it involves dangerous and challenging work such as excavation, 

the erection of structural steel, and working at substantial heights [13]. Based on the International Labor Organization's 

(ILO) report [14], construction workers in developed countries are three to four times more likely to experience a fatal 

accident than workers in other industries; however, workers in less developed countries are six times more likely to 

suffer and experience a fatal accident than workers in other industries. Employment in the construction industry accounts 

for approximately 7% of global employment, and 100,000 workers die on construction sites each year, which accounts 

for approximately 35% of worldwide work-related deaths [15]. Indonesia experienced a significant increase in 
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construction accidents at work sites, as reported by Worker Insurance, with the number rising from 123,040 to 234,270 

from 2017 to 2021. Workplace accidents, particularly in the construction and manufacturing sectors, account for the 

largest contribution at 32%. This comprises all types of projects, such as buildings, roads, bridges, tunnels, irrigation, 

dams, and others [11]. 

The most effective strategies for preventing accidents involve avoiding risks, assessing those risks that cannot be 

avoided, tackling the risks at source, implementing innovation, prioritizing improvement actions, replacing hazardous 

substances with some less dangerous ones, and implementing global policies that integrate organizational values [16]. 

These programs should be continuously monitored and evaluated. Based on the theory proposed by Suraji et al. [17] 

stated that evaluation should be conducted in the initial phases of a construction project. It was specifically proposed 

that audits conducted during the design phase should prioritize prevention. Therefore, auditors need to thoroughly 

examine the constructability of design, ensuring it prioritizes structural strength and integrates safety considerations. 

Globally, various accident prevention strategies have been developed, focusing on the significant influence of 

professional design on construction safety. Meanwhile, data obtained from Oregon, Washington, and California showed 

that 22% of 226 injuries were recorded between 2000 and 2002, and 42% of 224 deaths in the US between 1990 to 2003 

were attributed to design [18, 19]. On average, 6.9% of serious and fatal accidents in the construction industry could be 

prevented through proactive measures in equipment design [20]. Contract methods, such as design-build and interaction 

between planners and contractors before construction, provide opportunities for these individuals to contribute to safety 

measures [21]. Conducting work safety audits from the planning stage to the handover stage is effective in enforcing 

and monitoring compliance with work safety legislation and guidelines [22]. According to Alruqi et al. [23], there is a 

relationship between leading indicators in construction and safety performance. Through a meta-analysis of eight 

studies, they found that safety auditing had a strong relationship to injuries when measured as an active indicator (when 

including site safety observations and inspections). Furthermore, regulatory inspections, if considered part of auditing, 

may contribute to improved health and safety outcomes in specific circumstances [24]. While there is a clear statistical 

association between audit measures and safety performance, there is no strong evidence to suggest that audits directly 

cause performance improvements. 

Meanwhile, the Regulation of the Minister of Public Works and Housing Number 10 of 2021 addresses risk 

management in construction projects, covering safety aspects in four dimensions, namely human (workers), assets or 

technology, public, and the environment [6]. This research aims to (a) identify the processes or elements, activities or 

sub-elements, objectives or criteria, goals, and risks of construction safety audit, as well as (b) develop an integrated 

risk-based audit process covering both design and construction phases. The influence of regulation, effective application 

of standards, policies, and business models on auditor judgment is increasingly important in understanding and 

improving the quality of the resulting audit and serves as a consistent reference for continuous improvement [25]. 

Previous research has discussed a lot about safety management systems. However, it has not discussed how to assure 

the quality of its implementation. Therefore, this development of an integrated construction safety audit process will 

optimize the audits, enhancing their effectiveness in improving safety performance. This proactive method and 

principles of sustainable development lead to early identification and resolution of construction safety issues and 

accident prevention. 

2. Research Material 

2.1. Audit Process on Design and Construction Phase of High-Rise Buildings Project 

An audit is an effort to examine nonconformities in the outcomes of work and confirm or compare these outcomes 

with predetermined criteria or plans, with the main aim of achieving continuous improvement. Its integration brings 

about various benefits, including optimization of business and resources, fostering organizational unity towards 

integrated goals, lightening workloads, and reducing certification time, costs, and documentation requirements [26]. 

Recognized as an important management tool and control system, auditing plays a significant role in organizational 

processes. As safety audits are quite costly and burdensome, an attempt should be made to achieve maximum rule 

compliance with the maximum level of safety audits. One starting point for optimization is the timing of audits [27]. 

ISO 19011:2018 provides comprehensive principles and methods for auditing management systems, specifying the 

competencies required by auditors. Audit operates on the fundamental principle of evidence-based assessment, 

perceived as a rational method to draw reliable and reproducible conclusions systematically [28]. The management of 

audit programs is shown in Figure 2, and ISO 19011:2018 also guides the preparation and implementation of related 

activities as part of these programs. 
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Figure 2. Process flow for managing audit programs 

According to the Ministry of Public Works and Housing [6], the elements of CSMS implementation were analyzed 

in the audit process, namely leadership and workforce participation (sub-elements: leadership concern for external and 

internal issues, CSMS management organization, construction safety commitment, workforce and employee 

participation, as well as surveillance, learning training, responsibility, resources, and support). The audit also examines 

the construction safety plan, focusing on sub-elements including Hazard Identification, Risk Assessment, Determination 

of Risk, and Opportunity Control (HIRADC). It also assesses the engineering management and personnel action plans 

outlined in safety goals and programs along with ensures compliance with construction safety standards and regulations. 

An audit evaluates construction safety resources by considering sub-components such as resources in the form of 

technology, equipment, materials, costs, personnel skills, organizational awareness, management communication, and 

information documentation. The Construction Safety Operations focuses on addressing not only the implementation of 

the Construction Safety Plan (RKK) but also sub-elements such as construction accident investigation, operational 

management preparation, and actions in emergency situations. Lastly, audit comprised evaluation of CSMS performance 

implementation consists of sub-elements that include monitoring or inspection, management review, evaluations, and 

improvements to security measures. 

High-rise buildings are defined as structures with more than eight floors [29], resulting in a comprehensive 

construction scope outlined by the Ministry of Public Works and Housing [30]. This scope comprised various aspects, 

including (a) site work preparation, (b) CSMS implementation, (c) structural, (d) architectural, (e) mechanical, (f) and 

electrical works, including (g) exterior building facilities, and (h) miscellaneous activities, collectively referred to as the 

WBS. In the context of construction methods, the design-build method is a significant method for delivering 

infrastructure and buildings. This method mandates the service provider to take unified responsibility for both design 

and construction, known for its efficiency in accelerating project timelines and reducing the general duration. Therefore, 

an integrated audit is needed to check deviations in design documentation and detect conscious degradation in final 

product quality. The audit will allow for evaluating and managing a construction firm's or their contractor’s activity. All 

these kinds of works are made through only one procedure utilization. Moreover, audits may be used in different phases 

(planning, design, construction, and exploration of facilities). The engineering audit objects are constructional structures. 

The subjects are report information, design plans, technical and economic decisions, activity on different stages of 

engineering investigations, measurements of engineering defense, and risk decline [31]. 

2.2. Construction Safety Management System 

The Ministry of Public Works and Housing [6] provides a comprehensive perspective on construction safety, 

defining it as all engineering activities to achieve compliance with Security, Safety, Health, and Sustainability Standards. 

These standards are crucial for ensuring safety in construction engineering, protecting public welfare, preserving the 

environment, and maintaining occupational health. Based on this, Regulation of the Minister of Public Works and 

Housing Number 10 of 2021 outlined specific criteria for assessing construction safety risks, including the magnitude 

of job risks, contract value, number of workers, types of heavy equipment used, and the level of technology application. 

Safety risks are assessed through a systematic calculation of their potential magnitude by determining the likelihood of 

events that could result in losses, pose risks to human lives, impact public safety, and harm the environment. 
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According to Nugroho and Latief [32], construction safety systems develop an integrated governing protocol that 

includes planning, engineering, controlling, organization, financing, assurance, and the investigation of narrowly 

avoided incidents or accident causation. This comprehensive procedure is an essential part of the general organizational 

process and construction project management, with the main aim of preventing deficiencies, defects, failures, and 

potential hazards within construction projects that could cause harm to people, the public, society, property, and the 

environment. It can also damage business and corporate value. CSMS needs to be implemented early, starting from the 

feasibility research stage of the project, ensuring adherence to Health, Safety, Security, and Environment Sustainability 

Standards that comprise construction engineering, public, environmental, and occupational health and safety. Suraji et 

al. [17] mentioned two reasons for the influence of society on construction safety. First, workers themselves can be 

directly influenced by external factors, e.g., pressures from the social, economic, or political climate or environmental 

conditions. As a result, these factors can distract them from their work, potentially leading to accidents. Second, the 

client is under a number of distal factors, e.g., economic, social, and political pressures, during the conceptual 

development of a project. This cause-and-effect process has the potential to increase workers’ constraints directly or 

indirectly through inappropriate construction planning or inappropriate construction control procedures, leading to 

inappropriate site conditions, inappropriate worker actions, or inappropriate construction operations. Consequently, 

regular monitoring is essential to assess the extent of compliance with safety regulations as well as ensure its 

implementation is in accordance with the actual field conditions [33, 34]. There are two types of safety performance 

indicators: leading and lagging indicators (output and post-accident measurements), with lead indicators being preferred 

in industry and academia [35]. 

2.3. Enhancing Construction Safety Performance through An Integrated Risks-Based Audit 

To ensure enhanced safety performance, all parties, including users and service providers, must implement a risk 

management process during the design and implementation phases of construction projects. The main objective is to 

reduce or even eliminate accidents, one of the most significant safety performance indicators. These comprehensive risk 

management methods include identifying and analyzing risks, hazards, controls, or responses, as well as establishing 

objectives and programs for each work activity, specifically those with medium- and high-risk values. The integration 

of risk management into construction safety planning from design to the implementation phase is crucial [6]. The 

systematic risk management process requires identifying, analyzing, responding to, and controlling potential risks during 

program implementation. Its core purpose is to enhance the likelihood and impact of positive risks while contemporarily 

reducing the possibility and effect of negative threats, optimizing the success of the program [36]. Risk management 

plays a crucial role in the decision-making process in construction project management, influencing scope, time, 

integration, quality, human resources, cost, communications, and project procurement. Therefore, WBS should be 

categorized based on work packages, methods or design, activities, material resources, equipment, labor, and the 

environment to identify risks. This systematic method enables the identification of risk events that might impact safety 

performance objectives [32]. 

A safety audit plays a crucial role in conducting a comprehensive safety assessment, thereby enabling contractors 

to reflect, strengthen, and maintain current best practices while reducing risks continually [37, 38]. According to 

Barretto et al. [39], the risk-based audit process aims to achieve several objectives, namely (a) verifying compliance 

with established requirements, (b) assessing the effectiveness of management practices, (c) identifying weaknesses 

in operational and management aspects to reduce accident risks, and (d) fostering a culture of continuous learning 

and improvement. ISO 19011:2018 introduced a risk-based method to audit principles to support these objectives. 

This addition enhances general competencies for auditors and adjusts terminology to reflect audit processes 

accurately. Furthermore, the standard extends guidelines for conducting this process, specifically focusing on the 

design phase [26]. For enhancing safety performance, audits should be conducted from the beginning, just after a 

new rule has been prescribed, and audits should be conducted continuously and should not be stopped after a certain 

period [40]. 

3. Research Method 

3.1. Research Design 

The method is a systematic and scientific method designed to gather data for specific purposes. In selecting this 

method, three influencing factors play a significant role, namely the type of questions posed, the level of control over 

the behavioral events under investigation, and the focus on contemporary incidents as opposed to historical activities 

[41]. This research adopts a qualitative method to identify the audit process, activities, objectives, goals, risk details, 

levels, causes, and preventive actions. Literature reviews and the Delphi method were primary data collection sources. 

The Delphi method, widely used as a forecasting method, provides projections for complex or uncertain future situations. 

It includes collecting opinions and knowledge from multiple expert panels with relevant expertise. The Delphi survey 

was conducted to gather information and obtain the best conclusions from experts [42, 43]. 
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The research design structure, as shown in Figure 3, requires a two-step process. Initially, the results of the archive 

analysis contributed to the formulation of content and constructs for the construction safety audit procedure. These were 

then subjected to validation by experts using the Delphi method. In this stage, experts provided valuable feedback on 

the audit process, activities, objectives, goals, and risk details, specifically in the design and construction stages of high-

rise buildings using the design-build method. Subsequently, the content and constructs validated by experts are further 

evaluated through archive analysis, focusing on identifying risk levels, causes, and preventive actions. Experts provide 

feedback on risk levels, causes, and preventive actions in the construction safety audit process using the Delphi method. 

The research was concluded with a final validation of the results obtained using the Delphi method. 

 

Figure 3. The research design 

This research follows specific criteria for expert selection, targeting individuals who are either members of the 

Construction Safety Committee or possess expertise in construction with a minimum of 10 years of experience in high-

rise building construction using the design-build method. Furthermore, these experts must possess a minimum 

educational qualification equivalent to a master’s degree (S2). 

3.2. The Initial Set of Construction Safety Audit Process 

The instrument for the construction safety audit process was carefully designed based on archive analysis from prior 

research, regulations, and relevant international standards. It integrated all variables and components obtained from 

various literature sources, categorizing the audit process into three distinct groups, namely audit program management, 

implementation, and criteria, as shown in Figure 4. The instrument used secondary sources from previous research [6, 

28, 44] to provide comprehensive insights into audit processes and activities. It comprises the program management 

phase at the organizational level, the implementation stage of a project, and criteria, risks, causes, and preventive actions. 

The output of this instrument included six processes in the audit and the implementation phases, as well as five elements 

in the criteria. An overview of audit process items used as benchmarks in developing the research instrument is shown 

in Table 1. 

 

Figure 4. Construction safety audit process 

Literature review Identify potential experts Set research instrument 

Select Delphi participants on 

predefined criteria n=7 

Detailed risks in each audit 

process activity 
The initial set of audit process 

Validate risks level, causes, 

and preventive actions 

Developing audit process activities 

from preventive actions  The final set framework 
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Table 1. Construction Safety Performance Audit Process 

Code Audit Process/Elements 

Audit Program Management 

X1.1 Establishing audit program objectives 

X1.2 Determining and evaluating audit program risks and opportunities 

X1.3 Establishing audit program 

X1.4 Implementing audit program 

X1.5 Monitoring audit program 

X1.6 Reviewing and improving audit program 

Audit Implementation 

X2.1 Initiating audit 

X2.2 Preparing audit activities 

X2.3 Conducting audit activities 

X2.4 Preparing and distributing audit report 

X2.5 Completing audit 

X2.6 Conducting audit follow-up 

Audit Criteria 

X4.1 Leadership and Worker Participation in Construction Safety 

X4.2 Construction Safety Planning 

X4.3 Construction Safety Support 

X4.4 Construction Safety Operations 

X4.5 Performance Evaluation of CSMS Implementation 

3.3. The Delphi Process 

The Delphi method, recognized as a standardized and interactive research method, plays a significant role in 

gathering perceptions or assessments from a group of experts on a specific topic. This effective method is particularly 

beneficial for reaching a consensus on new and complex concepts across interdisciplinary research [45]. This is likely 

due to variation among studies that implement Delphi and ambiguity in the literature that provides guidance for the 

specific parameters associated with the method. In carrying out the Delphi method, we have to: (1) understand the merits, 

appropriate application, and appropriate procedure of the traditional Delphi process; (2) identify and qualify potential 

expert panelists according to objective guidelines; (3) select the appropriate parameters of the study, such as the number 

of panelists, number of rounds, type of feedback, and measure of consensus; (4) identify potential biases that may 

negatively impact the quality of the results; and (5) appropriately structure the surveys and conduct the process in such 

a way that bias is minimized or eliminated [46]. The application of the Delphi method in this research is shown in Figure 

5, which comprises four distinct phases, namely questionnaire design and validity examination, expert selection, survey, 

and data analysis. 

 

Figure 5. The Delphi process flowchart 
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The Delphi survey engages a total of seven experts, including members of the Construction Safety Committee and 
other seasoned professionals. The combined experience of these experts varies from 12 to 38 years, with three of them 
having over 30 years of expertise. Among the group, three experts hold a doctoral degree (S3), while the remaining four 

possess a master’s degree (S2). Table 2 shows a comprehensive profile of these experts, who play a critical role in 
validating the development of the construction safety audit process. 

Table 2. The Delphi Participants’ Demographics 

User Position Organization Experience Education 

Expert 1 Committee member Ministry of Public Works and Housing 14 years Doctoral 

Expert 2 Chairman, Committee member Construction Safety Experts Association (PAKKI) 31 years Master 

Expert 3 Associate Professor, Committee member Academics 38 years Doctoral 

Expert 4 Director, Committee member Ministry of Public Works and Housing 38 years Doctoral 

Expert 5 Committee member Ministry of Public Works and Housing 12 years Master 

Expert 6 Senior Vice President QHSE Construction Organizations 29 years Master 

Expert 7 Vice President QHSE Construction Organizations 20 years Master 

4. Result and Discussion 

In this section, the discussion of the results is presented in two parts: (1) analyzing the initial set of processes or 
elements, activities or sub-elements, objectives or criteria, goals, and risks of a construction safety audit, as well as (2) 

a framework for an integrated risk-based audit process covering both design and construction phases. 

4.1. Analyzing The Initial Set of Process/Elements, Activities/Sub-elements, Objectives/Criteria, Goals, and Risks 

of Construction Safety Audit 

The validation outcomes obtained from expert evaluations on various facets of construction safety audits are 
systematically shown in Table 3. The audit program management segment includes six processes, 28 activities, 38 
objectives, 65 goals, and 65 risks. Meanwhile, the audit implementation phase showed six processes, 21 activities, 54 
objectives, 61 goals, and 61 risks. In audit criteria, experts identified five elements, 22 sub-elements, and a 

comprehensive set of 123 criteria, goals, and risks. Moreover, the validation process was extended to a thorough 
examination of risk details, in which experts contributed valuable insights. This collaborative effort aimed to derive 
cause-based preventive actions and establish distinct risk levels. Wolff et al. [47] extensively reviewed psychometric 
risk research and provided a general overview of perceived risk conceptualization and measurement. Specifically, 
subjective risks are defined as the severity level of negative outcomes measured based on their likelihood, in accordance 
with the widely accepted definition in psychometric and general economic literature [48, 49]. 

Table 3. Process/Elements, Activities/Sub-elements, Objectives/Criteria, Goals, and Risks of Construction Safety Audit 

No. Audit Process/Elements 
Audit Activities 

/Sub-elements 

Audit Objectives / 

Criteria 

Audit 

Goals 

Audit 

Risks 

Audit Program Management 

X1.1 Establishing audit program objectives 2 Activities 6 Objectives 8 Goals 8 Risks 

X1.2 Determining and evaluating audit program risks and opportunities 4 Activities 4 Objectives 4 Goals 4 Risks 

X1.3 Establishing audit program 6 Activities 10 Objectives 27 Goals 27 Risks 

X1.4 Implementing audit program 6 Activities 8 Objectives 9 Goals 9 Risks 

X1.5 Monitoring audit program 5 Activities 5 Objectives 9 Goals 9 Risks 

X1.6 Reviewing and improving audit program 3 Activities 5 Objectives 8 Goals 8 Risks 

Audit Implementation 

X2.1 Initiating audit 2 Activities 11 Objectives 11 Goals 11 Risks 

X2.2 Preparing audit activities 4 Activities 12 Objectives 18 Goals 18 Risks 

X2.3 Conducting audit activities 9 Activities 22 Objectives 22 Goals 22 Risks 

X2.4 Preparing and distributing audit report 2 Activities 5 Objectives 5 Goals 5 Risks 

X2.5 Completing audit 2 Activities 2 Objectives 2 Goals 2 Risks 

X2.6 Conducting audit follow-up 2 Activities 2 Objectives 3 Goals 3 Risks 

Audit Criteria 

X3.1 Leadership and Worker Participation in Construction Safety 4 Sub-elements 16 Criteria 16 Goals 16 Risks 

X3.2 Construction Safety Planning 4 Sub-elements 20 Criteria 20 Goals 20 Risks 

X3.3 Construction Safety Support 5 Sub-elements 22 Criteria 22 Goals 22 Risks 

X3.4 Construction Safety Operations 4 Sub-elements 49 Criteria 49 Goals 49 Risks 

X3.5 Performance Evaluation of CSMS Implementation 5 Sub-elements 16 Criteria 16 Goals 16 Risks 
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4.2. Developing a Framework for an Integrated Risks-Based Construction Safety Audit 

Conducting a relative assessment of perceived risks requires evaluating whether hazard A is deemed more or less 
risky compared to hazard B, even when the precise measurement of these risks is challenging. This evaluation requires 
a careful method, ensuring that hazards A and B are both assessed for risks in exactly the same way. Consistency is 

achieved by assessing them under similar conditions and at the same specificity level [50]. In the adoption of a qualitative 
risk assessment method that uses descriptive language, risk mapping is structured into low, medium, and high categories. 
The validation results obtained from experts regarding risk levels, causes, and preventive actions are systematically 
shown in Table 4. 

Table 4. Validation Results of Risks Levels, Causes, and Preventive Actions 

Code 
Audit Activities /  

Sub-elements 
Code Risks Details 

Risks 

Levels 
Causes Preventive Actions 

X1. Audit Program Management 

X1.1. Establishing audit program objectives 

A1 

The organization creates 

audit program objectives 

that consistently support 

audit process policies and 

objectives and are by its 

business processes 

R1 

Audit program objectives are not 

achieved and are wrong due to the 

many perspectives and opinions/ 

conflicts within an organization, as 

well as overlooked audit 

components/items. 

High 

Mistakenly defining audit program 

scope and overlooking 

components/items, along with 

numerous perspectives/opinions 

and conflicts within an 

organization. 

Mistakenly defining audit program 

scope, overlooking components/items, 

and encountering numerous perspectives/ 

opinions as well as conflicts within an 

organization. 

  R2 

The combination of the program 

and audit process is not achieved 

according to plan due to many 

perspectives being combined 

incorrectly. 

High 

Mistakenly defining audit program 

scope and overlooking 

components/items, along with 

numerous perspectives/opinions 

and conflicts within an 

organization. 

Developing detailed and straightforward 

policies, regulations, and procedural 

systems for audit program management 

from the initial phase to completion, 

including the responsible organization 

and adequate resources. 

  R3 

The unity of audit program 

objectives is not established, and 

goals are not achieved because 

personnel still adhere to outdated 

standards. 

High 

The competencies of the human 

resources managing audit program 

do not fulfil the organization's 

expectations and still adhere to 

outdated standards. 

Implementing training programs and 

conducting socialization with a clear 

explanation of audit program 

implementation standards, along with 

creating a selection scheme for auditors 

through expert certification. 

  R4 

Audit program fails to adopt 

changes and lacks integration from 

the beginning to the end due to 

insufficient socialization and 

periodic reviews. 

High 

Mistakenly defining audit program 

scope and overlooking 

components/items, along with an 

unclear understanding of program 

integration by the organization. 

Communicating and socializing the 

policy of separating audit program within 

audit process for each organizational 

level that is in accordance with the 

organization's goals and business. 

  R5 

Audit program is not properly 

managed because the program 

priority setting within the 

organization is inaccurate. 

Medium 

Mistakenly defining audit program 

scope and overlooking 

components/items, along with the 

program priority within the 

organization that is not in 

accordance with the objectives. 

Developing detailed and straightforward 

policies, regulations, and procedural 

systems for audit program management 

from the initial phase to completion, 

including the responsible organization 

and adequate resources. 

  R6 

Audit program management is not 

optimal because the organization 

lacks interconnected process 

activities that function as a coherent 

system. 

Medium 

Mistakenly defining audit program 

scope, overlooking components/ 

items, and integrating process 

activities that are not 

interconnected and do not function 

as a coherent system. 

Developing standardized business 

process procedures for audit program that 

are simple to understand yet detailed and 

comprehensive, accompanied by 

regulations supporting the program. 

    

| 
| 

| 

| 

  

A69 

Establishing 
Construction Safety 

Performance 

Improvement 

R246 

The CSMS audit does not depict the 

actual conditions in the field 

because the improvement in safety 

performance is not in accordance 

with the organization's business 

scale 

Medium 

Suboptimal management actions 

in the CSMS audit as well as the 

lack of capacity and capability 

among safety auditors and all 

parties that participated in the 

project to enhance safety 

performance in accordance with 

the organization's business scale. 

Conducting analysis and re-identification 

of inputs, outputs, and outcomes related 

to CSMS implementation in accordance 

with procedures, policies, goals and 

scope, criteria, management 

organization, and business process along 

with performing evaluation for the 

sustainable development of CSMS. 

  R247 

The CSMS audit has no follow-up 

for improvement and enhancement 

because the identification of factors 

influencing safety and health 

performance improvement in the 

workplace are not in accordance 

with with the needs analysis results 

Medium 

The inputs, outputs, and expected 

outcomes related to the 

identification of factors 

influencing improvement in 

workplace safety and health 

performance is not in accordance 

with with the needs analysis results 

for CSMS implementation. 

Conducting analysis and re-identification 

of inputs, outputs, and outcomes related 

to CSMS implementation in accordance 

with procedures, policies, goals and 

scope, criteria, management 

organization, and business process along 

with performing evaluation for the 

sustainable development of CSMS. 

  R248 

The CSMS audit has no follow-up 

for improvement and enhancement 

because both internal and external 

influences are ignored and not used 

as learning points to enhance safety 

performance 

Medium 

Suboptimal management actions 

in the CSMS audit as well as the 

lack of capacity and capability 

among safety auditors and all 

parties participating in the project 

to manage internal and external 

influences as learning points to 

improve safety performance. 

Following up on the results of CSMS 

implementation by reporting to relevant 

authorities and responsible parties 

regarding the benefits of CSMS that 

generate added value along with 

providing rewards or penalties based on 

the ranking determination through the 

assessment of standardized parameters. 
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The recapitulation of risk levels shows that in the audit program management section, there are specifically 24, 36, 

and five high, medium, and low risks. Meanwhile, the audit implementation section has 44, nine, and seven high, 

medium, and low risks. In the audit criteria section, the distribution includes 85, 35, and three high, medium, and low 

risks. For each risk detail with identified levels, cause-based preventive actions were established. The experts also 

explained the causes of each risk in detail, along with their preventive actions. Additionally, a systematic pattern 

recognition process was conducted, grouping risks based on their underlying causes, as shown in Table 5. 

Table 5. Mapping of Cause-Based Audit Activities and Risks Details 

Code 
Audit Activities/Sub-

elements 
Code Risks Details Code Causes Code Preventive Actions 

X1. Audit Program Management 

X1.1. Establishing audit program objectives 

A2 

The organization ensures that 

audit program objectives are 

established for audit design and 

implementation. Furthermore, it 

ensures that the program is 

carried out effectively 

R7 

Audit program is ineffective 

because the expected inputs and 

outputs/outcomes are not in 

accordance with design and 

operational implementation 
P1 

The inputs, outputs, and 

expected outcomes of the 

organization is not in 

accordance with audit 

program design and 

operation within audit 

process 

TP1 

Conducting an analysis and re-

identification of inputs, outputs, and 

outcomes related to the implementation 

of audit program in accordance with 

procedures, policies, goals and scope, 

criteria, management organization, and 

business process along with performing 

evaluation for the sustainable 

development of the program 
A11 

The organization creates and 

establishes procedures for audit 

program 

R30 

Audit program is ineffective 

because the established 

procedures are incorrect and are 

not in accordance with audit 

process system 

A1 

The organization sets consistent 

audit program objectives that 

support the policies and goals of 

audit process are not in 

accordance with the business 

process of the organization 

R3 

The unity of audit program 

objectives is not established, and 

goals are not achieved because 

personnel still adhere to outdated 

standards 

P2 

The competencies of the 

human resources managing 

audit program do not fulfil 

the organization's 

expectations or 

requirements and still 

adhere to outdated 

standards. 

TP1 

Conducting an analysis and re-

identification of inputs, outputs, and 

outcomes related to the implementation 

of audit program in accordance with 

procedures, policies, goals and scope, 

criteria, management organization, and 

business process along with performing 

evaluation for the sustainable 

development of the program 

A2 

The organization ensures that 

audit program objectives are 

established for audit design and 

implementation. Furthermore, it 

ensures the program is carried 

out effectively 

R8 

Communication within audit 

program is ineffective due to a 

lack of understanding related to 

digital technology advancements 

  TP2 

Implementing training programs and 

socializing a re-explanation of audit 

program implementation standards, 

along with creating a selection scheme 

for auditors through expert certification 

A7 

The organization defines the 

roles and responsibilities of 

individuals managing audit 

program as well as audit 

team/auditors 

R13 

Audit program management is not 

in accordance with the roles and 

responsibilities of the selected 

personnel because it is not their 

task 

  TP3 

Conducting specialized development 

and mentoring through a professional 

education program for engineering 

specialist auditors capable of managing 

audit program in line with objectives 

and standards 

A8 

The organization specifies the 

competencies of individuals 

managing audit program and 

audit team/auditors 

R14 

The organization struggles and 

makes mistakes in determining 

personnel who can manage audit 

program according to the 

expected competencies 

  TP4 

Conducting a review and evaluation of 

audit program objectives against the 

expected results, with a monitoring 

process for program implementation 

  R15 

Standards and performance of 

audit program show no 

improvement because the 

selected personnel are not 

responsibly executing their tasks 

    

A9 

The organization appoints 

individuals who manage and are 

responsible for audit program as 

well as audit team/auditors 

R20 

The quality of audit program 

results is poor and incorrect 

because the selected personnel 

cannot manage and are not 

accountable for the program 

    

A10 
The organization establishes 

levels for audit program 
R25 

Audit program is not managed 

properly due to the selection of 

weak audit team partners who do 

not possess the required 

competencies 

    

  R27 

The organization does not 

produce a high-quality audit 

program because performance 

indicators are unclear 

    

A11 
The organization creates and 

establishes procedures for audit 

program 

R31 

Audit program is not managed 

properly because the socialization 

is poorly executed and cannot be 

measured 

    

A12 
The organization identifies 

resources for audit program 
R37 

Audit program results are 

incorrect and cannot be accounted 

for because the allocated 

resources do not match the needs 
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  R38 

Audit program is not managed 

properly due to a lack of 

competent human resources as 

per requirements 

    

  R39 

Audit program objectives are not 

achieved because there are no 

financial resources according to 

the needs 

    

A15 
The organization appoints audit 

team members 
R43 

The quality of audit program 

results is poor and incorrect 

because the personnel assigned to 

audit team cannot adapt and 

communicate effectively with 

each other 

    

A18 
The organization manages and 

maintains records of audit 

program results 

R48 
Audit program is mismanaged 

due to a lack of competent 

resources in the field of archiving 

    

A20 
The organization monitors 

performance results of audit 

team members 

R50 

Audit program is not managed 

properly because audit team's 

performance does not fulfil 

expectations 

    

A21 
The organization monitors audit 

team's ability to conduct audit in 

accordance with the plan 

R52 

Audit program is not managed 

properly because audit team 

cannot resolve issues that arise 

during implementation 

    

A22 

The organization obtains 

feedback from top management, 

audited parties, auditors, and 

other relevant stakeholders 

R54 

The quality of audit program 

results is poor and incorrect 

because some parties do not work 

well or to their maximum capacity 

    

A24 
The organization reviews audit 

program to assess whether its 

objectives have been achieved 

R58 

Audit program objectives are not 

achieved and are incorrect 

because the results are not 

associated with performance, 

policies, and goals 

    

After identifying cause-based preventive actions, a total of 37 such measures were classified, with 9, 13, and 15 

specifically related to audit program management, implementation, and criteria. These preventive actions were then 

integrated into additional activities or criteria as part of the development of a risk-based construction safety audit process. 

The subsequent analysis of these 37 additional indicators was carried out using the Delphi method. The results showed 

that four indicators are considered inappropriate by experts, namely (i) re-identifying audit program implementation, 

followed by analysis and evaluation for the sustainable development of the program; (ii) communicating and socializing 

the CSMS implementation policy in the audit process for each project level in line with the goals and business process; 

(iii) conducting daily inspections during implementation integrated into the work; and (iv) planning a complete and 

orderly schedule for construction safety audit implementation with a designated responsible party for each process or 

activity. According to the experts, the risk response results associated with the cause-based construction safety audit 

process should not be eliminated because they offer additional information. 

The developed framework of the construction safety audit process, as shown in Figure 6, comprised (a) 34 activities 

in audit program management at the organizational level, which increased goals in each process or activity from 26 to 

65; (b) 34 activities in audit implementation at the project level, including the integration of ISO 19011:2018 standards, 

which merged with the previous process phases at the organizational level to obtain 60 goals; (c) 32 sub-elements in 

audit criteria were refined by adjusting the audit form in Regulation of the Minister of Public Works and Housing 

Number 10 of 2021 with the addition of 37 new criteria, thereby leading to a total of 123. The identification of risk 

factors in the audit criteria section suggested that a properly executed CSMS implementation can significantly improve 

construction safety performance. This observation is also consistent with preliminary research [37, 38, 50], showing that 

organizations with robust safety management systems and effective audits had better hazard control and safer working 

conditions, thereby reducing workplace accidents and improving project management. 
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Figure 6. The framework of construction safety audit process 

Construction safety audits would optimally improve construction safety performance when audits of CSMS implementation could be mitigated as well as possible. Several preventive 

actions or risk responses have been mapped to mitigate the detailed risks of the cause-based construction safety audit process, including conducting regular audits to evaluate the CSMS 

on the project and detailing a more regular audit schedule to evaluate construction safety performance. Each stage of the construction safety audit process is carried out with an assessment 

system so that risk prevention can be carried out as early as possible through audits that describe actual conditions in the working zone. Audit risk based along with risk control and 

causes, can be explained in more detail so that auditors and auditees are more aware of the potential risks that will occur in the implementation of construction safety audits. Implementing 

risk responses in the development of construction safety audit standards can reduce work accidents by identifying deviations earlier, thereby improving safety performance. The 

development of risk responses to detailed cause-based audit risks refers to the needs of each organization/company, the project's business operations, and the criteria to be audited. 
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Data analysis of the relationship between the development of construction safety audit process standards and 

construction safety performance using regression analysis. Based on the results of expert validation related to the 

development of construction safety audit process standards, as shown in Table 6, data was obtained which explains that 

the development of construction safety audit process standards, especially in the audit criteria section, has an influence 

and relationship with key indicators for enhancing construction safety performance, especially leading indicators such 

as those found in Regulation of the Minister of Public Works and Housing Number 10 of 2021, namely the 

implementation of Leadership and Worker Participation in Construction Safety, Implementation of Construction Safety 

Policy Elements, Construction Safety Programs, Construction Safety Support, and Inspections & Audits. In addition, 

leading indicators can also change in a short time. For example, the percentage of negative random drug results or the 

percentage of safety compliance based on audits. Leading indicators directly measure aspects of the CSMS, such as the 

frequency or timeliness of audits. The results of the construction safety audit can be further developed by the 

organization to become a standard inspection list, recommend improvements, improve environmental, health, and safety 

performance, and reduce the number of accidents. 

Table 6. Influence of Construction Safety Audits on Construction Safety Performance 

No. Audit Process / Audit elements Leading Indicators Influence 

1 Establishing audit program objectives 
Application of Leadership in Construction Safety High 

Implementation of Construction Safety Policy Elements High 

2 Determining and evaluating audit program risks and opportunities 
Construction Safety Program Medium 

Implementation of Construction Safety Policy Elements High 

3 Establishing audit program 
Construction Safety Program High 

Inspection & Audit High 

4 Implementing audit program 
Construction Safety Program Medium 

Inspection & Audit High 

5 Monitoring audit program 
Inspection & Audit High 

Construction Safety Support Medium 

6 Reviewing and improving audit program 

Inspection & Audit High 

Construction Safety Program Medium 

Construction Safety Support Low 

7 Initiating audit Construction Safety Program High 

8 Preparing audit activities 
Construction Safety Program High 

Inspection & Audit Medium 

9 Conducting audit activities 
Inspection & Audit High 

Construction Safety Support Medium 

10 Preparing and distributing audit report 
Inspection & Audit High 

Construction Safety Support High 

11 Completing audit 
Inspection & Audit High 

Construction Safety Support High 

12 Conducting audit follow-up 
Implementation of Construction Safety Policy Elements High 

Inspection & Audit Medium 

13 Leadership and Worker Participation in Construction Safety Application of Leadership in Construction Safety High 

14 Construction Safety Planning 

Implementation of Construction Safety Policy Elements High 

Construction Safety Program High 

Construction Safety Support Medium 

15 Construction Safety Support 
Construction Safety Support High 

Construction Safety Program Medium 

16 Construction Safety Operations Construction Safety Program High 

17 Performance Evaluation of CSMS Implementation 
Construction Safety Program High 

Inspection & Audit High 
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So, developing a framework for the construction safety audit process is very influential in enhancing construction 

safety performance. The results of the construction safety audit process can be developed as an innovative method to 

move away from traditional methods of records and information management to enable better management and 

organization of workflow processes. In practice, the current audit process is only carried out when an accident has 

occurred and only for certain purposes. The audit process is an important element of the CSMS because audit activities 

are carried out to review and evaluate the performance and effectiveness of the applicable safety management system. 

5. Conclusion 

In conclusion, the newly devised construction safety audit process facilitates early identification of deviations during 

the design phase. Given the escalating number of construction accidents, the implementation of construction safety 

audits has gained paramount importance. This audit process was developed by integrating principles from ISO 

19011:2018 and Regulation of the Minister of Public Works and Housing Number 10 of 2021, resulting in an enhanced 

construction safety audit framework compared to the existing procedures. The findings revealed 34 activities in audit 

program management, 34 activities in audit implementation, and 32 sub-elements in audit criteria, all of which are 

integrated into the construction safety audit framework, systematically organizing audit processes and criteria. 

This framework emphasizes that the improvement of construction safety performance extends beyond the 

construction phase to include the design phase. The audit results play a crucial role in continuous improvement efforts, 

aiming to enhance safety performance and prevent accidents in the construction industry. The analysis provided by 

auditors is deemed reliable when following this established audit process. The construction safety audit process 

framework was developed based on 21 causes of risk, leading to the identification of 37 risk responses. These responses 

translate into additional activities and new audit criteria, serving as a strategic approach to advancing standards in the 

construction safety audit process. The envisioned outcome of this construction safety audit process is an improvement 

in safety performance, particularly in the context of high-rise buildings using the design and build method. For future 

research, it is recommended to explore aspects such as the inclusion of responsible individuals and the assignment of 

value weights for each audit process and criterion. This suggests a shift towards a performance-based approach rather 

than solely adhering to conformance in construction safety audits. 
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Abstract 

The purpose of the study is an experimental determination of the stress-related characteristics of the structural steel 

produced in the Republic of Kazakhstan for use in conventional and earthquake-resistive construction. Since 2015, the 

construction industry has been using European regulatory documents—Eurocodes—as a statutory framework. In 

particular, the Eurocode 1993 for steel structures and the Eurocode 1998 for the design of earthquake-resistant structures 

However, the study of stress-related properties of structural steel using experimental methods of ISO standards has not 

been performed. Therefore, in the construction industry of the Republic of Kazakhstan, steel-work structures have been 

used in fairly limited volume since 2015. The experimental studies were conducted on 7 types of structural steel with 

thicknesses of 8, 10, and 20 mm manufactured by Arcelor Mittal. The yield strength, ultimate tensile strength (breaking 

stress), and tensile strength at break were studied. The experimental studies were carried out on the basis of ISO 

standards. In each test run, 5 samples were used. In two series, 20 samples each were tested, which made it possible to 

estimate the yield strength and strength distribution functions. The correlation relationships between Brinell hardness and 

yield and strength limits have been studied. As a result of experimental studies, it was found that the strength and 

deformability parameters fully comply with the requirements of Eurocode 1993. Based on the application of the Student's 

test, it is revealed that the distribution functions of yield strength and resistance correspond to the normal law (Gaussian 

function). The calculation of a three-story, two-span residential building with box section columns for construction in an 

area with a seismicity of 8 points is performed by the finite element method. The work results will significantly increase 

the scope of Kazakhstani structural steel use in seismic and conventional areas of the Republic of Kazakhstan. 

Keywords: Yield Strength; Tensile Strength; Steel Hardness; Construction Steel; Eurocode; Relative Rupture Strain. 

 

1. Introduction 

The steelwork structures meet the main requirements of construction – industriality, reduction of the volume and 

duration of construction works, low construction costs. Steelwork structures are widely used in construction practice, 

including high-rise construction. The experience in the application of steel structures in the construction industry is 

detailed in Vedyakov et al. [1]. The issues of the selection of steel structure materials with respect to the present-day 

regulatory and operational requirements and capabilities of global and domestic metallurgical production are 

considered in detail. Among rather actual studies, it stands to mention the theory of application of constructions from 

rolled steel of large thickness, the methodology of quality assessment of plates, and its work features in constructions 

[2]. The dependences of properties of heavy-thickness sheets and alloying, heat treatment, and peculiarities of 

production are analyzed. The steel performance in the fabrication and operation of structures is described. The 

properties of new-generation steels for large-thickness rolled products are discussed. Examples of the application of 

these materials in the latest unique structures are provided. 
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One of the latest achievements is the study of modular steel-framed high-rise buildings [3]. A module connection 

to the main wall to assemble modules into a main wall system plays a key role in load transfer in modular high-rise 

buildings. In the Republic of Kazakhstan, the application of such systems seems to be very promising. However, its 

mechanical mechanisms have not been systematically studied. This study proposes an innovative module connection 

to the main wall that can be installed and detached with good feasibility and efficiency during the construction and 

dismantling process. 

The structural steel has the ability to resist alternating loads. The steel-framed buildings are therefore highly 

earthquake-resistant. In the study of Gioncu & Mazzolani [4], this is demonstrated by the example of different types of 

steel-frame buildings. The steel-frame buildings suffer noticeable earthquake damage, usually when there are obvious 

design errors. They behave well under repeated earthquake effects (aftershocks), as shown in the study [5]. Even with 

the most unfavorable long-period ground vibration, it is possible to develop structural solutions to ensure the seismic 

resistance of the building [6]. They have a plastic reserve, which allows them to successfully resist seismic impact [7]. 

The effect of enclosing structures on the structural steel frame response has been studied [8]. 

In order to use constructional steel for the design and manufacture of building structures, it is always necessary to 

perform a cycle of experimental studies to determine the stress-related properties of steel. Mechanical performance of 

structural steel, i.e., values characterizing its strength, plasticity, elasticity, and elastic constants, necessary for material 

selection and calculations of designed structural components, is determined by mechanical testing of standard 

specimens under load made of the steel types under study [9–12]. At that point, experimental studies should use the 

appropriate standards governing test methodologies. 

Mechanical tensile testing is one of the most important types of engineering tests used for all metallic materials, 

which determines the material's performance. In the study of Vaz-Romero et al. [9], experiments were performed on 

PC52 steel samples (0.22% C) using the INSTRON 8801 universal testing machine to determine yield strength, tensile 

strength, strain at break, and Young's modulus. The strain rates used during the tests were within the range typical of 

static tensile tests as recommended in ASTM Standard E8/E8M-16a and ISO 6892-1:2016, as is typical for steel 

testing. 

In the study of Wang & Kodur [10], the tensile tests were conducted using specimens with six different design 

lengths ranging from 20 mm to 140 mm, which were tested over a wide range of loading velocities from 1 m/s to 7.5 

m/s. The experimental studies were also described by a mathematical model based on the finite element method. It 

was found that there is a strong correlation between the applied velocity and the gauge length of a specimen. 

The mechanical properties of steel are important not only for evaluating the behavior of individual steel elements 

but also for predicting the performance of the entire structure [11]. When exposed to fire, the mechanical properties of 

steel deteriorate with increasing temperature. The mechanical degradation depends on the exposure temperature. In 

practice, degradation represents the mechanical property reduction factor recommended by specific effective design 

standards. The tensile properties of multilayer samples are reviewed in the study of Yang & Lin [12]. The challenging 

task of studying the mechanical properties of high-tensile steel samples exposed to high temperatures during welding 

is discussed in the study of Gardnerand & Nethrcott [13]. 

Therefore, mechanical tensile testing is a fairly universally applicable approach to studying the strength and 

deformability characteristics of structural steel. In this paper, we set the task of determining the characteristics of 

strength and deformability of structural steel produced by Kazakhstani plants, in particular the Arcelor-Mittal plant in 

Temirtau, Kazakhstan. It is necessary to determine the yield strength, tensile strength (tensile strength), and relative 

rupture strain. In this respect, test and sample preparation methods shall comply with the requirements of Eurocode 

1993 in accordance with the relevant ISO standards: ISO 6892-1:2016 “Metallic Materials. Tensile Testing. Part 1. 

Method of Test at Room Temperature” and ASTM E8/E8M-16a “Standard Test Methods for Tensile Testing of 

Metallic Materials”. These two standards specify that tensile testing for the above material characteristics shall be 

conducted at strain rates in the range of 10-5 s-1 to 10-3 s-1, depending on the material performance and the test 

method used. 

It should be noted that in this statement, this task is extremely relevant. The solution to this problem will allow the 

steel structures to be widely used again within the Republic of Kazakhstan, the regulatory framework for construction 

of which, since 2015, is based on the application of Eurocodes. 

Over 45% of the territory of the Republic of Kazakhstan falls within the seismically active areas, in this respect, 

the significant area is occupied by extremely seismically hazardous zones of 8–9 and over points on the MSK-64 

scale. Therefore, solving this problem will renew the use of steel construction in seismic areas. Consequently, the 

cycle of studies regarding the use of Kazakhstan steel under the pressing issue of verifying the requirement of 

compliance with the characteristics of Kazakhstan steel Eurocode 1993 [14], started in Kazakhstan by the work of 

Kulbayev et al. [15, 16], will be continued. Previously, such a task was not solved in the Republic of Kazakhstan. It 

should be noted that the Russian Federation has also started harmonizing its regulations with foreign standards [17]. 
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The minimum plasticity of steel shall be expressed by the ceiling limits of the following values: 

 𝑓𝑢/𝑓𝑦 – ratio of the minimum tensile strength fu to the minimum yield strength 𝑓𝑦; 

  Relative elongation after rupture of the sample length 5.65 √A0 (where A0 – original cross-sectional area); 

 Critical strainεu, corresponding to the ultimate strength fu. 

The following values are recommended: 

𝑓𝑢/𝑓𝑦, ≥ 1.10 (1) 

Relative elongation after rupture not less than 15%: (2) 

εu>15 εy, where εu – elastic strain (εy = 𝑓𝑦/E, Young's module) (3) 

The above relations should be verified by experiment. 

For the case of National Annexes, condition (1) is stiffened: 

𝑓𝑢/𝑓𝑦, ≥ 1.30 (4) 

Therefore, it is necessary to address the following objectives: 

 The most used steel grades in the Republic of Kazakhstan need to be experimentally investigated to determine 
compliance with Eurocode 1993 (1)-(3) and National Annexes (4) requirements; 

 To clarify requirements (4) based on the experimental studies performed; 

 To establish correlations between the Brinell hardness BH and the above strength and deformability 
characteristics. 

 To evaluate the feasibility of using Kazakhstani structural steel in earthquake-resistant construction. 

Such tasks have not been investigated before. 

2. Methods and Objects 

The types of steel most commonly used in the Republic of Kazakhstan have been selected for experimental studies 
of construction steel. A batch of 8, 10, and 20 mm-thick structural steel with certificates of conformity from 
ARCELOR-MITTAL (Kazakhstan, Temirtau), AMET, and several metallurgical plants was obtained under the 
sponsorship of IMSTALCON JSC (constructional ironworks in Taraz). Table 1 shows the steel manufacturer, 
thickness in mm, and grade. The manufacturing and testing of samples were carried out according to GOST 6696-66, 
ISO 4136-89, ISO 5173-81, and ISO 5177-81. The mechanical tensile testing of structural steel specimens was carried 
out using a UMM-5 tensile machine with a calibration certificate dated February 24, 2023. The tensile machine is 
accredited for testing according to the test requirements of ST-RK ISO. In each test run, 5 specimens of 8–20 mm 
thickness were used (St3Sp5, 09G2S). These are the most common steel grades in the Republic of Kazakhstan. The 
processing of experimental data was carried out using the MATLAB mathematical package. 

Table 1 shows the main stress-related properties of steel with indications of manufacturer, grade, and plate 
thickness taken according to the certificate information. 

Table 1. Mechanical performance of structural steel 

No. Manufacture Grade 
Section, 

mm 

Ultimate 

strength 

Yield 

stress 

Impact strength, J/cm² Impact strength 

after aging 

Elongation, 

% KCU KCV 

1 Arcellor-Mitall St3Sp5 8 459 316 
–20°С 

78 

+20°С 

147 

KCU, +20 

65 
– 

2 Arcellor-Mitall St3Sp5 10 475 320 

–20°С 

50– 

81– 

69 

+20°С 

176– 

–183 

–184 

KCU 

69– 

73– 

61 

32 

3 Arcellor-Mitall 09G2S 8 530 420 

–40°С 

125 

120 

– 

+20 

115 

95 

29 

4 Arcellor-Mitall 09G2S 10 540 440 

–40°С 

92 

92 

– 

+20 

61 

64 

30 

5 
Amet, Ashinskiy 

Metallurgical Works 
St3Sp5,SV 20 440–445 285–290 

–20°С 

49–67 

+20°С 

65– 

85 

56–76 
31 

31 

6 
Amet, Ashinskiy 

Metallurgical Works 
09G2S 20 520–525 360–365 

40 

100–95 
– 65–80 

28 

29 

7 Severstal, Cherepovets St3Sp50 10 400 245 152.7 216 187.3 32 
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For structural steel samples from Table 1, the value of impact strength at -20 °С is not less than 49 J/cm², which 

exceeds the Eurocode requirement of 34 J/cm². This is understandable; the climatic conditions in Kazakhstan and the 

Russian Federation are quite severe. In the production of structural steel, the factor of cold resistance (cold brittleness) 

of metal structures has always been taken into account. 

Table 2 analyzes the ratio of tensile strength to yield strength (4). It is found that it is performed in all cases except 

for 09G2S-grade steel. It is known that the certificate records the minimum value of the parameter determined for the 

entire batch. Therefore, these 2 sheets of steel must certainly be tested. 

Table 2. Strength characteristics of steel according to certificates 

No. Ultimate strength, MPa Yield strength, MPa Ratio (4) 

1 459 316 1.45 

2 475 320 1.48 

3 530 420 1.26 

4 540 440 1.23 

5 440–445 285–290 1.54-1.53 

6 520–525 360–365 1.44 

7 400 245 1.63 

The elongation after rupture is approximately 2 times the requirements of Eurocode 93. It should be noted that the 

sample of structural steel No. 7 from Table 1 is characterized by very qualitative characteristics: the highest tensile 

strength to yield strength ratio and the high impact strength of the new material after aging. Therefore, to verify 

conditions (1) and (4), experimental studies on mechanical tensile testing of Kazakhstan-made structural steel samples 

shall be conducted in accordance with ISO standards. 

3. Results 

3.1.  Experimental Studies 

Tensile tests of structural steel samples were carried out using the experimentation facility of SAPA 

INTERSYSTEM LLP. The sample size complies with the requirements of the ISO 6892-1-2010 standard. The tensile 

strength, yield strength, and relative elongation after rupture have been determined. The UMM-5 tensile testing 

machine with a calibration certificate dated February 24, 2023, was used in the tensile strength test. The organization 

is accredited for testing according to the test requirements under the ST-RK ISO. Figures 1 and 2 show the specimens 

prepared for testing and after testing. 

      

                                   Figure 1. Samples before testing                                                Figure 2. Samples after testing 

Tables 3 to 5 summarize the probability characteristics of 7 series of tests with 5 samples in each of them. Table 6 

summarizes the results of the calculations for testing criterion (4) in view of experimental data and using the certificate 

data from Table 1. 



Civil Engineering Journal         Vol. 10, No. 03, March, 2024 

800 

 

Table 3. Probabilistic characteristics of yield strength, MPa 

No. Sample average Median value Standard Coefficient of variation 

1 326.4 326.6 1.08 0.003 

2 293.2 293.2 4.64 0.016 

3 454.6 455.0 4.26 0.009 

4 446.1 455.0 21.85 0.050 

5 317.4 317.3 17.34 0.054 

6 451.3 460.3 22.11 0.049 

7 270.2 278.3 14.56 0.054 

Table 4. Probabilistic values of tensile strength, MPa 

No. Sample average Median value Standard Coefficient of variation 

1 467.4 467.4 2.14 0.005 

2 457.6 457.3 4.32 0.009 

3 577.8 577.1 1.50 0.003 

4 545.6 544.5 3.89 0.007 

5 475.2 484.7 24.92 0.052 

6 563.1 574.5 28.93 0.051 

7 461.9 466.5 24.87 0.054 

Table 5. Probabilistic values of relative elongation at break, % 

No. Sample average Median value Standard Coefficient of variation 

1 32 32 0.71 0.022 

2 34 34 1.0 0.029 

3 30.2 30 1.1 0.036 

4 36.0 36 0.71 0.020 

5 30.4 30 2.07 0.068 

6 29 29 1.22 0.042 

7 37 37 1.58 0.043 

The analysis of Table 6 shows that for the 09G2S steel, the Eurocode requirement in terms of National Annexes is 

not fulfilled. This also comes out of the results of the calculation using certificate data, where for 09G2S steel, in two 

cases out of three, the ratio 4 is also not fulfilled. It should be noted that the estimates from experimental data and 

certification results are very close, except for 1 case. 

Table 6. Characteristics from correlations (3) according to experimental and certificate data 

No. According to experimental data Data from the certificates 

1 1.43 1.45 

2 1.36 1.48 

3 1.27 1.26 

4 1.22 1.23 

5 1.50 1.54-1.53 

6 1.25 1.44 

7 1.71 1.63 

In terms of relative elongation after rupture, the Eurocode 93 conditions are fulfilled for all steel grades, including 

09G2S steel. 

Therefore, it can be said that experimental information indicates compliance of strength and deformation 

characteristics of Kazakhstan steel with Eurocode requirements (1). The above results are obtained from 5 tests for 

each type of steel. Additional tests should be carried out (Section 3.2). Note also that condition (3) is always fulfilled 

due to high deformability of the Kazakhstani steel. 
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3.2. Testing of Two Series of Samples 

Additional studies of two types of structural steel st3sp5 and 09G2S with a thickness of 10 mm were carried out 

under the experimentation facility of scientific centre of SAPA INTERSYSTEM LLP. In each test, 20 samples 

prepared according to ST RK EN standards were used. The tests were performed using ST RK ISO 0892-1-2017. This 

number of samples is the minimum necessary for statistical measurements. 

The purpose of the study was to clarify correlation (3) and to estimate the probability distribution function of 

strength and deformability parameters of domestic construction steel (Section 4). This is performed as required by the 

Eurocode 1990, where it is proposed to determine the correspondence to one of the two distributions - normal or 

lognormal. Using the distribution function, it is possible to obtain the estimated values of strength and deformability 

characteristics with the necessary reliability. 

Tables 7 and 8 set out the test results - values of relative elongation, yield strength and ultimate tensile strength. 

Table 7. Values of strength and deformability parameters of St3Sp5 steel 

Sample number 
Elongation at 

break, % 

Yield strength, 

MPa 

Ultimate tensile strength 

(breaking stress), MPa 
Ratio (3) 

1 29 276.0 443.1 1.61 

2 29 277.5 446.4 1.61 

3 28 268.8 450.8 1.68 

4 28 274.0 455.9 1.66 

5 27 291.7 463.0 1.59 

6 28 285.1 452.9 1.58 

7 28 280.2 448.4 1.60 

8 29 266.3 438.7 1.65 

9 27 273.1 461.6 1.69 

10 29 273.9 439.4 1.60 

11 29 269.3 440.1 1.63 

12 29 273.0 443.1 1.62 

13 28 279.8 449.8 1.61 

14 27 291.4 462.6 1.59 

15 29 275.1 445.4 1.62 

16 27 271.2 457.6 1.69 

17 27 274.5 459.3 1.67 

18 27 275.7 464.7 1,69 

19 28 275.3 447.6 1.63 

20 28 283.3 449.7 1,59 

Average 28.05 276.8 451.0 1.63 

Median value 28 275.2 449.8 1.63 

Standard 0.83 6.82 8.34  

Coefficient of variation 0.03 0.03 0.02  

Pay attention to the significant adjustments to the values of the strength-to-ductility ratio. If for the 09G2S high-

strength steel on a sample of 5 elements this value is 1.23, then considering the results from Table 8 this value is 

already 1.29. A similar change for St3Sp5 steel (Table 7) from 1.54 to 1.63. This indicates the insufficiency of 5 tests 

for correct determination of stress-related properties of structural steel.  

The ratio (4) is practically fulfilled or will be fulfilled with further increase in the number of tests. Consequently, 

the requirement of the National Annexes for 09G2S steel will obviously be met if requirement (4) is slightly 

reduced fu/fy, ≥ 1.29. 
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Table 8. Values of strength and deformability parameters of 09G2S steel 

Sample number 
Elongation at break, 

% 

Yield strength, 

MPa 

Ultimate strength, 

MPa 
Ratio 

1 26 449.5 581.6 1.29 

2 26 461.7 585.4 1.27 

3 26 454.3 588.0 1.29 

4 26 465.9 585.0 1.26 

5 26 457.2 585.2 1.28 

6 27 440.7 576.9 1.31 

7 26 460.2 585.0 1.27 

8 26 450.9 582.2 1.30 

9 27 458.8 579.2 1.26 

10 26 453.2 587.0 1.30 

11 27 442.0 579.0 1.31 

12 27 460.9 577.9 1.25 

13 28 441.6 574.3 1.30 

14 30 440.2 564.3 1,28 

15 30 428.9 561.6 1.31 

16 30 429.5 563.9 1.31 

17 27 458.8 578.8 1.26 

18 28 439.9 573.8 1.30 

19 30 430.8 564.2 1.29 

20 27 445.7 576.8 1.29 

Average 27 448.54 577.51 1.29 

Median value 27.2 450.2 578.90 1.29 

Standard 1.53 11.42 8.25 - 

Coefficient of variation 0.06 0.025 0.014 - 

3.3. Calculations of Building Fragment 

The calculable building represents a framed metal structure with rigid disks of slabs and coverings in the form of 

reinforced concrete monolithic slab. The building sizes in the longitudinal direction are 24 m. The dimensions of the 

building transversely are 12 m. The dimensions of building between the axes are 6 m each. The building has 3 floors 3 

m high. The frame stiffness in cross direction is ensured by rigid pinching of the main columns of the frame in the 

foundation. The spatial stability of the frame elements is ensured by a system of longitudinal and transverse metal 

beams and monolithic reinforced concrete slabs 200 mm thick made of B25 grade concrete.  

The columns are designed from 250×8 composite boxes on the outer contour and 250×10 and 250×8 composite 

boxes on the inner contour. The beams are I-beams 25B1, 20B1, 18B1. Steel grade S255 STO ASCHM 20-93. 

3.4. Comparative Analysis 

 The calculations of a 3-storey building with metal frame work according to SNiP RK 2.03-30-2006 and NTP RK 

08-01.5-2013 have been performed. The calculation was carried out on the basis of numerical method of FEA in 

displacements using the "LIRA-SADP 2022 R2.1" software package. The calculation was performed under the 

requirements of I and II limit states and accidental limit state for seismic impacts. 

 The periods of the first and second forms of eigen oscillations, determined by the standards of SNiP RK 2.03-30-

2006 T1=0,58s and T2=0,56s differ from those obtained according to the norms of NTP RK 08-01.5-2013, 

which are T1=1.01s and T2=0.94s, accordingly. 

 Distortions of the 1st, 2nd and 3rd floors from seismic impact along the X ∆к  axis varies from 0.0042m to 

0.00697 m, that meets the condition (5.12) SNiP RK 2.03-30-2006, which is ∆к = 0.15m. 

 Distortions of the 1st, 2nd and 3rd floors from seismic impact along the U ∆к axis varies from 0.0061m to 0.0083 m, 

that meets the condition NTP RK 08-01.5-2013, which is ∆к = 0.15m. 

Therefore, transition to calculations of load-bearing metal structures of the building under SP RK EN 1998-

1:2004/2012 “Design of structures for earthquake resistance - Part 1: General rules, seismic actions and rules for 
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buildings” and NTP RK 08-01.5-2013 results in moderate increase in consumption of materials, increases the 

reliability of the building as a whole. 

4. Discussion 

The correlation analysis of the results of experimental studies of mechanical tests was performed using the Scilab 

and MATLAB mathematical packages.  

Linear correlation test is performed; 

BH = A × x + b  (5) 

where x is one of the parameters - yield strength, tensile strength, relative strain at rupture. Table 9 offers three 

variations of the coefficients of the Equation 5. The first line of each parameter corresponds to steel St3Sp5, and the 

second - 09G2S. The values of correlation coefficients are also given here. Figures 3 to 5 show the correlation 

dependencies from Table 9. 

Table 9. Parameters of linear correlation functions 

Variant Name A b Correlation Coefficient Note 

1 

Yield strength 
0.1635 94.5384 0.61 

7 points (STAT software module) 

0.1741 90.3511 0.63 

Tensile strength 
0.2720 15.9195 0.73 

0.2945 5.5695 0.75 

Relative rupture 
strain 

-1.9401 213.29 -0.28 

-0.4507 167.95 -0.07 

2 

Yield strength 
0.1514 101.54 0.57 

5 points without special steel (STAT1 software module) 

0.1682 94.49 0.59 

Tensile strength 
0.2359 36.546 0.67 

0.2523 29.164 0.64 

Relative rupture 

strain 

-3.8024 272.25 -0.32 

-3.6448 271.97 -0.42 

3 

Yield strength 
0.2068 88.100 0.86 

5 points without a thickness of 20 mm (STAT2 software 

module) 

0.2202 82.744 0,88 

Tensile strength 
0.3078 5.649 0.92 

0.3699 -23.937 0.96 

Relative rupture 
strain 

-2.5725 241.116 -0.46 

-2.2841 238,894 -0.29 
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Figure 3. Correlation dependencies between yield strength and Brinell hardness (variant 3) 
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Figure 4. Correlation dependencies between tensile strength and Brinell hardness (variant 3) 
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Figure 5. Correlation dependencies between relative rupture strain and Brinell hardness (variant 3) 

Note that the characteristics of strength and deformability of structural steel are most accurately determined in the 

3rd variant of the parameters of the linear correlation function. This is determined by the fact that the sample is the 

most homogeneous - 20 mm thick steel sheets are excluded. Therefore, for 8-10 mm thick steel sheets, stress-related 

properties should be determined according to the 3rd variant of parameters. 

For example, for yield strength of steel St3Sp5 

BH = 0.2068 ∗ x + 88.100 (6) 

For the tensile strength of steel St3Sp5 

BH = 0.3078 ∗ x + 36.546  (7) 

For tensile strength at break of the steel St3Sp5 

BH = 2.5725 ∗ x + 241.116  (8) 

By solving the above equations with respect to BH, it is possible to determine values of yield strength, tensile 

strength, relative strain at break by values of BH. It is possible to determine these characteristics from Figures 3 to 5 

by setting the value of BH hardness. 
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The strongest correlation between the Brinell hardness values and tensile strength and yield strengths values 

(variant 3, Table 9). The correlation between the tensile strength at break and Brinell hardness values is weaker, but is 

available. These results are quite substantial. For simple hardness tests according to Equation 1 and coefficients from 

Table 9, it is possible to approximate the values of yield strength and tensile strength, as well as the values of tensile 

strength at break.  

To estimate the distribution function of strength and deformation parameters, we will use Student's test. 

For the yield strength case, the probability value p=0.845, which is close to the theoretical p =0.8156 (Figure 6). 

Therefore, it can be considered, a hypothesis for normality cannot be rejected. The distribution function of tensile 

strength corresponds to the normal distribution to a lesser extent, relative rupture strain - does not correspond to the 

normal distribution at all. 
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Figure 6. Yield strength distribution density 

If we know the distribution function, e.g. yield strength, it is possible to determine estimated values at a given 

reliability. 

The results of this work will contribute to the return to extensive use of steel structures in earthquake-resistant 

construction in the Republic of Kazakhstan. Following the introduction of a new statutory framework based on the 

Eurocode in 2015, the use of steel structures in seismic areas has practically stopped. It was not known whether the 

strength and deformation characteristics of Kazakhstani structural steel meet the requirements of the Eurocode. 

Whether such steel could be used in earthquake-resistive construction. At that, earthquakes with intensity up to 10 

points are possible within the territory of Almaty city area [18-20], at least 40% of areas in the territory of the 

Republic of Kazakhstan are earthquake prone [21]. 

Although before 2015, steel structures have been widely used in the practice of earthquake-resistant construction 

even in 9-point regions. The earthquake focuses take place even within the territory of Almaty city [19]. For example, 

the 11-storey steel-framed building in Almaty, located at a distance of 1 km from the tectonic fault in the city, was 

designed in 1970 [22]. The station of engineering and seismometric service was installed on the building.  

Different types of steel structures are used in seismic areas [23-26]. The use of steelwork structures is particularly 

attractive in high-rise construction [24]. In Gioncu & Mazzolani [4] performance f buildings with metal framing in 

various earthquakes is analyzed. It is noted that with the right design solution, the building successfully resists seismic 

impact. In this respect, attention should be paid to the rational design of butt joints [27]. It has been established that 

when designing steel-framed buildings, it is useful to use various damping devices [28], including the hydraulic 

dampers [29], as well as the brand new double dampers [30]. 

Therefore, the results of this work will allow designing steel structures for construction in earthquake-prone areas 

of the Republic of Kazakhstan, particularly, based on latest achievements in the area of optimal methods of calculation 

of such structures [31]. 
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5. Conclusion  

The main output of work is that structural steel produced by Arcelor-Mittal fully complies with the requirements of 

Eurocode 1993 and National Annexes in terms of yield strength, breaking stress (tensile strength), and relative strain 

at break. For National Annexes, it is proposed to correct the ratio of strength and yield strength to be equal to not less 

than 1.23. The tensile strength at break significantly exceeds the requirements of the Eurocode. Such results were 

obtained for the first time. With that, the local steel has high impact toughness characteristics, which allows structural 

steel to be used for construction in the northern regions of the Republic of Kazakhstan with temperatures down to -40 

degrees. The calculation under Eurocode 1998 of the fragment of a frame building with closed columns at 8-point 

seismic impact. In this respect, the column misalignment limits are not exceeded, suggesting the design capability for 

steel frames of earthquake-resistant buildings in seismically active regions. The use of local structural steel will reduce 

the cost of earthquake engineering costs by reducing the cost of transportation costs (logistics). The wide use of steel 

structures in earthquake-resistant construction in areas with a seismicity of 9 points is expected in Almaty, 

Kazakhstan, where earthquakes with magnitudes over 8 have occurred (the Keminskoye earthquake of 1911). 

The correlation dependences between the Brinell hardness of metal and values of yield strength, strength, and 

tensile strength at break were obtained for Kazakhstan steel for the first time. Hardness is a fundamental property of 

the near-surface layer of a material, which is determined experimentally quite simply. Through the hardness value, it is 

possible to pass to the values of impact strength. The specified empirical dependencies can be used for the operational 

determination of stress-related properties of structural steel, for example, when performing survey work. The 

estimation of the distribution function by the Student's test, which can be taken as normal, is performed for the yield 

strength and tensile strength. 
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Abstract 

The conventional approach to achieving optimal printability and buildability in 3D printing mortar relies heavily on 

cement, which is both costly and environmentally detrimental due to substantial carbon emissions from its production. 

This study aims to mitigate these issues by investigating the viability of slag as a partial substitute for cement, with the 

goal of developing an eco-friendly alternative. The newly formulated mortar, featuring a 30% reduction in cement content 

(from 830 to 581 kg/m3) and the inclusion of 0.10% micro-fibers, exhibits properties comparable to conventional 3D 

printing mortar. The research is structured into two parts: Part 1 focuses on determining the optimal fiber content, while 

Part 2 delves into the investigation of fiber-reinforced mortar with reduced cement content for 3D printing. Criteria were 

established to ensure mortar flow at 115%, initial printable time below 60 minutes, and 7-day compressive strength 

exceeding 28 MPa. Part 1 results indicate that a fiber content of 0.1% by volume meets the specified requirements. In Part 

2, it was observed that increasing the slag replacement percentage extended the initial printable time and time gap. 

However, even at a 30% replacement rate, the initial printable time remained within the acceptable range, partially 

attributed to the presence of fibers in the mix. Additionally, higher slag content led to increased flow and reduced filament 

height in the mixes. Notably, all formulations surpassed the 7-day compressive strength threshold. These findings 

underscore the potential of slag as a sustainable alternative to cement in 3D printing fiber-reinforced mortar, offering 

promising prospects for environmentally friendly construction practices. 

Keywords: 3D Printing; Eco-friendly Cement Mortar; Slag; Cement Replacement; Printable Cement Mortar; Sustainability Construction. 

 

1. Introduction 

In recent years, 3D printing has emerged as a promising technology within the construction industry, offering the 

potential to enhance efficiency, minimize waste, and enable the fabrication of intricate geometries. However, for 

widespread adoption of 3D printing, it is imperative to develop materials specifically tailored to this technology. One of 

the pivotal materials in this context is mortar, which is responsible for forming the structural elements of 3D-printed 
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buildings. The suitability of mortar for 3D printing hinges on several crucial properties [1–3]. Among these, flow is 

vital, denoting the material's ability to smoothly navigate through the printer nozzle. Printability, another critical 

attribute, refers to the material's capability to maintain its shape and adhere to the preceding layer upon extrusion. Lastly, 

buildability is essential, signifying the material's capacity to support subsequent layers' weight without deformation or 

collapse. 

Traditionally, achieving satisfactory buildability and printability in 3D construction mortars involved using 

substantial proportions of Portland cement, often ranging from 55% to 75% by weight [4]. However, this practice can 

be costly and environmentally detrimental due to the high carbon emissions associated with cement production [5]. To 

address this, researchers have explored the use of pozzolan as a partial substitute for cement in 3D printing mortar, 

aiming to reduce the environmental impact and construction costs. Incorporating pozzolan in 3D printing mortars can 

have notable effects on both environmental considerations and construction expenses. Firstly, it can diminish the 

environmental impact by reducing the overall cement consumption, leading to lower carbon emissions and energy 

consumption during cement production. Secondly, it can lower construction costs by reducing the quantity of cement 

required for the mortar, presenting a dual advantage for sustainable and economical 3D printing practices. 

Nevertheless, utilizing pozzolan as a substitute for cement in mortar for 3D printing yields diverse effects on 

printability and buildability, contingent on the type and concentration of the pozzolan employed. In the context of fly 

ash, Panda and Tan [6] replaced cement with fly ash in 3D printing, achieving a replacement rate of up to 80% by mass. 

They observed that the "ball bearing effect" of fly ash could decrease the yield stress and plastic viscosity of fresh cement 

composites, enhancing the pumpability of 3D printing. However, at higher replacement rates, there was a delayed initial 

setting and early hydration, negatively impacting buildability and printability. Rubio et al. [7] discovered that 

incorporating pozzolans like fly ash (24%) and silica fume (8%) into the mix, instead of replacing cement, increased 

yield stress, cohesiveness, and improved structure homogeneity and stability, which is advantageous for layer printing. 

Yet, this did not result in a reduction in cement content since both fly ash and silica fume were additional materials. In 

summary, while fly ash positively affected cement reduction, workability, cohesiveness, and homogeneity, its major 

drawback was a slower reaction rate with water, leading to prolonged setting times and lower early-age strength 

development, adversely affecting buildability. 

Concerning ground furnace slag, its use as a substitute for cement in 3D printing mortar seemed to influence the 

required properties for printable mortar. For instance, Yu et al. [8] determined that slag could replace cement up to 20% 

by weight without compromising printability and buildability. Their study demonstrated that using up to 10% slag 

improved the buildability of 3D-printed concrete. However, when the slag content exceeded 20%, a significant 

deterioration in the rheological properties of 3D-printed concrete and an increase in initial printable time were observed. 

Xu et al. [9] employed a combination of fly ash/slag (FA/S) and sulfo-aluminate cement (SAC) at various proportions 

as a partial replacement for cement. They found that with FA content exceeding 20%, there was an increase in slump 

and a decrease in mechanical properties, affecting buildability. Dai et al. [10] replaced fine aggregate with slag up to 

80%, noting that setting time increased gradually with rising FA content, leading to an increase in initial printable time, 

and both flexural and compressive strengths decreased gradually. However, their study did not result in a decrease in 

Portland cement content, as slag was used as a fine aggregate replacement rather than a cement replacement. 

Problem Statement: 

The examination of pozzolanic materials as a substitute for cement in 3D printing mortar, based on the literature 

review, reveals both positive and negative impacts on its properties. For fly ash, while improvements in flowability, 

cohesiveness, and homogeneity were noted, the sluggish chemical reaction led to significant delays in setting time and 

early strength gain. In the case of slag, replacing cement with slag appeared to have fewer adverse effects on initial 

printable time and early strength gain, but the optimal replacement rate without compromising printable mortar 

properties was identified at approximately 20%. 

Proposed Solution: 

This study proposes investigating the use of slag to replace cement in printable mortar up to approximately 30% by 

weight, aiming to maintain essential properties related to printability and buildability. To address concerns about delayed 

initial printable time and early strength gain when utilizing slag at percentages exceeding 20%, micro-fibers were 

introduced into the mix. The presence of micro-fibers in fresh mortar is known to enhance shape and buildability in 3D 

printing mortar [11–14], as well as reduce the initial printable time [14–15], mitigating the effects of slag replacement. 

The objective is to develop an eco-friendly mortar that meets the requirements for 3D-printed mortar while significantly 

reducing cement usage. The cement content in the control mix was set at 830 kg/m3, and with a 30% replacement, the 

cement content can be reduced to approximately 581 kg/m3. Various tests were conducted on the new mortar, focusing 

on properties such as compressive strength, flow, printability, and buildability. The study's results demonstrate the 

feasibility of replacing a substantial portion of cement with slag in 3D-printed mortar while still achieving properties 

that meet the application's requirements. 
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2. Research Methodology 

2.1. Materials 

Materials used in this study consisted of (Tables 1 and 2, Figure 1): 

 Portland cement Type I with properties that follow the ASTM C150 standard. 

 Silica fume with specific gravity of 2.2 and particle size between 0.03-0.30 µm. The chemical composition is given 

in Table 1. 

 Blast furnace slag with specific gravity of 2.9 and particle size of 5.5-7.5 µm. The chemical composition is given 

in Table 1.  

 River sand with particle size passing through sieve no. 16 and specific gravity of 2.5. 

 Micro polypropylene fiber with length of 6 mm and diameter between 20-45 µm. Its properties are shown in Table 

2. 

 Superplasticizer type G – Polycarboxylate base with specific gravity of 1.10. 

 Water retention agent – Polyethylene glycol base with specific gravity of 1.09 

Table 1. Chemical composition of silica fume and slag 

Mineral type (%) SiO2 Al2O3 Fe2O3 CaO S03 MgO Na2O K2O 

Silica Fume 88.3 1.2 4.8 0.5 1.1 - - - 

Slag 32.3 15.4 0.6 39 1.2 7.2 0.7 0.4 

Table 2. Properties of micro-polypropylene fiber 

Property Diameter (µm) Length (mm) Specific Gravity Tensile Strength (MPa) Modulus of Elasticity (MPa) 

MFP 25 – 45 6 0.91 650 3445 

 

 

Cement 

 

Silica Fume 

 

Slag 

 

River Sand 

 

Micro Fiber 

 

Figure 1. Granular diagram of materials 

2.2. Experimental Series 

The experimental series comprised two parts: 

Part 1: Investigation of the optimum fiber content suitable for 3D printing mortar. 

The aim of this study was to determine the optimal volume fraction of fibers that would meet the requirements of 

mortar for 3D printing applications. As there are currently no standard tests specific to printable cement mortar, the 

specifications for mortar suitable for 3D printing applications were established based on the property requirements for 

printable mortar [12]. For example, 
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 Flow > 115% 

 Initial printable time < 60 minutes 

 7-day compressive strength > 28 MPa 

The selection of parameters is based on the required performance of printable mortar, including factors such as 

flowability, printability, and buildability. Initially, cement mortar for 3D printing is in a slurry form, necessitating the 

ability to flow through a nozzle while maintaining its shape and withstanding pressure from subsequent layers, as well 

as bonding with the previous layer. Parameters were established to meet these requirements. For instance, a flow of 

115% was set as the flowability requirement, while the initial printable time of 60 minutes ensures uniform extrusion 

without defects, aligning with printability needs. This time frame is derived from the standard concrete mixing-to-

placing duration of 60 minutes to prevent stiffness. Compressive strength requirements ensure the mortar can withstand 

loads after 7 days. Buildability, though not initially defined, is evaluated later based on the time gap established to 

prevent vertical deformation during the printing of up to 10 layers. This approach ensures the stack of mortar filaments 

remains virtually free of vertical deformation. 

The mix proportion meeting these 3D printing specifications was chosen to undergo further investigation in Part 2. 

Part 2: Investigation on fiber reinforced mortar with low cement content for 3D printing.  

The purpose of this test was to produce printable mortar with reduced Portland cement content while maintaining its 

properties and meeting the printability requirements for 3D printing mortar outlined in Part 1. The Portland cement 

content of the mix proportion selected from Part 1 was substituted with slag at weight percentages ranging from 0% to 

30% of the cement weight. The proportions of river sand, silica fume, water, and water retention agents remained 

constant. However, as the addition of slag significantly impacted the workability of the mortar, the superplasticizer 

dosage for each mix proportion had to be predetermined to ensure sufficient flowability suitable for printing. 

Subsequently, the proposed mix proportions underwent printability tests to assess the initial printable time, time gap, 

and layer deformation (10 layers). Mechanical property was also conducted to evaluate the effect of slag replacement. 

The research sequence is summarized in Figure 2. 

 

Figure 2. Schematic illustration of research sequence 

2.3. Mix Proportions 

For Part 1, the mix proportion primarily comprised cement, silica fume, river sand, and admixtures. The fiber content 

ranged from 0% to 0.1% by volume. In the control mix (plain mortar, PLN), the proportions were cement at 878 kg/m³, 

river sand at 1170 kg/m³, silica fume at 88 kg/m³, and water at 212 kg/m³. The superplasticizer and water retention agent 

were fixed at 10.0% and 2.5% by weight of the binder, respectively. In the fiber-reinforced cement mortar (FRM), the 

fiber content varied from 0%, 0.025%, 0.050%, 0.075%, to 0.100% by volume (PLN, FRM25, FRM50, FRM75, and 

PP100). Detailed mix proportions are provided in Table 3. 



Civil Engineering Journal         Vol. 10, No. 03, March, 2024 

812 

 

Table 3. Detailed mix proportion for Part 1 

Specimen 

type 

Materials (kg/m3) 

Portland cement Sand Silica Fume Water Super plasticizer PEG Micro fiber 

PLN 

830 1170 165 212 97 24 

0 

FRM25 0.23 

FRM50 0.45 

FRM75 0.68 

FRM100 0.91 

For Part 2, the mix proportion selected from Part 1, which met the earlier mentioned requirements in 2.2, was utilized. 

The cement content was replaced with slag at rates ranging from 0% to 30% of the cement weight. Other components, 

including river sand, silica fume, fiber, and water content, remained constant. However, to maintain consistent 

workability, the optimal superplasticizer content, resulting in a flow of 115%, was determined and applied to each mix 

proportion. Detailed mix proportions are provided later in the experimental section after determining the optimal fiber 

content from Part 1. 

2.4. Experimental Series 

2.4.1. Flow Table Test 

The test was conducted in accordance with ASTM C230 (Standard Specifications for Flow Table for Use in Tests 

of Hydraulic Cement). It commenced with placing an inverted cone container on the flow table and filling it with fresh 

cement mortar. Gradually lifting the container allowed the fresh mortar to flow and spread slightly on the flow table. 

Subsequently, the face of the table was raised and dropped freely 15 times, further spreading the fresh mortar. The flow 

diameter (D1) was determined as the average measurement of the maximum flow diameter observed at least twice. The 

flow percentage can then be calculated using Equation 1. 

𝐹𝑙𝑜𝑤 (%) =
𝐷1−𝐷0

𝐷0
× 100  (1) 

where D0 is the original diameter (mm), D1 is the diameter after impact (mm). 

2.4.2. Printable Time 

Printable time refers to the duration during which a material can be printed continuously without defects while 

maintaining consistent dimensional lines. It commences with the initial printable time (tint) and concludes with the final 

printable time (tfin). In the experiment, a 3D printer, designed and constructed at the Department of Civil Engineering, 

KMUTNB (Figure 3), was utilized to print 300 mm filaments of mortar every 5 minutes until printing was no longer 

feasible. The printer featured a 20 mm diameter nozzle, operated at a height of 15 mm above the floor, moved at a speed 

of 10 mm/s, and maintained a feed rate of 2.5 ml/s. The width of each filament was measured at 50-, 150-, and 250-mm 

intervals, and the average of these values represented the width (Figure 4). Results were graphed against time, illustrating 

changes in filament width due to the diminishing plasticity of fresh mortar over time (Figure 5). The initial printable 

time was recorded when the filament consistently reached its narrowest width, and the final printable time was noted 

when printing became inconsistent. The dimension of the filament printed at the initial printable time is referred to as 

the initial dimension, consisting of the initial width (wint) and initial height (hint). 

 

Figure 3. Small scale 3D printer 
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Figure 4. Width measurement location 

 
 

Figure 5. Relationship between filament width vs time 

2.4.3. Time Gap without Layer Deformation 

In this study, the term "time gap" denotes the duration between printing the first layer and subsequent layers without 

causing any deformation to the first layer. To assess this, the initial printable time obtained from section 2.4.3 was used 

to print the first layer. Five minutes later, a print filament was added on top of the first layer, and the deformation of the 

first layer was promptly measured. This process was repeated at five-minute intervals until no deformation was observed 

in the first layer. The earliest time at which the first layer no longer deformed is referred to as the "time gap without 

deformation." 

The purpose of this test was to evaluate the buildability property of fresh mortar, or its ability to support weights of 

subsequent layers without deformation. This property can be linked to a specific time after the cement comes into contact 

with water. The obtained time gap was validated by printing 10 layers of each mix proportion, measuring their height, 

and comparing them with the expected height (which is equal to 10 times the hint). If the actual height of the 10 printed 

layers falls within the expected height range, it can be concluded that the obtained time gap was sufficient to prevent 

deformation of the previous layer during printing. 

2.4.4. Mechanical Properties 

Two tests were conducted, namely a compressive strength test (ASTM C109) and a flexural strength test (ASTM 

C348-21). As these tests are widely performed and well-established globally, detailed test procedures have been omitted 

from this manuscript. However, specifications regarding specimen types and test directions are provided instead. 

Two types of specimens underwent both tests: cast and printed specimens. Cast specimens were cast with dimensions 

of 50×50×50 mm for compressive strength testing and 40×40×160 mm for flexural strength testing. These specimens 

were prepared in accordance with the corresponding standard and wrapped in plastic sheeting until the test date (7 days). 

For printed specimens, they were printed in a prism shape, wrapped, and cured for 7 days. Subsequently, they were 

cut and polished into shapes similar to the cast specimens (Figure 6). To investigate the effect of load directions on 

printed specimens, the following test schemes were proposed: 

 For the compression test, two load directions were proposed: perpendicular to and parallel to the print direction 

(Figure 7-a). 

 For the flexure test, two load directions were applied: perpendicular to and transverse to the print direction (Figure 

7-b). 
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Figure 6. Preparation of printed specimens for compression and flexure testing 

  

(a) (b) 

Figure 7. Load directions vs. specimen layout for (a) compression and (b) flexure testing 

3. Results and Discussion 

3.1. Part 1 

3.1.1. Flow Test 

The flow percentage of fiber-reinforced mortar for 3D printing was determined through the flow test in accordance 

with ASTM C230, and the results are presented in Figure 8. It was observed that the flow rate decreased as the micro 

polypropylene fiber content increased. This phenomenon was attributed to the increased surface area of the microfibers, 

which absorbed water from the mix, thereby reducing the free water content and hindering the mobility of the fresh 

cement mortar. Additionally, the formation of a fiber interlocking network can increase the viscosity of the mortar, 

making it thicker and more resistant to flow [16]. FRM100 exhibited the lowest flow rate of 129%, which was 14% 

lower than that of the PLN mixture. These results align with the findings of Guerini et al. [17], who reported a decrease 

in the workability of concrete with increasing fiber content from 0.5% to 1.0%. Similarly, Dai et al. [18] reported a 

decrease in flowability with an increase in waste plastic fiber content from 0.1% to 0.7%. They suspected that the 

dispersion of fibers prevented the contact between water and cement particles, resulting in reduced flowability. 

 

Figure 8. Flow percentage 
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All mix proportions tested in this study met the required flow criteria for 3D printing application, as they exhibited 

a flow percentage higher than 115%. 

3.1.2. Initial Printable Time (Tint) 

Figures 9 depict the correlation between filament width and time. From the plotted results, the initial printable 

time of each mix can be calculated, as shown in Table 4. Typically, T int decreases with an increase in fiber content. 

The highest Tint of 67.5 minutes was observed for plain mortar (PLN). On the other hand, the T int for FRM ranged 

from 53-63 minutes and was lower than that of PLN. FRM100 exhibited the lowest initial printable time of 53 minutes. 

The addition of microfiber increased the total specific surface area of the mortar mix, necessitating more water and 

resulting in a lower water/cement ratio, which caused the mortar to set faster. Additionally, the addition of fibers 

increased the solid content of the mix, providing support to the fresh mix and allowing it to gain dimensional stability 

more quickly. The addition of microfiber to the mortar results in a reduction in flow, leading to increased stability of 

the filaments. This decrease in flow translates to a lower initial printable time, enabling FRM to commence printing 

more rapidly. 

 

Figure 9. Filament width vs. time of plain and FRM 

Table 4 illustrates the correlation between initial filament width (Wint) and initial printable time (Tint) for each mix. 

Wint ranges from 35 to 56 mm, with the widest width of 56 mm observed in plain mortar (PLN). The addition of fiber 

narrows Wint, signifying that fibers offer support to the printed filament and minimize vertical deformation. The smallest 

width of 35.4 mm was observed in FRM100. The initial height of the filament (Hint) increases with the addition of fiber, 

attributed to the constant volume of mortar extruded through the nozzle. Fibers reinforce the mortar matrix, providing 

additional structural support to the printed filaments, thus preventing deformation or sagging during printing and 

enhancing stability [19]. 

Table 4. Effect of fiber content on initial printable time and filament dimension 

Concrete Type Initial Printable time (minutes) Width (mm) Height (mm) 

PP0 67.5 56.3 6.0 

PP25 62.7 50.6 6.6 

PP50 60.2 45.1 7.5 

PP75 58.4 41.9 8.2 

PP100 53.0 35.4 9.7 

The relationship between height and time indicates that Hint increases over time, plateauing once the Tint is 

achieved, and height increases with fiber content. The shortest filament height of 6 mm was observed in the PLN mix, 

while the tallest of 9.7 mm was seen in the FRM100 mix. The enhanced stability provided by fibers enables printing of 

taller filaments without risk of collapse or deformation, allowing for greater height while maintaining structural integrity 

[20]. 
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3.1.3. 7-day Compressive Strength 

Figure 10 illustrates the compressive strength results of printed specimens tested with loads perpendicular and 

parallel to the print direction. The data demonstrates that the compressive strength of printed mortar increases with 

higher fiber content, irrespective of load direction. The addition of microfibers enhances bonding between particles and 

aggregates, reinforces the matrix, mitigates cracks by bridging microcracks, and increases toughness, improving load 

distribution and deformation resistance. This reinforcement enhances cohesion, restricts crack propagation, and 

enhances the mortar's capacity to withstand loads, leading to higher compressive strength [21]. The FRM100 mix 

exhibited the highest compressive strength values in both load directions (28.3 MPa perpendicular and 21.9 MPa parallel 

to print direction), while the PLN mix showed the lowest values (23.9 MPa perpendicular and 16.3 MPa parallel to print 

direction). Similar findings on the fiber's strengthening effect were reported by Sukontasukkul et al. [14, 15] and Panda 

et al. [22], where increased fiber content correlated with higher strength, potentially due to enhanced interlayer bond 

strength between printed layers. 

 

Figure 10. Compressive strength of printed specimen tested in perpendicular and parallel directions 

In comparing print direction to load direction, higher compressive strength values were observed for the load 

direction perpendicular to the print direction compared to the load direction parallel to the print direction. This disparity 

in compressive strength could be attributed to the debonding between print layers and the weaker interlocking effect of 

fibers in the parallel load direction (Figure 11). This finding is consistent with research by Paul et al. [22] and Dai et al. 

[23], which suggests that layer-by-layer printing creates weaker bonds within specimens, resulting in reduced load-

carrying capacity under compressive, tensile, and flexural loads, necessitating stress transfer across or along these layers. 

Studies by Ding et al. [24] and Ma et al. [25] further support this observation, highlighting the high anisotropic behavior 

of 3D printed specimens under different loading directions. Mechanical properties are significantly influenced by load 

and print directions. Additionally, the data indicates that fiber reinforcement can enhance the compressive strength of 

printed mortar, emphasizing the potential of fiber-reinforced mortar for 3D printing applications. 

  

(a) (b) 

Figure 11. Failure patterns of specimens tested with load (a) parallel and (b) perpendicular to print direction 
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Based on the test results from flow, initial printable time, and compressive strength at 7 days, and the criteria for mix 

proportion selection, the FRM100 which exhibited flow of 129% (>115%), initial printable time of 53 minutes (< 60 

min.), and 7-day compressive strength of 28.3 MPa (>28 MPa) was selected to continue further investigation in Part 2. 

3.2. Part 2: Investigation on Fiber Reinforced Mortar with Low Cement Content for 3D Printing 

3.2.1. Mix Proportions Selection based on Flow Test 

In this phase of the study, as detailed in section 3.1.3, the cement content of FRM100 was substituted with slag at 

weight percentages of 10%, 20%, and 30%, resulting in a notable reduction in cement content from 830 to 581 kg/m3. 

However, this substantial replacement of slag altered the rheological properties of the mortar, leading to a significant 

increase in flow (refer to Figure 10). The increased flow of concrete with the use of slag can be attributed to several 

factors. Firstly, slag consists of finer particles compared to cement, which enhances particle packing and lubrication 

within the concrete mixture, enabling improved flowability. Moreover, slag can act as a water reducer, allowing for a 

reduction in water content while maintaining desired workability, leading to improved flow. Lastly, the incorporation 

of slag can improve the rheological properties of concrete by enhancing viscosity and yield stress, promoting better flow 

without segregation or bleeding. These factors contribute to the enhanced flow of concrete when slag is used as a 

supplementary material [26, 27]. 

The experiment began by adjusting the superplasticizer content of each mix proportion within the range of 5% to 

10%, followed by a flow test. The correlation between flow and superplasticizer content was then determined and 

illustrated in Figure 12. Analysis of the results revealed that, for equivalent superplasticizer content, flow increased 

proportionally with the amount of slag replacement. Consequently, to sustain a flow rate of 115%, adjustments were 

required in the superplasticizer dosage, reducing it from 7.3% to 6.3%, 5.8%, and 5.4% with slag replacement rates of 

0%, 10%, 20%, and 30%, respectively. Refer to Table 5 for detailed mix proportions pertaining to Part 2. 

 

Figure 12. Relationship between flow and superplasticizer of FRM100 with slag replacement 

Table 5. Detailed mix proportion for Part 2 

Specimen type 
Materials (kg/m3) 

Super Plasticizer 

(%) 
Portland cement Sand Silica Fume Water PEG Micro fiber Slag 

FRM100/S0 830 

1170 165 212 24 0.91 

0 7.3 

FRM100/S10 747 83 6.3 

FRM100/S20 664 166 5.8 

FRM100/S30 581 249 5.4 
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3.2.2. Initial Printable Time 

Figure 13-a illustrates the outcomes of the experiment, showcasing the correlation between filament width and time. 

It was observed that the filament width exhibited an increasing trend with the slag replacement rate, regardless of the 

printing time. This phenomenon can be attributed to the heightened flow characteristics of FRM with slag replacement 

(FRM/S), resulting in broader filament widths while simultaneously shortening the height, as expounded in section 3.2.1. 

  

(a) (b) 

Figure 13. (a) Relationship between filament width vs. time and (b) Initial printable time 

The initial printable time (tint) represents the duration during which the mortar can be continuously printed at a 

consistently narrow width. As depicted in Figure 13-b, the tint values were determined from the filament width-time 

relationship. The results revealed a noticeable increase in tint from 48 to 59 minutes with the escalation of the slag 

replacement ratio from 0% to 30%. This decline in tint can be attributed to the reduction in cement content, which 

decelerates the hydration reaction rate and subsequently impacts the mortar's uniform printing ability, thereby 

prolonging the tint. Despite the rise in tint associated with increasing slag replacement rates, all mix proportions with 

slag replacement up to 30% remained within the stipulated requirement of less than 60 minutes.  

The increase in initial printable time related to higher slag content implies that mortar with a higher slag ratio 

demands a longer waiting period compared to conventional mortar, possibly causing delays in construction timelines. 

However, the presence of microfiber offers a mitigating factor, as it has been shown to reduce t int. Consequently, the 

incorporation of microfiber can offset the increase in tint induced by higher slag content, effectively maintaining it below 

the critical threshold of 60 minutes. This synergistic effect between microfiber and slag content underscores their 

combined potential in optimizing construction efficiency and overcoming challenges posed by extended waiting periods, 

thereby enhancing the feasibility of utilizing slag-based mortar in 3D printing applications. 

The initial width (wint) and height (hint) were determined by measuring the dimensions of the printed filaments at 

their respective initial printable times. Three measurements were taken at different positions along each filament, with 

at least three filaments printed for each mortar type. The average value of these measurements was then calculated to 

represent each mortar type. The results are outlined in Table 6. It is evident that as the slag replacement ratio increases, 

the initial width (wint) of the filaments also increases, ranging from 29.3 mm for FRM100/S0 to 33.5 mm for 

FRM100/S30. This indicates a reduction in mortar viscosity with increasing slag content. Conversely, the height 

decreases from 12.7 mm for FRM100/S0 to 10.8 mm for FRM100/S30. This phenomenon suggests that with a constant 

volume of mortar extruded from the nozzle, the broader width results in a shorter height 

Table 6. Initial printable time, width, and height 

Mortar Type tint wint hint 

FRM100/S0 48.0 29.3 12.7 

FRM100/S10 51.7 31.4 11.7 

FRM100/S20 54.3 32.3 11.2 

FRM100/S30 59.1 33.5 10.8 
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3.2.3. Time Gap 

Table 7 presents the results regarding the correlation between slag replacement rate and parameters, including time 

gap, expected height, and actual height attained during printing. The time gap signifies the duration between printing 

the initial layer and subsequent layers without inducing any deformation to the first layer. Expected height refers to the 

anticipated height after printing 10 layers of each mix proportion (10 x hint), while actual height denotes the height 

obtained from printing 10 layers of each mix proportion. 

Table 7. Time gap, expected height, and actual height 

Mortar type 
Time gap 

(min) 

Expected height 

(mm) 

Actual height 

(mm) 

Difference 

(mm) 

FRM100/S0 8 127 127.6 -0.60 

FRM100/S10 8 117 117.3 -0.30 

FRM100/S20 12 112 111.9 0.10 

FRM100/S30 13 108 107.7 0.30 

As the slag replacement ratio escalates from 0% to 30%, the time gap increases by 62.5% (from 8 minutes to 13 

minutes). This implies that incorporating slag as a partial cement substitute prolongs the time gap before the first layer 

experiences deformation. This trend can be attributed to the slower setting of mortar with higher slag content, allowing 

an extended working duration before it stiffens too much for additional layering. 

Moreover, the data reveals a decrease in actual height with an increasing slag replacement rate, aligning with the 

findings in section 3.2.2 where initial height decreases with higher slag replacement rates. Additionally, the actual height 

falls within a similar range to the expected height for all mix proportions, exhibiting differences ranging from 0.24% to 

0.97%. This highlights the appropriateness of the attained time gap in avoiding deformation of preceding layers during 

printing, thereby preserving the structural integrity of the printed objects. Despite elongating the time gap, incorporating 

slag as a partial cement substitute up to 30%, coupled with fiber addition, maintains the required buildability 

characteristic of fresh mortar, with minimal deformation of the initial layer. A similar observation by Li et al. [28] 

highlights that fiber addition (glass) enhances dimensional stability in printed filaments, imparting practical implications 

for printing intricate geometries or large-scale structures. 

 

Figure 14. Actual printed height (10 layer) of FRM with slag replacement 

3.2.4. Mechanical Properties 

3.2.4.1. 7-day Compressive Strength 

Figure 15 depicts the compressive strength of mortar with varying slag replacement ratios under two loading 

directions: perpendicular and parallel to the print direction. Initially, it is evident that as the slag replacement ratio 

increases, the compressive strength values improve in both loading directions. This enhancement can be attributed to 

the finer particles introduced by slag, which enhance packing and consequently bolster strength [27]. Additionally, the 

increased slag content fosters pozzolanic reactions, wherein it reacts with calcium hydroxide in the presence of water to 

form additional cementitious compounds, augmenting overall strength [29]. 
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Figure 15. 7-day Compressive strength of FRM with slag replacement 

Comparing the compressive strength values between perpendicular and parallel loading directions reveals a 
noteworthy disparity. Compressive strength in the perpendicular direction consistently surpasses that in the parallel 
direction for all slag replacement ratios. This discrepancy is attributed to the layer-by-layer printing process, which 
results in weaker bonding between adjacent layers in the parallel direction, thus yielding lower compressive strength. 
Conversely, the perpendicular direction benefits from interlocking between layers, bolstering compressive strength. 
Shakor et al. [30] underscored the significant influence of orientation angle on the mechanical properties of printed 
specimens, noting that optimal strength is achieved with specific printing orientations. Furthermore, within the 
perpendicular direction, compressive strength increases with higher slag replacement ratios, with FRM100/S30 
exhibiting the highest strength. This can be attributed to the denser and more compact mortar achieved with increased 
slag content. 

In summary, incorporating slag as a partial cement replacement enhances the compressive strength of printed mortar 
in both loading directions, with a more pronounced effect in the perpendicular direction. Moreover, higher slag 
replacement ratios correlate with greater strength gains. While most mortar types meet or exceed the 7-day compressive 
strength requirement (>28 MPa) in the perpendicular direction, only FRM100S30 achieves this threshold in the parallel 
direction. 

3.2.4.2. 7-day Flexural Strength 

The data provided shows the flexural strength of four different types of mortar with varying slag replacement ratios, 
tested with loads perpendicular and transverse to the print direction. 

From the data, it can be observed that the flexural strength increases with increasing slag replacement ratio for both 
perpendicular and transverse loads. The flexural strength increases range from 20.5% to 25.2% for the perpendicular 
and transverse directions, respectively, when comparing 30% slag replacement to 0% slag replacement (Figure 16). This 
trend indicates that the use of slag as a partial cement replacement can improve the flexural strength of the printed 
objects. 

 

Figure 16. 7-day Flexural strength of FRM with slag replacement 
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Furthermore, it can be observed that the flexural strength values in the perpendicular direction consistently exceed 

those in the transverse direction for all mortar mixtures. This may be attributed to a combination of factors, including 

the layer-by-layer printing process which may result in weaker bonding between adjacent layers in the transverse 

direction and the expansion of the material in the transverse direction due to Poisson's effect which lead to debonding 

and to lower flexural strength. Shakor et al. [30] used ABAQUS to simulate the deflection of 3D printing beam subjected 

to load in different directions. They also found that when load was acting in perpendicular to the print direction, the 

beam exhibited the lowest deflection and hence, yielded the highest flexural strength.  

The test results indicating higher flexural strength for specimens tested with load perpendicular to the print direction 

compared to those tested with load transverse to the print direction suggest important considerations for practical 

applications of 3D printed structures. This finding implies that the orientation of the printed structure relative to the 

applied load can significantly influence its strength and structural integrity. Therefore, in real-world applications, 

designers and engineers should carefully consider the orientation of 3D printed components to ensure optimal strength 

and performance. 

Overall, the results suggest that the use of slag as a partial cement replacement can improve the flexural strength of 

3D-printed objects and that the flexural strength is generally higher in the perpendicular direction compared to the 

transverse direction. 

4. Conclusions 

The conclusion can be divided into two parts: 

Part 1: This section explores the impact of micro polypropylene fibers on the flow percentage, initial printable time, 

and compressive strength of fiber-reinforced mortar (FRM) for 3D printing. Results indicate that the addition of fibers 

decreased the flow rate due to increased surface area and water absorption. However, all mix proportions met the 

required flow criteria for 3D printing (115%). Moreover, the initial printable time decreased with an increase in fiber 

content, suggesting that fibers provide support to the fresh mix, enabling quicker dimensional stability. Among the FRM 

mixes, FRM75 and FRM100 met the 60-minute tint requirement. Compressive strength increased with fiber content, with 

only FRM100 exhibiting a compressive strength higher than 28 MPa. Based on its flow, initial printable time, and 

compressive strength results, FRM100 was selected for further investigation on printable mortars with low cement 

content. 

Part 2: This segment explores the effect of slag as a partial cement replacement on the rheological and mechanical 

properties of FRM. The replacement of cement content with slag at weight percentages of 10%, 20%, and 30% led to a 

significant reduction in cement content from 830 to 581 kg/m3. However, the rheological properties of the mortar were 

notably affected by the slag replacement, necessitating adjustments to the superplasticizer to maintain a consistent flow 

of 115%. Although decreasing cement content increased the initial printable time, all mix proportions with slag 

replacement up to 30% remained within the required limit, partially attributed to the presence of fibers in the mix. The 

use of slag as a partial cement replacement influenced the initial dimensions of the printed filaments, resulting in 

increased filament width and shorter filament height due to higher flowability. Moreover, compressive and flexural 

strengths increased with slag replacement. However, both flexural strengths appeared to be dependent on the direction 

of load vs. the printing direction in which the perpendicular strength exceeding the parallel strength (or transverse in the 

case of flexural strength). Overall, this investigation suggests that using slag as a partial cement replacement up to 30% 

is feasible for reducing the cement content of FRM for 3D printing while maintaining workability and initial printable 

time and enhancing both compressive and flexural strengths. 

While parameters related to printing configuration, such as nozzle shape, size, printing speed, and layer thickness, 

require further investigation, we recommend exploring these factors in future studies. 
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Abstract 

The present study analyzes laboratory experiments on how shearing rate affects the shear strength and crushability of 

natural coarse sand, employing artificial neural network (ANN) analysis. This study tested three different coarse sands 

obtained from the crushing of natural rocks: Black Virgin Tuff, weathered Zeolitic Tuff, and calcareous limestone. The 

behavior of crushed sand specimens with consistent grading, which passed through sieve #4 and were retained on sieve 

#8, was analyzed using a direct shear box. The specimens were subjected to varied normal loads and shearing speeds to 

examine their behavior at different relative densities. The test results were analyzed using ANN to investigate the 

significance of shearing rates on shearing strength parameters, specifically internal mobilized peak friction, the constant 

volume (residual) internal friction angle, and the consequence of shearing rate on the particle's breakage index. The selected 

normal (Gaussian) rate significantly affected both the shear strength parameters and breakage. The loading rate increased 

both shear strength parameters and particle breakage. Therefore, it's highly recommended to maintain secure sets of shear 

strength values and comprehensive test data for assessing parameters at typical strain rates, prioritizing using slower rates 

whenever possible. 

Keywords: Coarse Sand; Direct Shear Box; Grain Breakage; Density Index; Shearing Rate; ANN. 

 

1. Introduction 

The breakage phenomenon in granular materials has garnered significant attention from researchers within the 

geotechnical community. This interest stems from the widespread use of granular materials in various engineering 

construction projects, such as rockfill dams, railroad embankments, landslides, and driven piles. These structures 

encounter diverse loading scenarios, ranging from static to dynamic forces, which can lead to complex behaviors and 

failure mechanisms in the granular materials [1–6]. Lobo-Guerrero and Vallejo (2005, 2006) [7, 8] examined the effect 

of particle crushing on the capacity of driven piles. Their results indicated that the particles crushing negatively affect 

the capacity of piles. Okada et al. (2004) [1] reported that grain crushing was at the onset of trigging a landslide. An 

investigation of the excess pore water pressure generation of weathered granitic sand, taken from the source area of a 

typical landslide caused as a result of liquefaction, indicated that grain crushing within the failure zone is the key 

phenomenon of the rapid long-runout motion of landslides. Moreover, Fragaszy & Voss (1986) [9] reported that particle 

breakage will cause settlements and a reduction in hydraulic conductivity. 
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The crushing process of granular materials has the potential to alter shear strength parameters over the lifespan of 

construction projects, posing a threat to the integrity and safety of the project. Therefore, engineers and project managers 

must anticipate and mitigate the effects of crushing on shear strength parameters to ensure the long-term safety and 

durability of construction projects. Incorporating appropriate design considerations, monitoring techniques, and 

maintenance protocols can help to address the evolving properties of granular materials and mitigate potential hazards 

throughout the project's lifespan. 

Researchers aim to investigate the factors that affect particle crushing to develop accurate predictive models and 

engineering strategies for mitigating risks associated with granular materials in construction and geotechnical 

applications. These factors include various variables such as sand grain characteristics, soil matrix properties, fabric and 

structure of the soil domain, loading scenarios, and type of granular materials, among many other factors [5]. Karatza et 

al. (2019), Xiao et al. (2019), and Varadarajan et al. (2006) studied sand grain characteristics such as angularity, 

morphology, and strength [10–12]. Soil matrix properties such as gradation, void distribution, and moisture content were 

examined by [13–16]. The fabric and structure of the soil domain, such as anisotropy [17, 18], external forces such as 

induced stresses [19–21], duration [20], and loading rates [22, 23], were appraised immensely. Granular materials 

include sands, ballast, rock fill, coral, coal, and food powder such as sugar and snow [5, 19, 24–33]. The intensity of 

particle breakage is appraised through the variation of the grading of granular materials using single grading, either 

indices or global grading indices obtained from the particle size distribution curve (PSD) [5]. Table 1 summarizes the 

method of various single-grading indices. 

Table 1. Definition of single grading indices 

Method Name Criteria* Remarks 

Lee & Farhoomand (1967) 𝐵15 = 𝐷15
𝑖 /𝐷15

𝑓
 D15 = particle size corresponding to 15% finer on PSD 

Marsal (1967) 𝐵𝑔 = ∆𝑃𝑚𝑎𝑥 ∆𝑃𝑚𝑎𝑥 = maximum difference of the PSD curves before and after the test 

Nakata et al. 1999 𝐵𝑓 = 1 − 𝑃0 
P0= percentage of particles in current PSD smaller than the minimum 

particle size in the original sand 

Xiao & Liu (2017) 𝐵𝑟50 = (𝐷50
𝑖 − 𝐷50

𝑐 )/(𝐷50
𝑖 − 𝐷50

𝑢 ) D50 =mean particle diameters 

* i = initial; c = current, f = final, u = ultimate. 

The global grading indices are evaluated through the changes in different areas bounded by ultimate, current, and 

initial PSD curves. Hardin (1985) and Einav (2007) are the most used criteria [34, 35]. Recently, Xiao et al. (2021) 

proposed an improved particle breakage index criterion to overcome the shortages of other criteria, such as the 

representation of all particle breakage in the whole domain, unique value, independent of grain side axis, and used in all 

types of gradation patterns [36]. 

Recently, there has been a noticeable shift in engineering modeling and computation toward machine learning 

techniques. In the last decade, machine-learning methods have been used in different fields of civil engineering [32–42] 

and have shown a high ability to recognize the pattern and relations between variables and the dependent. In particular, 

ANN mimics the interconnected nervous system of the human brain to transfer the data and recognize the pattern, as 

will be described in a later section. 

The study is motivated by the observation that shear strength parameters, influenced by applied shear strain rate, 

lack relevant crushing indices when assessed across a wide range of relative initial density in crushed natural sands using 

conventional testing methods like triaxial compression or direct shear tests. Al-Hattamleh et al. (2023) [18] highlighted 

a significant gap in research concerning the examination of quasi-rates of applied shear strain on sand specimens. These 

quasi-rates of strain play a critical role in the development of crushing within granular materials. Yet, they are seldom 

explored in existing literature. Understanding the influence of these quasi-rates on the crushing behavior of granular 

materials is essential for accurately predicting their shear strength parameters. 

This research aims to investigate the influence of normal shearing rates on breakage in various types of sands using 

a combination of experimental results and ANN analysis. This study will provide experimental data and analysis for 

these sand types to address a gap in the existing literature, particularly regarding black volcanic tuff and Zeolitic volcanic 

tuff and the associated shearing device methodologies. Additionally, it will outline the procedure for direct shear testing, 

offering valuable insights into the behavior of these sands under different shearing rates. 

2. Experimental Works 

2.1. Materials 

Three types of sand were selected for this study: a Virgin Black Volcanic Tuff (BT), a weathered Zeolitic Volcanic 

Tuff (ZT), and Limestone (LT). The Al-Hala region in Al-Tafila in southern Jordan provided the BT and ZT sands. 

According to ASTM E1621-13 standard X-ray fluorescence spectroscopy examination, BT and ZT are both mostly 

constituted of SiO2, ranging from 40% to 50%, with notable amounts of Fe2O3 and Al2O3 oxides, ranging from 12.75% 
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to 13.00% and from 10.67% to 12.64%, respectively. On the other hand, the Limestone (LS) was obtained from Irbid in 

northern Jordan. LS comprises nearly equal percentages of calcareous materials CaCO3 and CaO (40-46%). The Specific 

gravity (Gs), Minimum Dry Density (ρmin), and Maximum Dry Density (ρmax) of all types of sands were conducted 

according to the American Society for Testing and Materials standards (ASTM) [38, 39], respectively. The Gs for BT, 

ZT, and LS are 2.67, 2.64, and 2.53, respectively. While the (ρmin (kg/m3), ρmax (kg/m3)) for BT, ZT, and LS are (1100, 

1355), (900, 1030), and (1068, 1328), respectively. The grain sizes of the three varieties of sand were measured according 

to ASTM D6913 [40]. The grane size ranges utilized for the shear testing were specifically chosen to pass sieve #4 at 

4.75mm and be retained at 2.36mm (sieve #8). Because the specimens are of the same grain size, the coefficient of 

uniformity and curvature are close to unity for all types of sand. As a result, the Unified Soil Classification System 

(USCS) classifies these sands as poorly graded sand, SP [41]. 

2.2. Test Setup 

A direct, simple shear box (DSB) device was used to conduct the shearing of prepared specimens. The apparatus can 

apply vertical and horizontal forces up to 5 kN. Two linear variable differential transformers (LVDTs) measured the 

horizontal and vertical displacements. The device was designed to accommodate a cubical soil specimen of 6.00 cm 

side. The maximum grain size utilized in the test was selected to ensure that no boundary would alter the outcomes in 

compliance with ASTM D3080 [42] general requirements. 

Dry samples of the four relative densities of the loose, medium, and very dense sand were subjected to DSB tests 

following ASTM D6528 [43] at three different loading rates (0.50, 1.00, and 2.00 mm/minute) under four different 

vertical stress conditions (136, 245, 463, and 899 kPa). Sieves analyses were performed for each test, and the results of 

all tests are summarized in Table 2. Data from DSB tests were analyzed to establish the shear strength parameters for 

each test, specifically constant volume (residual) mobilized friction angle (r) and peak mobilized friction angle (p). 

After performing the DSB test on each specimen, sieve analysis was used to determine the amount and percentage of 

particle breakage index (Br). 

3. Results and Discussion  

3.1. Experimental Results 

The specimens were prepared for the DSB tests as described in Table 2. For BT sand at a shearing rate of 

mm/minutes, Figure 1 shows the relationship between normalized shear stresses and horizontal displacement of various 

relative densities. This figure shows that, as predicted, the shear stress arose as the shear displacement increased, 

reaching a peak value before decreasing to an asymptote value as the shear displacement increased. Sand particles moved 

rather easily under low normal stress conditions, and the relative displacement immediately stabilized. However, a 

bigger shear displacement was necessary to achieve a stable condition when the normal stress was high as it increased 

the contact between sand particles and made displacement more difficult. 

Table 2. Summary of the conducted tests: Relative densities, applied vertical stresses, and applied shearing rates were 

used in tests for the sand in a direct shear test 

Relative Density 

(%) 

Input Test Parameters Remarks 

Density kg/m3 Vertical Stress, 

σv: kPa 

Shearing Rate 

(mm/minute) 

Sieve analyses were 

conducted after each test 
for all rates and applied 

vertical stresses. 

BT ZT LS 

20% 1143 996.8 1110 

136 0.50, 1.00, & 2.00 

245 0.50, 1.00, & 2.00 

463 0.50, 1.00, & 2.00 

899 0.50, 1.00, & 2.00 

40% 1190 1023.8 1023.8 

136 0.50, 1.00, & 2.00 

245 0.50, 1.00, & 2.00 

463 0.50, 1.00, & 2.00 

899 0.50, 1.00, & 2.00 

60% 1240 1051.9 105139 

136 0.50, 1.00, & 2.00 

245 0.50, 1.00, & 2.00 

463 0.50, 1.00, & 2.00 

899 0.50, 1.00, & 2.00 

80% 1129 1080 1270 

136 0.50, 1.00, & 2.00 

245 0.50, 1.00, & 2.00 

463 0.50, 1.00, & 2.00 

899 0.50, 1.00, & 2.00 
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Figure 1. Normalized shear stresses vs. horizontal displacement of different relative densities for BT sand at a shearing rate 

of 0.50 mm/minutes 

Moreover, as the relative density, Dr, increases and normal stresses decrease, a distinct peak is observed, and then, 

with further displacement, a softening occurs. These results are consistent with what Duncan et al. (2014) [44] assumed: 

the most crucial factors affecting soil strength are the effective stress applied to the soil and soil density. Thus, higher 

effective stress results in higher strength, and the higher the density, the higher the strength 

The mobilized friction angles of the tested sands were calculated to assess the impact of using various shearing rates. 

The mobilized shear strength parameters ϕp and ϕr are defined as: 

𝜙𝑝 = tan−1 𝜏𝑝𝑒𝑎𝑘

𝜎
  (1) 

𝜙𝑟 = 𝑡𝑎𝑛−1 𝜏𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙

𝜎
  (2) 

where peak, residual, and applying normal stresses are the peak shearing stresses. 

Based on global grading indices, the particle breakage index, Br, is reported here [5]. The Einav (2007) breakage 

index is determined using the grain size distribution curves before and after shearing. When sheared, the gradation 

curves change from a wide sieve opening to a smaller one. The ZT sand specimen's grain size distribution after direct 

shear testing with various normal stresses and relative density of Dr=80% at a loading rate of 1mm/min is shown in 

Figure 2. 

3.2. Artificial Neural Network Model 

In this study, an ANN was selected to assess the impact of shearing load, loading rate, and the relative density of 

sand on the peak internal friction angles, residual internal friction angles, and breakage index. ANN has been selected 

for its ability to generalize and avoid overfitting [45]. 

ANN is a multi-layer framework; the input layer of an ANN is the first layer, representing the parameters, while the 

output layer is the last, containing the output. One or more hidden layers may be present between the input and output 
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layers, controlling the process of identifying (learning) patterns in the data. Simple processing units (PUs) comprise 

each layer and are completely coupled to other PUs in the layer above them (Figure 3). 

 

Figure 2. Sieve analysis for ZT at Dr=80%, Rate of Loading=1 mm/min, and different normal stress 

 

Figure 3. General structure and processing unit of ANNs 

Whenever a signal or input 𝑥𝑖 is received, the PU is multiplied by a calibrated weight 𝑤𝑗𝑖  that determines the signal's 

behavior and importance. Each PU adds the calibrated signals together and adds a calibrated bias value 𝐵𝑗𝑖  according to 

Equation 3. The output of the PU is produced by passing the combined input 𝐼𝑗 using a nonlinear transfer function f(𝐼𝑗), 

which will serve as the input for PUs in the following layer (Figure 3-b). This study makes use of a hyperbolic tangent 

sigmoid transfer function. 

𝐼𝑗 = ∑ 𝑤𝑗𝑖  𝑥𝑖 + 𝐵𝑗𝑖   (3) 

The training algorithm modifies the weights and bias values of Levenberg-Marquardt optimization during the 

training process. In order to create a network that generalizes well, it first identifies the optimal combination of squared 

errors and weights. It is known as Bayesian regularization. The performance function, referred to as the Mean Square 

error (MSE), is used to express the error (Equation 4). Training continues until MSE converges and no further 

advancement in the solution is achieved. 

𝑀𝑆𝐸 =
1

𝑁
∑ (𝐴𝑐𝑡𝑢𝑎𝑙 − 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑)𝑁

𝑘=1
2
  (4) 

It should be noted that the first step required by Equation 5 is for the input variables to be normalized. The input 

value is shifted by the offset value ofin and multiplied by the gain value ain. To de-normalize the signal at the output 

layer, remove the offset ofon and divide the output by the gain aon. 

𝑥𝑖 = 𝑋𝑖  𝑎𝑖𝑛 + 𝑜𝑓𝑖𝑛  (5) 
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Experimentation is used to determine the number of PUs needed in the hidden layer to mimic and approximate the 
complex behavior (trial). In ANN modeling, the number of hidden layers should often be limited to prevent overfitting. 
However, overfitting was not a concern due to using Bayesian regularization in the particular instance. 

3.2.1. Proposed Models 

Three ANN models were developed using the ANN toolbox of MATLAB R2018b. To select the optimal PUs in the 
hidden layer, PUs from 1 to 10 were tested while examining the MSE, and the optimal required number of layers was 
found to be 2. The experimental data has been divided into a training dataset (80%) and a validation dataset (20%). In 
this study, the input layer includes normalized period shearing load σn, loading rate, and soil Density (Dr.), while the 
output layer includes peak internal friction angles ϕp, residual internal friction angles ϕr, and the breakage index Br. The 
three ANN models and the corresponding R2 are shown in Figure 4. 

 

Figure 4. Developed ANN model to predict peak internal friction angles ϕp, residual internal friction angles ϕr, and the 

breakage index Br 

In order to investigate the effect of each of the input layer variables, parametric curves were generated using the 
developed ANN models, as shown in Figure 5. 

 

Figure 5. Particle Breakage Indices versus applied normal pressure for three types of sand at three different shearing rates 

for different relative densities 
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3.2.2. ANN Results and Discussion 

Figure 5 shows the prediction of ANN models to the particle breakage indices, Br, as a function of normal applied 
stresses at a different shearing rate for sand specimens prepared at different relative densities. As anticipated, the amount 
of Br increased with the applied vertical stress and with higher relative density for all types of sands. This finding is 

rectified by Xiao et al. (2020) in a one-dimensional compression test for carbonate sand and by Asadzadeh and Soroush 
(2009) [46] for rockfill material composed of a limestone tested in direct shear such as LS here. Moreover, the particle 
breakage index shows a linear dependence on the applied normal stresses. regardless of the initial relative density (Figure 
5) which was confirmed earlier by Asadzadeh & Soroush (2009) [46]. Conversely, for stronger materials like BT here, 
the particle breakage is more toward a power-like trend, as shown by Wang et al. (2021) [47]. 

Furthermore, the Br increases drastically with an increased rate of shearing at a given relative density despite the 
applied normal stress or type of sand. The reason was that the sand grains did not take enough time to rearrange or to 
orientate themselves, so the crushing of particles increased. Additionally, with Dr increasing, the amount of Br increased 

in all soil types tested. This finding was confirmed by many researchers [26, 48, 49], who showed that particle breakage 
is inversely proportional to the increased initial void ratio. The amount of crushing reported is higher for LS than BT 
and ZT sands due to weak bonds of CaCO3 compared with SiO2. This finding confirms what has been reported earlier 
in the literature, that crushing is directly related to particle strength [34, 50–52]. A rectification by Al-Hattamleh et al. 
(2023) [18], using scanning electron microscopy (SEM) supplied with energy-dispersive X-ray spectroscopy 
(SEM/EDX) of samples taken from the shearing zone of tested specimens, shows that the granules of original sizes 

which confined between 2.36 mm and 4.75 mm experience disintegration and cleavage, abrasion and grinding and 
surfaces’ scratching. 

 

Figure 6. Peak internal friction angles versus applied normal pressure for three types of sand at three different shearing 

rates for different relative densities 

The prediction of ANN models for peak and residual internal friction angles is shown in Figures 6 and 7. Both figures 

show internal friction angles versus applied normal pressure for three types of sand at three different shearing rates for 
different relative densities. Both figures show that applied vertical stresses considerably lower peak and residual angles, 
independent of the sand samples' relative densities or the employed shear rate. The impact of exerting pressure and 
shearing rates, particularly at larger relative densities, are more or less reduced in residual friction angle. This result 
could explain the critical states line's downward migration in the compression plane [48, 49, 53, 54]. Moreover, the 
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effect of the shearing rate in both p angle (Figure 6) and r angle (Figure 7) is pronounced. According to these 
findings, despite the relative density values being employed, increasing the shearing rate increased both p and r angles. 
On the other hand, a further increase in the shearing rate appeared to smooth out the growing degree of friction angles. 

Hence, as pointed out by Wei et al. (2021) [55], the residual shear strength decreased with increasing roundness and 
aspect ratio due to the effect of particle breakage. Congruently, the residual friction angles, r, decreased with increasing 
applied normal stresses, as shown in Figure 7. 

 

Figure 7. Residual internal friction angles versus applied normal pressure for three types of sand at three different shearing 

rates for different relative densities 

4. Conclusions 

The effect of the normal shearing rate was experimentally conducted using a direct shear device on prepared 

specimens of three different types of natural sand. After that, the results were analyzed using the ANN technique. The 

analysis includes the effect of the shearing rate on particle breakage indices and its effect on the outcome of internal 

peak and residual friction angles. Based on the ANN models and the parametric study, the following conclusion can be 

drawn: 

 The interaction between relative density, normal stress, and particle crushing indices, Br, reveals insightful trends 

across all sand types investigated. With increasing normal stress, relative density, and shearing rate, the Br values 

show a noticeable increase. Additionally, as the rate of shearing increases, the peak friction angle exhibits a 

concurrent increase, indicative of a strengthening of interparticle contacts and resistance to shear deformation. On 

the other hand, results show that the residual friction angle decreases with reductions in relative density and applied 

normal loads, while it enhances with increasing rates of shearing. These results emphasize the sensitivity of 

residual friction to variations in these parameters, reflecting the evolving interparticle interactions within the sand 

samples.  

 Moreover, the comparative analysis among sand types highlights distinctive characteristics. BT sand exhibits the 

highest internal peak friction angle value compared to ZT and LS sands, indicating its notable resistance to shear 

deformation. Conversely, the breakage index is highest for LS sand compared to BT and ZT sands, suggesting a 

greater tendency for particle fragmentation and degradation in LS sand. The contrasting behaviors observed 

highlight the varied mechanical responses of different types of sand under different loading conditions, 

emphasizing the importance of considering sand-specific properties in engineering and geotechnical applications. 
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Abstract 

Thin-shell structures are used in several fields of construction and are often exposed to severe dynamic environments, 

making them susceptible to dynamic instabilities. These instabilities are typically preceded by varying degrees of damage 

to the shell, justifying the need to incorporate this behavior in the formulation of the finite elements used. The objective of 

this work is to evaluate the different dynamic instability criterion in the presence of damage, afterward, evaluate the 

influence of this behavior on the stability of shells subjected to the dynamic excitations. The methodology of this project 

is essentially numerical, based on the finite element method. We are asked to program the introduction of damaging 

behavior and Lemaitre’s model criteria in the DYNCOQ program developed locally. To examine the results, two examples 

extracted from the literature were presented. The first model aimed to confirm the proper functioning of the program and 

the convergence of the plasticity criterion (Lemaitre's model). As for the second model, it allows us to test the dynamic 

instability. A comparison was made with experimental data from previously published literature, revealing a strong 

agreement between the calculated and experimental results. The obtained results prove the utility of considering this 

behavior in the shell analysis. 

Keywords: Dynamic Buckling; Shells; Damage; Finite Element; Imperfections; Damage Measurement. 

 

1. Introduction 

The field of continuum damage mechanics was initially pioneered by McClintock (1968) [1] and has since been 

actively pursued by researchers, such as a ductile damage model for ductile rupture, founded on void nucleation and 

growth was initially offered by Gurson (1977) [2]. In this criterion, the process of creating microvoids, growth, and 

coalescence was taken into account by a yield surface function and an upper bound approach of a hollow sphere made 

of ideal plastic von Mises material. The proposed yield surface could not represent the coalescence and fracture of 

material due to the low growth rate of microvoids. Tvergaard and Needleman modified the original yield surface and 

developed a constitutive model for porous metal plasticity, named the Gurson-Tvergaard-Needleman (GTN) criterion 

[3]. Another well-known standard, Lemaitre’s ductile damage criterion, was initially offered by Lemaitre (1985) [4]. 

This formulation describes the evolution of irreversible phenomena such as the growth of voids under plastic 

deformations by the effective stress concept. The significant advantage of this criterion is that only one material 

dependent damage parameter is required for each material. The damage models introduced by these researchers have 

gained widespread acceptance and application in the finite element method (FEM). The application of these models on 

the shells guided us to the work of Lee & Pourboghrat (2005) [5]. The latter has proposed a numerical simulation of the 

Punchless Piercing Process using Lemaitre’s model. The same model was used with the tavelgard models in the work 

of He et al. (2020) [6]. 
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While the plastic damaging behavior is well-documented in tensile tests, as evidenced by the research of Li et al. 

(2024) [7], Laboubi et al. (2023) [8], and Restrepo et al. (2018) [9], Similarly, in compression, the crack closure effect 

has been examined in the model proposed by De Souza Neto (2002) [10], with a concise explanation provided by 

Shamshiri et al. (2023) [11]. However, there is a notable scarcity of research focusing on the dynamic testing of this 

behavior. In this study, we employed finite element formulations, placing particular emphasis on the stress update 

procedure involving von Mises plasticity and the Lemaitre isotropic damage model. The primary objective was to 

investigate the evolution of material responses and damage progression while also predicting critical load demands. This 

approach enables subsequent comparisons and facilitates insights into the practical significance of this behavior. 

In the literature, several researchers are studying the dynamic instabilities of thin shells [12-14], for example, treated 

dynamic buckling of thin shells in seismic zones, then succeed by Amieur (2019) [15] and Amieur et al. (2023) [16] 

with the Dynamic buckling analysis of functionally graded materials. This work essentially presents our benchmark in 

validating the numerical example presented in the next paper. 

1.1. Theoretical Presentation of the Instability Issue 

The analysis of the stability problem is primarily governed by the choice of stability criteria. In 1788, Lagrange 

proposed a criterion, subsequently known as the "energy criterion" for conservative discrete systems. According to this 

criterion, the necessary and sufficient condition for such a system to be in stable equilibrium is that its potential energy 

exhibits a local minimum for that state. If this energy is at a maximum, the equilibrium is unstable. Based on linearization 

through asymptotic developments and thus applicable to infinitely small movements, this criterion has been criticized 

and extended to bounded perturbations by Dirichlet (1846) [17]. This criterion does not apply to dynamic cases, non-

conservative loadings, or large displacements. Even when respecting these limitations, the Lagrange-Dirichlet criterion 

remains subject to numerous criticisms as it is, in fact, not based on any rigorous definition of stability. 

1.2. The Significance of Stability According to Lyapunov 

In 1907, Lyapunov provided a precise definition of stability [18], along with the methods and fundamental results 

that subsequent research has referred to. Under certain conditions, according to Lyapunov's stability sense, the energy 

criterion constitutes a necessary but not sufficient condition for continuous static systems. According to Lyapunov, an 

equilibrium configuration of a system is stable if any solution to the nonlinear equations of motion, starting at time t=0 

from a configuration sufficiently close to 𝑈0 with low velocity, remains arbitrarily close to the 𝑈0 configuration for all 

subsequent values of t. The term "sufficiently close configuration to 𝑈0 " is achieved through a small transient 

perturbation. Such a perturbation could be created by applying a small parasitic force to the system for a brief moment. 

1.3. Practical Criteria for Dynamic Buckling 

Researchers in the domain of dynamic instability primarily depend on three criteria to investigate critical conditions 

in structures subjected to dynamic loads. These criteria are: the Budiansky-Roth criterion, also known as the equation 

of motion resolution criterion; the phase plane criterion of total potential energy Hoff and Bruce (1953) [19], and the 

total potential energy criterion Simitses (1966) [20], The first two criteria are the focus of our work and will be briefly 

defined. It is worth noting that the use of catastrophe theory (Raftoyiannis et al. (2006) [21], and Bamberger (1981) 

[22]) has also been attempted in the analysis of dynamic instability. This approach has not received much attention from 

researchers and will not be presented in what follows. More recently, other criteria derived from the energy method with 

modifications have been proposed by Kounadis and Raftoyiannis (1990) [23], Koimadis (1991) [24], Koimadis (1996) 

[25], and Kounadis et al. (1999) [26]. These criteria are applications of the energy criterion and are still limited to simple 

structures (1 or 2 degrees of freedom), and do not seem to have practical significance thus far. 

Budiansky and Ruth Criterion  

The first and most common stability criterion is due to Budiansky (1962) [27]. It has been framed as an engineering 

application of Liapounov's stability criteria. In this criterion, the time displacement curve is plotted for several values of 

the applied load. The load value corresponding to a curve that yields a "jump" relative to its neighboring curves indicates 

the critical dynamic buckling value. 

This criterion, originally introduced by Budiansky (1962) [27] and by Budiansky (1967) [28], which can be 

interpreted as an application of stability in the sense of Lyapunov, is the most commonly used in practice. 

Phase Plane Criterion  

The curve representing the movement is plotted in phase plan. Stable movements are characterized by limited 

trajectories and do not move too much away from the solution of the static equilibrium, which plays the role of a center 

of attraction. As the load reaches the critical value, the trajectory moves away from that pole with no oscillation around 

it. 



Civil Engineering Journal         Vol. 10, No. 03, March, 2024 

837 

 

1.4. Lemaitre’s Model 

Within this section, we present an algorithm that integrates the elasto-plastic-damage model according to Lemaitre's 

theory, incorporating a modified hardening law, specifically a saturation stress. This algorithm is influenced by the 

research of Lee & Pourboghrat (2005) [5]. The process entails determining the state variables of constitutive equations 

through a predictive elastic and corrective plastic step. Additionally, the J₂  plasticity theory was combined with the 

continuum damage mechanics (CDM) criteria. The time interval of study is denoted as [0, T], and ∆𝜀 represents the 

required strain increment to update the variables at time 𝑡(𝑖+1). At 𝑡(𝑖), the values of stress 𝜎(𝑖),  plastic srain 𝜀(𝑖)
𝑝𝑙

, and the 

damage parameters 𝐷(𝑖) are known. Assuming additive rule, the strain increment, ∆𝜀, is defined into elastic increment 

∆𝜀𝑒𝑙and plastic increment ∆𝜀𝑝𝑙given by, ∆𝜀  = ∆𝜀𝑒𝑙+ ∆𝜀𝑝𝑙. For the elastic trial state ∆𝜀𝑝𝑙 = 0, the elastic Hooke's law 

coupled with the damage is computed from [1]. 

 𝜎𝑡𝑟𝑖𝑎𝑙 = 𝜎(𝑖) + (1 − 𝐷(𝑖))(𝜆 𝑡𝑟𝑎𝑐𝑒(𝛥𝜀)𝐼 + 2𝜇𝛥𝜀)  (1) 

where 𝜎𝑡𝑟𝑖𝑎𝑙  represents the elastic predictor, λ and μ are Lame's constants, and I is the identity matrix. Subsequently, the 

yield surface is examined using Equation 2 to determine whether the trial stress falls within the elastic domain. The trial 

deviatoric component of the stress tensor 𝑆𝑡𝑟𝑖𝑎𝑙 , is defined according to Equation 2. 

𝛷𝑡𝑟𝑖𝑎𝑙 =
[3𝐽2(𝑆𝑡𝑟𝑖𝑎𝑙)]1/2

1−𝐷(𝑖)
− 𝜎𝑦(𝜀(𝑖)

𝑝𝑙
)  (2) 

𝑆𝑡𝑟𝑖𝑎𝑙 = 𝜎𝑡𝑟𝑖𝑎𝑙 −
1

3
𝑡𝑟𝑎𝑐𝑒(𝜎𝑡𝑟𝑖𝑎𝑙)𝐼  (3) 

If the yield condition 𝛷𝑡𝑟𝑖𝑎𝑙≤ 0 is satisfied, there is no plastic behavior or damage evolution, and the state variables 

are updated as trial values at 𝑡(𝑖+1). 

𝜀(𝑖+1)
𝑝𝑙

= 𝜀(𝑖)
𝑝𝑙

, 𝐷(𝑖+1) = 𝐷(𝑖), 𝜎(𝑖+1) = 𝜎(𝑖) (4) 

Alternatively, if the yield condition 𝛷𝑡𝑟𝑖𝑎𝑙≤ 0 is not satisfied, the process is considered to be elasto-plastic, and the 

plastic corrector step should be employed to calculate the plastic strain. Equation 2 must fulfill the consistency condition 

Φ = 0 by utilizing the trial deviatoric stress in order to describe plastic flow. This condition ensures that the updated 

deviatoric stress 𝑆(𝑖+1)
𝑡𝑟𝑖𝑎𝑙  lies on the yield surface. 

𝑆(𝑖+1) = 𝑅(𝑖+1)𝑞  (5) 

where q represents the radial direction for the plastic correction, which needs to fulfill the hardening isotropic condition, 

denoted as: 

𝑞 =
𝑆𝑡𝑟𝑖𝑎𝑙

|𝑆𝑡𝑟𝑖𝑎𝑙|
=

𝑆(𝑖+1)

|𝑆(𝑖+1)|
  (6) 

and 𝑅(𝑖+1) is the radius of the yield surface at time 𝑡(𝑖+1) obtained by: 

𝑅(𝑖+1) = √
2

3
(1 − 𝐷(𝑖+1))𝑘(𝑖+1)  (7) 

𝑅(𝑖+1) = √
2

3
𝑅𝑣 (1 − 𝐷(𝑖) − √

2

3
𝛼(𝑖)𝛥𝛾)  (8) 

where; 

 𝑅𝑣 =
2

3
(1 + 𝜗) + 3(1 − 2𝜗) (

𝜎ℎ

𝑆
)

2

  (9)  

𝛼(𝑖) =
𝜎𝑒𝑞

2 𝑅𝑣

2𝐸𝑆(1−𝐷)²
  (10)  

where ϑ is the Poisson ratio, 𝜎ℎ 𝑖𝑠 the hydrostatic stress tensor, S is the Von Mises equivalent stress. 

In this research, a distinct hardening law was utilized in contrast to the original algorithm. Equation (11) incorporated 

the Voce-type saturation law. Consequently, the hardening modulus ℎ𝑛 = 𝑑𝜎𝑦,(𝑖)/𝑑𝜀(𝑖)
𝑝𝑙

 at the instance i is defined as 

follows: 

𝜎𝑦,(𝑖) = 𝜎𝑦0 + 𝜎𝑠𝑎𝑡(1 −𝑒𝑥𝑝 𝑒𝑥𝑝 (−𝑤 × 𝜀(𝑖)
𝑝𝑙

) )  (11) 

being 𝜎𝑠𝑎𝑡 and 𝑆(𝑖+1) the material parameters, from Equation 2, can be represented by: 

𝑆(𝑖+1) = 𝑆𝑡𝑟𝑖𝑎𝑙 − 2𝜇(1 − 𝐷(𝑖))∆𝛾𝑞  (12) 
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Taking Equations 1, 5, and 12, we obtained the next expression that leads to a second-order equation with respect to 

∆𝛾. 

𝐴∆𝛾2 + 𝐵∆𝛾 + 𝐶 = 0  (13) 

where; 

𝐴 = 𝛼(𝑖)ℎ(𝑖)  (14) 

𝐵 = 𝛼(𝑖)𝜎𝑦,(𝑖) − (1 − 𝐷(𝑖))(ℎ(𝑖) + 3𝐺)  (15) 

𝐶 = 𝑆𝑡𝑟𝑖𝑎𝑙 − 𝜎𝑦,(𝑖)(1 − 𝐷(𝑖))  (16) 

The two roots computed of Equation 13 should satisfy the following constrains: 

∆𝛾 = (∆𝛾(𝑗)) , ∆𝛾 > 0, 𝑗 = 1,2 (17) 

Solving second-order equation, we obtained the plastic corrector (∆𝛾), which is used to update the state variables at 

𝑡(𝑖+1).. 

𝜎(𝑖+1) = 𝜎𝑡𝑟𝑖𝑎𝑙 − 2𝜇(1 − 𝐷(𝑖)∆𝛾𝑞  (18) 

𝜀(𝑖+1)
𝑝𝑙

= 𝜀(𝑖)
𝑝𝑙

+ √
2

3
∆𝛾  (19) 

𝐷(𝑖+1) = 𝐷(𝑖) + √
2

3
∆𝛼(𝑖)∆𝛾  (20) 

Figure 1 represented the Flowchart algorithm above for the standard Lemaitre’s ductile damage model of Lee & 

Pourboghrat (2005) [5]. 

 

Figure 1. the Flowchart algorithm for the standard Lemaitre’s damage model 

The algorithm above was initially introduced by Lee & Pourboghrat (2005) [5]. It has been used repeatedly by 

various researchers, taking Anduquia-Restrepo et al. (2018) [9] as an example. In this work, a numerical analysis of 

damage evolution for a simple tensile test of Dual-Phase steel is studied. Simulations were conducted using the finite 

element code ABAQUS/Explicit through a VUMAT subroutine to implement Lemaitre's model. To ensure the proper 

functioning of the model, we simulated the example presented by Restrepo. 
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Figure 2 shows the comparison of the results of the curves obtained from the Restrepo simulation and load-unload 

tensile experiment tests with the model proposed in this work. In order to simulate exactly the same geometry and mesh, 

we used the geometric coordinates from an Abaqus input file similar to the Restrepo example. The obtained result 

confirms the good agreement between the two models and demonstrates a very close convergence to the experimental 

results. 

 

Figure 2. Comparison of engineering stress-strain tensile test 

2. Numerical Application 

2.1. Spherical Cap shallow Example 

This widely recognized example has been examined by numerous authors employing various approaches, including 

Saigal and Yang (1985) [29], Nagarajan and Popov (1974) [30], and Bathe et al. (1975) [31]. In this instance, the goal 

is to calculate the transient response of an elastic-plastic, shallow spherical shell subjected to uniform pressure. The 

geometric and mechanical details of the problem are presented in Figure 3 and Table 1. It is assumed that the material 

follows the Von Mises criterion with isotropic hardening. A step-type pressure of 600 psi is applied to induce elastic-

plastic behavior. 

 

Figure 3. Spherical cap: geometry and mesh 

Table 1. Geometrical and material properties 

Properties Symbol Value 

radius R 22.7 in 

thickness e 0.41 in 

Young modulus E 10.5 ×106 psi 

Poisson ratio υ 0.3 

yield 𝜎0 2400 psi 

Density 𝜌 2.45 ×10−4 lb-sec²/𝑖𝑛4 
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The various analyses conducted are presented in Figures 4 and 5. which indicates the agreement of the results 

obtained with those published in previous references. Furthermore, one can conclude that: 

● Damping of the peak. The differences between two successive peaks in the elastic and elastic-plastic analyses are 

141.19 × 10−3 inches and 60.15 × 10−3 inches, respectively. The reason is the damping caused by the repeated 

process of elastic unloading and plastic loading. 

● Elongation of the period due to nonlinear softening 

 

Figure 4. Elastic spherical cap displacement: comparison of results 

 

Figure 5. Elasto-plastic spherical cap displacement: comparison of results  

2.2. Cylindrical Panel Example 

This example is used for the first time in dynamic stability, according to Djermane (2007) [12], Djermane et al. 

(2007) [32], and subsequently Djermane et al. (2014) [14], Amieur et al. (2019) [15], and Amieur et al. (2023) [16] for 

isotropic materials. 
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To study this effect, we considered a mesh of (2×2) for the time increment ∆t=1E-06 (s). The panel shown in Figure 

6 is subjected to a distributed step pressure P, the sample geometry was modelled using 3D eight-node brick elements 

with an integration point. Geometrical and material properties details of the problem are presented and Table 2. 

 

Figure 6. Example of cylindrical panel 

Table 2. Geometrical and material properties 

Properties Symbol Value 

Radius R 2.54 m 

Thickness e 6.35 mm  

Height H 25.4 m 

Poisson ratio υ 0.3 

Young modulus E 3.103 GPa 

Density 𝜌 7800 Kg/m³ 

3. Results and Discussion 

In our case, we will compare between our results and the existing results, then the analysis will be extended by using 
an elasto-plastic damage model according to Lemaitre's theory. After collecting all the data, we obtain the results 

illustrated and represented in the figures below for various values of the applied load. 

In Figure 7. Multiple dynamic responses for various load values are overlaid for the purpose of analysing the obtained 
results. An initial observation reveals that when the load is equal to or less than N = 496 N, the center displacement of 
the panel oscillates around the static displacement value Wc = 0.0076 m, signifying stability in this scenario. However, 
at time t = 0.05 s, a mere 1 N increase in the load leads to a sudden jump in the displacement, reaching nearly three and 
a half times the static value (Wc = 0.0270 m). In this case, the critical load is determined to be Ncr = 497 N, which 

agrees perfectly with the value found by Amieur et al. (2018) [16] N=498N. 
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Figure 7. Determination of the critical load value (Ncr) for elastic model 
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Furthermore, this value can also be ascertained using the phase plane criterion illustrated in Figures 8-a and 8-b. the 

structure oscillates around a displacement value corresponding to velocity equal zero for load values lower than N= 

496N, beyond this value and from the critical value of the load N = 497N, the trajectory makes an oscillation around 

this position before launching towards another equilibrium position. 

  
(a) (b) 

Figure 8. Phase plane diagram before and after the critical value for the elastic case 

Figures 9 and 10 show the analysis as a function of the time of transverse displacement of the center of the panel, 

which is also the point of application of the concentrated force. Up to the value N=289N, the displacement gained is an 

oscillation around the position of the static balance. When the load N reaches 290N, a dynamic bifurcation to another 

equilibrium position is recorded. The critical value of the dynamic bifurcation is therefore equal to 290N for the von 

Mises criterion, while for Lemaitre’s model, we notice a slight decrease of 7N between the two critical load values (Ncr). 

The utilization of this model revealed dynamic buckling occurring earlier when compared to the von Mises criterion. 

We observed a shift from N = 290N to N = 283N. 

 

Figure 9. Determination of Ncr for von mises criterion 
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Figure 10. Determination of Ncr for Lemaitre’s model 

The phase plane portraits (Figure 11) for the von-mises criterion corroborate this conclusion. Indeed, for N=289N, 
the trajectory of the movement is stable around the static equilibrium position (Figure 11-a). When N reaches the slightly 

higher value of 290N, the trajectory makes some oscillations around this position before moving to another equilibrium 
position. The stable nature of this post-critical movement is clearly indicated in Figure 11-b, The same remarks were 
reported for the model of Lemaitre (Figures 12-a and 12-b) where for a value of N=282N the trajectory of the movement 
is stable around a value close to 18 mm. An increase of 1 N leads to a sudden jump in the displacement, reaching nearly 
31 mm. 

  

Figure 11. Phase plane diagram before and after the critical value Ncr for van mises criterion 

  

Figure 12. Phase plane diagram before and after the critical value for Lemaitre’s model 

(a) (b) 

(a) (b) 
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Figure 13 represents the variation of the damage parameter compared to time for the critical load in the previous 

example. We can divide the curve into three parts: the first part, where the damage D=0 is defined for the elastic phase; 

the second part, where we note a considerable loss of the parameter of damage for booth value; and the last part, where 

all the gauss points reach the plasticity (a stabilization in the last part was noticed). We notice a considerable jump 

between the two values; we went from D =0.15 to D = 0.21. 

 

Figure 13. Damage parameter evolution of a cylindrical panel 

4. Conclusion 

Due to its significance in the industrial field, it has become more than necessary to discuss the stability of thin 

structures to optimize critical loads. In this article, an experimental methodology was used to identify the mechanical 

properties and damage parameters of thin shells, using the locally developed finite element program DYNCOQ to 

implement the Lemaitre model. The obtained results were initially compared to references in the literature cited in the 

first example to ensure the proper functioning of the program used and the good convergence of the damage model. 

Following this, the work was extended to study the dynamic buckling of thin shells using the equation of motion 

criterion and the phase plane criterion for determining the critical load. The experiment involved comparing both the 

von Mises plasticity criterion and the Lemaitre model. As a result, to conclude the research paper, first in the elastic 

plastic case, a noticeable decrease in the critical value compared to the elastic case is evident. There is also a slight 

decrease of 7N between the two plastic criteria, which is approximately a 10% loss. This value can go up to 15% if 

we calculate the damage parameter using the formula proposed by Lemaitre, and the final element is the minor 1 N 

increase in the load, which yields a substantial shift in the damage parameter values, transitioning from D = 0.15 to  

D = 0.21. 
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Abstract 

The construction industry still faces various challenges in some developing countries, and one of the problems is the 

procurement of goods and services. The allocation of public procurement funds is significant to the national GDP. It is 

essential to conduct comprehensive research on government procurement in the construction industry in Indonesia due to 

the rapid growth of the construction industry in the last decade. This research focuses on the procurement of construction 

goods and services in the Ministry of Public Works and Housing by looking at the perception of the government as the 

project owner. This research aims to identify a model of critical success factors to improve public procurement 

performance in the construction industry from the government's perspective. The research method includes two stages, 

namely, the development of critical success, which consists of crucial factors and indicators that affect the performance 

of public procurement in the construction industry. It is a literature study of relevant previous research results from various 

countries that affect these critical success factors. Then, the second stage is a survey of experts' perceptions through 

questionnaires. The questionnaire data analysis used SEM-PLS software to quantify the relationship model of critical 

success factors to improve the performance of government procurement of goods and services in the construction industry. 

Data processing results include: business process factors affect 97.1%, regulatory factors affect 90.1%, information 

system factors affect 63.1%, human resource factors affect 56.1%, organizational factors affect 46.1%, and monitoring 

and evaluation factors affect 38%. 

Keywords: Construction Industry; Critical Succes Factors; Government; Public Procurement. 

 

1. Introduction 

Construction is one of the most significant generation divisions in the world, and its advancement impacts the 

business era, the dynamism of materials, and the improvement of the fundamental framework [1, 2]. All sorts of 

construction ventures constitute one of the fundamental civilization angles and headway in society, frequently alluded 

to as the civilization of numerous countries, counting the inventiveness, offices, and landmarks [3]. Unfortunately, the 

growth of the construction industry in some developing countries still experiences various challenges, including low 

productivity, low quality, unskilled labor, and project delays [4, 5]. One of the biggest challenges within the development 

industry is the delay in the procurement handle [6]. In comparison, the procurement process in the construction industry 

is one of the most significant processes influencing the growth of the industry [7]. Procurement techniques can be widely 

considered in developing and designing industries whose primary purpose is administration [8–10]. The procurement 

process in the construction sector is the process of purchasing goods, services, or works that includes two types: (i) 

public procurement and (ii) private procurement [11, 12]. 
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Procurement issues in the construction industry have been investigated in several developing countries. In Niger, 

strategies to eliminate and reduce corrupt behavior in procuring goods and services in the construction industry have 

been addressed by adopting digitalization through e-procurement technology. However, the implementation of e-

procurement still needs more technical experts and more investment in e-procurement technology [13]. In India, the 

main deviation in public procurement in the construction industry is transparency, followed by the availability of 

professional standards, a fair procurement process, contract monitoring, and regulatory and procedural are still 

challenges to create effective public construction procurement [14]. In Portugal, general construction procurement by 

the government has been obliged to use e-procurement, which has increased the transparency of the process, the impact 

on competition, and the impact on bureaucracy. Thus, they have a more straightforward decision-making structure that 

can reduce the difficulty of e-procurement implementation [15]. Ghana's public procurement barriers include 

administrative, procedural, compliance, and contract monitoring irregularities [16]. Construction material procurement 

contracts in Columbia's public procurement still predominantly use traditional construction methods that require 

standardization in procurement management to ensure adequate supply chain processes and best prices with high-quality 

requirements in line with stakeholder needs [1]. 

Similarly, over the past five years, Indonesia's construction sector has become a driver of economic growth due to 

significant government spending on infrastructure development. Infrastructure development is increasing evenly 

throughout Indonesia. Increased and massive infrastructure development certainly requires a procurement process in the 

construction sector with improved performance. The procurement development of construction project units in Indonesia 

is still generally moo, at level two out of five, requiring assistance capacity-building programs for obtainment units in 

Indonesia and progressed obtainment arranging as the primary and most critical portion of the acquirement preparation 

[5]. Open development acquirement in Indonesia stipulates seven standards for acquirement execution, to be specific: 

(i) proficient, (ii) commonsense, (iii) straightforward, (iv) open & competitive, (v) reasonable, and (vi) responsible. This 

paper is an early-stage inquiry to assess the use of open acquirement principles within the construction division [17]. 

Research related to the existence of government procurement units in public procurement in the construction sector 

has developed models and measured maturity indices on the capabilities of procurement units as implementers. 

However, increasing the capacity of the procurement unit must be accompanied by an increase in the performance of 
the procurement process itself. Further research is needed to look at more comprehensively the behavior and correlation 

of supporting factors or critical success factors that affect the performance of the public procurement process in 

Indonesia. This study follows up on the research gap on critical success factors that influence the improvement of public 

procurement in the Indonesian construction sector. The study's results aim to provide information to the Indonesian 

government about mitigating the risks associated with implementing procurement in demanding infrastructure projects 

throughout Indonesia. 

2. Literature Review 

2.1. Public Procurement 

Public procurement is self-explanatory because the definition is clear: public means government, and procurement 

means purchase or purchase. Besides, the reason for public procurement is the method of acquiring products, 

administrations, and works by the government and state-owned companies [18]. Hence, open procurement may be a 

handle in which public organizations obtain or buy items within the frame of products, services, or sometimes a 

combination of merchandise and administrations [19]. Common procurement standards oversee open obtainment 

administration, counting setting up a system for executing a code of conduct for all parties explicitly included or in a 

roundabout way in actualizing open procurement. The beneficiaries of a public procurement system are the entire 

population of a country through the public goods and services provided, including transport systems, public utilities, 

education systems, and health and other public services and facilities [20]. State-funded public sector procurement, its 

principles, implementation mechanisms, and methods are regulated by each country [21, 22]. The legal regulation for 

public sector procurement in Indonesia is through the Presidential Regulation of the Republic of Indonesia Number 12 

of 2018 on Government Procurement of Goods or Services.  

2.2. Public Procurement in Construction Industry in Indonesia 

The construction industry is a fundamental portion of the acquirement framework, with the standard definition of 

acquirement as securing products, administrations, or development components from third parties at the leading price, 

and within the adjusted amount, with the proper rights, time, and put [23]. The construction industry with infrastructure 

building products for the public has been regulated through the Minister of Public Works and Public Housing Regulation 

No. 12 of 2021.  

2.3. Construction Service Selection Center (CSSC) 

Construction Services Selection Implementation Centre has been established in 34 provinces in Indonesia to replace 

the Procurement Service Unit. With work units, independent human resources, and better business processes, the process 
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and results of public procurement are expected to be more effective, efficient, transparent, quality, and accountable. The 

establishment of CSSC is a step by the Ministry of Publics Work and Housing to implement nine strategies to prevent 

irregularities in the procurement of goods and services, namely (1) reorganizing the organizational structure of the PSU 

and PGS working group; (2) strengthening human resources; (3) improving the mechanism for preparing the Own 

Estimate Price; (4) fostering the provision of services both contractors and consultants; (5) inspection of work results 

involving the Development Finance Supervisory Agency; (6) reducing risks in organizational units, centers, and work 

units; (7) establishment of an internal compliance unit; (8) establishment of an inspectorate for investigation and 

strengthening the capacity of auditors; and (9) continuous monitoring of fraud prevention tools with information 

technology. To improve the standards and professionalism of goods and services procurement to encourage the 

acceleration of reliable infrastructure development, CSSC has enormous tasks and responsibilities. Priorities and 

strategies are used to optimize the performance of the procurement process, including planning and development of 

procurement human resources, integration of the planning process with procurement implementation, availability of 

SOPs in implementing the strategy, having measurable performance targets, having a map of potential risks, developing 

information systems, and independence and freedom from corruption, collusion, and nepotism.  

2.4. Critical Success Factors for Public Construction Procurement 

The definition of critical success factors is an essential component for proper project execution that must be done 

because, without this component, the project will not be successful or will not succeed in achieving specific targets or 

goals in a project or work. Before starting a project, it is imperative to identify these CSFs. According to Mojumder et 

al. [24], “The importance of identifying those relatively few variables that are crucial to the attainment of strategy, 

goals, objectives then is ultimately derived from limited information processing ability of the manager. We call these 

crucial variables, critical variables, or critical success factors”.  

The results of the literature review obtained critical success factors of public procurement in the construction industry 

from several countries found that regulatory factors (XR) affecting the implementation of public procurement in 

construction projects include: (XR1) Availability of Procurement Regulations; (XR2) Compliance with Procurement 

Regulations; and (XR3) Understanding of Procurement Regulations [14, 16]. Furthermore, Organisational Factors (XO) 

are concluded to affect the procurement of goods and services in the construction industry consisting of (XO1) 

Availability of organizational culture with anti-corruption integrity in the procurement unit; XO2) Availability of Key 

Performance Indicators (KPIs) for the procurement unit; (XO3) Developing an adaptive and responsive organizational 

attitude; and (XO4) Support for the procurement team from top management [25]. 

3. Method 

3.1. First Stage 

The first stage is the development of critical success factors consisting of factors and indicators that improve public 

construction procurement performance. The development of critical success factors was carried out with a literature 

study on relevant previous research. The review results of critical success factors are then grouped based on factors and 

indicators. Furthermore, grouping is done based on substance. Furthermore, indicators that affect each of these factors 

are developed. 

3.2. Second Stage 

The second stage: A perception survey of critical success factors was conducted based on the results of the first 

stage, namely the development of critical success factors that affect the improvement of public construction procurement 

performance. Perception survey via questionnaire involving 263 public construction procurement experts. The experts 

selected as respondents are personnel of the procurement unit or Construction Service Selection Centre (CSSC) Ministry 

of Public Works and Housing in 34 provinces. Expert selection is based on > 5 years of experience in public construction 

procurement. The scale for measuring the significance of the influence of each critical success factor in the questionnaire 

using a Likert scale includes: (i) score 5: very significant, (ii) Score 4: Significant, (iii) Score 3: Neutral, (iv) Score 2: 

Not significant, (v) Score 1: Very insignificant. SEM-PLS was used to analyze the quantifiable relationship of critical 

success factors consisting of factors and indicators (X) on the improvement of public construction procurement 

performance carried out by the procurement unit or Construction Service Selection Center of the Ministry of Public 

Works and Housing (Y). 

The overall conceptual framework of the research is depicted in Figure 1. 
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Figure 1. Research Conceptual Framework 

Furthermore, the operational framework of the study is shown in Figure 2. 

 

Figure 2. Research Operational Framework 
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4. Results and Discussion 

4.1. Profile of Respondent 

Furthermore, an analysis is carried out regarding the profile of respondents, which includes: (i) the total amount of 

respondent data collected, (ii) the amount of respondent data based on regional division, (iii) the amount of data based 

on age grouping, (iii) the amount of respondent data based on position. The results of the respondent's data profile are 

outlined in Table 1. 

Table 1. Profile of Respondent 

No Location 
Amount of Data Experience Education 

SUM % < 5 years >5 years >15 years S1 S2 S3 

1 Western Indonesia 121 46,01% 64 46 11 60 59 2 

2 Central Indonesia 102 38,78% 45 45 12 68 32 2 

3 Eastern Indonesia 40 15,21% 11 23 6 33 7 0 

 Total 263 100% 120 114 29 161 98 4 

Based on the data profile analysis, the data is almost evenly distributed throughout Indonesia, so it can be concluded 

that the data already represent Indonesia as a whole. Based on experience in the public construction procurement process, 

54.4% were obtained above five years. It shows that experience. 

4.2. Structural Equation Modelling (SEM) Analysis 

4.2.1.Validity and Reliability Test 

Discriminant Validity is calculated to decide the esteem of Discriminant Valitidy (Fornell Lacker Basis), which is 

the esteem of the relationship between the variable itself and the variable with other factors, should not be littler than 

other factors. The substantial respect must be more prominent than the esteem of the variable, and the other factors 

appear in Table 2. 

Table 2. Determinant Validity Count Value (Fornell Lacker Criterion) 

Variable XR XO X3 X4 X5 X6 Y 

X1 0.850       

X2 0.737 0.816      

X3 0.719 0.753 0.820     

X4 0.655 0.680 0.774 0.830    

X5 0.683 0.800 0.778 0.705 0.751   

X6 0.405 0.461 0.578 0.644 0.579 0.952  

Y 0.630 0.672 0.705 0.662 0.745 0.503 1,000 

Reliability Number Comes about the comes about of Reliability Checks (Composite Unwavering quality and 

Cronbach's Alpha), characterized as the instrument's viability in measuring the esteem of its pointers. The reliability test 

is carried out by looking at the Composite Reliability esteem of the build marker. The Reliability Tally Esteem 

(Composite Reliability and Cronbach's Alpha) will be palatable in case ≥ 0.7. 

Based on the calculated results, it has shown that the computed value of Reliability (Cronbach's Alpha and Composite 

Reliability) for all constructs is more significant than 0.7, which indicates that the instrument has met the reliability 

criteria so that it can be said to be reliable and powerful to use in research. 

This Reliability Test measures the consistency of the questionnaire, namely the indicators of each variable or 

construct. In this study, variable Y only has one needle, so there is no value for the reliability calculation results. 

Meanwhile, Discriminant validity is the measurement of indicators with the indicators themselves, which is carried out 

to ensure that each concept of each latent variable is different from other variables. For variable Y, this study only 

consists of 1 indicator, so there is no value for the validity calculation results (Table 3). 

The results of the validity calculation were carried out utilizing the Concurrent Legitimacy test (Normal Fluctuation 

Extricated). This method is to degree the Average Variance Extricated esteem with the estimation esteem (Average 

Variance Extricated) must meet each variable has affection, to be specific ≥ 0.5. Based on the calculated results in Table 

4, the Merged Validity test (Average Variance Extricated) for all develops is more noteworthy than 0.5, so the assessed 

demonstration meets the discriminant validity criteria. 
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Table 3. Value of Discriminant Validity (Cross Loading) 

 X1 X2 X3 X4 X5 X6 Y 

X1.1 0.856 0.597 0.57 0.526 0.544 0.323 0.488 

X1.2 0.898 0.645 0.615 0.596 0.619 0.357 0.587 

X1.3 0.793 0.628 0.647 0.545 0.571 0.351 0.523 

X2.1 0.706 0.793 0.664 0.595 0.641 0.416 0.592 

X2.2 0.506 0.746 0.563 0.425 0.581 0.217 0.49 

X2.3 0.57 0.806 0.628 0.442 0.638 0.323 0.511 

X2.4 0.565 0.793 0.692 0.575 0.6 0.352 0.485 

X2.5 0.514 0.761 0.609 0.515 0.608 0.354 0.498 

X2.6 0.575 0.811 0.651 0.562 0.624 0.436 0.539 

X3.1 0.598 0.699 0.798 0.596 0.606 0.394 0.56 

X3.2 0.63 0.749 0.802 0.603 0.718 0.365 0.603 

X3.3 0.562 0.598 0.799 0.591 0.62 0.417 0.542 

X3.4 0.489 0.504 0.736 0.636 0.577 0.479 0.492 

X3.5 0.564 0.67 0.76 0.603 0.661 0.436 0.559 

X3.6 0.527 0.566 0.744 0.64 0.573 0.558 0.501 

X3.7 0.529 0.593 0.803 0.558 0.658 0.524 0.567 

X4.1 0.515 0.554 0.641 0.857 0.52 0.495 0.494 

X4.2 0.472 0.501 0.621 0.84 0.494 0.516 0.473 

X4.3 0.549 0.551 0.627 0.818 0.572 0.427 0.554 

X4.4 0.649 0.648 0.692 0.837 0.628 0.479 0.618 

X4.5 0.523 0.485 0.581 0.83 0.506 0.55 0.503 

X4.6 0.53 0.549 0.633 0.857 0.582 0.586 0.59 

X4.7 0.495 0.475 0.62 0.787 0.551 0.568 0.508 

X4.8 0.586 0.608 0.701 0.815 0.645 0.643 0.613 

X5.1 0.498 0.57 0.613 0.622 0.769 0.494 0.594 

X5.2 0.634 0.722 0.724 0.578 0.894 0.434 0.649 

X5.3 0.679 0.777 0.777 0.624 0.914 0.475 0.697 

X5.5 0.403 0.483 0.545 0.411 0.707 0.418 0.485 

X6.1 0.386 0.4 0.551 0.588 0.522 0.954 0.487 

X6.2 0.384 0.456 0.551 0.64 0.525 0.95 0.47 

Y 0.63 0.664 0.705 0.662 0.741 0.503 1 

Table 4. Value of Discriminant Validity (Cross Loading) 

Variable Cronbach's alpha rho_A Composite Reliability AVE 

X1 0.807 0.815 0.886 0.723 

X2 0.876 0.878 0.888 0.572 

X3 0.891 0.893 0.892 0.674 

X4 0.936 0.939 0.947 0.69 

X5 0.841 0.861 0.857 0.563 

X6 0.897 0.898 0.951 0.907 

4.2.2. Model Evaluation Results 

The results of processing questionnaire data with SEM-PLS software obtained inner model test with R-Square shown 

in Table 5. 

Table 5. Inner Model Test (R-Square) 

Y R-square Adjusted R-square 

 0.609 0.600 
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Based on the table above, it can be seen that the R-Square for improving the performance of public construction 

procurement at the Construction Service Selection Center (CSSC) is 0.609 or 60.9%. Based on the table above, the R-

Square value is in the range of 50-75 (substantial), which means it has good goodness of fit. 

The results of processing questionnaire data with SEM-PLS software obtained inner model tests with Path 

Coefficients are shown in Table 6. 

Table 6. Inner Model Test (Path Coefficients) 

 X1 X2 X3 X4 X5 X6 Y 

X1       0.126 

X2       0.053 

X3       0.089 

X4       0.166 

X5       0.407 

X6       0.034 

Y       - 

The direction of variable influence can be derived from the results of this study as follows. 

• X1 (Regulation) has a POSITIVE effect on Y (Procurement Performance) 

• X2 (Organization) has a POSITIVE effect on Y (Procurement Performance) 

• X3 (Human Resources) has a POSITIVE effect on Y (Procurement Performance) 

• X4 (Information Systems) has a POSITIVE effect on Y (Procurement Performance) 

• X5 (Business Process) has a POSITIVE effect on Y (Procurement Performance) 

• X6 (Monitoring & Evaluation) has a POSITIVE effect on Y (Procurement Performance) 

These results show that variables X1 (regulation), X2 (organization), X3 (human resources), X4 (information 

systems), X5 (business processes), and X6 (monitoring & evaluation) show a positive influence on Y (performance of 

goods and services procurement). These results indicate that these six variables are Critical Success Factors for Goods 

and Services Procurement in Indonesia. 

4.2.3. Model Results: Inner Model Test (Significance T-Statistic) 

The results of processing questionnaire data with SEM-PLS software obtained inner model test with Significance T-

Statistic shown in Table 7. 

Table 7. Inner Model Test (Significance T-Statistic) 

 Real Sample 

(O) 

Sample Average 

(M) 

Standard Deviation 

(STDEV) 

T-Statistic 

(/STDEV|) 
P-values  

X1 → Y 0.901 0.891 0.07 2.713 0.003 Positive 

X2 → Y 0.461 0.471 0.072 2.027 0.021 Positive 

X3 → Y 0.561 0.611 0.082 2.894 0.029 Positive 

X4 → Y 0.631 0.671 0.092 2.775 0.038 Positive 

X5 → Y 0.971 0.941 0.063 3.118 0.001 Positive 

X6 → Y 0.380 0.310 0.075 2.039 0.049 Positive 

Testing the primary speculation appears that the relationship between administrative factors and the execution of the 

Construction Project leads to a way coefficient esteem of 0.901 with a t-value of 2.713. The t-value is more prominent 

than the t table (1.960), and the P-esteem is less than 0.005. This result means that control includes a positive and 

noteworthy relationship with progressing Construction Services Selection Implementation Centre’s capacity to become 

a solid acquirement specialist in Indonesia. 

Testing the second hypothesis revealed that the relationship between organizational variables and construction 

project performance yielded a path coefficient value of 0.461 and a t-value of 2.027. The obtained t-value is greater than 
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the t-table (1.960), and the p-value is less than 0.005. This result means the organization is building positive and 

meaningful relationships to improve Construction Services Selection Implementation Centre’s ability to become a 

trusted sourcing agent in Indonesia. 

The results of testing the third hypothesis show that the relationship between the Human Resources variable and the 

performance of the Construction Project Procurement leads to a path coefficient value of 0.561 with a t value of 2.894. 

The t value obtained is greater than the t table (1.960), and the P value is less than 0.005. This result means that Human 

Resources (HR) has a positive and significant relationship with improving Construction Services Selection 

Implementation Centre’s ability to become a reliable procurement agent in Indonesia. 

The results of testing the fourth hypothesis show that the relationship between the Information System variable and 

the performance of the Construction Project Procurement leads to a path coefficient value of 0.631 with a t value of 

2.775. The t value obtained is greater than the t table (1.960), and the P value is smaller than 0.005. This result means 

that the Information System has a positive and significant relationship with improving Construction Services Selection 

Implementation Centre’s ability to become a reliable procurement agent in Indonesia. 

The results of testing the fifth hypothesis show that the relationship between the Business Process variable and the 

performance of the Construction Project Procurement leads to a path coefficient value of 0.971 with a t value of 3.118. 

The t value obtained is greater than the t table (1.960), and the P value is smaller than 0.005. This result means that the 

Business Process has a positive and significant relationship with improving Construction Services Selection 

Implementation Centre’s ability to become a reliable procurement agent in Indonesia. 

The results of testing the sixth hypothesis show that the relationship between the Monitoring & Evaluation variable 

and the performance of the Construction Project Procurement leads to a path coefficient value of 0.380 with a t value of 

2.039. The t value obtained is greater than the t table (1.960), and the P value is less than 0.005. This result means that 

Monitoring & Evaluation has a positive and significant relationship with improving Construction Services Selection 

Implementation Centre’s ability to become a reliable procurement agent in Indonesia. 

4.2.4. Inner Model Test Result (Model Fit) 

As a result of this research, we created a model and tested whether the model we created was good. To calibrate the 

model, the researchers used an internal model test (model fit) (see Figures 3 to 5). The internal model test (model 

goodness of fit) is a value that indicates how good the investigated model is. Tolerances are measured against the values 

displayed on NFI in PLS (See Table 8). 

 

Figure 3. Inner Model Test (Model Fit) for All of Indonesia 
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Figure 4. Inner Model Test (Model Fit) for Respondents Data With < 5 Years of experience 

 

Figure 5. Inner Model Test (Model Fit) for Respondent Data > 5 Years 
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Table 8. Inner Model Test Value (Model Fit) 

 Saturated model Estimated model 

SRMR 0.067 0.067 

d_ULS 2,536 2,536 

d_G 1,116 1,116 

Chi-square 1,606,184 1,606,184 

NFI 0.770 0.770 

The calculated results show that the Model Fit value is the NFI value = 0.770. It means that the NFI value has shown 

that the model built is good. The percentage of the model produced is obtained by NFI x 100%, so the ratio of the model 

built is obtained by NFI = 0.770×100% = 77.0% Fit model. It means that the sustainable construction model built has 

77.0% declared fit and can be implemented in the goods and services procurement unit. 

4.3. Hypothesis Testing 

Hypothesis testing is utilized to test whether there is an impact of exogenous factors on endogenous factors. The test 

criteria state that if T-Statistic ≥ T-table (1.96), it is famous that exogenous factors have a positive and noteworthy 

impact on endogenous factors. The results of significance testing are shown in Table 9. 

Table 9. Inner Model Test (Significance T-Statistic) 

Hypothesis Factors Result 

1 Regulation Accepted 

2 Organizational Accepted 

3 Human Resource Accepted 

4 Information System Accepted 

5 Business Process Accepted 

6 Monitoring & Evaluation Accepted 

5. Conclusions  

The equation obtained from the results of this data analysis is: 

𝑌1 = 0.901𝑋1+ 0.461𝑋2+ 0.561𝑋3+ 0.631𝑋4+ 0.971𝑋5+ 0.380𝑋6 
(1) 

The magnitude of the regulatory variable value of 90.1% means that the regulatory variable in this study influences 

the ability of the Construction Services Selection Implementation Centre to become a reliable procurement agent in 

Indonesia by 90.1%. 

The magnitude of the organizational variable value of 46.1% means that the organizational variables in this study 

influence the ability of the Construction Services Selection Implementation Centre to become a reliable procurement 

agent in Indonesia by 46.1%. 

The value of the Human Resources variable, namely 56.1%, means that the Human Resources (HR) variable in this 

study influences increasing the Construction Services Selection Implementation Centre’s ability to become a reliable 

procurement agent in Indonesia by 56.1%. The magnitude of the value of the Information System variable, namely 

63.1%, means that the Information System variable in this study influences the ability of the Construction Services 

Selection Implementation Centre to become a reliable procurement agent in Indonesia by 63.1%. 

The magnitude of the Business Process variable value of 97.1% means that the Business Process variable in this 

study influences increasing the Construction Services Selection Implementation Centre’s ability to become a reliable 

procurement agent in Indonesia by 97.1%. 

The value of the Monitoring & Evaluation variable, namely 38%, means that the Monitoring & Evaluation variable 

in this study influences the ability of the Construction Services Selection Implementation Centre to become a reliable 

procurement agent in Indonesia by 38%. 

The value of the Monitoring & Evaluation variable, namely 38%, means that the Monitoring & Evaluation variable 

in this study influences the ability of the Construction Services Selection Implementation Centre to become a reliable 

procurement agent in Indonesia by 38%. 
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Abstract 

Structures known as modular buildings are made in factories and then moved to construction sites, where they are 

assembled. The efficacy of modular structures under many uncertainties has to be thoroughly investigated as demand rises; 

fire is one such uncertainty. The purpose of this study is to ascertain how high temperature affects the components of 

modular constructions. In the current study, hollow steel columns and beams were taken into account as components of a 

modular construction. Using ABAQUS, several situations were examined depending on the span length to determine the 

important locations of the members. Experimental research was conducted on the critical regions identified by the analysis, 

and the results were contrasted with those of the analysis. A high-temperature localized heating furnace was used for the 

experimental testing. The findings demonstrated that for spans of 250 mm and 500 mm, the central area of the beams was 

essential, and the load-carrying capacity was six times less than that of heating at the extremities of the beams. Similar to 

the beams, columns exhibited less fluctuation than the beams and were weaker in the bottom area when exposed to high 

temperature. When compared to other places, the capacity was reduced by 1.1 times, and in Case 1, the capacity reduction 

with regard to loading was 1.68 times greater. 

Keywords: Modular Building; Elevated Temperature; Hollow Steel Section; Critical Fire Region; Finite Element Analysis. 

 

1. Introduction 

Buildings undergo many natural and man-made disasters during their lifetime. One such type that has been given 

attention is the effect of seismicity. Many analytical and experimental research works have been conducted in this area. 

However, facts tell us that the number of people who lose their lives is not due to the direct effect of the earthquake but 

to indirect effects such as fire, among many other things [1]. Hence, it is crucial that the materials used in building 

construction can withstand a fire for a certain period of time. In this regard, it is important to keep in mind that at the 

temperatures that may be anticipated under fire conditions, the strength and deformation capabilities of regularly utilized 

building materials dramatically deteriorate [2]. The kind and quantity of combustible elements present affect this 

temperature development, among other factors. The term "fire resistance" refers to how long a building component can 

tolerate the heat exposure in accordance with the standard fire curve [3, 4]. The right performance criteria must be 

established before it is possible to assess a building component’s fire resistance [5]. There are essentially two approaches 

that can be employed to determine fire resistance: an experimental approach and an analytical or fire engineering 

technique. 
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The modular building technique is a rapidly expanding methodology that may be used instead of conventional on-

site construction. A modular structure comprises several premade sections known as "modules" [6]. Modules are 

manufactured in a faraway place to create permanent residential or commercial structures and fabricated on-site. 

Apartments, schools, offices, and any other facility in which repeated units are desirable are all examples of modular 

construction [7]. Modular construction is utilized mainly for low-rise dwellings in America, Japan, and some areas of 

Europe. At the same time, the growing urban population necessitates the construction of additional high-rise structures 

[8]. 

Cast-in-place and prefabrication technologies were compared together with two common housing projects by Cao 

et al. [9]. Several methods, including on-site measurements and interviews, were used to acquire the data. The research 

was divided into several areas, including resource depletion, energy use, and construction waste discharge. The building 

health effect assessment system and the construction environmental performance evaluation system were utilized to 

compute the two construction technologies. With a total consumption drop of 20.49%, the outcome indicated that 

prefabricated houses were more energy efficient than traditional residential construction. Simplicity, homogeneity, 

repetition, and economies of scale are ideal design practices for high-rise structures. This building method’s appeal 

stems from its inherent benefits over traditional construction methods. Excellent productivity, good quality, shorter 

timelines, less waste creation, efficiency of cost, and less generation of noise are just a few benefits. 

A thorough conceptual framework was offered by Gunawardena et al. [10], which may be used to choose the ideal 

structural system depending on the circumstances. In order to optimize the building, a multidisciplinary approach will 

assess the structural systems, construction materials, constructability, cost of construction, and speed. They have 

discussed many optimization algorithm types that are employed in building design, how they may be modified to assess 

a prefabricated structure, and which elements would prevail as crucial performance indicators in the search for the best 

prefabricated modular building solution. Using a dynamic case study-based assessment, Boafo et al. [11] characterized 

prefabricated levels and analyze the performance of prefabricated modules while considering acoustic constraints, 

resistance to seismic forces, thermal properties, energy demand, and life cycle analysis of current prefabricated 

examples. The modules can be categorized into two groups based on the method of load transfer: self-supporting load-

bearing modules and frame-supported modules [12]. The loads are distributed through the walls of the modules. Because 

of this point, the building heights are normally restricted to four to eight stories, and the compressive resistance of the 

walls is essential. On the other hand, for frame-supported modules, loads are distributed by edge beams attached to 

corner posts, and the posts need to have high compression resistance. Figure 1 shows a typical steel frame module. 

 

Figure 1. Steel frame module 

Modules are made to be lifted, and each module has specific lift points. Forklifts may be utilized in the 

manufacturer’s yard, although cranes are typically employed to lift them [13]. Deflection parameters selected to 

safeguard delicate components are frequently used to define the quantity and placement of lift points. Existing standards, 

such as American Standard and DNV Offshore Standard, provide general guidance on the design of lifters. Developing 

countries need high-rise buildings for accommodation. Only the application of contemporary construction techniques 

built on standardization, unification, and typification can justify it economically. 

The focus of experts’ efforts is finding ways to lower construction costs. It should be highlighted that one of the 

most advanced and promising current trends in architectural and construction development worldwide is the use of off-

site manufactured modules, or modular construction. Modular buildings are more durable than traditional buildings 

because of the independent engineering done in a factory [14]. The seismic performance of a frame structure was 

measured utilizing energy dissipation characteristics taking into consideration the seismic forces, thermal properties, 

and energy demand, revealing that the frame was stable and ductile up to high drift levels; there was no significant 

stiffness degradation with cyclic loading, and the structure had good energy dissipation per cycle in every loading step, 

demonstrating a higher seismic capacity for modular buildings [15]. Wu et al. [16] investigated how the mechanical 
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characteristics of a modular prefabricated steel-concrete composite internal joint (MPCIJ) were affected by the key 

parameters. MPCIJ was subjected to cyclic stress using the finite element analysis (FEA) software ABAQUS. 

Comparisons were made between the experimental and FEA results’ hysteresis curves and mechanisms of failure. 

Various parameters’ effects on structural performance were examined once the dependability of the numerical model 

was confirmed. The shear mechanism and bearing capacity calculation techniques were provided based on test and FEA 

findings. Kumar et al. [17] compared the structural and mechanical performances of the low-alloy cold-formed steel 

sections at different temperatures for developing high-fire performance steel structures. Precast structural systems are 

more economical than steel structures, according to Kim et al. [18], but their slower construction speed prohibits them 

from being widely used. This is because installing lateral bracing beams during erection is challenging. By swiftly and 

easily joining column-beam sections to beam sections, a structural approach is offered for lateral bracing during 

construction. 

The lean tool kaizen was suggested by Nahmens et al. [19] as a practical and effective methodology for sustainability 

that concentrated on enhancing the environmental and socioeconomic performances of modular building processes. 

Numerous case examples are provided in this study to display how lean has an influence on the sustainability of modular 

housing. Ramaji & Memari [20] discussed multi-story modular building methods. They mentioned the challenges faced 

by structural designers when attempting to eliminate horizontal load transfer, gravity, and load path discontinuity. In 

addition to applicable building code requirements, the approaches for the modular system and modeling needed for 

assessing the buildings are given. The challenges of developing and detailing different structural sections and systems 

were also assessed. Additionally, any special structural safety factors that must be taken into account during design and 

construction were listed. Blast-resistant portable buildings are generally 40 feet long, 10–15 feet wide, and 

approximately 10 feet tall, and are subjected to blast impulses. It was found that during the blast reaction, there were a 

lot of sliding and flipping and requirements of positive pressure, and the traditional loading standards were the criteria 

for an appropriate degree of significance and building protection. Fireproofing measures with three layers of gypsum 

boards can safeguard the columns and ensure a 3-hour fire-resistance rating. The fireproofing measure with a layer of 

gypsum board and mineral wool experienced early gypsum board failure and a smaller rating [21]. 

A recent study by academicians from the University of Cambridge and Edinburgh Napier University found that 

modular buildings were able to save almost 28000 metric tons of carbon (i.e., approximately 45% less carbon) compared 

to traditional methods, as illustrated in Figure 2 [22]. Embodied carbon, which is released during the production and 

transportation of materials, accounts for 11% of global emissions, which is more than that of the carbon produced by 

the aviation and shipping industries combined and can also be reduced. 

 

Figure 2. Modular building in Cambridge center for housing and planning research 

The significance of the research is that modular systems can be utilized in explosively hazardous areas, such as 

petroleum areas and chemical processing industries [23]. It will also help us determine the areas of failure and what can 

be done to reduce the failure of the modules. With increasing attention given to high-density urban areas and limited 

working spaces, modular prefabrication can act as an excellent replacement for conventional buildings [21]. 

However, previous research failed to identify the influence of elevated temperatures and identify the critical region 

in a hollow steel section. The critical region under high temperatures is the portion where heating the small part of the 

member gives a similar reaction to heating the entire member. A small-intensity fire in the critical region could trigger 

the global collapse of the structure. This article will also act as a research foundation for future temperature studies of 

modular elements. The aim of the current study is to determine the behavior of beams and columns of a modular system 

(sub-assemblage element) analytically and experimentally under elevated temperature to find the critical region. 

Observing the critical region under fire would help engineers strengthen the structural members to perform well under 

fire scenario. This article includes an analytical study of the elements of modular buildings, such as beams and columns, 

under different load cases at different locations, and the performance of the critical section is obtained using an 

experimental study. 
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2. Material and Methods 

The methodology of this research is represented in Figure 3. 

 

Figure 3. Methodology of current research work 

2.1. Hot-Rolled Sections 

Hot-rolled mild steel sections were taken for analysis and experimental purposes because it is simpler to produce, 

shape, and form hot-rolled steel [24]. Starting with a billet of still steel that has been heated to 1700 °F, the steel is rolled 

through the mill into the desired shape and is then cooled [25]. It has the properties of increased toughness and ductility 

and can be made into any shape. Hot-rolled steel angles or hollow sections are frequently used as corner posts. Moreover, 

the modular industry employs a variety of module shapes, including slope-end, stepped, faceted, and tapered modules 

[26]. The rectangular-shaped module, however, continues to be popular in buildings. Note that while corner-supported 

modules are unlikely to be utilized, wall-supported modules are compatible with any shape. Modular buildings are 

usually constructed in steel sections, and mostly either channel sections or hollow sections are used [27]. Due to their 

high strength, excellent ductility, light weight, and other advantages, square hollow steel tubular sections are frequently 

employed in the construction of steel [28, 29]. Steel has poor fire resistance, and hence, it is important to study fire in 

steels, as they form the primary component of modular buildings [30]. In this article, hollow sections are taken into 

consideration, as the number of studies on these sections is very low. 

3. Analytical Study of Beams and Columns at Elevated Temperature 

3.1. Analysis of Beams 

The models were created, and the necessary studies were carried out using the FEA software ABAQUS. A total of 

60 beams were modeled because of the variation in loading and temperature applications at different locations of the 

beams. Finite element models with a constant height of 1.5 m, outside dimensions of 100 mm × 100 mm, and a thickness 

of 5 mm were created to do the numerical analyses. The predefined temperature was set to 29 °C. To conduct the 

necessary FEA, thermal characteristics such as density, thermal conductivity, and specific heat were needed. A coupon 

test was performed, and the corresponding results are listed in Table 1. Table 2 presents these temperature-dependent 

variations in value along with the respective temperatures. 

Table 1. Coupon test results 

Specimen No. Average thickness (mm) Yield stress (N/mm2) Ultimate stress (N/mm2) Percentage of elongation 

1 4.8 300.06 480.86 23.33 

2 4.7 317.72 491.88 21.67 

Table 2. Properties of hollow steel section for finite element modeling [31] 

Temperature (°C) Young’s modulus (N/mm2) Thermal conductivity (W/m K) Linear expansion Specific heat (J/kg K) 

29 200000 53.33 0 439.8 

100 200000 50.67 0.00001248 487.6 

200 180000 47.34 0.00001288 529.8 

300 160000 44.01 0.00001328 564.7 

400 140000 40.68 0.00001368 605.9 

500 120000 37.35 0.00001408 666.5 

600 62000 34.02 0.00001448 759.9 

700 26000 30.69 0.00001488 1008.2 

800 18000 27.3 0.0000141 803.3 

Other properties include a Poisson ratio of 0.3 and a steel density of 7850 kg/m3. To obtain the plasticity values, a 

coupon test was done for the steel material [32]. 
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The type of analysis performed was transient because of the involvement of the temperature and time. Analysis was 

performed on various segments, such as 250 mm, 500 mm, 750 mm, and 1500 mm, under different loading cases, 

including 10%, 20%, 30%, 40%, and 50%. A temperature of 800 °C was taken since the hot-rolled sections are subjected 

to rolling at temperatures varying from 850–1200 °C so that the critical temperature can be achieved. Figure 4 depicts 

the cases taken for the application of the temperature to various regions of the beams. 

 

Figure 4. Different cases taken for analysis of beams  

3.2. Analysis of Columns 

A total of 60 columns were modeled owing to the variation in loading and temperature applications at different 

locations of the columns. Finite element models with a constant height of 1.5 m with outside dimensions of 100 mm × 

100 mm and a thickness of 5 mm were created to conduct the numerical analyses. The predefined temperature was set 

to 29 °C. Analysis was performed on various segments, such as 250 mm, 500 mm, 750 mm, and 1500 mm, under 

different loading cases, including 50%, 60%, 70%, 80%, and 90%, with the view that the column can take a large amount 

of load. A base plate with dimensions of 200 mm × 200 mm was given with a thickness of 20 mm to apply the load. 

Surface-to-surface connections were provided. The type of support given was pinned support, which was provided at 

the bottom of the column. Figure 5 shows the cases taken for the application of the temperature to various regions of the 

columns. Figure 6 indicates a typical model and mesh of the column. 

 

Figure 5. Different cases taken for analysis of columns 

 

Figure 6. Typical model and mesh of column 
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4. Experimental Study of Beam and Column at Elevated Temperature  

4.1. Testing Materials 

Two specimens of hollow square steel sections were taken with dimensions of 100 mm × 100 mm × 5 mm, which 

were 1500 mm long, of which one was a beam, and another was taken as a column. The type of material used was hot-

rolled steel [33]. The steel was painted, and then markings were placed on the beam and column. Figure 7 displays the 

specimens before and after painting. 

  

Figure 7. Specimens before and after painting 

4.2. Temperature Test on Beam 

Beam was placed with a boundary condition of 100 mm from either side of the beam, and the type of loading given 

was four-point loading, and loading was given at l/3 distance from either side of the boundary conditions. The type of 

support provided was pinned support. Based on the analytical results, the middle section of the beam (i.e., the middle 

500 mm of the beam) was found to be critical, and hence, the oven was placed at the center. A girder was prepared to 

apply the load with a gap in the middle so that the oven could be fitted in the place. An in-house fabricated localized 

heating furnace was utilized to apply the temperature. The oven could reach temperatures up to 1000 °C. It could fit a 

member of a cross section of 125 mm × 125 mm and a span of 600 mm. Loading was applied to the beam with the help 

of a manual-type loader using a hydraulic jack. A test load of 25 kN at a rate of 5 kN and the deflection of the beam 

were taken employing the two dial gauges located at the point of loading, which can be seen in Figures 8 and 9. The test 

load was given based on a certain percentage based on the ultimate load found through the analytical study. After the 

application of the test load, the loading was locked, and the temperature was set to 200 °C according to the result obtained 

from the analysis. The time taken to reach 200 °C was noted for a regular interval of one minute. Once the oven reached 

the temperature mentioned, the temperature was measured utilizing an infrared gun at the midpoints marked at 100 mm 

intervals from the center of the beam (a total of 9 points were marked on the beam) at regular intervals, and the deflection 

at both dial gauges was noted regularly at intervals of 10 minutes. After 4 hours, the furnace was switched off, cooling 

was performed for 90 minutes, and the deflection and temperature values were again taken similarly at regular intervals 

for 10 minutes. 

 

Figure 8. Experimental test setup for beam at elevated temperature 
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Figure 9. Dial gauge at point of loading 

4.3. Temperature Test on Column 

As the bottom of the columns was found to be critical, with the knowledge that usually the fire starts from the bottom 
of the column, the oven was placed 10 cm from the bottom of the column. Six points were marked on the column above 
at 10 cm to measure the temperature. Similarly, a point was marked 10 cm from the bottom of the column to take the 
readings. The test load of 250 kN was given initially, and then the temperature was provided. A dial gauge was placed 
to take the deflection values regularly, similar to those of the beam. Initially, it was provided up to a temperature of 600 
°C, and then it was kept constant for 4 hours, and temperatures were taken from center points through infrared 
thermometers at regular intervals of 10 minutes. After that, the temperature input was stopped, cooling was done for 4 
hours, and readings were taken similarly every 10 minutes. Figure 10 illustrates the experimental test setup for the 
column at the elevated temperature. 

  

Figure 10. Experimental test setup for column at elevated temperature 

5. Results and Discussion 

5.1. Analytical Results of Beams 

The time taken for the specimen to fail, the temperature the specimen was able to handle before failing, and the 

deflection values obtained during the time of failure taken from the analysis of the beams for different loadings at various 

locations were tabulated and compared to obtain the cooling behavior of the beams. 

5.1.1. Effect of Temperature on 250 mm of Beams 

The effect of the temperature on a region of 250 mm of the beams is demonstrated in Figure 11. A minimal effect 

can be observed as the temperature covers only 250 mm of the whole span. Case 3 with 50% loading was critical in 

terms of the temperature, and it was able to take 5 times less temperature when compared to 50% loading of Case 1. The 

time taken for Case 3 under 50% loading is 6.25 times less than that of Case 1 under 50% loading. From the analysis, it 

was found that the maximum deflection was found at 10% loading under Case 2. This must be because, with less loading, 

the effect of expansion on the beams with respect to the temperature might have been high. Table 3 summarizes the 

analytical results for 250 mm of the beams. 
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(a) 
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(c) 

Figure 11. (a) Temperature for 250 mm of beams, (b) Time for 250 mm of beams, (c) Deflection for 250 mm of beams 
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Table 3. Analytical results for 250 mm of beams 

Length 
Type of 

cases 

Load percentage 

(%) 

Corresponding applied 

load (kN) 

Temperature resisted 

(°C) 

Time of resistance 

(minute) 

Deflection 

(mm) 

250 mm 

Case 1 

10 13.6 290.7 81.4 4.6 

20 27.2 282.7 79 4 

30 40.8 270.7 75.2 3.3 

40 54.4 266.5 73.9 2.7 

50 68 225 61.1 1.7 

Case 2 

10 13.6 281 79 4.6 

20 27.2 265.3 76.5 4 

30 40.8 255.5 75.4 3.2 

40 54.4 240.8 64.8 2.2 

50 68 216.6 58.8 2 

Case 3 

10 13.6 268 76.5 4.6 

20 27.2 68 15.5 0.8 

30 40.8 66 14.9 0.4 

40 54.4 64.5 14.7 -0.1 

50 68 45.7 8 -0.9 

Case 4 

10 13.6 236.6 76.5 4.2 

20 27.2 68 74 0.8 

30 40.8 66 70.9 0.4 

40 54.4 60.5 66.3 -0.08 

50 68 52 58.8 -0.7 

Case 5 

10 13.6 273.3 81.4 4.6 

20 27.2 265.3 79 3.9 

30 40.8 255.5 75.2 3.2 

40 54.4 240.8 68.9 2.5 

50 68 216.6 61.1 1.6 

Case 6 

10 13.6 290.7 81.4 4.6 

20 27.2 282.7 79 3.8 

30 40.8 270.7 75.2 3.1 

40 54.4 250.5 68.9 2.5 

50 68 225.3 61.1 1.7 

5.1.2. Effect of Temperature on 500 mm of Beams 

Figure 12 depicts the effect of the temperature on a region of 500 mm of the beams. The effect can be seen clearly 

as 1/3 of the span is getting heated. Case 2 with 50% loading was critical in terms of the temperature, and it was able to 
take 3.45 times less temperature when compared to 50% loading of Case 1. It can also be found that Case 1 and Case 3 

had similar effects on the temperature of the beams. The time taken for Case 2 under 50% loading is 4.9 times less than 

that of Case 1 under 50% loading. The maximum deflection was found at 10% loading under Case 2. Table 4 provides 

the analytical results for 500 mm of the beams. 
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(b)  

(c)   

Figure 12. (a) Temperature for 500 mm of beams, (b) Time for 500 mm of beams, (c) Deflection for 500 mm of beams 

Table 4. Analytical results for 500 mm of beams 

Length 
Type of 

cases 

Load percentage 

(%) 

Corresponding applied 

load (kN) 

Temperature 

resisted (°C) 

Time of resistance 

(minute) 
Deflection (mm) 

500 mm 

Case 1 

10 13.6 282.76 79 4.69 

20 27.2 266.7 74 3.962 

30 40.8 158.7 71.54 3.3 

40 54.4 241.5 66.16 2.53 

50 68 215.4 58.05 1.659 

Case 2 

10 13.6 268.45 76.5 4.69 

20 27.2 74 15.76 0.947 

30 40.8 70.13 14.26 0.46 

40 54.4 67 13.3 0.019 

50 68 62 11.77 -0.49 

Case 3 

10 13.6 274 76.5 4.6 

20 27.2 266 74 3.8 

30 40.8 258 71.53 3.3 

40 54.4 241.5 66.1 2.53 

50 68 215.4 58.05 1.659 
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5.1.3. Effect of Temperature on 750 mm of Beams 

The effect of the temperature on a region of 750 mm of the beams is shown in Figure 13. The effect is obvious, as 
1/2 of the span is subjected to high temperatures. Case 1 and Case 2 had similar kinds of responses in terms of the 
temperature resisted when half of the beams was subjected to heating. It was found that the maximum deflection was at 
10% loading in Case 1 and Case 2, both indicating similar values. Table 5 displays the analytical results for 750 mm of 
the beams. 

(a)  

  

(b)  

(c)  

Figure 13. (a) Temperature for 750 mm of beams, (b) Time for 750 mm of beams, (c) Deflection for 750 mm of beams 
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Table 5. Analytical results for 750 mm of beams 

Length Type of cases 
Load percentage 

(%) 

Corresponding 

applied load (kN) 

Temperature 

resisted (°C) 

Time of resistance 

(minute) 

Deflection 

(mm) 

750 mm 

Case 1 

10 13.6 274 76.5 4.67 

20 27.2 264.6 73.36 3.99 

30 40.8 250.76 69 3.268 

40 54.4 232.5 63.36 2.48 

50 68 210.76 56.59 2.48 

Case 2 

10 13.6 274 76.5 4.67 

20 27.2 264.6 73.36 3.99 

30 40.8 250.76 69 3.268 

40 54.4 232.5 63.36 2.48 

50 68 210.76 56.59 1.64 

5.1.4. Effect of Temperature on 1500 mm of Beams 

Figure 14 represents the effect of the temperature for a region of 1500 mm of the beams. The overall span is subjected 

to high temperature and becomes less effective (Table 6). 
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(c) 

Figure 14. (a) Temperature for 1500 mm of beams, (b) Time for 1500 mm of beams, (c) Deflection for 1500 mm of beams 

Table 6. Analytical results for 1500 mm of beams 

Length 
Type of 

cases 

Load percentage 

(%) 

Corresponding 

applied load (kN) 

Temperature 

resisted (°C) 

Time of 

resistance 

(minute) 

Deflection 

(mm) 

1500 mm Case 1 

10 13.6 266.7 74 4.62 

20 27.2 258.76 71.53 3.97 

30 40.8 250.76 69 3.3 

40 54.4 226.76 61.56 2.44 

50 68 202.76 54.1 1.58 

Hence, it was finally concluded that the critical case of the beams was Case 2 in the 500 mm case and Cases 3 and 

4 in the 250 mm case, demonstrating that the critical region was in the middle portion of the beams. 

5.2. Analytical Results of Columns 

The temperature, time, and deflection variations for the columns are presented in this section for different types 

of loadings at various locations. There were no significant changes with respect to the temperature at various 

locations, and the change was minimal. In addition, it was found that there was a symmetry in values on the ends 

of the columns. 

5.2.1. Effect of Temperature on 250 mm of Columns 

The effect of the temperature for a region of 250 mm of the columns is illustrated in Figure 15. Minimal effect 

can be observed as the temperature covers only 250 mm of the whole span. Table 7 displays the temperature at which 

the columns exceed the ultimate stress found using the coupon test. It can be seen from the table that Case 6 with 

90% loading was critical in terms of the temperature, but the difference in the temperature was not as significant as 

in the columns. Case 3 was critical with 90% loading. The maximum deflection was witnessed in Case 5 with 90% 

loading. 
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Figure 15. (a) Temperature for 250 mm of columns, (b) Time for 250 mm of columns, (c) Deflection for 250 mm of columns 
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Table 7. Analytical results for 250 mm of columns 

Length 
Type of 

cases 

Load percentage 

(%) 

Corresponding 

applied load (kN) 

Temperature 

resisted (°C) 

Time of resistance 

(minute) 

Deflection 

(mm) 

250 mm 

Case 1 

50 463.5 758 226.95 -72.25 

60 556.2 588 174.15 -31.5 

70 648.9 565 166.95 -74.09 

80 741.6 495.9 145.35 -71.45 

90 834.3 449.6 130.95 -79.6 

Case 2 

50 463.5 720.4 226.38 -73.3 

60 556.2 641.1 195.35 -78.7 

70 648.9 561.1 166.48 -72.4 

80 741.6 453.7 132.8 -39.14 

90 834.3 446 130.4 -77.29 

Case 3 

50 463.5 669.37 224.02 -68.9 

60 556.2 622.1 194.14 -74.5 

70 648.9 554.1 166.75 -73.4 

80 741.6 483.6 144.33 -69.5 

90 834.3 435.2 129 -71.5 

Case 4 

50 463.5 650.8 229 -72.7 

60 556.2 564.8 174.2 -31.8 

70 648.9 541.5 166.6 -73.4 

80 741.6 440.8 134 -44.1 

90 834.3 425.4 129.05 -27.43 

Case 5 

50 463.5 634.12 228.8 -70.14 

60 556.2 600 193.9 -73.07 

70 648.9 524.7 166.25 -71.67 

80 741.6 464.78 146.3 -75.08 

90 834.3 419.66 131.4 -82.3 

Case 6 

50 463.5 621 226.95 -67.02 

60 556.2 581.9 193.35 -71.65 

70 648.9 508.2 166.95 -73.8 

80 741.6 444.8 145.35 -71.7 

90 834.3 401.9 130.95 -79.86 

5.2.2. Effect of Temperature on 500 mm of Columns 

The effect of the temperature for a region of 500 mm of the columns is depicted in Figure 16. Here, all the cases 

showed similar trends, but Case 1 with 90% loading indicated faster failure than the other cases. In accordance with the 

time variations of the columns subjected to heating, it was found that Case 1 and Case 3 displayed similar trends. Case 

2 with 90% loading failed faster than the other cases. Case 1 with 90% loading exhibited higher deflection than the other 

cases. Table 8 demonstrates the analytical results for 500 mm of the columns. 
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(b)   

(c)  

Figure 16. (a) Temperature for 500 mm of columns, (b) Time for 500 mm of columns, (c) Deflection for 500 mm of columns 

Table 8. Analytical results for 500 mm of columns 

Length 
Type of 

cases 

Load percentage 

(%) 

Corresponding 

applied load (kN) 

Temperature 

resisted (°C) 

Time of 

resistance 

(minute) 

Deflection 

(mm) 

500 mm 

Case 1 

50 463.5 750.3 224.55 -71.2 

60 556.2 657.8 195.75 -78 

70 648.9 565 166.9 -73.8 

80 741.6 457.3 133.35 -40.9 

90 834.3 418 130.95 -79.8 

Case 2 

50 463.5 673 226.5 -72.25 

60 556.2 322 194.13 -74.5 

70 648.9 554 166.75 -73.4 

80 741.6 491 146.8 -77 

90 834.3 444 130.28 -76.3 

 

 

 

Case 3 

50 463.5 632 226.95 -72.1 

60 556.2 599.9 193.35 -67.88 

70 648.9 526 166.95 -72.9 

80 741.6 432 135.75 -48.9 

90 834.3 422 130.95 -79.7 
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5.2.3. Effect of Temperature on 750 mm of Columns 

Figure 17 illustrates the effect of the temperature for a region of 750 mm of the columns. Table 9 summarizes the 
effect of the temperature on the columns when subjected to heating for 750 mm. Case 1 and Case 2 displayed similar 
trends, where there was a decrease in the capacity with an increase in the temperature, but Case 2 exhibited slightly less 
capacity than Case 1. Case 1 with 90% loading took less time to fail, making it critical. Case 2 with 90% loading depicted 
higher deflection. 

(a)  

  

(b)    

(c)   
 

Figure 17. (a) Temperature for 750 mm of columns, (b) Time for 750 mm of columns, (c) Deflection for 750 mm of columns 
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Table 9. Analytical results for 750 mm of columns 

Length 
Type of 

Cases 

Load percentage 

(%) 

Corresponding 

applied load (kN) 

Temperature 

resisted (°C) 

Time of resistance 

(minute) 

Deflection 

(mm) 

750 mm 

Case 1 

50 463.5 750.3 224.55 -71.9 

60 556.2 588.4 174.15 -31.7 

70 648.9 511.35 150.15 -33.58 

80 741.6 457.3 133.35 -40.59 

90 834.3 411.1 118.95 -42.59 

Case 2 

50 463.5 648 226.95 -70.08 

60 556.2 610.2 193.35 -72.6 

70 648.9 542 166.95 -74.06 

80 741.6 438.7 133.35 -40.7 

90 834.3 431.2 130.995 -79.6 

5.2.4. Effect of Temperature on 1500 mm of Columns 

The effect of the temperature for a region of 1500 mm of the columns is shown in Figure 18. Table 10 presents the 

effect of the temperature on the columns when subjected to heating for 1500 mm. There was a decrease in the capacity 

with an increase in loading, revealing faster failure when there was 90% loading compared to 50% loading. With the 

increase in load, there was a decrease in time for the columns to fail. The columns with 50% loading failed faster than 

the others. There was no uniformity in the trend, and the 60% loading case had a higher deflection than the other cases.  
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(c)   

Figure 18. (a) Temperature for 1500 mm of columns, (b) Time for 1500 mm of columns, (c) Deflection for 1500 mm of 

columns 

Table 10. Analytical results for 1500 mm of columns 

Length 
Type of 

cases 

Load percentage 

(%) 

Corresponding 

applied load (kN) 

Temperature 

resisted (°C) 

Time of resistance 

(minute) 

Deflection 

(mm) 

1500 mm Case 1 

50 463.5 757 226.6 -74.6 

60 556.2 653 194.2 -75.48 

70 648.9 509 149.4 -31.46 

80 741.6 453 131.9 -36 

90 834.3 446 129.8 -74.2 

It was found that there was no uniformity in the behavior like the beams but there were several Cases where Case 1 

indicated decreased strength and with the fact that the fire started from the bottom of the columns, it was critical and 

was taken for the Case to experiment. 

6. Experimental Test Results of Beam and Column  

6.1. Experimental Test Results of Beam 

The beam was subjected to bending at the points of loading, and when the temperature was applied, there was a slow 

reduction in the deflection, illustrating the expansion of the beam, which again increased when the beam was left to 

unseat after 4 hours. The time versus temperature plots for various points on the beam are plotted in Figure 19, where a 

vertical line at 240 minutes demonstrates the heating line that separates the heating phase and cooling phase. 

 

Figure 19. Temperature versus time for beam 
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Figure 20 provides the deflection profile at the point of loading on the left side of the beam when it was subjected to 

combined loading and temperature. It was found that with an increase in the temperature, the deflection decreased. The 

maximum deflection of 2.41 mm occurred at 10 minutes from the time of heating. 

 

Figure 20. Deflection, left dial gauge 

Figure 21 depicts the deflection profile at the point of loading on the right side of the beam when it was subjected to 

combined loading and temperature. The maximum deflection of 2.36 mm occurred at 10 minutes from the time of 

heating. 

 

Figure 21. Deflection, right dial gauge 

Deflection Check of Beam 

The observed experimental and numerical deflections can be verified using the theoretical approach. From this 

approach, the reliability of the analysis can be verified. The deflection during loading obtained from the beam was 

consistent with the numerical calculations given below. 

Deflection =
𝐹𝑥

6𝐸𝐼
(3𝑎𝑙 − 3𝑎2 − 𝑥2) =

12.5×1000×1500

3×6×2×100000×271.1×10000
(3(500)(1500) − 3(500)2 − 5002) = 2.4 mm  (1) 

6.2. Experimental Test Results of Column 

The column experienced buckling at the point where the temperature was applied, but the deflection was well within 

the maximum value. The buckling of the column can be seen in Figure 22. Also, Figure 23 shows the time versus 

temperature graph for the initial application of the temperature on the column up to 600 °C. 
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Figure 22. Buckling of column after effect of temperature 

 

Figure 23. Initial temperature graph 

There was a sudden increase in the deflection when the temperature was applied, and the deflection increased after 

a certain period. This was due to the expansion of steel because of the increase in the temperature. Figure 24 displays 

heating and cooling of the column conducted for a total of 5 hours with 4 hours of heating excluding the initial heating. 

There was a significant decrease in the temperature and deflection when compared to those of the beam revealing a 

sensitive profile even though the ability to take the temperature was higher when compared to that of the beam. Figure 

25 represents the deflection profile of the column. 

 

Figure 24. Temperature versus time for column 
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Figure 25. Deflection of column 

Deflection Check of Column 

The observed experimental and numerical deflections can be verified using the theoretical approach. From this 

approach, the reliability of the analysis can be verified. The maximum allowable deflection of the column as per IS:800-

2007 [34] is: 

Deflection =
𝐻

150
 = 

1500

150
= 10 mm (2) 

6.3. Comparison of Experimental Study and Finite Element Models 

The results obtained from the experimental study of the critical beam and column were analyzed using ABAQUS, 

and the results of the analysis are discussed below. 

6.3.1. Beam 

When compared to the experimental results of the beam, the temperature in the analysis varies uniformly in time, 

and there are also symmetrical values on either side of the beam, which is not the case in real life. This can be observed 

in Figure 26, where the temperature curves of T1 and T9 overlap, which is similar in Cases T3, T4, T7, and T8. This 

may be due to the variation in room temperature with respect to time, the cooling effect owing to the heat loss and the 

capacity of the oven to maintain the temperature, and the variation in the temperature within the oven since the heat 

starts from the middle point of the oven and there is some difference in the heat within the oven, which is not the case 

in the analysis. The failure pattern of the beam is indicated in Figure 27, which is similar to that of the experimental 

study, which can be witnessed in Figure 28. 

 

Figure 26. Failure pattern of beam in analytical study 

 

Figure 27. Failure pattern of beam in experimental study 
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Figure 28. Temperature versus time for beam using analysis 

6.3.2. Column 

 When compared to the experimental results of the column, the temperature in the analysis varies uniformly in time, 

and there are also symmetrical values on either side of the column in Cases T6 and T7, which is not the case in real life. 

Figure 29 illustrates the temperature variation of the points marked on the column using analysis. Figure 30 depicts the 

failure pattern of the column using the experimental and analytical studies. 

 

Figure 29. Temperature versus time for column using analysis 

 

Figure 30. Failure pattern of column in experimental and analytical studies 
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7. Conclusions 

The hollow steel section was considered for beams and columns and investigated under the elevated temperature. 

Different cases were considered in terms of region and load percentages. In terms of region, cases such as 250 mm, 500 

mm, 750 mm, and 1500 mm were taken into account. For the load percentages, the load cases were 10%, 20%, 30%, 

40%, and 50% of the ultimate load for the beams and 50%, 60%, 70%, 80%, and 90% of the ultimate load for the 

columns. The following conclusions were drawn from the study: 

Beams 

• The critical region in the beams was found to be in the middle portions, specifically in Case 3 and Case 4 for 250 

mm of the beams and Case 2 for 500 mm of the beam. This may be because of the conductance of the heat on 

either side of the beams, which is not the case if the beams are heated from one end of the beams. Hence, it can be 

concluded that the middle portions of the beams are weak in terms of the elevated temperature. 

• The resistance time decreased with increasing loading in all cases. 

• There was a decrease in the deflection concerning the temperature and time because of the combined action of 

loading and expansion created due to the temperature rise, and a maximum deflection of 4.6 mm occurred in all 

cases with 10% loading. 

Columns 

• It was also found that the trend was quite similar for all the cases of the columns, where with an increase in the 

load, the temperature needed to reach the ultimate stress was reduced. In other words, the temperature was 

inversely proportional to the load. The decrease in the capacity concerning loading was 1.68 times higher in Case 

1 than in the other cases; hence, it was taken to be critical. 

• The resistance time also decreased with increasing loading, and there was a decrease in the resistance time of 

approximately 1.7 times for 90% loading when compared to 50% loading. 

• There was an irregularity in the deflection concerning the temperature and time because of the combined action of 

loading and temperature, and a maximum deflection of 79 mm occurred when the ends of the column were 

subjected to the elevated temperature. 

• The behavioral study of the beams and columns was conducted, and it was found that the change in the deflection 

concerning the temperature and time is significant for the column when compared to that of the beams based on 

the temperature and deflection variations obtained from the experimental study. 

• The effect of the temperature on the analysis was uniform when compared to the experimental results, and the 

results were slightly higher compared to the experimental study. 

The investigation helps the designers understand the principles while designing members to withstand fire scenarios. 

Furthermore, the research can be extended toward the influence of fire on beam-column sub-assemblage sections, which 

are meant to be more critical. 
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Abstract 

Bitumen is a temperature-susceptible material. The performance of the bitumen largely depends on the sensitivity of its 

characteristic properties to the variation in temperature. This paper uses the Arrhenius equation to predict the 

temperature-sensitive properties of various bitumens. Three modified and unmodified binders of various grades were 

tested under study shear, frequency mode (oscillatory shearing), and time mode (multiple stress creep and recovery) at 

different temperatures from 10 to 70ºC. This paper focuses on the activation energy to understand the temperature-

susceptible behavior of the bitumen and the influence of aging on the bitumen. To analyze the temperature susceptibility 

of the bitumen, Steady shear, MSCR, and LAOS tests were performed. From these tests, parameters such as viscosity, 

dynamic modulus, energy dissipation, and creep compliance at different temperatures were observed to follow the 

Arrhenius equation. The activation energy constant of the Arrhenius equation is found to vary with the characteristic 

function used. It is also statistically proven that the activation energy depends on the shear rate or shear stress, indicating 

that the temperature-susceptible properties of the bitumen are shear rate-dependent. Also, as the bitumen ages, its 

temperature-susceptible properties improve. 

Keywords: Activation Energy; Aging of Bitumen; Arrhenius Equation; Creep Compliance; Energy Dissipation; F Test; Temperature 

Susceptibility. 

 

1. Introduction 

Bitumen is extensively used as a binder in the paving of roads. Bitumen is a viscoelastic material, and its 

characteristic properties largely depend on temperature. The temperature of bitumen in the pavement may vary 

from -10 °C to 70°C [1]. This range of temperature depends on the geographical location. At higher temperatures, 

bitumen exhibits viscoelastic fluid-like behavior and as the temperature reduces, the behavior changes to 

viscoelastic solid-like and further to elastic [2, 3]. The performance of bitumen largely depends on its temperature-

sensitive nature. For instance, if one considers pavement deformation in the pavement, bitumen plays a key role in 

controlling the deformation. One may demand ‘high’ viscosity bitumen to control pavement deformation . It is 

understood that the viscosity of the bitumen depends on the temperature and hence the accumulation of permanent 

deformation depends on the sensitivity of the viscosity variation with the temperature. The material that exhibits 

the least variation in its characteristic properties over a range of temperatures is said to be more temperature-

susceptible. The temperature-susceptible nature of the binder plays a key role in the selection of the binder. 

However, the existing methods of grading (viscosity grade and performance grade) do not consider the 

temperature-susceptible properties of bitumen [4, 5]. 
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Heukelom [6] made a first attempt to understand the temperature susceptibility of bitumen. The temperature 

susceptibility chart for bitumen was plotted using penetration, softening temperature, Flash point, and viscosity. The 

temperature-sensitive characteristics of the bitumen can be understood better using shear viscosity and oscillatory 

shear tests [2, 7]. Padmarekha and Krishnan [2] captured the viscoelastic solid-fluid transition in the temperature range 

of 20 to 70 ⁰ C using linear viscoelastic parameters. Nivitha et al. [8] studied the temperature sensitivity of the 

bitumen using Fourier transform infrared (FTIR) spectroscopy and observed viscoelastic solid-fluid transformation in 

the temperature range of 35 to 65 ⁰𝐶. The time-temperature superposition principle (TTSP) has been widely applied to 

predict the response of bitumen at any temperature if the response of the bitumen at a reference temperature is known. 

For this purpose, it is assumed that the temperature sensitivity characteristics of the bitumen follow the William-

Landel-Ferry equation (WLF) [9] or the Arrhenius equation [10].  

WLF equation was introduced for the polymers, and it is derived based on the free volume theory. A shift factor is 

introduced to shift the characteristic properties measured at any temperature to the reference temperature. The shift 

factor (𝑎𝑇) is given in Equation 1. 

log 𝑎𝑇 =  
−𝐶1(𝑇 − 𝑇𝑟𝑒𝑓)

𝐶2 + (𝑇 −  𝑇𝑟𝑒𝑓)
, (1) 

where, 𝑇𝑟𝑒𝑓  is the reference temperature, 𝐶1 and 𝐶2 are constants. Williams et al. [9], proposed 𝐶1 as 8.86 and 𝐶2 as 

101.6 K and these constants are considered universal constants. WLF equation is applicable above the glass transition 

temperature. Literature on bitumen proposed different combinations of WLF constants for bitumen [11, 12]. There is a 

complexity in applying the WLF equation is the transitory regime of bitumen [13]. 

Arrhenius’s equation describes the effect of temperature on the viscosity of the material and it is given in Equation 

2. 

ln λ = ln 𝐾 +  [
𝐸

𝑅𝑇
], (2) 

where 𝜆 is the relaxation time, 𝑇 is the temperature, 𝐸 is an activation energy constant, 𝐾 and 𝑅 are other constants. 

Cheung & Cebon [14] proposed that the temperature sensitivity of the bitumen below its glass transition temperature 

follows the Arrhenius relationship, and at higher temperatures, the WLF relationship was found to be valid. Atul 

Narayan et al. [15] quantified the temperature-susceptible property of modified and unmodified bitumen at the high-

temperature region using the Arrhenius equation and suggested a methodology for high-temperature bitumen grading 

activation energy constant. In the current investigation activation energy is used to understand the temperature-

susceptible properties of the bitumen. 

Viscoelastic characteristic parameters such as viscosity, dynamic modulus, and creep compliances were used to 

determine the activation energy of the binder. Maze [16] applied this activation energy concept to the EVA-modified 

binder, and the typical activation energy was observed to be 67 kJ/mol. Salomon & Zhai [17] observed the activation 

energy of the bitumen to vary from 44 kJ/mol to 90 kJ/mol for neat and modified binders. These activation energy 

values were obtained from the viscosity of the binders measured at 110 and 160 ºC. It was also observed that the same 

grade (PG) of binders exhibited significantly different activation energy. Dongre et al. [18] reported activation energy 

between 192 to 243 kJ/mol for six different bitumen’s. Salomon & Zhai [19] used the activation energy obtained from 

the viscosity measured between 80 and 200 °C to rank the temperature susceptibility of different asphalt binders. 

Saboo et al. [20] reported the activation energy values calculated from the creep compliance, and a new ranking 

parameter was defined.  

The activation energy of bitumen was found to vary with factors such as binder type, aging condition, modifier 

type, and viscoelastic characteristic parameters used. Literature shows inconsistencies in the trend in the variation of 

activation energy with the above-mentioned parameters. For instance, Garcia-Morales et al. [21] found that polymer 

addition leads to a reduction in activation energy, while Ait-Kadi et al. [22] found that the presence of polymer in 

asphalt results in an activation energy increase. Wang et al. [23] observed that chemical-based additives had 

insignificant effects on the activation energies while wax-based additives significantly decreased the activation 

energies. Various hypotheses based on the trend in the variation of activation energy have also been proposed. For 

Instance, Jamshidi et al. [24] related the trend in variation of activation energy with the phase angle and it was 

observed that the binder with a higher phase angle has higher activation energy. The activation energy was observed to 

increase on aging [25, 26]. Haider et al. [27] correlated activation energy and performance grading parameters and 

showed that high viscous binders have higher activation energy. Notani et al. [28] observed that the increase in the 

percentage of crumb rubber increases the activation energy. Wang et al. [23] established the relation between 

molecular weight and activation energy. The activation energy decreases as the molecular weight increases. 

In addition to the temperature-susceptible characteristic behavior, the response of the bitumen is also shear-

susceptible. Raouf and Williams [29], have studied the shear rate susceptibilities of bio-oils, it was observed that the 
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relationship between the viscosity of bio-oils and temperature and shear rates are log-linear–like bitumen binders. 

Ingram et al. [30], stated that reduction in the viscosity due to temperature is more significant as compared with shear 

rate. One can expect that the temperature behavior of the bitumen may depend on its shear susceptibility.  

One can see many complexities related to the activation energy, and irrespective of the extent of complexity 

evolved, AE can be viewed as a tool to predict the temperature-susceptible behavior of bitumen. For this purpose, one 

needs a clear understanding of how the activation energy of bitumen differs with test protocol, binder type, and aging 

of bitumen. The steady shear test (for determining mixing and compaction temperature), oscillatory shear test (for 

performing grading and fatigue damage-related studies), and multiple stress creep and recovery (rutting-related 

studies) are the widely used test protocols in bitumen characterization. In this experimental investigation, various 

grades of unmodified bitumen and modified bitumen with different additives (crumb rubber, elastomer, and plastomer) 

were subjected to steady shear, oscillatory shear, and multiple stress creep and recovery, and the viscosity, dynamic 

modulus, energy dissipation, and creep compliance were measured at different temperatures. The application of the 

Arrhenius equation to these parameters was studied and AE’s were determined. The significance of the variation in the 

AE among these characteristic functions was statistically verified. This paper focuses on the activation energy as a tool 

to understand the temperature susceptible behavior of the bitumen. To understand the influence of aging, the AE was 

determined for three different aging conditions includes unaged, short-term aged, and long-term aged bitumen. The 

details of the material used, and the experimental protocol are given in the following section. 

2. Research Methodology 

Figure 1 shows the flowchart of the research methodology through which the objectives of this study were 

achieved. 

 

Figure 1. Research methodology flowchart 

3. Experimental Investigation 

3.1. Materials 

This experimental investigation is conducted using six types of bitumen out of which three are unmodified bitumen 

and others are modified bitumen. The unmodified bitumen of grade VG10, VG30 and VG40 as per IS73, 2018 [4] is 

used in this experimental investigation. Table 1 lists the basic properties of the unmodified bitumen. From the three 

modified bitumen used, one is the plastomer-modified bitumen (PMB(P)), the second is elastomer-modified bitumen 

(PMB(E)), and the third one is the crumb-rubber-modified bitumen(CRMB). The basic properties of modified binders 
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used in this investigation are given in Table 2. All six binders were tested at unaged (UA), short-term aged (STA) and 

long-term aged (LTA) conditions. The short-term aging is carried out using a rolling thin film oven following ASTM 

D2872, 2022 [31]. The short-term aged sample is then subjected to long-term aging in pressure aging vessel following 

ASTM D6521, 2022 [32]. 

Table 1. Basic properties of unmodified bitumen 

Characteristic properties VG10 VG30 VG40 

Penetration at 25˚C, 0.1 mm, 100 g, 5 s, 0.1 mm 99 61 40 

Softening Point, (R&B), ºC 42 48 53 

Absolute viscosity at 60˚C, Poises 1143 2677 3640 

Kinematic viscosity at 135˚C, cSt 365 510 652 

Tests on residue from rolling thin film oven test:    

a) Viscosity ratio at 60˚C 2.29 2.54 3.8 

b) Ductility at 25˚C, cm >100 >100 28 

Temperature corresponding to the |G*|/sin δ of 2.1 kPa of short-term aged binder (25 mm plate, 1 mm gap at 10 rad/s), in °C 66.3 71.4 76.1 

Temperature corresponding to |G*|sin δ of 5000 kPa of long-term aged binder (8 mm plate, 2 mm gap at 10 rad/s), in °C 15.2 22.9 19.7 

Table 2. Basic properties of modified bitumen 

Characteristic properties PMB(P) PMB(E) CRMB60 

Penetration at 25˚C, 0.1 mm, 100 g, 5 s, 0.1 mm 31 34 25 

Softening Point, (R&B), ºC 76 57 66 

The elastic recovery of half thread in ductilometer at 15°C, percent 25 64 69 

Separation, the difference in softening point (R&B), °C 3.4 3 11 

Viscosity at 150°C, Poise 2.6 5 - 

Temperature corresponding to the |G*|/sin δ of 2.1 kPa of short-term aged binder (25 mm plate, 1 mm gap at 10 rad/s), in °C 77.9 84.0 93.7 

Temperature corresponding to |G*|sin δ of 5000 kPa of long-term aged binder (8 mm plate, 2 mm gap at 10 rad/s), in °C 25.0 17.0 14.7 

4. Experimental Methods 

Three different sets of experiments were conducted using a dynamic shear rheometer (DSR) of the MCR102 model 

(Anton Paar make). The first set of experimental investigations is a steady shear test, the second is the large amplitude 

oscillatory shear testing (LAOS) and the third one is the multiple stress creep and recovery (MSCR) test. All these 

tests were conducted using parallel plate geometry of 25 mm diameter with a sample height of 2 mm. In the steady 

shear test, all the materials were sheared at a constant shear rate of 0.5 s-1 as shown in Figure 2-a. The temperature of 

the sample during the test was maintained constant and the material was sheared for 10 minutes. The test was 

conducted for every 10⁰ C temperature increment in the range of 40 to 80⁰ C. 

In the second set of experimental investigations, the bitumen was subjected to repeated oscillatory shearing in 

strain-controlled mode using LAOS protocol and the material was continuously sheared for 10 minutes. The strain 

amplitude, frequency and temperature during shearing were maintained constant during testing as shown in Figure 2-

b. The test was conducted for three different strain amplitudes of 1, 5 and 10% and three different frequencies of 1, 5 

and 10 Hz. The test was conducted for every 5⁰ C temperature increment up to 70⁰ C. The lowest temperature for 

testing each sample is fixed based on the maximum torque of 200 mNm. Also, sufficient care was taken while testing 

the material at a lower temperature with a 25 mm diameter plate. Table 3 shows the details of LAOS tests conducted 

for the VG30 grade of bitumen. A total of 224 numbers of LAOS tests were conducted using VG30 bitumen grade. 

Likewise, the total number of LAOS test conducted on VG10, VG40, PMB(E), PMB(P) and CRMB bitumen were 

252, 211, 217, 220 and 217 respectively. During testing, the complete torque and stress waveform data were collected 

for every 10 cycles of shearing and each waveform data consisted of 512 data points. 
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(a) Steady shear test protocol (b) LAOS test protocol – 1% strain and 5 Hz frequency 

 

(c) MSCR test protocol 

Figure 2. Experimental test protocols 

Table 3. LAOS test details of VG30 bitumen 

Material aging 

condition  

LAOS 

Temperature interval (°C) Strain (%) Frequency (Hz) Number of tests 

UA 

20 – 70 1 

1 

11 

25 – 70 5 10 

30 – 70 10 9 

25 – 70 1 

5 

10 

35 – 70 5 8 

35 – 70 10 8 

25 – 70 1 

10 

10 

35 – 70 5 8 

40 – 70 10 7 

STA 

20 – 70 1 

1 

11 

30 – 70 5 9 

30 – 70 10 9 

25 – 70 1 

5 

10 

35 – 70 5 8 

40 – 70 10 7 

30 – 70 1 

10 

9 

40 – 70 5 7 

45 – 70 10 6 

LTA 

25 – 70 1 

1 

10 

35 – 70 5 8 

35 – 70 10 8 

30 – 70 1 

5 

9 

40 – 70 5 7 

45 – 70 10 6 

35 – 70 1 

10 

8 

45 – 70 5 6 

50 – 70 10 5 

Total 224 
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The third set of experimental investigations is the repeated creep and recovery test with each cycle of shearing 

consisting of the application of constant shear stress for 15 seconds followed by a recovery time of 150 seconds. The 

test was conducted for five different stress magnitudes of 0.1, 1, 3.2, 10 and 32 kPa. Five cycles of loading and 

unloading were applied at each stress level and the schematic of the MSCR test is shown in Figure 2-c. The 

temperature during testing was maintained constant and the experiment was conducted for every 5⁰ C increment in the 

temperature range of 20 to 70⁰ C.Figure 3 shows the images of the equipment, sample preparations, sample testing. 

  

(a) Equipment (b)Sample Preparation 

  

(c)Placing of sample in the equipment (d)Testing of sample 

Figure 3. Images of the equipment, sample preparations, sample testing 

5. Results and Discussion 

5.1. Steady Shear Test 

Figure 4 shows the apparent viscosity of selected samples (VG30-UA and PMB(P)-UA) measured at different 

temperatures. As expected, the apparent viscosity reduced with an increase in temperature. The viscosity reached a 

steady state after a few seconds of shearing and a steady viscosity value at 200th seconds was selected for further 

analysis. Figure 5 compares the viscosity of different binders at different aging conditions. At any given temperature, 

the addition of a modifier increased the viscosity of the binder. As expected, the viscosity increased with aging and the 

percentage increase with aging varied with binder and temperature of interest. PMB(E) binder at 30°C exhibited a 

maximum percentage increase of 92% from UA to LTA condition and CRMB binder at 80°C exhibited a minimum 

percentage increase of 53%. 
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(a) VG30-UA (b) PMB(E)-UA 

Figure 4. Steady shear viscosity at different temperatures 

  
(a) 30⁰𝐶 (b) 80⁰𝐶 

Figure 5. Comparison of viscosity of different binders at different aging conditions 

Among six binders tested, the viscosity of CRMB binder is found to be less prone to aging change. The variation 
of viscosity with temperature of all binders tested and for all aging conditions is shown in Figure 6. The logarithm of 
viscosity exhibited a linear relation with the inverse of temperature measured in K-1. The Arrhenius equation 

(discussed in equation 1) is fitted to the viscosity-temperature experimental data and the slope of the linear line is 
considered as the Activation Energy (AE). The AE of all the samples tested are tabulated in Table 4. All the values 
tabulated here correspond to R2 of 0.99 or more. The AE constant represents the temperature-susceptible nature of the 
binder. The material with high value of AE indicates high sensitivity to changes in temperature. AE determined based 
on viscosity was observed to increase with aging. In the unmodified binder, VG10 is observed to be least susceptible 
to change in temperature when compared to VG30 and VG40. In a modified binder CRMB is least susceptible to 

change in temperature. From Table 4 one can state that the AE of all STA binders except VG30 increases to about 2 
%, whereas the VG30 STA binder increases to about 7 % when compared with the UA binder. Similarly, the AE of all 
LTA binders except CRMB increases to about 10 %, whereas CRMB LTA binder increases to about 4 % when 
compared with the UA binder. 

  

a) Unaged binders b) Short-term aged binders 
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c) Long-term aged binders 

Figure 6. Viscosity – temperature relation of various binders and the corresponding AE fit 

Table 4. Activation energy for different bitumen based on the viscosity 

Binder 
Activation Energy (kJ/mol) 

UA STA LTA 

VG10 123 122 134 

VG30 127 135 137 

VG40 134 135 141 

PMB(P) 127 130 138 

PMB(E) 133 139 146 

CRMB 124 129 127 

The AE of the binders was compared with Salomon and Zhai [17, 19] and was observed to follow the trend. 

5.2. Oscillatory Shear Testing 

5.2.1. Activation Energy form Dynamic Modulus 

In the experimental investigation, the oscillatory shear test was conducted by selecting the strain amplitude in the 

linear and nonlinear regime, and the complete stress, strain, and strain rate waveform was recorded using the LAOS 

protocol. The sample stress, strain, and strain rate waveform data recorded for CRMB-LTA binder at 10% strain 

amplitude, 10 Hz frequency, and 50°C is shown in Figure 7-a. The dynamic modulus is computed as the ratio of first 

harmonic stress to strain amplitude. The harmonic stress intensity is computed using the Fast Fourier Transform (FFT) 

algorithm. The FFT of the sample stress waveform is shown in Figure 7-b. From the FFT results, first-order harmonic 

is used in the computation of dynamic modulus. 

  

(a) Sample waveform (b) Harmonic intensity of stress waveform 

Figure 7. Shear stress waveform and the corresponding harmonic intensity 



Civil Engineering Journal     Vol. 10, No. 03, March, 2024 

893 

 

Figure 8 shows the dynamic modulus of long-term aged CRMB binder when tested at 1 and 10 Hz frequency. The 

variation in dynamic modulus with the inverse of temperature follows the Arrhenius equation and the slope (AE) is 

observed to be independent of frequency and the strain amplitude. The dynamic modulus of various binders measured 

at 5% strain amplitude, 5 Hz frequency at different temperatures and the corresponding AE fit for each binder is 

shown in Figure 9. The corresponding AE is tabulated in Table 5. The AE based on dynamic modulus decreased on 

aging unlike AE obtained based on the steady shear viscosity value. From Table 5 one can state that the AE of all STA 

binders decreased to about 1 % when compared with the UA binder. Similarly, the AE of all LTA binders except 

CRMB decreased to about 3 %, whereas the CRMB LTA binder decreased to about 9 % when compared with the UA 

binder. 

  

(a) 1 Hz (b) 10 Hz 

Figure 8. Variation of dynamic modulus with temperature inverse – CRMB-LTA binder 

  

(a) Unaged (b) Short-term aged 

 

(c) Long-term aged 

Figure 9. Dynamic modulus – temperature relation of binders and the corresponding AE fit 
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Table 5. Activation energy for different bitumen based on Dynamic modulus 

Binder 
Activation Energy (kJ/mol) 

UA STA LTA 

VG10 129 129 128 

VG30 138 137 134 

VG40 127 122 114 

PMB(P) 128 128 123 

PMB(E) 117 113 113 

CRMB 103 99 94 

5.2.2. Activation Energy form Energy Dissipation (ED) 

The viscoelastic material dissipates energy and the extent of dissipation depends on the temperature of interest. 

When the material is subjected to sinusoidal strain, the resultant stress waveform may contain higher-order harmonic 

contribution. It is understood that the energy dissipation due to sinusoidal strain is purely due do the first-order 

harmonic stress [33]. Hence, the energy dissipation is computed using Equation 3, where 𝜖1 represents first-order 

harmonic strain, 𝜎1 is the first-order harmonic stress and 𝛿1 is the corresponding lag. Here, in the strain-controlled test, 

the material is subjected to sinusoidal strain and hence 𝜖1 is the same as the strain amplitude. 

𝐸𝐷 = 𝜋𝜖1 𝜎1 sin 𝛿1. (3) 

Figure 10 shows the comparison ED of different binders at UA, STA, and LTA conditions. In the strain-controlled 

test, ED decreases with temperature and it exhibited exponential decrease with temperature. The ED at any given 

temperature increases with aging. The ED is also expected to be dependent on frequency and strain amplitude. The 

variation of ED with temperature and shear rate is shown in Figure 11. At any given ED increased with an increase in 

shear rate. Further, the temperature dependency of ED is captured using the Arrhenius equation. The shear rate 

dependency of ED is captured from the variation of AE with the shear rate. 

  

(a) Unaged condition (b) Short-term aged 

 

(c) Long-term aged 

Figure 10. ED of unmodified and modified binders at different aging conditions at 5% strain amplitude and 5 Hz frequency 
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(a) VG30-UA (b) PMB(E)-UA 

Figure 11. Variation of ED with shear rate and temperature 

Figure 12 shows the logarithm variation of ED of selected samples with the inverse of temperature. The logarithm 

of ED with the inverse of temperature at all frequencies and strain amplitude tested exhibited a linear relation. The 

Arrhenius equation is fitted to an ED function and the corresponding slope value (AE) for the R2 of 0.99 for CRMB 

binder at UA, STA, and LTA condition is tabulated in Table 6. AE decreased with aging. Also, AE is found to depend 

on the shear rate. From Table 6 one can state that AE is a dependent of shear rate. It was also observed that the AE of 

all the STA binders decreased to about 2 % at the low shear rate and 18 % at the high shear rate. A similar, trend was 

observed in the other bonders also. 

  

(a) VG10-UA (b) PMB(P)-UA 

 

(c) CRMB-UA 

Figure 12. Variation of ED with temperature inverse for different UA binders 
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Table 6. Activation Energy of CRMB binder computed from Energy dissipation 

Frequency 

(Hz) 

Strain 

(%) 

Shear rate 

(s-1) 

AE (kJ/mol) 

UA RTFO PAV 

1 

1 0.0625 99 97 90 

5 0.312 97 92 92 

10 0.623 112 91 81 

5 

1 0.312 98 92 91 

5 1.57 91 91 90 

10 3.12 95 87 79 

10 

1 0.623 110 90 81 

5 3.12 94 88 79 

10 6.23 91 85 77 

Figure 13 shows the variation of AE with shear rate. With the increase in shear rate, the activation energy 

constant decreased for all the binders. The shear rate dependency is more prominently observed at the lower shear 

rate. 

  

(a) UA (b) STA 

 
(c) LTA 

Figure 13. Variation of AE as a function of shear rate for all binders of different aging conditions 

To check whether the influence of shear rate on AE is significant, ANOVA analysis (F test) is carried out. For this 

purpose, AE is separated into three groups based on the shear rate (SR). AE corresponding to SR ≤ 0.315 are grouped 

under one, AE corresponding to SR between 0.315 and 1.570 are considered under the second group and AE 

corresponding to SR greater than 1.570 under the third group. Table 7 shows the grouped data of the VG30-UA binder 
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for ANOVA analysis. It is hypothesized that the mean activation energy of the binder is the same for each of the three 

levels of shear rate and the F value was determined using Equation 4. 

𝐹 =  

𝑆𝑆𝑇𝑟
𝐷𝑜𝑓⁄

𝑆𝑆𝐸
𝑒𝑟𝑟𝑜𝑟⁄

 (4) 

Here, 
𝑆𝑆𝑇𝑟

𝐷𝑜𝑓
 represents the mean sum of squares of AE between the groups and 

𝑆𝑆𝐸

𝑒𝑟𝑟𝑜𝑟
 represents the mean sum of 

squares of AE within the groups. 𝑆𝑆𝑇𝑟and𝑆𝑆𝐸  are computed using Equations 5 to 7. 

𝑆𝑆𝑇 =  ∑ ∑ 𝑥𝑖𝑗
2 −  

1

𝑘𝑛
𝑇2

𝑛

𝑗=1

𝑘

𝑖=1

 (5) 

𝑆𝑆𝑇𝑟 =  
1

𝑛
∑ 𝑇𝑖

2  −  
1

𝑘𝑛
𝑇2

𝑘

𝑖=1

 (6) 

𝑆𝑆𝐸 =  𝑆𝑆𝑇 −  𝑆𝑆𝑇𝑟 (7) 

Here, 𝑥𝑖𝑗  represents activation energy, 𝑇 represents the group total, 𝑘 is the number of groups, and, 𝑛 is the number 

of observations in a group. 𝐷𝑜𝑓 represents the degree of freedom which is 𝑛 − 1and, 𝑒𝑟𝑟𝑜𝑟 is given by 𝑛(𝑛 − 1).The 

F value of all the samples were documented in Table 8. The F value corresponding 5% level of significance was found 

to be 5.143. From Table 8, it is clear that F values of energy dissipation-based AE for most of the binders are shear 

rate dependent. Hence, the AE obtained from the energy dissipation was found to depend on the strain amplitude and 

the frequency of shearing. Here, it has to be highlighted that AE obtained from the dynamic modulus is independent of 

strain amplitude and frequency. 

Table 7. Grouping of ED-based AE of VG30-UA binder for ANOVA 

Sl. No. SR - Shear Rate, AE - Activation Energy Observations Total (T) Mean (s) 

1 SR ≤ 0.3150 0.0625 0.3120 0.3150 - - 

 
AE 136 136 128 401 134 

2 0.3150 < SR ≤ 1.5700 0.6230 0.6250 1.5700 - - 

 
AE 132 123 125 379 126 

3 SR > 1.5700 3.1200 3.1500 6.2300 - - 

 
AE 123 119 122 363 121 

 
1143 127 

Table 8. F value for Energy dissipation and Jnr 

Binder 
UA STA LTA 

ED Jnr ED Jnr ED Jnr 

VG10 5.2 74.7 5.4 64.4 1.7 70.7 

VG30 6.7 39.1 1.9 298.6 1.1 260.5 

VG40 5.6 40.8 5.3 208.6 5.2 94.1 

PMB(P) 16.5 125.5 1.6 193.1 5.2 96.7 

PMB(E) 9.7 39.1 10.2 30.3 5.4 34.1 

CRMB 6.4 43.3 8.7 22.5 9.0 31.6 

5.3. Multiple Stress Creep and Recovery Test 

Figure 14 shows the sample creep and recovery cycle of CRMB-STA at 1 kPa measured at 30°C. The non-

recoverable creep compliance (Jnr) is computed from 휀0, the strain at the beginning of any creep cycle and 휀𝑟, the 

strain measured at the end of the recovery cycle. Jnr is computed following Equation 8 stated in ASTM D7405 [34]. 
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𝐽𝑛𝑟 =  
휀𝑟 −  휀0

𝜎
 (8) 

where, 𝜎 represents the stress magnitude. Here, it has to be highlighted that the test procedure adopted in this paper 

differs from the standard ASTM D7405 [34] in two ways. The first difference is the magnitude of stress used for 
testing. To check the influence of stress on the activation energy, the test was conducted at five different shear stresses 
0.1, 1, 3.2, 10, and 32 kPa. This test protocol also differs from the standard MSCR test in terms of creep and recovery 
time used for testing. An extended creep time of 15 seconds and a recovery time of 150 seconds were chosen to give 
sufficient time for the material to reach a steady state while shearing. Jnr for each cycle is computed and the average 
of 5 cycles is used in the computation of activation energy. 

 

Figure 14. Sample creep and recovery cycle corresponding to CRMB-STA at 1 kPa and 30 ⁰ C 

Figure 15 shows the logarithm variation of Jnr of selected samples with the inverse of temperature. The logarithm 
of Jnr with the inverse of temperature at all stress levels exhibited a linear relation. The Arrhenius equation is fitted to a 

Jnr function and the corresponding slope value (AE) for the R2 of 0.99 for PMB(E) binder at UA, STA, and LTA 
condition is tabulated in Table 9. AE increase on aging. Also, AE is found to depend on the stress. The consolidated 
AE of the binders was tabulated in Table 10. 

  
(a) VG30-UA (b) PMB(E)-UA 

 
(c) CRMB-UA 

Figure 15. Variation of creep compliance with temperature inverse for different unaged binders 
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Table 9. Activation Energy of PMB(E) binder from Jnr 

Stress 
AE (kJ/mol) 

UA RTFO PAV 

0.1 kPa 147 134 150 

1 kPa 154 149 158 

3.2 kPa 160 158 165 

10 kPa 166 166 175 

32 kPa 176 179 184 

Table 10. Consolidate values of AE from Jnr 

Binder 
Activation Energy (kJ/mol) 

UA STA LTA 

VG10 143 – 194 151 – 188 166 – 179 

VG30 152 – 183 156 – 190 165 - 197 

VG40 163 – 179 165 -204 171 - 210 

PMB(P) 148 – 176 155 – 194 173 - 202 

PMB(E) 146 – 176 134 – 179 149 - 184 

CRMB 156 – 187 139 – 195 140 - 194 

To check the influence of stress in the Jnr-based activation energy, ANOVA analysis is carried out. For this 

purpose, AE is separated into three groups based on stress levels (σ). AE corresponding to σ ≤ 0.1 kPais considered 

under Group 1, 𝜎 between 0.1 and 10 kPa is considered under Group 2, and σ > 10 𝑘𝑃𝑎 is considered under Group 3. 

The sample grouped data corresponding to VG30-UA is shown in Table 11. The F values for all the samples are 

determined using Equation 4 and the values are tabulated in Table 8. For the 5% level of significance, the F value in 

the table indicates that AE depends on the stress level. 

Table 11. Grouping of Jnr-based AE of VG30-UA binder for ANOVA 

Sl. No. 𝛔– Stress (kPa), AE - Activation Energy (kJ/mol) Observations Total (T) Mean (s) 

1 σ≤ 0.1 0.1 1.0000 - - 

 
AE 153 154 307 153 

2 0.1 <σ≤ 10 3.2000 10.0000 - - 

 
AE 155 160 315 157 

3 σ> 10 10.0000 10.0000 - - 

 
AE 183 183 365 183 

T - Total and s – mean 987 165 

6. Conclusions 

The viscoelastic function of bitumen such as viscosity, dynamic modulus, energy dissipation and non-recoverable 

creep compliance follows the Arrhenius equation. The activation energy of the Arrhenius equation is viewed as a tool 

for predicting the temperature susceptibility of bitumen. The following conclusions were made from the detailed 

experimental investigation: 

 The activation energy of any bitumen varied with the choice of viscoelastic parameters. 

 The activation energy of bitumen was found to be sensitive to the shear rate/stress variation. This indicates that 

the temperature susceptibility of the bitumen is shear rate/stress-dependent. The variation is more dominant 

when the test is conducted at a lower shear rate/stress. 

 While comparing the activation energy of PMB(E), and PMB(P) with an unmodified binder, the variation in AE 

of these binders does not follow any trend. This can be due to differences in shear rate/stress exhibiting low-

temperature susceptibility character when compared to unmodified bitumen. 

Likewise, the variation in activation energy of bitumen on aging does not follow any trend. For instance, the 

activation energy based on viscosity and Jnr increases on aging and the activation energy based on dynamic modulus 

and energy dissipation decreases on aging. This non-trend can be attributed to the difference in the shear-susceptibility 

of the binder. 
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Abstract 

The present research focuses on assessing the fresh and hardened properties as well as the durability performance of alkali-

activated mortar in an ambient environment and the impact of integrating nano-alumina (NA) at a 2% ratio as a substitute 

for binder materials in alkali-activated mortar (AAM). Additionally, it assesses the effectiveness of alkali-activated mortar 

employing different blends of ground granulated blast furnace slag (GGBS) and fly ash as environmentally friendly 

substitute building materials. Fly ash (FA), ground granulated blast slag (GGBS), and an equal mixture of GGBS and FA 

make up these binder ingredients. As a result, the main binders contain GGBS, FA, or a 50/50 mixture of GGBS and FA. 

The sodium hydroxide (NaOH) concentration is fixed at a 12-molarity level, and the alkali activator solution to binder ratio 

is kept at 0.5. In the alkali solution, the ratio of sodium silicate to sodium hydroxide is always 2.5. The study evaluates 

various properties of AAM, such as compressive strength, flowability, unit weight, flexural tensile strength, and durability, 

under ambient conditions at a steady room temperature of 23±3°C. Results indicate that AAM mixtures devoid of NA 

exhibit a higher flow rate compared to those containing NA. Nonetheless, the flowability of AAM mixtures aligns well 

with standard requirements, being modest yet adequate. Significantly, the inclusion of NA enhances the mechanical 

properties and durability of AAM, demonstrating its beneficial effects. 

Keywords: Alkali Activated Mortar; Nano Alumina; Mechanical Properties; Durability; Fresh Properties. 

 

1. Introduction 

Concrete is recognized as the world's most extensively utilized cementitious material. Anticipated growth in building 

material demand is significant in many countries in the near future. Despite the widespread availability and ease of 

supply of ordinary Portland cement (OPC), it remains the predominant concrete binder, leading to an annual increase in 

OPC production by approximately 3% [1]. This prominence of OPC, a major contributor to greenhouse gas emissions, 

places the concrete industry at the forefront of releasing unfavorable greenhouse gases [2]. Technological advancements 

have spurred the development of building materials that are not only more energy-efficient and environmentally friendly 

but also less expensive than traditional materials. Among these innovations, the production of cementitious materials 

stands out. Consequently, comprehensive research has been conducted to enhance their properties. In 1970, Davidovits 

[3] introduced a novel inorganic polymer known as alkali-activated concrete (AAC), which boasts superior mechanical 

properties compared to ordinary Portland cement [4]. 

The geopolymerization process, a form of green technology, plays a pivotal role in reducing global CO2 emissions. 

Studies reveal that producing one ton of AAC results in approximately 164 kg of CO2 emissions, significantly less than 

the emissions from OPC concrete, thereby contributing to the mitigation of global warming [5–9]. AAC, an inorganic 
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alumino-silicate polymer, is synthesized from various alumino-silicate sources, such as metakaolin and red mud, and 

activated by highly alkaline chemical solutions. These sources also include industrial by-products like fly ash (FA), slag, 

and others from steel production [5, 7]. Replacing cement-based concrete with AAC can significantly reduce CO2 

emissions. Furthermore, this replacement involves using industrial by-products such as fly ash, ground granulated blast 

furnace slag (GGBS), metakaolin, and rice husk ash as primary ingredients [8, 10]. Alkali-activated composites, 

engineered as novel binders rich in aluminosilicate materials, are derived from these raw materials. These composites, 

capable of synthesizing pozzolan with high alkali-activated solutions, have demonstrated promising results in 

sustainable development, exhibiting enhanced strength and porosity [11]. 

Recent studies have explored the partial or complete substitution of cement-based concrete with various 

nanomaterials. Despite the superior mechanical properties, workability, and durability of conventional concrete, alkali-

activated composites integrated with nanomaterials offer greater strength and durability. Most research indicates that 

the optimal content of binder materials in alkali-activated concrete paste and mortar is around 1-2 percent by weight, 

with a particle size of 10 nm [12]. Recent studies underscore the significant impact of nanomaterials in enhancing 

concrete properties, a development attributed to advancements in nanotechnology [13–17]. The quality of concrete is 

greatly affected by the characteristics of the transition zone (TZ) between the cement paste and aggregate. Incorporating 

nano-silica (NS) has been shown to densify the microstructure and enhance hydrated phases (C–S–H), counteracting 

Ca(OH)2 leaching, and serve as an effective nano-filler due to NS's high pozzolanic characteristics [13, 14]. Additionally, 

the use of nano-silica has been proven to decrease overall permeability in hardened concrete, thereby improving its 

mechanical and durability characteristics [15, 18–21]. Phoo-ngernkham et al. [22] reported that the inclusion of 3% 

nano-SiO2 and nano-Al2O3 resulted in compressive strengths of 48.1 and 46.1 MPa and flexural strengths of 5.23 and 

5.26 MPa, respectively, after 90 days. 

Xavier et al. [23] found that the addition of nano-alumina to an AAC mix enhances the geopolymerization process, 

thereby improving mechanical performance due to the effective participation of nano-alumina in chemical activation. 

This performance, however, begins to decline with increased alumina content due to a weakened bond effect. The 

production of C-S-H/C-A-S-H in a fly ash/slag alkali-activated concrete using potassium silicate and potassium 

hydroxide initiates hardening. The hardening process depends on the availability of calcium ions and the system's pH, 

with the rapid formation of C-A-S-H, K-A-S-H, and (Ca, K)-A-S-H. Slower calcium ion dissolution rates have been 

shown to enhance the compressive strength of alkali-activated concrete, as prolonged geopolymerization yields better 

results [24]. As reported, one billion tons of fly ash are produced annually worldwide as a byproduct of burning coal for 

electricity [25]. According to previous studies, fly ash is a crucial raw material, often serving as a partial replacement 

for Portland cement in concrete technology production [26, 27]. Researchers commonly agree that fly ash is rich in 

aluminosilicate, with sodium hydroxide and sodium silicate being the predominant alkali binder solutions [28–30]. 

The GGBS slag activity index recorded was 62% after seven days and 108% after twenty-eight days. The slag 

composition must include at least two-thirds of the total mass of CaO, MgO, and SiO2, with the remainder primarily 

comprising Al2O3 and a few other oxides [31, 32]. The mass ratio of (CaO + MgO) to SiO2 should exceed 1.0 [33, 34]. 

Mallikarjuna & Gunneswara Rao [35] stated that using GGBS and fly ash as source materials enables alkali-activated 

concrete to achieve significant strength, even when cured outdoors. The higher calcium content in GGBS is believed to 

enhance compressive strength. Notably, particle size, alkali concentration, shape, calcium content, and the origins of fly 

ash and slag influence the properties of alkali-activated concrete. Furthermore, calcium content dramatically affects 

strength and the development of compressive strength, with higher slag content leading to quicker strength development 

and greater compressive strength at an early stage [36]. Therefore, this study investigates the impact of NA presence on 

the fresh and hardened properties, as well as the durability performance of alkali-activated mortar in an ambient 

environment. It also evaluates the performance of alkali-activated mortar using various combinations of fly ash and 

ground granulated blast furnace slag (GGBS) as sustainable alternative building materials. 

2. Sustainable Building Practices: Why Fly Ash and GGBS Outperform PC 

Sustainable building practices have gained increasing importance recently as the construction industry strives to 

diminish its environmental impact and enhance energy efficiency. In this vein, the utilization of sustainable materials is 

pivotal, as they can help in reducing greenhouse gas emissions, conserving natural resources, and minimizing waste. Fly 

ash and ground granulated blast-furnace slag (GGBS) are two such materials that have proven to surpass OPC in 

sustainability aspects [37].  

Fly ash, a by-product of coal-fired power plants, consists of finely ground coal particles captured by pollution control 

equipment. When incorporated into concrete, fly ash enhances the material's strength and durability, decreases its 

permeability, and augments its resistance to sulfates and acids. Additionally, fly ash has a lower carbon footprint than 

PC, as it repurposes a waste product and reduces the demand for virgin materials [38-41]. Similarly, GGBS, a byproduct 

of iron and steel production, when used in concrete, improves material durability and chemical attack resistance. It also 

boasts a lower carbon footprint than PC, thanks to its origin from industrial waste, thereby reducing the need for virgin 
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materials. Moreover, GGBS has been found to diminish the heat generated during curing, making it ideal for large 

concrete structures [42-44]. While Portland cement is a fundamental component in concrete and widely used in 

construction, its production is energy-intensive and generates substantial greenhouse gases, including carbon dioxide. 

Additionally, the extraction of raw materials for OPC production, such as limestone, clay, and sand, can lead to 

significant environmental damage, including habitat destruction and soil erosion. OPC is also susceptible to chemical 

attacks, potentially causing concrete structures to deteriorate over time [44, 45]. Comparing the sustainability of fly ash, 

GGBS, and OPC involves considering embodied energy, carbon footprint, and resource depletion. In all these categories, 

fly ash and GGBS outperform PC, being produced from waste products and reducing the need for virgin materials. 

Furthermore, their application in concrete has demonstrated improvements in material durability and chemical attack 

resistance, thereby decreasing maintenance and repair needs over time [36, 46, 47]. 

 In summary, the incorporation of fly ash and GGBS in construction presents numerous advantages over using 

Portland cement. These materials, derived from waste products, diminish the need for virgin materials and decrease the 

construction industry's carbon footprint. Moreover, they have shown to enhance the durability and resistance of concrete, 

reducing maintenance and repair needs over time. As the construction industry continues to emphasize sustainability, 

the adoption of fly ash and GGBS is likely to increase, presenting a sustainable alternative to traditional building 

materials [48]. 

3. Research Significance 

The significance of this research lies in its exploration of sustainable building materials, specifically the use of fly 

ash and GGBS as alternatives to OPC in concrete. As the construction industry increasingly focuses on reducing its 

environmental footprint, the shift towards more eco-friendly materials becomes imperative. This study not only 

highlights the environmental benefits of using fly ash and GGBS but also sheds light on their practical advantages in 

terms of enhancing concrete's durability and strength. Firstly, the environmental impact of traditional construction 

practices, particularly the extensive use of PC, is a growing concern.  

The production of OPC is energy-intensive, contributing significantly to greenhouse gas emissions. Additionally, 

the extraction of raw materials required for OPC causes considerable environmental degradation. In contrast, fly ash and 

GGBS, being by-products of industrial processes, offer a way to repurpose waste materials, thereby reducing landfill 

use and the need for virgin material extraction. Their lower carbon footprint is a vital factor in the pursuit of sustainable 

construction practices. Secondly, the enhanced performance characteristics of concrete made with fly ash and GGBS 

cannot be overlooked. This research underlines how these materials improve the strength, durability, and chemical 

resistance of concrete. These properties are particularly important for structures exposed to harsh environmental 

conditions or heavy usage. The use of these alternative materials can lead to longer-lasting buildings and infrastructure, 

reducing the need for frequent repairs and replacements. This not only has cost-saving implications but also minimizes 

the construction-related disruptions and environmental impacts over the lifespan of a structure.  

Finally, this study has the potential to influence policy and practice in the construction industry. By providing 

empirical evidence of the benefits of using fly ash and GGBS, it could encourage policymakers and industry leaders to 

adopt more sustainable practices. The findings could guide regulations and standards, promoting the use of 

environmentally friendly materials. Moreover, this research contributes to the broader discourse on sustainable 

development, demonstrating practical ways the construction industry can adapt to meet global sustainability goals. 

4. Material and Methods 

4.1. Materials Characteristics 

In the current study, nano-alumina (NA) with a ratio of 2% was utilized, characterized by particle sizes ranging from 

2030 nm in gamma shape. Three distinct types of binders were evaluated: high-calcium fly ash (FA) conforming to 

ASTM C 618 [49] standards, GGBS, and a combination of FA and GGBS used collectively as binding agents. Tables 1 

and 2 detail the chemical compositions of these materials, as analyzed by X-ray fluorescence (XRF), and the physical 

properties of the binders. Furthermore, Figure 1 presents the physical appearance of FA and GGBS as observed under 

SEM analysis. Table 3 provides a comprehensive overview of the properties of nano-alumina. In this investigation, silica 

sand, with particles ≥ 500 µm, was employed as the fine aggregate.  

The study also utilized a solution of sodium silicate (Na2SiO3) and sodium hydroxide (NaOH) as an alkali activator, 

maintaining a ratio of 2.5. A local supplier provided sodium silicate with a composition of Na2O at 17.98%, SiO2 at 

28.1%, and H2O at 53.92% by mass. This study discovered that the sodium hydroxide was 98% pure, flaky in shape, 

and had a molarity of 12 M, which was identified as the optimal ratio [26, 50]. Additionally, the superplasticizer Glenium 

51 was obtained from the BASF Company. 
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Table 1. Chemical composition and physical properties of fly ash and ground granulated blast slag 

Component CaO SiO2 Al2O3 Fe2O3 MgO TiO2 SO3 K2O P2O3 Mn2O3 Na2O SrO LOI 

FA (%) 15.48 48.43 17.15 11.96 1.35 2.68 0.82 0.41 0.4 0.17 0.0019 0.2 1.47 

S (%) 47.75 28.17 8.6 0.42 3.89 0.94 1.45 0.29 0.06 0.47 0.02 0.076 0.2 

NA (%) - - 99.9 - - - - - - - - -  

NS (%)  99.8            

Table 2. Physical properties of fly ash, ground granulate blast slag 

Physical 

Properties 

Specific surface area 

(m2/kg) 

Size 

(µm) 

Density 

(kN/m3) 

Moisture content 

(%) 
Color 

Length 

(mm) 

S 418 - 2.9 0.1 Light grey - 

FA 360 <45 <2.6 <1.0 gray - 

Table 3. Properties of nano alumina 

Additives 
Particle size 

(mm) 
Purity Color Shape 

NA 2030 99.9% White Gama 

 

  
Fly Ash GGBS 

Figure 1. SEM analysis of FA and GGBS [51] 

4.2. Mix Design 

The mixtures incorporated 100% FA, 100% GGBS, and a 50% FA and 50% GGBS blend, each constituting a 

consistent total binder content of 650 kg/m3. Drawing from prior research [50, 52-54], the study affirmed the 

Na2SiO3/NaOH ratio of 2.5 with 12 molarity of sodium hydroxide as the optimal proportion [55-57], hence adopting 

this value. The mixing process involved blending the dry materials, silica sand, FA, and GGBS, for 2.5 minutes. The 

nano-alumina was incrementally added to the mix and stirred for an additional 2 minutes. Subsequently, the alkaline 

solution and the superplasticizer were gradually introduced over a period of 1 minute to the dry mixture. Finally, the 

concoction was thoroughly mixed for two more minutes [14, 58]. In this experiment, nano-alumina constituted 2% of 

the binder's weight. Three identical specimens for each test were meticulously cast. For a visual representation of the 

sample preparation and testing sequence, please refer to Figure 2, which shows the flow diagram of the study's 

methodical approach, including how samples were prepared and tests were administered. 
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Table 4. Quantity of materials of alkali-activated concrete mortar (kg/m3) 

Mix. No FA GGBS NA Sodium Silicate Sodium Hydroxide Fine Aggregate Superplasticizer 

M1 650 - - 92.9 232.1 1040 13 

M2 - 650 - 92.9 232.1 1040 13 

M3 325 325 - 92.9 232.1 1040 13 

M4 637 - 13 92.9 232.1 1040 13 

M5 - 637 13 92.9 232.1 1040 13 

M6 318.5 318.5 13 92.9 232.1 1040 13 

 

Figure 2. Experimental Workflow: A detailed flowchart that outlines the systematic methods for sample preparation and 

alkali-activated mortar (AAM) mix testing 

4.3. Curing Condition 

After casting, the specimens were shielded with plastic sheets to prevent the evaporation of the alkaline solution for 

24 hours following the formation of alkali-activated concrete mortar. Post 24 hours, the specimens were carefully 

demolded and stored in a controlled laboratory environment at 23±3°C and 60% relative humidity for 28 days after 

casting. 

4.4. Hardened Properties Test 

The compressive strength of the AAM was evaluated in accordance with ASTM C109 [58, 59]. For each mixture, 

three identical specimens were tested [59]. The flexural strength was determined following ASTM C348 [60]. 

Specimens manifestly flawed or exhibiting strengths deviating by more than 10% from the average value of all 

specimens prepared from the same mix and tested concurrently were deemed non-representative and thus excluded from 

consideration. 
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5. Results and Discussion 

5.1. Fresh Properties 

5.1.1. Flowability 

Figure 3 and 4 show the results of the laboratory test that evaluated the flowability of mixes of alkali-activated mortar 

(AAM). Mixtures that include fly ash (FA) and those that include ground granulated blast furnace slag have quite 

different flow properties (GGBS). Remarkably, AAM mixes including FA showed more flowability than those 

containing GGBS. Previous research has set expectations that are contradicted by this flowability discrepancy [61, 62]. 

The use of high-calcium fly ash as the FA in this investigation may explain why the perceived discrepancy was not as 

strong. 

 

Figure 3. Flowability of AAM mixtures 

 

Figure 4. Execution of Flow Table Test 

5.1.2. Unit Weight 

Figure 5 illustrates the unit weight results. Consistent with previous findings, AAM mixes with FA had a lower unit 

weight than those with GGBS, owing to GGBS's higher specific gravity. The addition of NA increased the unit weight 

of AAM mixes, regardless of the binder type, indicating that NA enhances the mixes' density and concrete microstructure 

[56, 57]. Research has shown that concrete's unit weight increases with the addition of nano-materials, while its 

permeability decreases [63]. 
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Figure 5. Unit weight of AAM mixtures 

5.2. Mechanical Properties 

5.2.1. Compressive Strength 

Figure 6 shows the compressive strength values of AAM specimens, which show interesting trends in the effect of 

various binders. Incorporating ground granulated blast furnace slag (GGBS) into AAM mixtures clearly results in higher 

compressive strength than using fly ash alone (FA). This finding is in line with predictions, considering GGBS's 

pozzolanic reactivity and additional cementitious characteristics. Figure 7 depicts the sample's compressive test and can 

be used as an example.  

 

Figure 6. Compressive strength of AAM mixtures 

 

Figure 7. Compressive Testing of AAM Sample 
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Using a synergistic combination of the two binders, with half FA and half GGBS, produces mixes with the highest 

compressive strength. All the materials' reactions and activations contributed to this outstanding performance, which is 

a result of a synergistic impact that improves the AAM's mechanical properties in general.  

Furthermore, one of the most important factors in increasing compressive strength is the incorporation of nano-silica 

(NA) into the AAM matrix. Consistent with other results in concrete investigations [56, 57], this discovery reiterates the 

positive effect of nano-silica on the mechanical properties of materials activated by alkalis. It should be noted that mixes 

including FA and the combined binder ingredients exhibit a more pronounced enhancement ratio compared to blends 

having only GGBS. The significance of taking binder combinations into account when optimizing AAM characteristics 

is highlighted by this discrepancy, which implies a distinct interaction between nano-silica and the individual binders. 

Mixes including FA and the combined binder ingredients had a more noticeable enhancement ratio compared to mixes 

containing only GGBS. 

5.2.2. Flexural Strength 

The flexural tensile strength of AAM (see Figure 9), shown in Figure 8, also varied with the binder type. Consistent 

with prior research, AAM specimens with FA had lower flexural tensile strength compared to those with GGBS, 

attributed to GGBS's higher reactivity [62]. The addition of NA increased the flexural tensile strength of FA-inclusive 

mixes, but had a detrimental effect on mixes with GGBS. This indicates that NA enhances the bond strength and 

microstructure of concrete in FA-inclusive mixes [58]. Studies have found that incorporating 2% nano-materials 

increases concrete's flexural tensile strength and decreases its permeability [14]. Specimens with 2% nano-alumina acted 

as fillers, occupying pore spaces and enhancing the interaction between binder phases (FA and GGBFS). The AAM 

matrix's role is significant in enhancing the material's overall strength, as observed in SEM captures where the cohesion 

between reactive materials and pore spaces is strengthened with the addition of nano-alumina [57]. 

 

Figure 8. Flexural tensile strength of AAM mixtures 

 

Figure 9. The apparatus used for conducting flexural strength tests, featuring the test devices and samples of alkali-

activated mortar (AAM) 
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5.3. Durability Properties 

Indeed, studying the water absorption characteristics in AAM mixtures plays a crucial role in understanding their 

durability properties. This section discusses the water absorption percentages of various AAM specimens, as shown in 

Figure 10. In general, the water absorption percentages observed range from 10.04% to 11.66%, indicating a moderate 

variance influenced by the constituent materials. Specimens with FA show a water absorption of 10.06%, which is 

relatively lower compared to GGBS at 11.02%. This suggests that FA may impart a denser microstructure to the AAM, 

consequently reducing the porosity and absorption capacity. In specimens where FA and GGBS are combined, the water 

absorption percentage is 10.26%, illustrating a slight effect where the combination of both materials does not 

significantly deviate from the individual values. This indicates that the complementary properties of FA and GGBS in 

AAM might contribute to an optimized pore structure, balancing the material's overall porosity and density. The addition 

of NA, particularly in combinations with FA (11.66%) and GGBS (11.15%), results in higher water absorption rates. 

This increase can be attributed to the high surface area of NA, which potentially increases the porosity within the AAM 

matrix. The lowest water absorption rate is observed in the FA+GGBS+NA combination at 10.04%, which is intriguing 

as it suggests that the trio-combination effectively counterbalances the individual effects of each constituent. The 

enhanced packing density and improved microstructural integrity achieved through this combination could be 

responsible for this reduced absorption rate. 

 

Figure 10. Water absorption of AAM mixtures 

6. Conclusions 

This study explored the fresh and hardened properties of AAM with an emphasis on the role of NA as a substitute 

for binder materials. The major findings and implications from this research are as follows, along with identified 

limitations and directions for future research: 

 The incorporation of NA was found to negatively affect the flowability of AAM mixtures. This effect was more 

pronounced in mixtures that included FA compared to those with GGBS. This suggests a nuanced interaction 

between NA and different binder types that requires further exploration. 

 All AAM mixes, regardless of the binder type, experienced an increase in unit weight with the addition of NA. 

This finding indicates that NA contributes to a denser mix and potentially enhances the microstructure of the 

concrete. 

 The study confirmed that NA significantly improves the compressive strength of AAM, in line with previous 

research. Mixtures incorporating FA and combined binders exhibited greater strength improvements compared to 

those with GGBS alone. 

 The flexural tensile strength of AAM specimens increased with the addition of NA in FA mixes, while a decrease 

was observed in GGBS mixes. This suggests that the pore-filling mechanisms of NA vary depending on the binder 

type, impacting the overall strength differently. 

While this research offers an extensive evaluation of the mechanical and durability aspects of AAM with NA, it is 

limited by its focus on static conditions and a singular NA concentration of 2%. The absence of dynamic testing leaves 

a gap in understanding AAM's response to varied loads and environmental stresses, crucial for applications in seismic 

10.06%

11.02%

10.26%

11.66%

11.15%

10.04%

9.00%

9.50%

10.00%

10.50%

11.00%

11.50%

12.00%

FA Slag FA+Slag

W
a

te
r
 A

b
so

r
p

ti
o

n
 (

%
)

Control NA



Civil Engineering Journal         Vol. 10, No. 03, March, 2024 

911 

 

zones or fluctuating climates. Moreover, the controlled room temperature of the experiments does not reflect the range 

of climatic conditions AAM might face in real-world scenarios. Future research should, therefore, prioritize dynamic 

testing, explore the effects of diverse environmental conditions, investigate a broader spectrum of NA concentrations, 

and delve into the microstructural analysis of AAM with NA to offer a more comprehensive understanding of its 

properties and applicability. 
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Abstract 

High-temperature exposures of concrete lead to serious damage in concrete structures, resulting in the significant decay of 

mechanical properties and spalling of concrete. Alkali-activated concretes (AAC) of blended aluminosilicate precursors 

and activators have been proven to have higher thermal endurance than conventional portland cement concrete. 

Incorporation of gypsum (GY) in alkali-activated systems has proven to positively impact the mechanical properties when 

adopted in controlled amounts. GY releases SO4
2- to the binder system, which helps in the formation of ettringites, along 

with Ca2+, which leads to the formation of hydrates. This causes a reduction in porosity and improves strength gain. 

Incorporation of GY into the fly ash-slag-based alkali-activated system further improves thermal endurance by retaining 

considerable residual strengths even after 800°C exposure. In the present study, the influence of GY on the residual 

mechanical properties of fly ash-slag-based AAC is investigated to explore the thermal endurance of the ternary mix at 

elevated temperatures. The mechanical properties of fly ash (FA), Ground Granulated Blast Furnace Slag (GGBS), and 

gypsum (GY) ternary blended AAC subjected to elevated temperatures are studied in comparison with conventional 

portland cement concrete (control mix). AAC design mixes with varying proportions of GY as a replacement to FA-GGBS 

precursor are tested for mechanical properties to obtain the optimum mix. The residual mechanical properties of the FA-

GGBS-GY optimum ternary AAC mix are obtained after exposure to elevated temperatures up to 800°C. The morphology 

and microstructural characteristics of AAC are studied by Scanning Electron Microscopy (SEM) and Energy-Dispersive 

X-ray Spectroscopy (EDS) analyses to investigate the influence of gypsum on the thermal endurance of concrete when 

exposed to elevated temperatures. Improved thermal endurance is observed for AAC when FA-GGBS precursors are 

replaced with 5% of GY as compared to the thermal endurance of conventional portland cement concrete (PCC) of the 

same compressive strength. 

Keywords: Alkali Activated Concrete (AAC); Fly Ash (FA); Ground Granulated Blast Furnace Slag (GGBS); Gypsum (GY); Elevated 

Temperature; Microstructure Analysis. 

 

1. Introduction 

There is a continuously increasing global demand for cement to meet the necessities and requirements of rapid 

infrastructure growth. This has necessitated the large-scale usage of cement in recent years. Global production of cement 

reached 4.1 Gt in 2019 and is expected to grow up to 12–23% by 2050 [1]. It is estimated that approximately 1 ton of 

CO2 is released during the production of 1 ton of cement, accounting for about 5% of total global CO2 emissions [2]. At 

present, studies are being focused on the 100% replacement of portland cement (PC) with an alternative binder to achieve 

sustainability in concrete production. Research on the utilization of aluminosilicate-based industrial wastes in concrete 

production has been trending in recent years. Alkali-activated concrete (AAC) is one of the efficient alternatives that 
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has the potential to replace conventional portland cement concrete (PCC). In AAC, portland cement is entirely replaced 

by aluminosilicates or calcium aluminosilicates like coal fly ash, blast furnace slag, metakaolin, silica fume, steel slag, 

zeolite, etc., and activated using an alkaline activator/s. 

Fly ash (FA) is being used as a primary alternative cementitious material all over the world because of its abundance 

and easy availability [3–6]. More than 196 million tons of FA is being generated in India, which requires considerably 

large area of land for disposal. Coal-based thermal power plants are the major source of power generation in India to 

meet the energy demands of the large population. Coal reserves in India are expected to last for more than 100 years [5]. 

The utilization of FA in sustainable construction is being considered as a primary and effective means of reducing the 

quantity of FA that is being disposed of on the land as a landfill. AAC with FA as a primary precursor offers similar to 

superior mechanical and durability characteristics as compared to conventional concrete [7, 8]. The extent of these 

characteristics largely depends on the source and type of FA as well as the proportions of other blending ingredients 

used. The usage of FA as a sole precursor in AAC requires heat curing for better and faster polymerization. Also, the 

mechanical strength attained is moderate. Hence, the addition of calcium aluminosilicates like GGBS to FA in the 

production of concrete eliminates the demand for heat curing and yields moderately higher strength. 

Gypsum (GY) is commonly used in the production of portland cement as a retarding agent. Most of the researchers 

have studied fly ash, blast furnace slag, steel slag, red mud, metakaolin, and other alumina and/or silica precursor-based 

binders or mortars to investigate the influence of synthetic gypsums like phosphogypsum (PG) or desulfurized/flue gas 

desulfurized gypsum (DG). PG is a synthetic gypsum, which is a byproduct of the fertilizer industry produced from 

phosphate rock, whereas DG is an industrial by-product obtained by desulfurization and purification of flue gas 

generated after combustion of sulfur-containing fuels (coal, oil, etc.). The phosphorus and fluorine impurities in PG 

demand careful reuse in concrete production. DG can be used as a substitute for natural gypsum in concrete production. 

However, there are certain issues and considerations associated with its use in concrete. As DG contains higher levels 

of sulfates compared to natural gypsum, there is a risk of sulfate attack, compromising its durability and long-term 

performance. Variations in the chemical composition depending on the source and the specific desulfurization process 

may cause inconsistencies in the quality of the concrete. Natural gypsum is obtained by mining or quarrying. The total 

global production of gypsum from mines in 2022 amounted to an estimated 150 million metric tons. The United States 

is the world's largest producer of crude gypsum and has the world's largest reserves. The abundant gypsum reserves can 

be utilized in the production of AAC. 

In recent years, studies on blended alkali-activated binder systems have gained momentum as they offer improved 

properties because of the formation of silicate hydrates like calcium aluminosilicate hydrate (C-A-S-H) and sodium 

aluminosilicate hydrate (N-A-S-H), making the matrix of an alkali-activated system more compact and denser with a 

refined crack pattern than conventional concrete with a compact pore system [9, 10]. In AAC, hydroxides and silicates 

of sodium and potassium are commonly used as alkali activators. The gel system formed due to alkali activation in AAC 

depends on the properties and proportion of precursors along with the activators used. The reaction products from 

blended systems are complicated and different from those produced when precursors are used in isolation [11, 12]. If 

the precursor has a low calcium content, like FA (class F), metakaolin, etc., the major chemical reaction products formed 

are (N-A-S-H). While the high calcium precursors like GGBS, etc. generate (C-A-S-H) as the major reaction product. 

In the case of blended systems, the predominant chemical reaction products formed are the combination of (C-S-H), (C-

A-S-H), and (N-A-S-H) in varying proportions. The proportions of the aforesaid reaction products depend on the 

proportions of CaO, SiO2, and Al2O3 content in the binders [13–15]. 

Incorporation of GY into aluminosilicate precursors in alkali-activated materials reduces drying shrinkage and 

hence enhances dimensional stability [16–18]. The addition of GY has been observed to increase the compressive 

strength of alkali-activated materials [16, 19, 20]. GY ionizes and releases Ca2+ and SO4
2- to a reaction system and 

is hence expected to improve the performance of the FA-GGBS-based alkali-activated system. However, few studies 

have shown detrimental effects on compressive strength depending on the proportion of the GY in the binders and 

the characteristics of the activators used [21–24]. Gypsum has been used as a sulfate activator in FA/slag-based 

geopolymer pastes, which created favorable conditions for the diffusion and penetration of ions for the activation of 

FA/slag precursors and led to the formation of ettringite [25]. PG promoted the alkali-activation reaction and reduced 

setting times when FA/GGBS was partially substituted with phosphogypsum in PG-based alkali-activated binders 

[26]. A 10% substitution of GGBS with PG in a 50:50 FA/GGBS blend was found to be beneficial. The increased 

amount of gypsum (up to 15%) in the FA/slag blended pastes was observed to increase pore distribution, which 

reduced capillary tension and subsequently led to drying shrinkage. Incomplete dissolution of gypsum and a 

reduction in the formation of ettringites and hydrates were also observed [17]. Optimal strength was obtained with 

the incorporation of 6% GY of precursor mass content in the FA-slag-based geopolymer cement when a large amount 

of slag and a small amount of FA were used [27].  

The strength properties of FA-GGBS-based alkali-activated materials with DG were optimized by varying curing 

times and alkali activator modulus. The formation of ettringites due to the incorporation of DG was observed to fill the 
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tiny micro-cracks, thus forming a denser matrix [28]. DG promoted additional polymerization, ultimately resulting in 

increased strength in the low-alkaline reaction system. Controlling DG content is recommended to prevent volume filling 

effect of unreacted DG, which makes the system porous. Modification of the AAC binder matrix for a higher Si/Al ratio 

offers better residual mechanical strengths after elevated thermal exposures by inhibiting damage due to pore-pressure 

build-up [29]. When alkali-activated FA and GGBS-based geopolymers are exposed to high temperatures, the sintering 

reaction heals the micro/meso pores/cracks partially and reduces the adverse impact of re-crystallization on the gel 

skeleton, leading to the retention of mechanical strength after 600 °C exposure [30]. Higher slag content in the binder 

induces better mechanical properties to the FA-GGBS-based AAC, but increased brittleness is detrimental to the residual 

strengths of concrete. FA-based geopolymers offer moderate mechanical properties as compared to FA-GGBS binary 

systems. Hence, FA and GGBS ratios need to be carefully adopted in the concrete mix to get the advantage of both 

mechanical properties and better thermal endurance. 

Studies on gypsum-based blended concretes are relatively scarce. In general terms, expansion of aggregates and 

shrinkage of the binder, when the concrete is exposed to elevated temperatures, result in the debonding of aggregates 

and binder, thus reducing the mechanical and durability properties of concrete. Studies on concrete that mimics real-

world applications are needed for societal acceptance. 

Concrete is exposed to high temperatures as a building material in various applications like chimneys, metallurgical 

industries, in case of fire accidents, etc. High-temperature exposures lead to serious damage to concrete structures, 

resulting in the significant mechanical decay and spalling of concrete. It is essential to adopt high-temperature-resistant 

concrete for the intended serviceability and to ensure the safety of life. In the present study, FA-GGBS-GY-based ternary 

blend AAC has been adopted, and residual mechanical properties are investigated at elevated temperatures in 

comparison with conventional PCC. The study focuses on the use of GY as one of the binders in the FA-GGBS-based 

ternary system while limiting it to 10% of the total precursor content. 

This article presents an investigation on the influence of Gypsum incorporated as a partial substitution for FA-GGBS-

based alkali-activated binder systems on the residual properties of FA-GGBS-based AAC. The concrete mix proportions 

with an alkali-activated FA-GGBS-GY binder system along with the methodology adopted to ascertain the worth of the 

developed concrete against thermal endurance are presented. The phases developed at each of the elevated temperature 

levels are presented through micro-analysis. Residual mechanical properties are also tested. 

2. Materials 

In the present study, FA and GGBS are used as major alkali-activated binder precursors, and the influence of the 

incorporation of GY as a partial replacement (up to 10%) for FA and GGBS is investigated. The chemical composition 

of AAC precursors is given in Table 1. SEM images and the elemental composition of AAC precursors and PC are 

shown in Figure 1. SEM images indicate particles of FA as spherical, GGBS as angular, GY as flaky, and PC as 

irregularly shaped. A combination of sodium silicate (Na2SiO3) and 12M sodium hydroxide (NaOH) alkaline solutions 

is used as an alkaline activator. M-Sand, used in the present study, conforms to Zone 1 as per IS:383 (1970), with particle 

sizes ranging between 4.75 mm and 150 μm. The size of coarse aggregates and their proportions in the mix are fixed to 

match the DIN B grading curve to achieve dense packing [31]. The combined grading of coarse aggregates adopted in 

the concrete mixes consists of 19% of 20 mm passing, 20% of 12.5 mm passing, 22% of 6.3 mm passing, and 39% of 

4.75 mm passing. PC of grade 43 has been used in the control mix. Preliminary tests on PC, precursors, alkaline activator 

solutions, and aggregates are conducted and reported in Table 2. 

Table 1. Chemical composition of AAC precursor materials 

Component FA (%) GGBS (%) GY (%) 

SiO2 61.8 40 19.83 

Al2O3 24.98 4.1 11.63 

Fe2O3 4.47 2.0 6.20 

CaO 3.08 42.0 18.86 

MgO 1.77 6.20 5.75 

K2O 0.94 - 1.47 

Na2O 0.28 - 0.05 

SO3 0.31 0.10 43.99 

Loss of ignition 1-1.5 0.25 20.36 
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Figure 1. SEM and EDS images of AAC precursors and PC 
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Table 2. Properties of AAC materials 

Physical Property Raw material  

Specific gravity 

FA (Class F) 2.12 

GGBS 2.80 

GY 2.64 

Sodium silicate (Na2SiO3) - 46.0% w/w 1.57 

Sodium hydroxide (NaOH) solution – 12M 40.4% w/w 1.46 

Coarse aggregates 2.60 

Fine aggregates 2.60 

Fineness modulus 
Coarse aggregates 7.76 

Fine aggregates 3.54 

3. Research Methodology 

The methodology adopted to investigate the influence of GY on the residual properties of FA-GGBS-based AAC in 

comparison with conventional PCC (control mix) is represented in Figure 2. Alkaline solution content, precursor ratio, 

activator (Na2SiO3 to NaOH) ratio, and NaOH molarity are fixed by conducting trials for designing an AAC mix of 

required compressive strength and workability [31]. Design mix proportions adopted in casting AAC specimens are 

given in Table 3. For the preparation of AAC, aggregates and precursors are dry mixed initially in the concrete mixer 

followed by the addition of activators. Na2SiO3 to NaOH activators are prepared at least 24 hours before the mixing time 

and mixed at least 3 hours before the concrete preparation. Mixing of concrete is continued for 3-5min to get a uniform 

and workable mix by adding the required amount of water. Alkali-activated ternary mixes are prepared by replacing FA-

GGBS precursors with varying percentages of GY in the increments of 2.5% designated as GY0, GY2.5, GY5, GY7.5 

and GY10 representing 0%, 2.5%, 5%, 7.5% and 10% replacement respectively. For PCC, 43-grade cement is used, and 

the concrete mix is designed as per IS:10262 (2019). 

 

Figure 2. Methodology flow chart of the study 
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Table 3. Mix Proportions of AAC 

Component GY0 GY2.5 GY5 GY7.5 GY10 

FA (class F) in kg/m3 350 341.25 332.50 323.75 315 

GGBS in kg/m3 150 146.25 142.50 138.75 135 

GY in kg/m3 0 12.50 25 37.50 50 

Sodium Hydroxide (NaOH) solution – 12M 40.4% w/w 57 kg/m3 

Sodium silicate (Na2SiO3) - 46.0% w/w 143 kg/m3 

Fine aggregates – M sand 667 kg/m3 

Coarse aggregates 1041 kg/m3 

(Alkali activator solution / Binder content) ratio 0.4 

Workability 50 mm slump, medium workable concrete 

Cube specimens of size 100 mm, cylinder specimens of 100 mm diameter and 150 mm height, and beam specimens 

of 150 mm × 100 mm × 100 mm are cast for all AAC mixes and air-cured at room temperature. Specimens are tested 

for mechanical properties after 7 and 28 days. The optimum AAC mix is obtained by comparing the mechanical strengths 

of specimens of all AAC mixes. Using optimum AAC mix; cube, beam, and cylinder specimens are cast along with 

PCC specimens. After 28 days of curing, one set of PCC (water curing) and AAC (air curing) specimens are tested for 

mechanical strengths. Another set of specimens is exposed to elevated temperatures of up to 800°C in an electric furnace. 

The temperature in the furnace is raised at a constant rate of 5.5°C/min. After reaching the designated temperature 

(200°C, 400°C, 600°C and 800°C), specimens are retained for 2 hours in the furnace [29]. After 2 hours of retention 

time, the furnace is switched off and allowed to cool down until room temperature is reached. The Specimens are taken 

out of the furnace and tested for residual strengths. Binder samples extracted from the AAC and PCC specimens after 

elevated temperature exposures are subjected to Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray 

Spectroscopy (EDS) analyses. 

4. Results and Discussions 

AAC specimens with varying percentages of GY are tested for compressive, tensile, and flexure strengths to obtain 

an AAC mix with the optimum percentage of GY. Concrete specimens with the optimum percentage of GY are then 

exposed to elevated temperatures to obtain the residual strengths to investigate the influence of GY on AAC. Chemical 

reactions between FA, GGBS, and GY led to the formation of new complex crystalline products. A few unreacted 

compounds of precursors are also found throughout the process of alkali activation. 

4.1. The Optimum Percentage of GY as a Replacement for FA-GGBS in AAC 

AAC mixes are prepared by replacing FA and GGBS with GY at varying percentages (0%, 2.5%, 5%, 7.5%, and 

10%). Figure 3 shows the influence of GY on the compressive, split tensile, and flexure strengths of AAC at 7 and 28 

days. Positive impact up to 5% replacement and negative impact with the increase in the percentage of replacement from 

5% to 10% is observed. 

       



Civil Engineering Journal         Vol. 10, No. 03, March, 2024 

921 

 

 

Figure 3. Variation in mechanical strengths of AAC with varying GY content at 7 and 28 days 

The mechanical strengths of all AAC mixes considered for the study are tabulated in Table 4. GY5 attained 14.34%, 

12.27%, and 11.07% higher compressive, split tensile, and flexure strengths respectively at 28 days than GY0. As 

compared to GY5, compressive, split tensile, and flexure strengths of GY7.5 are reduced by 11.14%, 3.6%, and 2.49% 

respectively, and 19.62%, 11.26%, and 19.93% respectively for GY10 AAC mix. According to strength tests, the AAC 

mix with 5% GY possessed higher mechanical strengths than the control AAC mix, GY0. However, the addition of GY 

beyond 5% decreased the strength of AAC. Similar results were reported in earlier studies with FA and PG [32]. Based 

on this observation, GY5 is considered as the optimum mix for elevated temperature exposures. 

Table 4. Mechanical strengths of AAC with varying GY content at 7 and 28 days 

AAC Mix Average Compressive strength in N/mm2 Average Split tensile strength in N/mm2 Average flexure strength in N/mm2 

 7 days 28 days 7 days 28 days 7 days 28 days 

GY0 33.8 45.52 1.73 1.81 4.85 5.43 

GY2.5 37.4 47.85 1.85 1.98 5.38 5.62 

GY5 37.6 52.05 2.11 2.22 5.65 6.02 

GY7.5 33.93 46.25 1.90 2.14 5.55 5.87 

GY10 27.96 41.84 1.86 1.97 4.57 4.82 

Binders extracted from GY0, GY2.5, GY5, GY7.5, and GY10 AAC specimens are subjected to microstructure 

analysis and surface morphology is observed. SEM images of all samples considered for the study are shown in Figure 

4. The chemical reactions of the ternary blend alkali activation process are complex. They involve dissolution, 

polymerization, and subsequent reformation of various silicate, aluminate, and calcium-based compounds. These 

reactions resulted in new phases, which helped to develop the strength, durability, and overall performance of AAC. 

The alkalis in the activator solution (NaOH and Na2SiO3) led to the dissolution and release of (Si2+) and (Al3+) from the 

FA. Similarly, under the action of alkalis, (Ca2+) and (SiO4
4-) ions were released from GGBS. Released ions combined 

with alkali metal ions and generated gel-like crystalline structures, primarily composed of calcium silicate hydrate (C-

S-H), calcium aluminosilicate hydrate (C-A-S-H), Sodium aluminosilicate hydrate (N-A-S-H) and other compounds by 

polymerization in FA-GGBS-based AAC which contributed to the binding properties and strength gain in AAC [33]. 

GY, predominantly composed of calcium sulfate dihydrate, contributes calcium (Ca2+) ions to the system in the presence 

of alkalis. 

  
GY2.5 
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AFt 
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Figure 4. SEM images of AAC with varying GY content 

GY in AAC ternary binder released (SO4
2-) ions into the binder paste. Dissolved (Ca2+) and (SO4

2-) ions in the FA-

GGBS-GY blend, combined with transformed aluminium hydroxide [Al(OH)6]3- to form ettringite (AFt). These needle-

shaped AFt crystals reduced the porosity by filling the pores, thus improving the strength [34]. Thus (C-S-H), (C-A-S-

H), (N-A-S-H), and AFt are responsible for dense microstructure leading to the strength gain when GY content was 

≤5%. With the increase in GY content to 7.5% and 10%, the formation of excessive AFt led to the destruction of the gel 

structure of AAC binders due to the volume expansion leading to increased porosity. This increased porosity 

subsequently led to the deterioration of the strength. Similar results were obtained in an earlier study with 

Desulfurization gypsum [33]. Additionally, since a certain percentage of FA-GGBS is replaced with GY, the formation 

of reaction products is reduced due to the lower dissolution rate of (Ca2+), (Si2+), and (Al3+) ions. Higher CaSO4 content 

has been proven to cause adverse effects on the formation of the (C-S-H), (C-A-S-H), and (N-A-S-H) gel [17]. SEM 

images of GY7.5 and GY10 AAC shown in Figure 4 indicate the existence of a considerable number of pores and 

unreacted precursors than GY5 AAC indicating the adverse effect of AFt and incomplete dissolution of precursors in 

the activator solution respectively. These are responsible for the reduction in strengths because of an increase in porosity 

and lesser gel formation. A larger amount of GY acts as a barrier for the formation of reaction products which reduces 

the cohesion in the microstructure resulting in the reduction of mechanical strengths. 

Elements and elemental ratios of different AAC mixes considered for the study are listed in Table 5. An increase in 

the ratios of (Ca/Si), (Si/Al), (Na/Al), (Ca/(Si+Al)), and (Na/(Si+Al)) is observed with the increase in the replacement 

of GY with FA-GGBS up to 5% and decrease is observed with further increase in the GY replacement. Increase in the 

ratios of (Ca/Si), (Si/Al), (Na/Al), (Ca/(Si+Al)), and (Na/(Si+Al)) is observed from 0.769, 2.252, 0.83, 0.533, and 0.255 

to 1.204, 2.990, 0.908, 0.902, and 0.228 respectively for G5 AAC mix w.r.t GY0. Higher (Ca/Si), Ca/(Si+Al), and 

(Na/(Si+Al)) ratios of a mix indicate a higher rate of polymerization due to enhanced dissolution of precursors leading 

to the formation of denser reaction products. (Ca/Si) and (Ca/(Si+Al)) ratios dominate over (Na/(Si+Al)) ratio for G5 

AAC which indicate (C-S-H) and (C-A-S-H) as major crystalline reaction products formed. (Si/Al) ratio is the most 

critical factor for residual properties in the AAC system at elevated temperatures and the mix with a higher (Si/Al) ratio 

offers better resistance to elevated temperature exposures [35–37]. G5 AAC with high elemental ratios, high (Si/Al) 

ratio, and relatively better mechanical properties as compared to other mixes considered for the study is adopted as the 

optimum mix for elevated temperature exposures. 

Table 5. EDS analysis of AAC samples at ambient temperature 

AAC Mix 
Elements (% by wt.) and their ratio 

Na Ca Si Al Ca/Si Si/Al Na/Al Ca/(Si+Al) Na/(Si+Al) 

GY0 5.33 11.13 14.46 6.42 0.769 2.252 0.830 0.533 0.255 

GY2.5 2.01 8.93 10.50 3.83 0.850 2.741 0.525 0.624 0.140 

GY5 3.65 14.48 12.02 4.02 1.204 2.990 0.908 0.902 0.288 

GY7.5 2.72 10.50 12.96 4.90 0.810 2.644 0.555 0.587 0.152 

4.2. Residual Mechanical Strengths of PCC and G5 AAC 

Specimens are exposed to elevated temperatures after 28 days of ambient temperature curing for G5 AAC and water 

curing for PCC specimens. Electric furnace temperature is gradually increased at a constant rate of 5.5°C/min till the 

designated temperature i.e., 200°C, 400°C, 600°C, and 800°C is reached. Specimens are retained for 2 hours at the 

GY7.5 GY10 
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designated temperature. After retention time, the furnace is switched off and allowed to cool until room temperature is 

reached. The specimens are taken out of the furnace and tested for mechanical strengths to investigate the influence of 

GY on the residual properties of FA-GGBS-GY-based AAC as compared to PCC.  

The visual appearances of G5 AAC and PCC specimens after exposure to elevated temperatures are shown in Figures 

5 and 6. Surface layers of PCC specimens are seen to be disintegrated and spalled off on 8000C exposures. PCC 

specimens suffered a higher level of disintegration at elevated temperatures as compared to AAC specimens due to the 

early loss of bond between binder and aggregates because of considerable dehydration; and because of early gel structure 

disintegration. The binder matrix in AAC appeared to be more stable and denser than PCC binder offering better 

resistance to exposed elevated temperatures. 

  

Figure 5. Concrete specimens after exposure to 800℃ 

 

 

Figure 6. The visual appearance of G5 AAC and PCC beam specimens after exposure to 400℃ 

Variations in the mechanical strengths of PCC and G5 AAC specimens at elevated temperature exposures from 200℃ 

to 800℃ are shown in Figure 7. Residual mechanical strengths of PCC and G5 AAC specimens after exposure to elevated 

temperatures relative to their mechanical strengths at ambient temperature are tabulated in Table 6. AAC specimens 

showed higher residual mechanical properties than PCC specimens at every exposure temperature considered. Maximum 

reduction in compressive strength is observed between 600℃-800℃ for PCC specimens and between 400℃-600℃ for 

G5 AAC specimens. Similarly, PCC and G5 AAC specimens lost maximum split tensile and flexure strengths between 

200℃-400℃. After exposure to 800℃ exposure, G5 AAC specimens retained considerable mechanical properties to an 

extent of 25% to 47%, whereas PCC specimens lost almost 85% to 100% w.r.t ambient strengths. At 800℃, the relative 

residual compressive, split tensile, and flexure strengths of PCC specimens w.r.t mechanical strengths at ambient 

temperature are observed to be 0.15, 0.01, and 0 as compared to 0.53, 0.2, and 0.25 respectively for G5 AAC specimens. 

Lower cracking and spalling, and higher residual mechanical strengths of G5 AAC at higher temperature exposures 

indicate their better performance and hence are considered to offer excellent endurance at elevated temperature 

exposures as compared to PCC. 

GY5 AAC PCC 

PCC 

GY5 AAC 
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Figure 7. Residual mechanical strengths of PCC and G5 AAC specimens at different elevated temperature exposures 

Table 6. Residual mechanical strengths of specimens after exposure to elevated temperatures relative to mechanical 

strengths at ambient temperature 

 Specimens Exposure temperature 

 Al 200 oC 400 oC 600 oC 800 oC 

Relative residual compressive strengths 
PCC 0.89 0.70 0.58 0.15 

G5 AAC 1.04 0.94 0.72 0.53 

Relative residual split tensile strengths 
PCC 0.75 0.41 0.17 0.01 

G5 AAC 0.79 0.50 0.31 0.20 

Relative residual flexure strengths 
PCC 0.78 0.43 0.08 0 

G5 AAC 0.85 0.61 0.46 0.25 

From the SEM images of G5 AAC in Figure 8, no cracks are visible at 800°C, and minor cracks are visible at 600°C 

exposure. This is due to the sintering of hydrates and unreacted precursor particles which resulted in the greater inter-

particle connectivity between 600°C-800°C [29]. Sintering of hydrates in G5 AAC filled up micro to macro cracks 

formed on exposure to elevated temperatures up to around 800°C. This in turn helped in the retention of residual 

mechanical strengths at elevated temperature exposures. 

 

Figure 8. SEM images of G5 AAC specimens after exposure to 600°C and 800°C 

Sintered hydrates 

800 oC 600 oC 
Sintered hydrates 
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EDS analysis results of PCC and G5 AAC samples are shown in Tables 7 and 8 respectively. Reduction in (Ca/Si) 

and (Si/Al) ratios of PCC with the increase in exposure temperature from 200°C to 800°C is observed due to the 

decomposition and disintegration of (C-S-H) gel which resulted in the loss of mechanical strengths. An increase in the 

elemental ratios of G5 AAC with the increase in exposure temperature up to 200°C is observed due to the enhanced 

polymerization which resulted in the increased mechanical strengths as per Table 6. At different elevated temperatures 

the specimens are exposed to, in the present study, the elemental ratios of G5 AAC are higher than those of PCC. This 

indicates a higher amount of thermal degradation of PCC gel structure than G5 AAC and thus justifies higher thermal 

endurance of G5 AAC than PCC with considerable residual strengths at elevated temperatures. This behavior proves G5 

AAC mix is a better alternative to PCC for elevated temperature exposure applications up to 800°C. 

Table 7. EDS analysis of PCC samples after exposure to elevated temperatures 

Exposure 

Temperature 

Elements (% by wt.) and their ratio 

Ca Si Al Ca/Si Ca/(Si+Al) 

Ambient 12.57 9.67 12.08 1.30 0.80 

200oC 6.15 7.88 11.76 0.78 0.67 

400oC 2.99 5.45 9.40 0.55 0.58 

800oC 2.46 5.12 11.63 0.48 0.44 

Table 8. EDS analysis of G5 AAC samples after exposure to elevated temperatures 

Exposure 

Temperature 

Elements (% by wt.) and their ratio 

Na Ca Si Al Ca/Si Si/Al Na/Al Ca/(Si+Al) Na/(Si+Al) 

Ambient 13.41 17.55 9.00 9.38 1.95 0.96 1.43 0.96 0.73 

200oC 16.74 25.97 12.92 11.24 2.01 1.15 1.49 1.08 0.69 

400oC 9.34 11.29 6.45 7.59 1.75 0.85 1.23 0.80 0.67 

800oC 5.82 5.34 3.40 6.54 1.57 0.52 0.89 0.54 0.59 

5. Conclusions 

 Partial replacement of FA-GGBS precursors with 5% GY in an alkali activation system is found to be beneficial 

in improving the mechanical properties of AAC. The microstructures of the FA-GGBS-GY ternary blended 

concrete showed better thermal endurance as compared to PCC and hence is a potential alternative for elevated 

temperature applications.  

 The optimum mix design of FA-GGBS-GY-based AAC is obtained by replacing FA-GGBS (70:30) with 5% GY. 

The formation of ettringite (AFt) crystals filled up the initial pores and improved mechanical strength. With the 

increase in GY content to 7.5% and 10%, excessive ettringite (AFt) formed led to the destruction of the gel 

structure due to the volume expansion. This increased the porosity and deteriorated the strength.  

 GY5 AAC specimens showed higher residual mechanical properties than PCC specimens at every elevated 

exposure temperature considered. GY5 AAC specimens offered higher resistance to spalling and cracking than 

PCC specimens and retained better residual mechanical properties on elevated temperature exposures up to 800℃. 

 At every elevated temperature exposure considered in the present study, between 200℃ to 800℃, the elemental 

ratios of GY5 AAC are higher than those of PCC. This indicates a higher amount of thermal degradation of PCC 

gel structure than GY5 AAC. Strong gel structure, sintering of unreacted precursor particles and binder matrix at 

higher temperatures in AAC helped in retaining considerable residual mechanical strengths than PCC even after 

exposure to elevated temperatures up to 800℃. This justifies better-elevated temperature endurance of Fly ash-

slag-gypsum-based AAC than PCC. 
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Abstract 

This research has investigated the sustainability and climate resilience of courtyard houses of adobe architecture in the 

UAE. It analyzed design effectiveness in terms of power consumption, CO2 emissions, thermal comfort, and daylight use, 

employing simulations to assess building structures and construction systems. Adopting a three-phase mixed-methods 

approach, the study began with a literature review on courtyard house design, construction, and environmental performance, 

emphasizing sustainable design and passive ventilation. The second phase involved a case study of a UAE courtyard house 

(Al Midfa), including site visits, interviews, and energy consumption and CO2 emission data collection. The final phase 

used building energy simulation software to model energy performance and evaluate passive ventilation's role in reducing 

energy consumption and CO2 emissions, with simulation results validated against real-world data. Advanced Sefaira 

simulations with the Energy Plus Engine identified one out of seven modified models (M5) as exceptionally thermally 

efficient, influencing the architectural design of the Al Midfa house. To transform the Al Midfa house into a sustainable 

climate-resistant structure, the research suggested retrofitting with new glazing and insulation on the inside of external 

walls and on the roof surface at a combined U-value of 0.4 W/m2 to enhance energy efficiency without altering the exterior. 

A notable innovation was the use of injected cellulose insulation in wall systems, combining efficient insulation with 

architectural aesthetics, signifying a shift towards energy-efficient interior modifications. The study's findings contribute 

to the evolution of traditional house designs toward climate change resilience and a sustainable future. 

Keywords: Adobe Architecture; CO2 Emission; Energy Consumption; Thermal Condition; Traditional Construction; Courtyard House in 

Hot & Dry Climate. 

 

1. Introduction 

This study emerges as a scholarly response to the escalating concerns over climate change and the resultant impact 

of constructed environments on greenhouse gas emissions, precipitating a heightened emphasis on environmentally 

sustainable design and energy preservation approaches. The principle of climate resilience underpins the development 

of architectural structures and infrastructural systems robust enough to endure climate change impacts [1]. While 

traditional courtyard dwellings are architecturally tailored to the specific climatic challenges of their locations, the 

integration of climate resilience with these vernacular structures has become a focal area within architectural and 

environmental design scholarship. Recent trends indicate an increasing inclination to merge these two domains, aiming 

to establish structures that are both environmentally sustainable and resilient, aligning seamlessly with local ecological 

contexts. 
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The standard traditional courtyard house, especially when constructed using Adobe technology, is characterized by 

the employment of earthen materials and has historically represented a paradigm of sustainable architecture. In the 

contemporary context of climate change, such courtyard architectures have been recognized for their inherent 

sustainability and passive design principles. The thermal mass attributes of adobe materials in these structures 

significantly contribute to their energy efficiency. Adobe walls, with their capacity to absorb, retain, and subsequently 

dissipate heat, play a pivotal role in stabilizing indoor temperatures, thereby diminishing the dependence on mechanized 

temperature regulation systems. This contributes to a reduction in energy consumption while simultaneously elevating 

the thermal comfort of the inhabitants [2]. 

Adobe technology not only lends a contextually harmonious and aesthetically pleasing aspect to courtyard houses 

but also amplifies their eco-friendly characteristics. Utilizing local natural resources like clay, sand, and straw, adobe 

construction minimizes the environmental impact and carbon emissions associated with building processes [3]. In 

traditional courtyard houses, the fusion of natural adobe materials is always linked with aesthetic considerations. The 

case study of Al Midfa House demonstrated how the use of earthen materials fosters a seamless blend between the built 

environment and its natural surroundings, preserving the cultural and architectural essence of traditional courtyard 

houses in the UAE and similar arid regions. However, integrating such traditional structures into contemporary urban 

settings presents considerable challenges. 

In the context of the urban setting of courtyard houses, Baiz & Fathulla [4] delved into the incorporation of courtyard 

housing in Baghdad's urban areas, underscoring the climatic advantages of courtyards, such as enhanced natural 

ventilation and thermal comfort, and proposing them as sustainable urban housing solutions. Considering the courtyard 

as a vital outer space in traditional houses of the hot and arid climate of Amiriparyan & Kiani [5], they examined the 

central courtyard's pivotal role in traditional Iranian houses, particularly in historic cities like Isfahan, Shiraz, and Yazd. 

The study emphasized the courtyard's importance in both urban planning and intra-house spatial organization, 

highlighting its contribution to creating cohesive and continuous living spaces, thereby shaping the architectural 

narrative of 17th- to 19th-century Iranian homes. Regarding the interrelation between design and orientation of 

courtyards, additional studies have scrutinized the impact of courtyard spatial patterns on microclimate conditions in 

regions experiencing hot summers and cold winters. These investigations have illuminated the pivotal role of courtyard 

design and orientation in fostering sustainable and energy-efficient environments [6–8]. 

Subsequently, continuing on the influence of shape geometry and spatial arrangement over courtyard efficiency, 

Soflaei et al. [9] have explored how courtyard design and layout impact the microclimate and sustainability of traditional 

houses in Iran's hot-arid region. The study assessed courtyards' physical and environmental characteristics that enhance 

energy efficiency, examining six houses in Kerman and Isfahan. The study, using the Koppen climate classification, 

developed design guidelines and formulas based on courtyard dimensions and proportions, offering a blueprint for 

sustainable building designs applicable in similar climates. Similarly, another study by Sun et al. [10] investigated the 

role of enclosed patios in climate adaptation and microclimate regulation in buildings. Their research developed design 

guidelines to improve thermal comfort, utilizing both qualitative and quantitative methods. The study identified crucial 

design aspects, such as maintaining proportional dimensions, increasing window numbers, and adding semi-open spaces. 

Notably, optimal designs for four-sided and three-sided patios were determined, enhancing both the thermal efficiency 

and aesthetic appeal of these spaces. 

In addition, Soflaei et al. [11] and Benoudjafer [12] explored the synergy between natural energy, vernacular 

architecture, and adobe technology, elucidating the thermal comfort and energy efficiency afforded by adobe in hot arid 

climates' courtyard houses. Concurrently, Nguyen & Reiter [13] examined passive and low-energy cooling strategies 

suitable for hot, humid regions, emphasizing Adobe technology's contribution to enhancing thermal performance in 

courtyard houses. Kamal & Rahman [14] conducted a comprehensive study on the historical, current, and future roles 

of earth architecture, particularly adobe technology, in courtyard houses. They emphasized the sustainability and energy 

efficiency prospects of these materials. Investigations into the influence of courtyard geometry on summer microclimate 

in traditional buildings underscored the imperative of optimizing courtyard dimensions to enhance thermal mitigation 

capabilities [15, 16]. Additionally, Vellinga [17] offered a historical perspective on courtyard housing, discussing the 

potential limitations of passive thermal comfort and ventilation in these traditional structures. 

The discussion above can be summarized as that the use of adobe technology, along with the implementation of 

passive ventilation techniques, courtyard spatial morphology, and microclimate considerations, can greatly improve 

thermal comfort in hot and arid climates. Studies of traditional adobe houses demonstrate the effectiveness of these 

traditional methods in achieving energy-efficient and sustainable house design. By reviving and incorporating these 

techniques into modern architecture, we can create comfortable living spaces that minimize the use of energy and 

promote sustainable living. 

In addition to the above research, many simulation experiments and studies have been conducted to measure the 

design of traditional adobe courtyards towards sustainability, thermal effectiveness, and hybrid living space. Al-Hafith 

et al. [18] evaluated DesignBuilder's ability to simulate courtyard thermal behavior, uncovering significant discrepancies 
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between its simulations and real-world measurements. The study found DesignBuilder's modeling often inaccurately 

predicts heat gain and air temperature due to challenges in replicating the effects of heat radiation, natural ventilation, 

and shading. This highlights the complexity of accurately simulating courtyard thermal dynamics in software like 

DesignBuilder. Besides, Abdulkareem [19] investigated the high energy consumption of mechanical air-cooling in the 

Middle East and proposed the use of traditional architecture for energy efficiency. The study emphasized optimizing 

courtyard microclimates to enhance thermal comfort and advocated integrating traditional methods with renewable 

energy strategies for sustainable architecture, moving beyond superficial revivals to a holistic approach combining 

historical and modern practices. 

Saadatjoo et al. [20] have analyzed the microclimatic effects and ventilation in semi-outdoor spaces using 

computational fluid dynamics (CFD). Their study of various apartment buildings with differing terrace widths and 

porosity levels showed that porosity increased internal air velocity, although not significantly. Double-sided models 

were found to be more effective than single-sided or lateral ones in air regulation, with a unique correlation observed 

between terrace and courtyard air velocities. This suggests double-sided models as balanced designs for optimal airflow. 

Continuing with experimentation through simulation modeling, Han et al. [21] have explored how different spatial 

layouts affect courtyard microclimates using field measurements and ENVI-met simulations. Key factors like air 

temperature, solar radiation, airflow, and humidity were examined. The study found that ground coverings greatly 

influence temperature and humidity, recommending a specific mix of lawn, marble, water, and trees to optimize 

courtyard conditions, especially in library courtyards. The study recommends a combination of lawn, marble, water 

surfaces, and landscape tree coverage in proportions of 25%, 25%, 50%, and 75%, respectively, as optimal design 

elements for improving the microclimate conditions in the inner courtyards of libraries. 

In the context of the courtyard’s thermal comfort, Ibrahim et al. [22] have studied optimizing courtyard blocks for 

thermal moderation in various climates, particularly focusing on Cairo's hot-arid environment. The study used 

Grasshopper and Ladybug tools in Rhino 3D to analyze design parameters like cooling loads and the Universal Thermal 

Climate Index. It found that minimizing interspaces in courtyard blocks across three different extension types was most 

effective for thermal efficiency, offering crucial insights for urban design in hot-arid climates. Similarly, another study 

through simulation has also explored the issues of thermal comfort and daylight provision and suggested moderation in 

courtyard design. Besides, Guedouh et al. [23] have investigated the balance between thermal and luminous 

environments in courtyard buildings in hot, arid regions. Through on-site measurements and DesignBuilder simulations, 

they analyzed different building morphologies. The study found that while courtyards excel at daylighting, their thermal 

regulation is less effective. This research helps identify optimal designs for enhancing both daylight and thermal 

efficiency in challenging hot and arid climates. Continuing with the assessment of thermal comfort of courtyards, another 

study has presented the concept of ATC (adaptive thermal comfort) in courtyard houses. The study investigated the 

effect of seasonal occupant movement on thermal comfort in courtyard houses. Their study highlighted that traditional 

behaviors significantly boost Adaptive Thermal Comfort (ATC), especially during winter in northern courtyard zones, 

where ATC can increase by 10.1 to 23.7%. This research emphasizes the value of vernacular strategies in enhancing 

indoor thermal comfort [24]. Furthermore, the Courtyard Thermal Usability Index (CTUI) was developed to improve 

the thermal efficiency of courtyards in hot climates, focusing on Baghdad. This index calculates the percentage of 

comfortable hours relative to total use. Analyzing 360 courtyards with Envi-met 4.2, the study found that courtyards in 

Iraq offer only 38% comfortable hours annually. Key factors affecting thermal comfort include the courtyard's width-

to-height ratio and the Mean Radiant Temperature (MRT), providing insights for designing efficient courtyards in hot 

climates [25]. 

Regarding the interrelationship between the thermal comfort of a courtyard and its design in an urban context, Taleb 

& Abumoeilak [26] have conducted a study to optimize courtyard designs for thermal performance in urban communities 

in hot arid regions, focusing on Dubai's sustainable city residential cluster. Utilizing ENVI-met software, they simulated 

and compared four courtyard layouts: U-shaped, linear, central buildings with square courtyards, and U-shaped buildings 

with square courtyards. The simulations evaluated outdoor thermal behavior, wind speed, and humidity distribution. 

Their findings showed that the fourth scenario, U-shaped buildings with square courtyards, significantly improved 

microclimatic conditions, reducing relative humidity from 56.27 to 48% and temperature from 43.03 to 41.03°C. 

Whereas, Sahebzadeh et al. [27] explored 11 strategies and tools used traditionally in Iran to establish sustainable, 

comfortable homes in its extreme climates. These strategies include optimizing density, orientation, introversion, 

seasonal design, local materials, ground thermal capacity, natural ventilation, wall properties, insulation, native 

elements, and integrating water and plants. Tools like courtyards, Showãdãn, and Bahãr-khãb were discussed. The 

research provides a comprehensive guideline for sustainable building practices in Iran and the Middle East's harsh 

climates. 

The discussion above asserts that a courtyard in a hot and arid region acts as an ecological battery, severing its 

occupants both in summer and winter. However, its importance cannot be ignored in humid climates as well. It has been 

explored that, despite courtyards' declining use in new housing in tropical regions, their potential for promoting passive 

ventilation and daylight is significant. The study from a humid region found that in courtyards, polycarbonate shading 
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elements hinder ventilation while increasing shade. Utilizing simulations, the research examined the configurations of 

various courtyard terrace houses in Penang, Malaysia. Results indicated that a semi-enclosed courtyard with shading 

devices optimizes environmental conditions, contributing to the design of modern terrace houses in hot-humid climates 

[28]. 

The review above about courtyard houses has been conducted in the context of their thermal comfort, shape, 

orientation, material application, and adaptive applications. This review suggests that a low-energy consumption strategy 

in courtyard houses has the potential to significantly reduce energy consumption and improve sustainability. Passive 

solar design, natural ventilation and cooling, and the use of renewable energy sources can all contribute to achieving 

low energy consumption. However, careful consideration of various factors such as climate, site location, thermal mass, 

and occupant behavior is necessary to maximize the effectiveness of these strategies. Overall, the design of low-energy-

consumption courtyard houses is a promising approach to sustainable housing design. To summarize the review above, 

Table 1 has been assembled to extract the key findings of previous studies. 

Table 1. Literature Review Key Findings 

No Study Key Findings 

1.  [18] 
DesignBuilder struggles with accurate simulation of courtyard thermal behavior, especially in replicating heat radiation, natural 
ventilation, and shading. 

2.  [19] 
Investigated high energy use of mechanical air-cooling in the Middle East and advocated for traditional architecture for better 
energy efficiency. 

3.  [20] 
Studied microclimatic effects in semi-outdoor spaces, finding porosity slightly increases air velocity; double-sided models are 

more effective. 

4.  [9] 
Explored courtyards' impact on microclimate in Iran's BWks region, providing sustainable building design guidelines based on 
courtyard properties. 

5.  [21] 
Examined how various ground coverings in courtyards affect microclimates, suggesting specific material combinations for optimal 
conditions. 

6.  [22] Focused on optimizing thermal efficiency of courtyard blocks in Cairo's hot-arid climate using Grasshopper and Ladybug-tools. 

7.  [23] 
Investigated the balance between thermal and luminous environments in hot, arid courtyard buildings, finding courtyards excel in 

daylighting but not in thermal regulation. 

8.  [10] 
Developed design guidelines for enclosed patios to enhance thermal comfort, identifying key design elements for optimal thermal 
efficiency. 

9.  [5] 
Highlighted the central courtyard's role in traditional Iranian houses, emphasizing its importance in urban planning and intra-house 
spatial organization. 

10.  [24] 
Investigated how seasonal occupant movement affects thermal comfort in courtyards, finding it significantly enhances Adaptive 

Thermal Comfort (ATC). 

11.  [25] 
Developed Courtyard Thermal Usability Index (CTUI) for Baghdad courtyards, showing courtyards in Iraq offer 38% comfortable 
hours annually. 

12.  [28] 
Explored ways to enhance environmental conditions in terrace house courtyards in hot-humid climates, finding semi-enclosed 
courtyards with shading devices most effective. 

13.  [27] Provided a comprehensive guideline of 11 strategies and tools for sustainable, comfortable homes in Iran's extreme climates. 

14.  [26] 
Studied courtyard design optimization for thermal performance in hot arid regions, identifying U-shaped buildings with square 

courtyards as best for microclimatic conditions. 

In the context of climate resilience in traditional courtyard houses, Table 2 highlights specific research gaps that 

have been instrumental in shaping the direction of this study. While existing research provides a substantial foundation 

on the role and design of traditional courtyard houses in mitigating climate impacts, there remain unexplored areas that 

hold significant potential for enhancing our understanding of climate resilience in these structures. Recognizing these 

gaps, this study aims to delve deeper into aspects that have been overlooked or insufficiently addressed in previous 

research. 

Table 2. Research Focus and Gaps in Comparative Studies 

Research focus 
Comparative studies 

addressing the focus 
Identified gaps in research 

Design and Adobe Construction Courtyard House [5, 9] Limited exploration of adobe construction techniques in courtyard houses. 

Courtyard House as Low Energy Model [19, 26, 28] 
Need for more studies on the adaptation of courtyard designs in modern low-

energy models. 

Inner Thermal Comfort of Courtyard House [10, 18, 20, 24]  
More research on specific strategies to enhance inner thermal comfort in 

different climatic conditions is required. 

Adaptation to Climate Resilient Design Techniques [10, 19, 27]  
Further exploration of adapting traditional design techniques for modern 

climate resilience is needed. 

Transforming Existing Courtyard House in UAE as 

Low Energy Climate Resilient Living. 
[26] 

A gap exists in comprehensive studies specifically focused on transforming 

existing courtyard houses in the UAE for energy efficiency and climate 

resilience. 



Civil Engineering Journal         Vol. 10, No. 03, March, 2024 

932 

 

2. Research Validation 

This research comprehensively addresses the identified gaps in Table 2 by integrating traditional and contemporary 

design philosophies. It aims to expand the exploration of adobe construction techniques in courtyard houses, considering 

their natural insulation properties and suitability for hot climates. The study focuses on courtyard houses as low-energy 

models, investigating how their traditional design can be adapted to modern sustainable practices. This includes 

enhancing inner thermal comfort through innovative, climate-responsive strategies, particularly in diverse climatic 

conditions. 

Moreover, the research delves into adapting traditional design techniques for modern climate resilience. This 

involves exploring how these age-old methods can be synergized with advanced technologies to create sustainable, 

climate-resilient living spaces. A significant part of the study is dedicated to transforming existing courtyard houses in 

the UAE into models of low-energy, climate-resilient living. This includes detailed case studies and practical 

implementations, considering the unique environmental and cultural context of the UAE. The findings contribute to 

sustainable urban development, offering insights into preserving architectural heritage while meeting contemporary 

environmental challenges. 

3. Factors Contributing to Climate Change in Gulf Countries 

Climate change is a global issue that affects every nation, and Gulf countries are no exception. The Gulf region is 

home to several countries, including the UAE, that are highly vulnerable to climate change due to their geographic 

location, extreme weather conditions, and dependence on fossil fuels [29]. This section aims to assess the factors 

contributing to climate change in Gulf countries and provide an understanding of their impact on the environment. 

The Gulf region is known for its high temperature and humidity levels, which can contribute to the increased use of 

air conditioning and, thus, higher energy consumption. The energy sector in Gulf countries is heavily reliant on fossil 

fuels, leading to high levels of greenhouse gas emissions [30]. Additionally, rapid urbanization and industrialization 

have increased the demand for energy and transportation, further exacerbating the environmental impact of these 

activities [31]. Some other studies outline the other factors contributing to climate change in Gulf countries, including 

desertification, soil degradation, and water scarcity. The lack of sustainable farming practices, coupled with excessive 

use of water resources, has resulted in a decline in soil fertility and productivity. The Gulf region is also one of the most 

water-scarce areas in the world, with high levels of water consumption and low levels of renewable water resources [32, 

33]. 

To address these environmental challenges in GCC countries, various potential solutions have been proposed. One 

solution is to diversify the energy mix by promoting renewable energy sources such as solar and wind power [34]. The 

implementation of sustainable farming practices, such as drip irrigation and the use of drought-resistant crops, can help 

reduce water consumption and improve soil fertility [35]. Additionally, the promotion of public transportation and the 

use of electric vehicles and hydrogen fuel cells can help reduce the environmental impact of transportation [36–38]. 

The above studies can be summarized as, the Gulf countries face significant challenges regarding climate change, 

including high levels of greenhouse gas emissions, energy consumption, and water scarcity. These challenges require a 

comprehensive and coordinated approach involving the government, private sector, and civil society. Solutions such as 

the promotion of renewable energy, sustainable housing, farming practices, and public transportation can help address 

these challenges and ensure a sustainable future for the Gulf region. 

4. Research Aims and Objectives  

The concept of low energy consumption in courtyard houses has gained popularity in recent years due to its potential 

for reducing energy usage and improving sustainability in housing design. This study aims to explore the effectiveness 

of courtyard house design in climate resilience and change scenarios. By evaluating energy consumption, Co2e emission 

materials, their thermal performance, daylighting usability, and resilience factors, the research seeks to provide valuable 

insights into designing environmentally friendly and energy-efficient buildings. 

The primary objectives of this research are to: 

 Investigate the Emirati courtyard house in the context of adobe architecture design and construction. 

 Analyze the challenges of courtyard house design and its effectiveness as a sustainable model and climate 

resilience.  

Evaluate the effectiveness of power consumption and Co2e, thermal comfort, daylight utility, and climate resilience 

of building structures and construction systems through simulation. 
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5. Methodology 

The research employs a mixed-methods approach, combining both quantitative and qualitative data collection and 

analysis. This research is conducted in three phases. In the first phase, a comprehensive literature review is conducted 

to gather information on the design and construction of courtyard houses, their historical and cultural contexts, and their 

environmental performance. The review focuses on the principles of sustainable design, passive ventilation, and wind 

catcher effectiveness. In the second phase, a case study was conducted in a selected courtyard house in the UAE, and its 

architectural design and construction were analyzed to identify key design elements that contribute to low energy 

consumption. Besides this qualitative case study, analysis involved site visits, interviews with architects, engineers, and 

building occupants, and the collection of data on energy consumption and CO2 emissions. 

The data collected through the literature review and case study analysis was filtered to identify trends and 

relationships between the variables of interest. The third phase involves the creation of a simulation model to evaluate 

the energy consumption and CO2 reduction potential of courtyard houses. This involves the use of building energy 

simulation software, such as Sefaira, to model the energy performance of a typical courtyard house. A building 

performance simulation is carried out to assess the effectiveness of passive ventilation in reducing energy consumption 

and CO2 emissions in courtyard houses. The simulation is based on energy usage and CO2 emissions, thermal comfort, 

and daylighting Plus software and considers various scenarios for ventilation and insulation. In the final phase, the 

simulation results are analyzed and compared to real-world data to determine the accuracy and validity of the simulation 

model. Figure 1 shows the flow diagram of the research methodology. 

 

Figure 1. Research Flow Diagram 

5.1. Phase One: Comprehensive Literature Review  

At the very outset, the research emphasizes the importance of laying a strong foundational understanding of the 

subject matter. Therefore, the first phase involves an exhaustive literature review. This review intends to mine relevant 

information on the design and construction methodologies of courtyard houses, considering their deeply rooted historical 

and cultural contexts. Moreover, the environmental performance of these structures is of utmost importance to this 

research. Special attention is given to the principles of sustainable design, understanding the nuances of passive 

ventilation, and gauging the effectiveness of wind catchers. This phase offers insights into existing academic knowledge 

and presents a coherent framework for the subsequent phases of the study. 

Phase One: 
Comprehensive 

Literature Review

• Climate resilience and traditinal courtyard houses;

• Factors contributing to climate change in Gulf countries;

• Sustainability and courtyard house in hot and arid climate;

• Courtyard house and challenges in urban context;

• Climate resilience and adobe courtyard house;

• Simulation modelling for resilient courtyard house.

Phase Two: 
Case Study Analysis

• General preview;

• Architecture and construction;

• Sustainability and adobe construction in Al Midfa house;

• Circular windcatcher of Al Midfa house.

Phase Three: 
Simulation Model 

Creation and Analysis

• Simulation on Sefaira;

• Simulation results and analysis;

• Assessment of annual energy & CO2e emissions;

• Assessment of thermal comfort;

• Assessment of daylighting.
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5.2. Phase Two: Case Study Analysis 

In the succeeding phase, the spotlight shifts to an empirical exploration of a selected courtyard house located in the 

UAE. The choice of this region is significant, given its historical ties and architectural relevance to courtyard houses 

[39]. This case study, through a qualitative lens, delves deep into understanding the architectural design and construction 

practices employed. The primary aim is to ascertain the key design elements pivotal to ensuring low energy consumption. 

However, this investigation is not limited to merely analyzing architectural blueprints. A more holistic approach has 

been adopted, which encompasses site visits, stakeholder interviews including architects, engineers, and the very 

occupants of the building, and rigorous data collection focusing on metrics like energy consumption and CO2 emissions. 

This comprehensive approach ensures that the research captures the full essence and complexities of the subject. 

Following the collection of data, meticulous efforts were directed towards its analysis. The objective was to discern 

patterns, trends, and any significant relationship between the variables of interest that emerged from both the literature 

review and the empirical case study. 

5.3. Phase Three: Simulation Model Creation and Analysis 

With the foundation laid and empirical data at hand, the third phase transitions to a more technical realm. Here, the 

research introduces the concept of a simulation model. This model's central goal is to evaluate the potential of courtyard 

houses in terms of energy consumption reduction and CO2 mitigation. To achieve this, the study harnesses the 

capabilities of advanced building energy simulation software like Sefaira. This software recreates the energy 

performance dynamics of a quintessential courtyard house. Key aspects of this simulation include assessing the role of 

passive ventilation in energy and CO2 emission reduction. The process incorporates other software tools, focusing on 

parameters like energy utilization, CO2 emissions, thermal comfort, and daylighting. The simulation, while rigorous, is 

also versatile, considering multiple scenarios encompassing different ventilation and insulation strategies. 

Concluding this phase, the resultant simulation data undergoes a thorough analysis. The essence of this analysis is 

not just understanding the simulation's results but comparing them against real-world data. This juxtaposition aims to 

determine the simulation model's accuracy, ensuring its validity and applicability in real-world contexts. In summation, 

this research, through its phased approach, endeavors to provide a holistic understanding of courtyard houses, from 

historical relevance to future sustainability potential, as shown in Figure 2. 

 

Figure 2. Research Matrix 

6. Sustainability and Courtyard House in Hot and Arid Climate 

This study considers that the integration of traditional Adobe technology and passive ventilation techniques in 

courtyard house design is exciting. The central courtyard is not only aesthetically pleasing but also contributes to the 

building's sustainability by enhancing ventilation and cooling. The consideration of microclimate factors and the use of 

natural materials further promote sustainable living. The traditional courtyard house is an architectural typology that has 

been prevalent in various cultures and geographical locations for centuries [40, 41]. By examining the literature on this 

topic, this review highlights the inherent characteristics of traditional courtyard houses, which provide an embedded 

sustainable approach and foster the potential for adaptation to future climatic changes. In addition, its design presents 

an accurate blend of passive design, cultural adaptability, and urban context. Many studies have examined the correlation 

between a courtyard with sustainability and investigated various parameters defining the role of a courtyard in promoting 

sustainability in a courtyard house. 

Case Studies 

Cultural, 
Contextual, Climate 

Resiliant Model

Courtyard House as 
a Sustainable Model

Simulation 
Modeling for 

Resilient Design of 
Courtyard House
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The courtyard house design showcases the importance of sustainable architecture. The incorporation of natural adobe 

materials and passive ventilation techniques, such as wind catchers and courtyard spatial morphology, contributes to 

energy efficiency and sustainable living. The central courtyard also enhances the aesthetics of the building while 

providing functional benefits [42]. The integration of traditional adobe technology and passive ventilation techniques, 

along with the consideration of microclimate factors, promotes energy-efficient and sustainable living. The central 

courtyard provides a functional and sustainable design solution [43]. According to Fernandes et al. [44], courtyard 

houses are a great example of how sustainable architecture can be achieved using traditional techniques. The use of 

natural adobe materials and passive ventilation techniques, such as wind catchers and courtyard spatial morphology, 

contributes to energy efficiency and sustainable living. The central courtyard provides an aesthetically pleasing and 

sustainable design feature [45]. 

The sustainable features of the courtyard house design are noteworthy because of the incorporation of natural adobe 

materials and passive ventilation techniques, along with the consideration of microclimate factors, which promote 

energy-efficient and sustainable living; moreover, the central courtyard also provides functional and sustainable design 

solutions [46]. House design became admirable because of the courtyard and its sustainable features. The integration of 

traditional adobe technology and passive ventilation techniques, along with the consideration of microclimate factors, 

contributes to energy efficiency and sustainable living. The central courtyard also enhances the aesthetics of the building 

while providing sustainable design solutions [47]. Whereas the study of Friess & Rakhshan [48] emphasized that 

courtyard houses in the Middle East use local materials, architectural elements such as wind towers, and cultural context 

are important in achieving sustainability and energy efficiency. In addition, the courtyard shapes and designs play a 

crucial role in achieving sustainable thermal comfort and energy efficiency by employing, as mentioned, the shading 

performance of various polygonal courtyard forms [49]. 

Discussion under this section can be précised as that the sustainability features of courtyard houses are outstanding. 

The incorporation of natural adobe materials and traditional passive ventilation techniques, including wind catchers and 

courtyard spatial morphology, creates a comfortable and energy-efficient living space. The central courtyard not only 

adds to the visual appeal of the building but also provides functional benefits, such as improved air quality and cooling. 

The combination of these sustainable features showcases the potential of traditional design techniques in modern 

architecture. In terms of passive design strategies, traditional courtyard houses consistently emphasize the significance 

of their design principles in providing climate resilience. A key element is the central courtyard, which acts as a 

microclimate regulator, improving thermal comfort and allowing for natural ventilation. Furthermore, the compact 

layout, combined with thick walls and small openings, minimizes heat gain during hot periods and retains warmth during 

cold periods, enhancing energy efficiency. Additionally, the use of local materials with high thermal mass and insulation 

properties contributes to the overall climate adaptability of the courtyard house. 

Thus, it could be concluded that the design principles and passive strategies employed in traditional courtyard houses 

offer a sustainable and contextually adaptable approach to addressing current and future climatic challenges. As such, 

the traditional courtyard house can serve as an inspiration for contemporary urban design, promoting climate resilience 

and fostering a more sustainable built environment. 

6.1. Courtyard House and Challenges of Urban Context 

While traditional courtyard houses exhibit various sustainable characteristics, they also face certain challenges that 

warrant further examination. This section of the study explores literature sources that critically discuss the problems 

associated with traditional courtyard houses, focusing on aspects such as privacy, maintenance, and adaptation to 

contemporary needs. According to Al Kodmany [50] and Bekleyen & Dalkiliç [51], the level of privacy is a major 

concern in traditional courtyard houses. The study highlights issues related to visual and acoustic privacy, which arise 

due to the shared nature of courtyards and the proximity of living spaces. The study of Wang et al. [52] has discussed 

the challenges of urbanization and its impact on building energy consumption and efficiency, emphasizing the 

difficulties of integrating traditional courtyard houses into rapidly growing modern cities while maintaining their 

sustainable features. 

Maintenance and tidiness are major challenges in traditional Iranian courtyard houses of Iran. The authors emphasize 

the complexity of preserving and restoring historical structures while addressing the evolving needs of contemporary 

occupants [53]. However, various other studies have investigated factors influencing occupants' window opening 

behavior in a naturally ventilated building. The authors highlight that the reliance on natural ventilation in traditional 

courtyard houses may not always result in optimal indoor air quality, as occupant behavior and preferences can be 

unpredictable [54, 55]. Moreover, studies by Al Surf et al. [56] and Ghaffarianhoseini et al. [57] have discussed the 

challenges of integrating traditional courtyard houses with modern green building concepts. The authors emphasize the 

need for balancing the preservation of cultural heritage with the adoption of contemporary sustainable and smart building 

technologies.  

Whereas cultural and contextual adaptability is profoundly present, traditional courtyard houses are not a one-size-

fits-all solution. Various literature points out their adaptability to different cultural and climatic contexts. In regions with 
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hot arid climates, such as the Middle East, the courtyard houses often feature wind towers and water elements to increase 

the cooling effect of air movement [58, 59]. In contrast, in regions with cold climates, such as Northern China, the 

courtyard houses employ a south-facing orientation to maximize solar gain and heat retention [60, 61] These examples 

showcase the adaptability and versatility of courtyard houses in addressing specific climatic challenges. 

While the courtyard house is also being presented as an example of urban context and contemporary relevance. Some 

studies emphasized courtyard geometry and layout; the traditional courtyard house is increasingly recognized for its 

relevance in urban contexts and contemporary living. Research underscores the capacity of these structures to 

significantly contribute to sustainable urban development. The unique design of courtyard houses, characterized by their 

high-density living spaces intertwined with communal green areas, cultivates a robust sense of community. Such 

architectural arrangements not only promote social interaction among residents but also play a crucial role in mitigating 

the urban heat island effect. This blend of traditional design and communal living space offers a model for modern urban 

development that harmoniously balances private living with communal engagement [62, 63]. Furthermore, the courtyard 

house model's inherent flexibility allows for the integration of modern technologies, such as photovoltaic panels and 

rainwater harvesting systems, to further enhance its environmental performance [64, 65]. 

The discussion above has revealed several challenges associated with traditional courtyard houses, such as privacy 

concerns, maintenance issues, and adaptation to contemporary needs. These critical perspectives highlight the 

importance of considering both the advantages and disadvantages of courtyard houses when assessing their suitability 

for modern urban environments. Further research and innovative approaches are necessary to address these challenges 

and maximize the potential of traditional courtyard houses as sustainable architectural models. 

6.2. Climate Resilience and Adobe Courtyard House 

Climate change has become a significant concern globally, with the increase in the frequency and severity of natural 

disasters such as rising temperatures, storms, floods, and wildfires. Traditional courtyard houses have been recognized 

for their ability to provide climate resilience and offer a sustainable solution to climate change. The traditional courtyard 

house has been found to offer several benefits, including natural ventilation, shading, and thermal comfort. Studies have 

shown that traditional courtyard houses can reduce energy consumption by up to 50% compared to modern buildings 

[66, 67]. The use of traditional building materials such as adobe and mud bricks has also been found to have a positive 

impact on the environment, with a low carbon footprint but Adobe construction is vulnerable to climate change and 

poses a threat to the cycle of life [68]. 

However, there are also several challenges associated with traditional courtyard houses. For instance, some studies 

have noted the susceptibility of these houses to earthquakes and the precedent rate of rainfall [69] and the difficulty in 

adapting them to changing social needs and lifestyles [70]. Additionally, the use of traditional building materials may 

lead to maintenance and durability issues in extreme weather and seismic conditions [71, 72]. To address these 

challenges, various potential solutions have been proposed, one solution is to integrate modern building technologies 

with traditional building methods, such as using lightweight and earthquake-resistant materials. Another proposed 

solution is to introduce green roofs and walls to improve insulation and reduce heat absorption [73, 74]. Additionally, 

the integration of renewable energy systems, such as solar panels and wind turbines, can enhance the climate resilience 

of traditional courtyard houses [75].  

One of the key benefits of traditional courtyard houses is that they provide natural ventilation and cooling, which 

can help to reduce energy consumption and greenhouse gas emissions. For example, in studies conducted by Du et al. 

[76] and Subramanian et al. [77] it was found that traditional houses with courtyards have significantly lower indoor 

temperatures than modern houses without courtyards. This is because the courtyard provides a shaded outdoor space 

that allows for natural air circulation and reduces heat gain. 

However, while traditional courtyard houses can be effective in reducing energy consumption and increasing 

resilience to climate change, there are also challenges associated with their design and construction. For example, 

traditional materials and building techniques may not meet modern safety standards, and the cultural significance of 

these structures may make it difficult to implement changes that are necessary for climate resilience. One approach to 

addressing these challenges is to incorporate modern materials and technologies into the design of traditional courtyard 

houses. In the studies conducted by Manioğlu & Yılmaz [78] and Cabeza et al. [79], it was found that the use of modern 

materials and technologies such as insulation and double-glazed windows can improve the energy efficiency of 

traditional courtyard houses without compromising their cultural significance. 

Another challenge associated with traditional courtyard houses is the need to adapt them to changing environmental 

conditions. For example, in areas that are prone to flooding or sea level rise, it may be necessary to raise the elevation 

of the house or modify the design of the courtyard to accommodate rising water levels. The studies suggest that the use 

of adaptive design strategies such as elevated ground, amphibian construction, and building water barriers can help to 

increase the resilience of traditional courtyard houses to climate change [80, 81]. 
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Discussion under this section can be resolved as the combination of traditional courtyard houses and climate 

resilience has the potential to create sustainable and resilient buildings that are adapted to local environmental conditions. 

However, it is important to address the challenges associated with their design and construction and to incorporate 

modern materials and technologies to improve their energy efficiency and resilience. However potential solutions such 

as integrating modern building technologies, introducing green roofs and walls, and integrating renewable energy 

systems can address these challenges. 

7. Case Study of Al Midfa House Sharjah 

In this section of the case study, an examination of numerous factors was conducted in the research, along with 

obtaining crucial information. Aspects such as tangible dimensions, design aspects, materials properties, techniques for 

building with adobe, and weather-related data were meticulously scrutinized. To collect vital details, an exhaustive 

examination of the location was carried out, followed by sifting and handling the data to develop a three-dimensional 

representation needed for the climate resilience simulation process. 

Al Midfa House, also known as Majlis Al Midfa, stands as a testament to traditional Emirati architecture in the heart 

of the Sharjah heritage district, near Souk Al Arsa (Al Arsa bazaar) and a short walk from Sharjah Corniche, in the 

United Arab Emirates, as shown in Figure 3. This historic building, over a century old, is constructed using adobe, 

comprising clay, sand, and date palm fonds and barks, a material prevalent in the Middle East. It claims the UAE’s only 

circular wind tower, “barjeel” differing from the common square designs of most wind towers, adding a unique 

architectural feature to the site. The house, named after Ibrahim Bin Mohammed Al Midfa who established the nation's 

first newspaper in 1927, has been a significant cultural hub for scholars and traders. Serving as a meeting point for 

discussions on poetry, literature, and politics, the Majlis Al Midfa has played an integral role in the UAE's cultural and 

historical narrative [81-83]. 

 

Figure 3. Location Al Midfa House [83] 

  

Figure 4. The Al Midfa House plan (left) and elevation from the courtyard (right) [84] 
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7.1. Architectural Planning 

As depicted in Figures 4 and 5, Al Midfa House is situated on a 10 x 13-meter land parcel in Sharjah's heritage 
district. Originally, the ground floor was designed as a male guest house or "Majlis" for the Al Midfa family. The house's 
facade faces west and is bordered by narrow passages on the west, south, and north sides. Differing from typical 

traditional designs, Al Midfa House features only one entrance, which is positioned on the northern side. The house's 
design incorporates a straightforward geometric configuration consisting of one square and two rectangles: the 
courtyard, the veranda, and the Majlis or guest room respectively. 

The primary offset entrance opens into a courtyard, which connects to a colonnaded veranda that leads to the Majlis 
hall. The house is arranged with the ground floor courtyard as the foremost space, the veranda as an intermediate area, 
and the Majlis guest room, equipped with a wind catcher, situated at the rear. The only wet space in the house, the 
ablution and toilet room for guests, is located along the western external wall adjacent to the entrance. An elegantly 
circular wind catcher, or "brajeel," is vertically extended over the first-floor roof. However, no physical access has been 
designed to reach the rooftop. 

The ground floor house of Al Midfa features an intelligent design with a wind catcher positioned in the guest room, 

facing a west-north orientation. Entry to the guest room is through Mughal Arch colonnaded verandas, which run along 
the guest room's length and effectively block direct heat and light from entering the rooms from the south. Additionally, 
the ablution and toilet facilities are conveniently located in the courtyard, ensuring easy access and privacy. 

Overall, Al Midfa House exemplifies a well-designed traditional UAE residence that embodies cultural sensitivity 
in its entrance and gathering spaces. The courtyard, positioned in front of the colonnaded veranda, serves as the home's 
focal point, providing a sense of openness and connection to the outdoors. The guest room is strategically located to 
optimize functionality. Overall, the Al Midfa guest house is thoughtfully designed to offer comfort, privacy, and 
convenience, with the verandas, courtyard, and toilets placed in strategic locations to ensure the guest room remains 
well-ventilated and protected from direct heat and light. 

7.2. Sustainability and Adobe Construction 

Adobe architecture provides a distinctive visual and cultural appeal, contributing to a sense of belonging and 

community cohesion in hot, arid environments. Nevertheless, it is vital to strike a balance between preserving cultural 
heritage and adhering to contemporary building codes and safety standards [85]. While adobe structures may exhibit a 
degree of resilience to extreme weather occurrences, it is essential to examine the possibilities for reinforcement and 
retrofitting to bolster their capacity to cope with evolving climatic conditions [86, 87]. Exploring the materials and 
construction methods employed in traditional UAE houses yields significant insights into eco-friendly design principles 
and the conservation of architectural cultural heritage. The construction techniques used in traditional UAE houses, 

which incorporate adobe and coral stone masonry, exhibit durability and resistance, having been honed over centuries 
to withstand severe environmental challenges. 

Examining the materials and construction techniques applied in Al Midfa houses reveals considerable knowledge 
about environmentally conscious design strategies and the preservation of architectural cultural heritage. Al Midfa 
houses utilize building methods such as adobe and coral stone masonry, which have been developed and refined over 
generations to withstand harsh environmental conditions. The construction process involves using sun-dried mud bricks 
and coral stones bonded with mud mortar, which are then reinforced by palm fronds. These locally sourced materials 
not only symbolize the region's cultural identity but also promote ecological sustainability. Conversely, the use of 

gypsum plaster and decorative wood carvings in Al Midfa house interiors highlights the area's rich artistic and cultural 
traditions. 

The inclusion of load bearing, thick walls, and small windows in Al Midfa house designs helps to minimize heat 
absorption and maximize natural airflow, resulting in comfortable living spaces well-adapted to the region's hot and arid 
climate. Roof construction studies have indicated that traditional house roof designs in hot, arid climates often feature 
elements such as high-pitched roofs made of palm barks tied together, covered with palm thatches, and sealed with 
mortar surfaces. Overhangs and shading devices are also incorporated to shield interiors from direct sunlight and 
decrease heat gain [88, 89]. Additionally, the use of reflective roofing materials, like white or light-colored paints or 

limestone mortar coverings, can help diminish heat absorption and enhance energy efficiency in hot, arid climates [90, 
91]. 

Al Midfa house's roof design and construction embody several features suited to Sharjah's hot and arid climate. High-
pitched roofs are built using palm barks fastened together and covered with palm thatches, then reinforced with mortar 
surfaces to ensure water resistance. Overhangs, verandahs, and shading devices are incorporated into the design to 
safeguard interiors from direct sunlight and reduce heat gain. Furthermore, reflective roofing materials, such as white 
or light-colored paints or limestone mortar coverings, are employed to minimize heat absorption. These elements 
guarantee that Al Midfa House maintains a comfortable living environment even in Sharjah's hot and humid climate. 

7.3. Circular Windcatcher of Al-Midfa House 

Wind towers serve as a distinctive cultural and architectural feature in the Gulf region, signifying the interconnection 
between time-honored construction methods and modern urban settings. Researchers advocate for the ongoing 
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importance of wind towers in preserving the architectural heritage of the region while fostering environmentally 
sustainable urban design. Integrating wind tower design concepts into contemporary architecture is vital for promoting 
eco-friendly living in hot, arid climates [92-94]. 

The Al Midfa house showcases a distinct circular, multi-faceted wind tower with an innovative 'X' blade 
configuration. Positioned on a circular plan over a square base, the wind tower is situated on the eastern side of the 

dwelling to capture winds from the southwest and northwest. This strategic placement enables the wind tower to make 
the most of prevailing breezes, offering a natural ventilation solution for the guest room. 

The 'X' blade structure of the wind tower excels in capturing air currents from various directions, channeling them 
into the home, and delivering a consistent flow of cool air. By placing the wind tower on the eastern side of the property, 
it can effectively utilize wind from the most advantageous directions, maximizing its ability to provide natural 
ventilation [95]. The inclusion of a cylindrical, multi-faceted wind tower with an 'X' blade design in the Al Midfa house 
presents an efficient strategy for establishing a natural ventilation system. The wind tower's well-considered placement 
and design ensure that it can optimally harness prevailing winds, creating a comfortable and refreshing living 
environment for the inhabitants. 

7.4. Research Challenges 

This study on design, adobe construction, and climate resilience in courtyard houses faced various challenges. 
Accessing case studies and analyzing traditional Adobe structures was difficult due to their private ownership or heritage 
status. Additionally, replicating traditional construction methods required specialized knowledge of historical 
architecture, which varied regionally and lacked comprehensive documentation. Proving courtyard houses as low-energy 
models were complicated by diverse architectural styles and climatic adaptations, requiring an extensive review and 

comparison of scattered data. Simulating indoor thermal comfort and climate resilient design adaptations in UAE 
encountered limitations in capturing complex dynamics of traditional buildings and uncertainty in future climate 
scenarios. Moreover, developing guidelines for transforming existing Emirati courtyard houses into energy-efficient, 
climate-resilient structures involved balancing cultural heritage with modern sustainability requirements, posing 
challenges in retrofitting while maintaining architectural integrity. 

8. Simulation Modelling for Climate Resilient House 

Simulation modelling is an essential tool for architects and engineers to design climate-resilient houses that can 
withstand the impacts of climate change. Climate-resilient houses are designed to reduce energy consumption and 
minimize the environmental impact of buildings while providing comfortable living conditions for occupants. This 
critical review aims to assess the effectiveness of simulation modelling for designing climate-resilient houses and 
provide examples of its successful application. 

Simulation modeling is a crucial tool in designing climate-resilient houses, allowing for the evaluation of building 
performance under different climatic conditions. Simulation modeling enables architects and designers to optimize the 
building design, leading to energy efficiency and reduced environmental impact [96]. Simulation modeling can aid in 
the selection of appropriate materials, systems, and technologies, ensuring that the house is resilient and sustainable 
[97]. Various case studies have demonstrated the effectiveness of simulation modeling in designing climate-resilient 
houses. For example, in Australia, the use of simulation modeling was instrumental in the design of a sustainable house 
that can withstand bushfires and extreme weather events [98]. Similarly, in the United States, simulation modeling was 
used to optimize the design of a net-zero energy house that can generate electricity and minimize its carbon footprint 
[99, 100]. To address the challenges of climate change, various potential solutions have been proposed. One solution is 
to promote the use of renewable energy systems such as solar panels, wind turbines, and geothermal systems [101]. The 
implementation of green roofs and walls can enhance the thermal performance of the building and mitigate the urban 
heat island effect. Furthermore, the use of natural ventilation, shading devices, and daylighting can improve indoor air 
quality and reduce energy consumption [102, 103]. 

Successful application of simulation modelling for climate-resilient houses can be seen in various case studies. For 
example, in the United Kingdom, simulation modelling was used to design a passive solar house that achieved a 60% 
reduction in energy consumption compared to conventional houses [104]. In India, simulation modelling was used to 
design a low-cost, energy-efficient house for low-income families that reduced energy consumption by 50% [105]. 
Similarly, in Japan, simulation modelling was used to design a sustainable house that reduced energy consumption by 
80% [106]. 

This section can be précised as, that simulation modelling plays a critical role in designing houses that are resilient 
to climate change, as it allows architects and designers to optimize building performance across various climatic 
conditions. By integrating renewable energy systems, green roofs and walls, and natural ventilation, the sustainability 
and resilience of the house can be improved. As a result, simulation modelling offers an effective approach to designing 
climate-resilient houses and mitigating the impacts of climate change. 

8.1. Simulation on Sefaira 

A simplified Sketchup model was created according to Sefaira's requirements. External and internal walls, roof, 
operable glass, and shading were assigned to each surface. Sefaira was then launched to perform daylighting and energy 
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studies. The building specifications were based on U-values for uninsulated walls and roofs [107, 108]. Standard values 
were used as the authors lacked access to laboratory equipment to calculate the actual combined U-value of the mud 
wall and roof constructions. Sefaira is used to analyse the daylighting performance, energy consumption and thermal 
comfort based on ASHRAE 55 predicted mean vote (PMV) standard. 

The baseline Sefaira model was then uploaded to the Sefaira System for additional analysis and specification 

changes. The baseline model was initially configured to use natural ventilation (free running) instead of air conditioning. 
Except for the M7, air conditioning was chosen to run with a 20°C to 25°C setpoint indoor temperature and full 
occupancy throughout the year. To adapt to the severe desert climate, air conditioning integration is critical in the UAE. 
The Sefaira simulation was run for each of the seven alterations listed in Table 3. The changes are modest in nature, 
intending to increase the basic model's resilience to climate change. Sefaira's energy analysis is powered by the 
dependable Energy Plus engine and displays all energy expenditure components. Renewable energy generation via PV 

can also be factored into the study to further minimize energy consumption. A thermal comfort study based on the 
ASHRAE 55 PMV standard is included in the same simulation to determine whether internal zones (rooms) are 
thermally comfortable. 

Table 3. Simulated models, designs and specification 

Simulation model Model design Specifications/modifications 

Base model (BM) 

 

 Mud walls throughout at 1.2 W/m2 U-value 

 Mud roof with timber rafters at 1.2 W/m2 U-value 

 No glazing and naturally ventilated 

Modification 1 (M1) 

 

 0.6 m deep shading device and air-conditioned 

Modification 2 (M2) 

 

 0.9 m deep shading device and air-conditioned 

Modification 3 (M3) 

 

 Operable glazing to enclose the Majlis (main room) and air-conditioned 

Modification 4 (M4) 

 

Same exterior design for M4, M5, M6 and M7 

 2 m high operable glazing to enclose the colonnade with shading at a 

high level 

 Operable glazing to enclose the Majlis (main room) and air-conditioned 

Modification 5 (M5)  

 Insulation on the inside surface of external walls surface at a combined 

U-value of 0.4 W/m2 

 Insulation on the roof surface at combined U-value of 0.4 W/m2 

 2 m high operable glazing to enclose the colonnade with shading at a 

high level 

 Operable glazing to enclose the Majlis (main room) and air-conditioned 

Modification 6 (M6)  
 All M5 modifications 

 90 m2 roof mounted PV solar system 

Modification 7 (M7)   The same as M6 but naturally ventilated 
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The simulation parameters (design loads, design temperatures, annual diversity factors, ventilation and outside air, 

HVAC and day schedules) for the baseline model are set to closely resemble the actual case study. Similar parameters 

are used for the modified models to isolate the effects of physical design and specification changes, renewable energy 

generation addition and natural ventilation. The HVAC system specified for the simulation is fan coil unit with central 

plant for all models. The authors did not consider any overhead or underfloor systems as these would greatly alter the 

case study interior architecture. Further, the use of variable refrigerant flow (VRF) fan coils and packaged terminal heat 

pump (PTHP) split system are not considered as they would result in 20% and 27% increase respectively in baseline 

model annual net electricity use, despite their perceived savings in electricity. 

To complete the analysis, all seven alterations are compared to the base model in Sefaira and carefully assessed for 

a more precise comparison. Finally, the authors suggest the best chance for implementation. 

8.2. Simulation Results and Analysis 

Figure 5 demonstrates that the suggested modern improvements to the traditional UAE house resulted in improved 

energy results. The EUI decreases from 90 kWh/m2/yr for the base model (BM) to -77 kWh/m2/yr for the Modification 

6 (M6) model, which includes operable windows, better insulated walls and roof (0.4W/m2), and a 90m2 solar PV system. 

This solar PV system was sized depending on available roof space for the installation of 45 units of 2.0m2 solar PV 

modules. Its installation not only offsets the whole energy consumption for the house, but it also generates 15,688 kWh 

of surplus electricity (nearly 100% extra) that can be profitably exported into the national power grid. Minimally, to 

counteract the M5 76 kWh/m2/yr EUI and 15,569 kWh annual electricity usage, just 23 units of identically sized solar 

PV modules are required. Interestingly, the MI, M2 and M3 with shading devices and internal glass between the Majlis 

and veranda had a somewhat reduced EUI than the base model at 88 kWh/m2/yr, indicating that they were ineffective in 

lowering annual energy use. 

8.3. Annual Energy Use and CO2e Emissions 

The energy demand for M1-M6 is computed using a fan coil unit with a central plant air-conditioning system, which 

is the worldwide default cooling system for a Sefaira residential building. On the contrary, VAV with central plant is 

the default for healthcare and laboratories, while packaged rooftop VAV with reheat is the default for offices, schools, 

retail, and anything else [109]. The fan coil with a central plant system was kept for the energy use simulation since it 

is equivalent to systems utilized in UAE residential structures. Lighting and plug load defaults were also preserved. All 

simulated models' design loads (50 m2/person occupant density, 5 W/m2 equipment power density, and 10 W/m2 lighting 

power density) are based on Sefaira's default values for residential buildings [110]. For both the base model and the M7, 

the air conditioning is programmed to always be turned off. 

The annual energy use comparison in Table 4 shows that as additional modifications are made to the base model, 

the energy demand rises from 18,004 kWh (base model) to 18,330 kWh (M4). This is primarily due to the advent of 

operable windows, which separates rooms into different zones that require their air-conditioning, resulting in reduced 

efficiency. When insulation is added, however, the total annual energy demand drops to 15,569kWh, which is 

approximately 13.5% less than the base model. 

Table 4. Overall simulation results showing the peak cooling load, energy usage intensity (EUI), annual net electricity use, 

annual net CO2e emissions and the annual energy cost for all eight simulated models 

Model 
EUI 

(kWh/m2/yr) 

Annual net 

electricity use 

(kWh) 

Annual net 

CO2e emission 

DEWA Electricity Tariff 
Annual energy 

cost (AED) 1 to 2000 

kWh 

2001 to 

4000 kWh 

4001 to 

6000 kWh 

6000+ 

kWh 

BM 90 18,004 9,060 150.00 179.91 209.90 1500.50 2040.31 

M1 88 17,606 8,857 150.00 179.91 209.90 1450.75 1990.56 

M2 88 17,583 8,846 150.00 179.91 209.90 1447.88 1987.68 

M3 88 17,664 8,887 150.00 179.91 209.90 1458.00 1997.81 

M4 91 18,330 9,228 150.00 179.91 209.90 1541.25 2081.06 

M5 76 15,569 7,785 150.00 179.91 209.90 1196.13 1735.93 

M6 -77 -15,688 -7,844 150.00 179.91 209.90 1211.00 1750.81 

M7 40 8,162 4,081 150.00 179.91 209.90 270.25 810.06 

Annual energy cost is calculated based on Dubai Electricity & Water Authority (DEWA) 2019 residential sector electricity tariff for UAE nationals [111]. 

This annual energy demand is greatly reduced when the house is naturally ventilated (M7), as shown in Table 4. The 

total energy cost for this form of ventilation is also significantly cheaper, at AED810.06 (USD220.55) per year, 
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compared to AED1,735.93 (USD472.63) for the M5, and AED2,040.31 (USD555.50) for the base model. M5 and M7 

lead to 14.9% and 60.3% cost savings per year compared to the base model. Operating the Al Midfa house on natural 

ventilation mode translates to significant electricity cost savings but at the expense of thermal comfort. In addition, the 

yearly CO2e emission for M7 that runs on natural ventilation is the lowest at 4,081 kgCO2e/year, compared to 9,228 

kgCO2e/year for M4 and 7,785 kgCO2e/year for M5. 

Referring to Table 5, the cooling energy use for the M4 is 9,081 kWh per year, compared to 9,130 kWh for the 

standard model and 7,045 kWh for the M5 with insulation. These correspond to approximately 48.8% (M4), 50.0% 

(base model), and 45.3% (M5) of total yearly energy consumption. The remaining annual energy use is accounted for 

by lighting, equipment use, and pumps. With the addition of insulation, the total peak cooling coil load is reduced from 

18.1 kW (M4) to 10.8 kW (M5). 

Table 5. Cooling energy analysis in comparison to the total electricity use for all simulated models 

Model 
Annual net electricity use 

(kWh) 

Yearly cooling energy 

(kWh) 

Percentage of the annual 

electricity use 

Total peak cooling coil load 

(kW) 

BM 18,004 9130 50.71% 15.8 

M1 17,606 8498 48.27% 16.9 

M2 17,583 8483 48.25% 16.9 

M3 17,664 8540 48.35% 17.1 

M4 18,330 9081 49.54% 18.1 

M5 15,569 7045 45.25% 10.8 

M6 -15,688 7045 44.96% 10.8 

M7 8,162 838 10.27% 0.9 

As previously stated, M6, with similar modifications to M5 but a 90 m2 solar PV system, can generate 31,257 kWh 

of electricity per year and fully offset M5's 15,569 kWh per year energy demand, while potentially producing 

approximately 100% excess electricity that can be fed into the power grid for profit at AED1,750.81. This aligns with 

the UAE's goal of generating up to 75% of its energy from renewable sources by 2050 [112]. However, this 90 m2 PV 

system may be too heavy for the roof. To counteract the overall energy consumption for M5, a smaller system with only 

23 modules (46 m2) at 21 kg per module [113], equivalent to 483 kg (10.5 kg per square meter or nearly 1 pound per 

square foot) can be used instead. This smaller system would be lighter on the vernacular structure and would cause no 

structural harm. 

Overall, both the installation of insulation that reduces the building envelope U-value (resulting in significant annual 

energy use reduction) and the installation of a solar PV system are in line with Sharjah's declaration as a conservation 

city, to reduce energy use and use cutting-edge power conservation technologies [114]. 

8.4. Thermal Comfort 

Sefaira evaluates predicted mean vote (PMV) based on ASHRAE 55. All simulated models were created with four 

zones based on existent rooms. If the PMV is between a -0.5 and 0.5 range for more than 98% of the occupied hours, 

the zone is considered passed. The PMV results for all models are summarized in Table 6. 

Table 6. PMV results summary from Sefaira based on ASHRAE 55 

Model # of pass zone # of failed zone Worst zone Remark 

BM 0 4 PO3 (ablution) 59.1% under target 

M1 0 4 PO3 (ablution) 42.8% under target 

M2 0 4 PO3 (ablution) 42.5% under target 

M3 0 4 PO3 (ablution) 42.9% under target 

M4 0 4 PO2 (verandah) 51.8% under target 

M5 0 4 PO2 (verandah) 33.2% under target 

M6 0 4 PO2 (verandah) 33.2% under target 

M7 0 3 PO2 (verandah) 78.3% under target 
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Clearly, the M5 and M6 outperformed all other models, with more than 75% of hours being thermally comfortable 

at PO1, PO3, and PO4 (see Table 6). Ultimately, all zones failed because they were outside of the -0.5 and 0.5 range for 

more than 98% of the occupied hours (see Table 7). PO4 or the guest room below the wind catcher is the best zone since 

it gets plenty of fresh air. Nonetheless, this situation is undesirable because the majority of people will be in zones PO1 

(Majlis), PO2 (veranda), and PO3 (ablution), necessitating constant air-conditioning. PMV results for M7 are worse, 

since zones PO1-PO3 are only comfortable for about 25% of the time (see Table 7). Only the guest room passed this 

test with a score of 99.4%. This problem may be improved if big openings were provided between each zone to allow 

air brought down through the wind catcher to circulate freely. M7 simulation was rerun with only one zone per floor (no 

sub-divisions) and the results were a failure (74.5% under target) since this zone is only thermally pleasant for 23.5% 

of the time, too hot for 67.5% of the time, and too cold for 9.1% of the time. As a result, air conditioning is essential to 

maintain thermal comfort. 

Table 7. ASHRAE 55 PMV evaluation failure results for M5, M6 and M7 

Zones 

M5 and M6 M7 

Comfortable 

(% of hours) 

Too hot  

(% of hours) 

Too cold  

(% of hours) 

Under 

target (%) 

Comfortable 

(% of hours) 

Too hot  

(% of hours) 

Too cold  

(% of hours) 

Under target 

(%) 

PO1 (Majlis) 84.9 8.5 6.6 13.1 20.1 79.4 0.5 77.9 

PO2 (verandah) 64.8 33.1 2.1 33.2 19.7 70.6 9.7 78.3 

PO3 (ablution) 76.4 17.4 6.2 21.6 23.6 65.2 11.3 74.4 

PO4 (guest room) 89.9 16.0 8.5 8.1 99.4 0.0 0.6 1.4 (over target) 

8.5. Daylighting 

Daylighting in the UAE's hot and arid climate is always a challenge for any style of structure. This issue is caused 

by excessive heat input through windows or openings in the building envelope that allow natural light to enter. As a 

result, shading mechanisms are required to prevent direct sunlight from entering through openings, while internal surface 

colours and reflecting materials can diffuse sunshine over a larger area and deeper into the building. This paper's case 

study house, Al Midfa, includes large openings along the front length of the veranda (PO2) and comparable openings 

into the Majlis (PO1). Furthermore, the wind catcher tower features small openings to allow air to move while yet 

allowing some natural lighting into zone PO4. The same Sefaira models (base model, M1, M2, M3, and M4) were 

utilized to analyse the inside daylighting conditions. Figure 5 depicts the Sefaira simulation results, which make use of 

the Radiance and DAYSIM engines [115]. 

  

A – Base Model B – M1 (0.6m deep shading device) 

  

C – M2 (0.9m deep shading device) D – M3 (Operable glazing to enclose the main room) 
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E – M4 (Operable glazing to enclose the main room and 2m high operable glazing to enclose the colonnade with shading at a high level. M4 is 

similar in design to M5, M6 and M7) 

  
F - M8 (with a 0.6m deep shading device that follow the profile of the 

arched entry) 

G - M9 (with a 0.9m deep shading device at 2m above the veranda 

entry) 

Figure 5. Lux levels for A – Base Model, B – M1, C – M2, D – M3, E – M4, F – M8, and G – M9 

According to the simulation, the base model has the best natural daylight penetration, with the veranda (PO2) being 
primarily over lit at 7.91% average sunshine factor. Meanwhile, the Majlis is generally dark, with an average daylight 

factor of 0.77%. The majority of the daylight enters through the veranda. The remaining zones are generally dark as 
well. This daylighting pattern is shared by M1 (which has a 0.6 m deep shading device above the veranda entrance) and 
M2 (which has a deeper 0.9 m shading device in the same area). The shading mechanisms had little effect on the amount 
of daylight that entered the veranda and ablution. On the contrary, the addition of glazing along the aperture into the 
Majlis in M3 successfully reduced daylight penetration into the Majlis, which was already mostly dark. Furthermore, 
new external glazing along the veranda obstructed more sun penetration, resulting in an underlit veranda (PO2) with a 

1.28% average daylight factor (see Table 8). 

Table 8. Daylighting Radiance simulation results from Sefaira 

Model Zones 
Daylight Factor 

Average Minimum point Uniformity ratio 

BM 

PO1 0.77% 0.10% 0.13 

PO2 7.91% 0.40% 0.05 

PO3 0.97% 0.20% 0.21 

PO4 1.36% 0.20% 0.15 

M1 

PO1 0.72% 0.1% 0.14 

PO2 6.96% 0.4% 0.06 

PO3 0.94% 0.2% 0.21 

PO4 1.34% 0.20% 0.15 

M2 

PO1 0.69% 0.10% 0.14 

PO2 6.17% 0.30% 0.05 

PO3 0.85% 0.20% 0.24 

PO4 1.35% 0.20% 0.15 
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M3 

PO1 0.30% 0.00% 0.00 

PO2 7.89% 0.40% 0.05 

PO3 1.01% 0.20% 0.20 

PO4 1.36% 0.20% 0.15 

M4  
(the same as M5, M6 and M7) 

PO1 0.01% 0.00% 0.00 

PO2 1.28% 0.10% 0.08 

PO3 0.43% 0.10% 0.23 

PO4 1.32% 0.20% 0.15 

M8 

PO1 0.58% 0.10% 0.17 

PO2 5.23% 0.36% 0.06 

PO3 0.95% 0.20% 0.21 

PO4 1.43% 0.20% 0.14 

M9 

PO1 0.68% 0.10% 0.15 

PO2 6.00% 0.30% 0.05 

PO3 0.88% 0.20% 0.23 

PO4 1.20% 0.20% 0.17 

Two more models were also simulated. M8 has a 0.6m deep shading device that follows the profile of the arched 

entry, while M9 has a 0.9 m horizontal shading device that is situated 2 m above the veranda entry. Similar to the 

base model, these new improvements enabled great sunshine penetration onto the veranda. Overall, the Majlis (PO1) is 

mostly dark, the veranda (PO2) is mostly bright, and the guest room (PO3) and ablution (PO4) are mostly dark. This 

summarized finding is consistent across all models studied. Furthermore, for all examined models, the spatial daylight 

autonomy (sDA) and annual sunlight exposure (ASE) are both 0.00%. 

9. Discussion 

In the realm of sustainable architecture and energy-efficient design, the utilization of cutting-edge simulation tools, 

such as the Sefaira simulations, offers crucial insights into the thermal performance of different building models. Among 

the investigated models, the M5 version emerged as a leading contender, exhibiting impressive thermal efficiency 

characteristics that surpassed its counterparts. This article provides an in-depth analysis of the M5 model, focusing on 

its key attributes and potential implications for the architectural design of the Al Midfa house. 

The triumph of the M5 model in the context of thermal performance primarily hinges on its strategic implementation 

of additional insulation within the building envelope. This enhancement has led to a commendable 13.5% decrease in 

annual energy consumption in comparison to the original prototype. Moreover, the M5 design requires a reduced amount 

of energy for cooling purposes, a crucial factor in optimizing energy efficiency. However, the advantages of M5 are not 

devoid of complications. A significant challenge emerged from the ASHRAE 55 PMV examination, where all the rooms 

within the M5 model were found to fail the test. In particular, an alarming 33.2% of the 203 m2 dwellings were found 

to fall short of the expected standard. Despite this drawback, the dry bulb temperature measurements demonstrated a 

reassuring consistency, with all four designated zones adhering to the setpoint range 100% of the time. 

The intricacies of M5's design further extend to its daylighting characteristics. Comparable in its design approach to 

M4, the M5 model necessitates a substantial utilization of artificial illumination to maintain adequate visibility. Energy 

simulations accurately mirror this necessity, revealing an energy expenditure of 4,811.37 kWh/year, accounting for 

30.9% of the total annual energy demand for artificial lighting alone. While this figure might appear significant, it is 

important to acknowledge that M5's energy consumption for cooling and artificial lighting can be effectively neutralized 

by employing a solar photovoltaic (PV) system. The solar solution proposed involves the mounting of 23 solar panels, 

each measuring 2.0m2, effortlessly accommodated on the flat roof. This strategic initiative not only enhances energy 

self-sufficiency but also harmonizes with the architectural aesthetics of the Al Midfa house. 

However, the introduction of M5's recommended changes will inevitably influence the architectural identity of the 

Al Midfa house. Such alterations necessitate careful selection of building materials, emphasizing the choice between 

framed or frameless windows, and insulation panels mounted on the interior surfaces of the walls and roof. The desired 

method aims to minimize alterations to the exterior architecture, thus preserving the building's visual integrity. 

Injectable cellulose insulation represents an innovative solution to diminish the impact on interior architecture, but 

its compatibility with Adobe wall and roof constructions remains an area of uncertainty. The integration of the solar PV 

system on the roof presents no challenge concerning the weight-bearing capacity of the existing roof structure. 

Additionally, the concealed positioning of the panels ensures that they remain invisible from an eye-level external view. 
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The M5 model, as revealed through Sefaira simulations, offers a compelling solution in terms of thermal 

performance. Although accompanied by some challenges, the model proposes a visionary approach to energy efficiency 

and architectural integration. Its reliance on enhanced insulation, balanced artificial lighting, and the strategic 

incorporation of a solar PV system provides a resilient pathway towards future-proofing the Al Midfa house. The careful 

consideration of material selection and aesthetic coherence further underscores the holistic nature of the M5 design, 

promising a sustainable and harmonious coalescence of form and function. 

10. Conclusions 

Al Midfa House exemplifies the creativity and expertise of traditional Emirati builders and architects. The house 

exemplifies the use of sustainable and eco-friendly materials, as well as the use of traditional design aspects that take 

into account the climate and cultural setting of the region. Today, many architects and builders in the UAE draw 

inspiration from Emirati architecture's rich legacy. They are aiming to conserve and promote this distinctive architectural 

style. Therefore, this house must be resistant to climate change to last for many more generations. The conclusion of the 

study on the M5 model's implementation in the Al Midfa house presents a synthesis of various elements that reflect the 

complex balance between architectural integrity, sustainability, and resilience towards climate change. The success of 

such an approach lies in its ability to respond adeptly to the multifaceted challenges of contemporary living while 

prioritizing the environment. 

The findings of the ASHRAE 55 PMV examination were not favorable for the M5 model, with all rooms failing to 

meet the required standards. Despite this drawback, the implications of the M5 model go far beyond this singular aspect. 

The changes recommended by M5 extend to the very core of the Al Midfa house's architecture, shaping its character 

and enhancing its resilience against climate change. More importantly, these modifications are aligned with the global 

movement towards sustainable living, positioning the Al Midfa house on a trajectory toward becoming a zero-carbon 

residence. 

The transformation of the Al Midfa house into a model of sustainability is not a simplistic endeavor but a process 

replete with challenges and opportunities. It demands a meticulous exploration of new building materials and retrofits, 

focusing on windows (both framed and frameless) and insulation panels to be mounted on the interior surfaces of the 

walls and roof. These specific changes were identified as the most effective means of improving energy efficiency 

without altering the exterior architecture. The aim here is not just to make superficial adjustments but to infuse the 

building with features that enhance its performance and aesthetics. 

The idea of utilizing injected cellulose insulation in the wall system represents a significant innovation in this 

direction. The potential benefits of this material are considerable, offering efficient insulation without compromising 

the architectural aesthetics of the building. It exemplifies a new way of thinking about insulation, one that acknowledges 

the importance of interior alterations in achieving energy efficiency. 

Yet, the journey towards a zero-carbon Al Midfa house and its climate resilience does not stop with insulation and 

window modifications. The integration of a solar photovoltaic (PV) system within the existing roof structure is a key 

aspect of this transformation. What is remarkable about this initiative is that it transcends mere technical feasibility. By 

confirming that adding solar panels to the roof will not pose any weight-related problems to the existing structure, it 

reassures stakeholders that this ambitious goal is within reach. The introduction of solar energy not only symbolizes the 

house's commitment to renewable energy but also establishes it as a frontrunner in the transition towards a sustainable 

future. The Al Midfa House's transformation through the M5 model's recommendations is not an isolated case but rather 

a reflection of a broader societal shift towards sustainability. It showcases a pathway to resilience and adaptability that 

is cognizant of the imperatives of climate change and a world where energy efficiency is no longer a choice but a 

necessity. 

In conclusion, the complex yet harmonious interplay of the M5 model's recommendations for the Al Midfa house 

presents a roadmap towards a future where architecture is not merely a static entity but a dynamic force in the fight 

against climate change. It transcends conventional boundaries, integrating innovation in materials, design, and 

technology to create a living space that is both practical and sustainable. The lessons learned from this study are not 

confined to a single dwelling but extend to the broader architectural community, providing insights and inspiration for 

a new generation of buildings that embody the principles of sustainability, resilience, and beauty. The Al Midfa house 

stands as a testament to what is achievable when creativity and responsibility converge, creating a home that is not just 

a shelter but a beacon of sustainable living in a rapidly changing world. 
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Abstract 

This article investigates the bond- behavior of Rectangular Concrete-filled stainless-steel tubular (RCFSST) columns under 

post-fire conditions. The main objective of this research was to obtain τ-s relationship of RCFSST columns under the 

combined effects of high temperature and concrete age. A total of sixteen specimens, including four reference specimens, 

were tested with different parameters, namely: i) temperature (600 °C, 800 °C & 1000 °C) ii) different concrete ages (30 

days, 60 days, 90 days & 180 days). Analyzing the τ-s curves of the test specimens, chemical adhesion and micro-locking 

were the principal forces contributing to bond strength at lower concrete ages under post-fire conditions. At a higher 

concrete age, RCFSST specimens displayed a longer curve after the inflection point, indicating the contribution of macro-

locking forces in amplifying the bond-strength. Five distinct curve types were found from the experiments. Type 1 curves 

with three stages, i) initial linear, ii) non-linear, and ii) final linear stage, had a higher frequency among the other types. 

For 90-day cured specimens, a decline in bond strength was observed at higher temperatures, but for 180 days cured 

specimens, a significant rise was seen under post-fire conditions. A new set of τ-s relations for RCFSST columns with 

different concrete ages under post-fire was established. 

Keywords: Bond-Behaviour; Rectangle Stainless-Steel; Concrete Age; Concrete-Filled Stainless-Steel Tubular Columns; Push-Out Test. 

 

1. Introduction 

In the context of innovative composite structures, concrete-filled stainless-steel tubular (CFSST) columns contribute 

more beneficial features in the construction field. The merits of encasing concrete with steel tubes perform better in 

most of the complex loading conditions. Higher ductility and energy dissipation characteristics [1], competence in 

seismic zones [1], higher static load resisting capacity, and transverse impact resistance capabilities [2] make these 

structures an inevitable choice among engineers. Currently, there is a demand for the performance of these structures 

under various fire scenarios. With these rises in demand, research on exploring new probabilities for enhancing the fire 

performance of these structures is being carried out. 

One of the most crucial features that needs to be optimized in these situations is the bond between steel and concrete. 

The bond between the inner side of the steel tube and the core concrete plays a vital role in developing a composite 

action. Without sufficient bond development, the concrete core and stainless-steel act as individual elements, supporting 

the load disjointedly. Generally, the bond between the inner part of the steel tube and the outer surface of the core 

concrete takes place through interface frictional forces between the steel and concrete surface, chemical adhesive forces, 

and mechanical interlock forces [3], as shown in Figure 1. The interface friction force between stainless steel and 

concrete provides a major contribution to the shear resistance, whereas significant contributions were also noted from 
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the chemical adhesive force and the mechanical interlock forces [3]. Figure 2 shows the ideal response of the CFST 

column under the push-out test [4]. Various factors influence the bond between the inner tube and concrete infill in 

CFSST columns. The factors include steel tube thickness, concrete shrinkage, type of aggregates, temperature in core 

concrete, shape of the sections [5], and surface roughness. 

 

Figure 1. Illustration of various bond mechanism in CFST columns 

 

Figure 2. Ideal τ-s curve of CFST columns 

Circular CFST sections have more advanced bond strength than other sections. Hoop stresses developed in 

circular sections increase the confinement of concrete, resulting in higher bond strength. Rectangular and square 

sections have lower bond strengths. This is due to the fact that the corner regions of rectangular and square sections 

are ineffective in bonding and reduce bonding capacity. In rectangular CFST columns, the major contribution to the 

bond strength was governed by the macro-locking mechanism. The influence of friction and chemical adhesion was 

less significant [6]. 

Steel tubes with smooth inner surfaces reduce friction between the inner surface and concrete, resulting in a reduction 

in bond strength [5]. Concrete with light-weight aggregate demonstrates higher bond strength when compared to normal 

aggregates [7]. A series of tests on the bond strength of steel-encased concrete and concrete-encased steel composite 

columns were conducted with normal and ultra-high-performance concrete (UHPC) [8]. Concrete-encased steel columns 

with both normal and UHPC concrete displayed a significant increase in bond strength compared to steel-encased 

concrete columns. A series of tests were conducted by embedding reinforcing bars in UHPC concrete in CFST columns, 

and a simplified local bond-slip model was proposed [9]. Test variables include anchorage length (2d, 5d, 7d), where d 

is the diameter of the embedded bar. For anchorage lengths less than twice the diameter of the bar, a uniform bond-

stress distribution was observed during pull-out tests. Whereas, for anchorage length less than 7d, a linear distribution 

of bond stress was observed. 

Concrete shrinkage is also an important factor that affects the bond strength, and measures have been taken to reduce 

shrinkage by replacing normal concrete with expansive concrete, which exhibited better results [5]. The age of concrete 

increases the shrinkage effects. For longer-lasting concrete, the steel type had a lesser influence on bond strength [5]. 

Special provisions such as welding internal rings and shear studs were employed to increase the bond capacity of 

composite sections, and welding internal rings showed enhanced bond strength [10]. Post-fire test results show a clear 

contribution of shape effects and temperature effects on the bond strength of CFST columns [11]. However, in square 

columns, an increase in bond strength was absorbed after exposing the specimens for up to 180 minutes after initial 

decrement. This was explained by the thermal expansion of the concrete core, resulting in an increase in frictional 

resistance between steel and concrete surfaces. Four different types of curves were categorized [5] for carbon steel, 
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stainless steel, circular, and square cross-sections, namely Type A, Type B, Type-C, and Type-D curves, as shown in 

Figure 3. Type A curve has an early linear segment, following a non-linear curve before reaching the peak point, beyond 

which bond stress reduces gradually. Carbon steel specimens exhibited a Type A response. Type B exhibited a similar 

trend as in Type A, but in the post-peak stage, a significant drop in bond stress was observed, followed by a recovery in 

bond stress. Stainless steel exhibited a Type B response. Types C and D had an initial linear portion as well, but their 

curves tend to have an upper trail during the entire loading stage. Type C and Type D responses were observed in the 

post-fire push-out test. 

  

  

Figure 3. Typical Bond-slip curve for push-out tests on CFST columns 

A series of push-out tests with CFST columns with different concrete infills were reported in the literature [3, 5, 7, 

11–16]. Prediction models for the bond capacity of circular and square CFST columns were developed using Artificial 

Neural Networks (ANN) [17]. Thickness of steel tube, compression strength of concrete, and concrete age was fed as 

input parameters, and using experimental data from the literature, a prediction model was generated that showed better 

accuracy. To investigate the effects of shrinkage and creep, CFST columns were subjected to a 490-day shrinkage test 

[18]. Analysis of test results showed that concrete shrinkage and creep had a higher influence on the development of 

confining effects. It was also observed that the outer tube had no appreciable influence on initial stiffness under service 

loading conditions. The bond strength of square CFST columns with an H-shaped outer steel casing was also investigated 

at ambient temperatures [19]. It is reported that chemical adhesion mechanisms predominated at the initial stages of 

loading. Around 39% of micro-locking mechanisms had a higher influence on the bond capacity of square H-shaped 

CFST columns. 

Investigations on post-fire push-out tests on square and circular CFST were conducted with different 

temperatures and mass replacement percentages of recycled coarse aggregate (RCA) [20]. It was observed that 

circular CFST specimens displayed better bond behavior and higher interfacial damage resistance characteristics 

than square CFST columns. The temperature and RCA had different influences on the test specimens, as the 

replacement of RCA decreased the bond strength in CFST columns. The bond behavior of CFST with light-weight 

concrete containing rock-wool waste was investigated under post-fire conditions [21]. The presence of rock wool 

enhanced the bond strength of CFST columns under post-fire conditions. The provision of internal rings inside steel 

tubes enhanced the bond strength to an appreciable extent, even at high temperatures [5]. Increasing the axial load 

ratio also contributes to the development of higher bond strength in CFST columns under post-fire conditions. A 

series of tests on post-fire push-out tests on elliptical, circular, and square cross-sectional shapes were conducted 

[22]. Circular CFST columns had higher bond strength among the three shapes, with elliptical CFST columns 

displaying the lowest bond strength values. 

The test results of ambient and post-fire bond strength of CFST columns [21–26] from the literature are shown in 

Figure 4 for comparison with Japanese, Chinese, and Eurocode values. It can be seen that bond strength in CFST 

columns has enhanced over the past decade. 
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Figure 4. Bond strength of ambient and post-fire CFST columns from test results and literature 

The post-fire bond strength of rectangular CFSST columns is little known. Literature studies have always been 

limited to circular and square CFSST columns. Investigation of other shapes will help the research community gain a 

better understanding of the behavior of composite columns. Lower bond strengths in rectangular sections make them 

less demanding. On the other hand, rectangular sections are more feasible during connections, precisely in beam-column 

connections [4]. They show appreciable resistance to global buckling. Sections other than circular ones would exhibit 

an uneven temperature distribution [27]. Critical examination of the performance of such sections creates new research 

interests. This investigation is carried out to provide sufficient research background on the post-fire bond strength of 

rectangle-shaped CFSST columns. 

RCFSST columns with varied concrete ages were examined under post-fire conditions in this investigation, and the 

combined effects of high temperature and concrete age on the bond strength of RCFSST columns have been explored. 

A new set of experimental data on the post-fire bond strength of rectangular concrete-filled stainless steel tubular 

columns for different concrete ages was recorded for the first time. New τ-s curves were observed from the results. 

Precise post-fire bond-slip models should be established to perform numerical simulations in the future. The recorded 

data will assist such research. 

2. Experiments 

2.1. General 

A total of 16 RCFSST columns were cast and tested after subjecting the specimens to specific temperature ranges 

and cooling them to ambient room temperature.  

The parameters considered in the test include  

 Temperature (T): 600 °C, 800 °C, 1000 °C 

 Concrete age: 30 days, 60 days, 90 days, and 180 days 

The dimensions of the rectangular columns were 100 mm (depth) × 50 mm (width) × 2 mm (thickness). The specimen 

details are shown in Table 1. The temperature of the specimens was denoted by the letter “T” preceded by the respective 

numerical, whereas the age of the concrete was denoted by the letter “D” preceded by the numerical denoted in days. 

For example, in the specimen label “30D600T”, “D30” represents the concrete age of 30 days. “600T” represents the 

temperature of 600 °C. Reference specimens are indicated with the letter “R” followed by their respective concrete ages. 

For example, in the reference specimen label “R60D”, the letter “R” represents the reference specimen, and “60D” 

represents the concrete age of 60 days. 
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Table 1. Details of test specimen 

S. No. Specimen ID Length, L (mm) Depth, D (mm) Height, h(mm) t (mm) T° C Nu τu Su Curve type 

1 R30D 100 50 500 2 20 5.11 0.04 15.28 - 

2 30D600T 100 50 500 2 600 16.36 0.127 17.69 1 

3 30D800T 100 50 500 2 800 93 0.727 26.29 3 

4 30D1000T 100 50 500 2 1000 - - - - 

5 R60D 100 50 500 2 20 8.13 0.05 24.92 2 

6 60D600T 100 50 500 2 600 90.41 0.244 35.79 5 

7 60D800T 100 50 500 2 800 - - - - 

8 60D1000T 100 50 500 2 1000 64.56 0.175 28.91 5 

9 R90D 100 50 500 2 20 7.43 0.04 37.90 2 

10 90D600T 100 50 500 2 600 20.88 0.158 3.01 1 

11 90D800T 100 50 500 2 800 94.93 0.742 35.70 1 

12 90D1000T 100 50 500 2 1000 88.83 0.695 35.52 4 

13 R180D 100 50 500 2 20 37.77 0.275 20.75 5 

14 180D600T 100 50 500 2 600 - - - - 

15 180D800T 100 50 500 2 800 143.9 1.125 25.21 1 

16 180D1000T 100 50 500 2 1000 306.07 2.394 22.06 4 

2.2. Material Properties 

2.2.1. Stainless Steel 

Tensile tests were carried out to determine the material properties of stainless steel using tensile coupons cut from 

the specimens. The test was conducted using an INSTRON tensile testing machine in accordance with ASTM E8. In 

order to measure the longitudinal strains, strain gauges were positioned along the longitudinal region of the coupons, 

and readings were recorded using data acquisition systems. An extensometer is fixed to the coupon up to the elastic limit 

to determine the modulus of elasticity of the material. The material properties obtained from the test are tabulated in 

Table 2, where E0 is the elastic modulus, 0.2 is 0.2% proof strength, u is the ultimate stress, and µ is the Poisson ratio 

of the material. 

Table 2. Properties of stainless-steel 

Section 0.2 (MPa) u (MPa) Eo (MPa) s 

SS304 346 715 190,000 0.3 

2.2.2. Concrete 

Concrete of grade M40 was filled inside the rectangular hollow stainless-steel tubes. Standard concrete cubes of 

nominal dimension (150 mm × 150 mm × 150 mm) were cast along the test specimens and tested for their compressive 

strength. The measured average compressive strength of concrete is listed in Table 3. At high temperatures, concrete 

with a higher paste-aggregate ratio had a severe strength reduction compared to normal-strength concrete (NSC) mixes. 

Hence, for the experiments involving high temperature exposure, a moderate grade of M40 was adopted. 

Table 3. Compressive strength of concrete cube specimens 

Specimen Compressive cube strength, fc’ (MPa) Mean value 

C600 

50.75 

51.55 49.46 

54.44 

C800 

55.95 

54.42 52.88 

54.44 

C1000 

55.24 

55.27 55.11 

55.46 
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2.3. Selection of Parameters 

The temperature range of 600 to 1000 °C was chosen as the desired target temperature for this investigation. The 

reduction rate of concrete’s compressive strength increases between 400–800 °C [28, 29]. In the case of steel, stainless 

steel exhibits higher mechanical strength due to the effect of cold working [30]. However, after 700 °C, the effect of 

cold working becomes less influential as stainless steel attains recrystallization temperature [31]. Since a critical point 

is attained for both concrete and stainless steel between 400–800 °C, it is essential to investigate the adequacy of bond-

strength in these temperature ranges. Another parameter investigated in this study is the age of concrete. As the age of 

concrete increases, shrinkage effects take place. After 180 days of curing, the influence of the steel type (carbon or 

stainless steel) on the bond strength of CFST columns is minimized. Hence, CFST specimens were cured for 28 days, 

60 days, 90 days, and 180 days in this experiment to examine the effects of high temperatures on different concrete ages. 

Establishing the bond stress-slip relationship for CFST columns with older concrete assists in numerical simulations. 

The sensitivity of other values of the selected parameters is beyond the scope of this experiment and will be addressed 

through numerical simulations in the future. 

2.4. Preparation of the Test Specimens 

Rectangular tubular columns of SS304 stainless-steel material were bought from the vendor and cut into desired 

lengths of 500 mm for the tests. Stainless-steel tubes had 2B surface finishes and were in polished condition. The 

chemical composition of the stainless steel adopted in the tests is tabulated in Table 4. Hollow tubes were then filled 

with concrete. As this study was carried out by a push-out testing procedure, the top and bottom parts of the stainless 

steel were filled with foam material up to 15 mm, such that the concrete was filled up to a certain limit inside the hollow 

tube, leaving a gap of 15 mm on either side of the hollow tube. After casting, the specimens were cured inside a curing 

tank for 30 days, 60 days, 90 days, and 180 days, respectively. Casting and curing conditions were maintained evenly 

to ensure homogeneous conditions. After curing, both ends of the rectangular CFSST columns were closed with mild 

steel plates to prevent direct exposure of fire to concrete and placed inside an electric furnace. The electric furnace has 

the capability of supplying a maximum temperature of 1000 °C. 

Table 4. Chemical composition of Austenitic stainless steel (SS304) 

ASTM 

Designation 

% by Mass 

Carbon (C) Silica (Si) Manganese (Mn) Chromium (Cr) Nickel (N) 

314 0.20 1.5-2.5 2.00 24.00-26.00 19.00-22.00 

2.5. Fire Test Procedure 

In order to expose the test specimens to high temperatures, 12 specimens, excluding the reference specimens, were 

placed inside an electric furnace, as shown in Figure 5. A heating rate of 10 °C/min was maintained. The adopted heating 

rate was kept constant for all the test specimens. The temperature-time curve adopted in this study consists of four parts: 

first, the specimens were heated to the desired temperature range (600, 800, or 1000 °C) and next, the temperature was 

maintained for a desired duration to ensure uniform temperature distribution across the specimen; furthermore, the 

specimens were subjected to cooling without the influence of an external environment; and lastly, the specimens were 

allowed to cool down to room temperature inside the furnace. It is to be noted that the air-cooled specimens had fewer 

effects on post-fire strength deterioration, and hence the specimens were naturally allowed to cool to ambient 

temperatures. After reaching a target temperature of 30 °C, the specimens were taken out of the furnace. A sudden drop 

in temperature can be observed from the temperature-time curve, as shown in Figure 6. The electric furnace took about 

10–13 hours to reach ambient temperature. The temperature-time curve was observed to be uniform for all the 

specimens. 

 

Figure 5. Electrical furnace for post-fire tests 
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Figure 6. Heating and cooling curve adopted in the study 

2.6. Loading Procedure 

A detailed flowchart of the methodology adopted in this study is shown in Figure 7. In order to find the bond strength 

of RCFSST columns, the concrete inside the steel tube has to be pushed out, and the load required to push out or cause 

slippage of the concrete from the hollow tube was taken as the bond strength of the specimen. Hence, after cooling the 

specimens to room temperature, the specimens were then loaded on the Universal Testing Machine (UTM) at the 

Strength of Materials Laboratory, Vellore Institute of Technology, Vellore, India. A steel block of size (95 mm x 45 mm 

x 50 mm) was placed over the top layer of the specimens such that the steel block bears the applied load and transfers it 

to the concrete present inside the hollow tube. 

 

Figure 7. Flow chart for methodology adopted in the study 
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When a load was applied using UTM, the steel block placed above the concrete layer pushed the concrete down, 

causing slippage of the concrete. The loading setup is shown in Figure 8. An LVDT was placed at the bottom of the 

specimen to measure the displacement of the concrete from the outer steel tube. Axial displacements were also observed 

by recording the movement of the cross-head travel of the UTM. The maximum load obtained during the test is 

considered the load required to cause slippage, and bond stress is calculated using the obtained load from the 

experiments. The experiment was carried out without any discrepancies. 

 

Figure 8. Push-out test setup for post-fire RCFSST columns 

3. Test Results and Discussion 

3.1. Fire Test Results 

Generally, stainless steel exhibits a silvery-white color. When the specimens were taken out of the furnace after 

attaining an ambient temperature, appreciable color changes were noted on the outer surface of the stainless-steel 

material, as shown in Figure 9. The color of the outer tube gradually became darker, from silvery white at room 

temperature to grayish black at 1000 °C. Small flakes of the stainless-steel material were ruptured from the surface of 

the steel tube at 1000 °C. Higher integrity of the concrete was observed at lower temperatures and prevailed to a certain 

extent during the loading conditions. Around 800 °C, minute cracks were observed on the concrete surface, and minute 

parts of the concrete disintegrated at 1000 °C. 

 

Figure 9. Post-fire test on RCFSST columns 

3.2. Push-out Test Results 

Figure 10 shows the bond(τ)-slip(s) curves of the test specimens. The following characteristics were observed from 

the bond stress-slip curve: 
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i) τ-s curve of specimen 30D600T ii) τ-s curve of specimen 30D800T 

  

iii) τ-s curve of specimen 60D600T iv) τ-s curve of specimen 60D1000T 

  

v) τ-s curve of specimen R60D vi) τ-s curve of specimen 30D600T 

  

vii) τ-s curve of specimen 90D800T viii) τ-s curve of specimen 90D1000T 
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vix) τ-s curve of specimen R90D x) τ-s curve of specimen 180D600T 

  

xi) τ-s curve of specimen 180D800T xii) τ-s curve of specimen 180D1000T 

Figure 10. Bond-stress(τ)-Slip(s) curves obtained from push-out test of RCFSST specimens 

 The bond stress-slip curves can be categorized into five different types of curves, namely Type 1, Type 2, Type 3, 

Type 4, and Type 5, respectively, as shown in Figure 11. However, the effect of temperature and concrete age was 

found to be random.  

 
i) Type 1 τ-s curve 

 

ii) Type 2 τ-s curve 
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iii) Type 3 τ-s curve 

 

iv)  Type 4 τ-s curve 

 

v) Type 5 τ-s curve 

Figure 11. Classification of τ-s curves obtained from the test results 

 The Type 1 curve had three stages: i) the initial linear stage (OA), where the bond stress gradually increases linearly; 

ii) the non-linear stage (AB), where the bond stress drops with a gradual slope; and iii) the linear stage (BC), where 

the bond stress has a further decrease. The Type 2 curve also displayed three stages: i) the initial linear stage (OA), 

where the bond stress had a linear increase; and ii) & iii) two non-linear stages, Curves AB and BC. Unlike the 

Type 1 curve, the bond stress had a gradual increase in the later stage (BC); 

 The Type 3 curve is also similar to the Type 1 and Type 2 curves. The only difference is that the Type 3 curve 

exhibited a gradual slope (BC) after achieving the non-linear stage (AB), whereas in the Type 1 and Type 2 curves, 

a steep slope was observed in later stages. The Type 4 curve is a two-stage curve with an initial linear stage (OA) 

and a non-linear stage (AB). The Type 5 curve displayed a similar trend as the Type 2 curve, but at the third stage 

(BC), the rate of increase in bond stress was so high;  

 Based on the occurrence of the curve shapes observed from the test results, four specimens (33%), namely 

30D600T, 90D600T, 90D800T, and 180D800T, exhibited Type 1, three specimens, namely 60D600T, 60D1000T, 

and R180D, presented a Type 5 curve (25%), two specimens, R90D and R60D, showed a Type 2 curve (16%), and 

two specimens, 90D1000T and 180D1000T, displayed a Type 4 curve (16%). The specimen labeled 30D800T 

exhibited a Type 3 curve (8.3%); 

 The bond strength of the specimens can be determined from the bond stress-slip curve obtained from the test results. 

For specimens presented on the on the Type 1, Type 3, and Type 4 curves, the maximum point on the τ-s curve was 
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taken as the ultimate bond strength (τu) of the specimens. For specimens that exhibited Type 2 and Type 5 curves, 

prediction of ultimate bond strength becomes challenging since the τ-s curve kept increasing through the test, and 

hence no definite point can be taken as τu. However, a change of slope at BC was noted in Type 2 and Type 5 

curves. The ascending stage BC of both the Type 2 and Type 5 curves had a lower slope than the initial linear stage 

(OA), and hence point A is taken as τu in both cases. 

3.3. Influence of parameters on bond strength of RCFSST columns 

3.3.1. High Temperature 

The influence of high temperatures on the bond strength of RCFSST column specimens with different concrete ages 

is shown in Figure 12. From the test results, it is noted that at initial ages of concrete, the impact of increasing the 

temperature was much higher. The bond strength of the test specimens showed a substantial increase up to 800 °C for 

all concrete ages considered in this study. The bond strength test specimens can be categorized into two distinct types 

based on their test results: i) Type A – Specimens with a concrete age of 30 days, 60 days, and 90 days; and ii) Type B 

– Specimens with a concrete age of 180 days. 

  

i) Effect of temperature on bond strength (30-day strength) ii) Effect of temperature on bond strength (60-day strength) 

  

iii) Effect of temperature on bond strength (90-day strength) 
iv) Effect of temperature on bond strength of RCFSST 

(180-day strength) 

Figure 12. Effect of high temperature on bond-strength of RCFSST columns for various concrete ages 

Type A – Specimens in this category exhibited an increase in bond strength up to 800 °C. The influence of 

temperature was higher for the initial age of concrete. In other words, the rate of increase in bond strength of the test 

specimens was influenced by concrete age, as the rate deteriorates when concrete ages more. However, beyond 800 °C, 

the increase in temperature had a detrimental effect on the post-fire bond strength of RCFSST columns. In comparison 

with reference specimens that were tested without any fire exposure, a significant increase in bond strength was observed 

when the temperature was raised to 600 °C, as shown in Figures 12(i)–12(iv). The % increase in bond strength was 

much higher when the temperature was increased to 600 °C than the % increase in bond strength when the temperature 

was elevated from 600 °C to 800 °C. All the specimens in Type A displayed a similar trend. The rate of decrease in 

bond strength beyond 800 °C was also influenced by concrete age, as the rate was reduced with an increase in concrete 

age. In other words, the rate of decrease in bond strength had an inversely proportional relationship with concrete age. 

Type B – Specimens in this category displayed a significant increase in bond strength for all temperature ranges. 

The influence of temperature was much higher for specimens of this type than for Type A specimens. Unlike Type A 

specimens, which had a decrease in bond strength beyond 800 °C, Type B specimens exhibited superior bond strength 
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when the temperature was increased to 1000 °C. However, the rate of increase in bond strength decreases with an 

increase in temperature. Below 800 °C, the rate of increase in bond strength was much higher than the increase rate from 

800 °C to 1000 °C. The rate of increase in bond strength of Type B specimens displayed a higher percentage than the 

rate of increase in bond strength of Type A specimens within identical temperature ranges. Type B specimens displayed 

much higher bond strengths than type A specimens. The maximum bond strength observed in Type A specimens was 

0.727 MPa, whereas in Type B specimens, the maximum bond strength was 2.394 MPa. Type B specimens presented 

τ-s curves of Type 1, Type 4, and Type 5, whereas Type A specimens demonstrated all five curve types. 

3.3.2. Concrete Age 

Specimens under the same temperature range for different concrete ages were compared to investigate the 

influence of concrete age on the post-fire bond strength of RCFSST columns, as shown in Figure 13. It was very 

clear that the increase in concrete age maximizes the bond strength of post-fire RCFSST columns. At 600°C, the 

specimens with a 90-day concrete age demonstrated an increase in bond strength when compared to specimens with 

a concrete age of 30 days. However, at 800 °C, the increase in bond strength was not much appreciable for specimens 

with concrete ages of 30 days, 60 days, and 90 days. At 1000 °C, the influence of concrete age was much higher. 

The post-fire bond strength of RCFSST column specimens exhibited a higher rate of increase as the concrete became 

older. At all three temperatures considered in this study, an increase in concrete age resulted in an increase in the 

post-fire bond strength of the RCFSST column specimens. A higher rate of increase in bond strength was observed 

for specimens with a concrete age of 180 days. Specimens with a concrete age of 180 days exhibited better 

performance under all the temperature ranges adopted in this study. The maximum post -fire bond strength achieved 

by the specimen 180D1000T, which was cured for 180 days and exposed to a temperature of 1000 °C. Comparing 

the influence of temperature and concrete age parameters, concrete age provided a significant contribution to 

maximizing the post-fire bond strength of RCFSST columns. 

  

i) Effect of concrete age on bond strength (600°C) ii) Effect of concrete age on bond strength(800°C) 

 

iii) Effect of concrete age on bond strength (1000°C) 

Figure 13. Effect of concrete age on post-fire bond strength of RCFSST columns 
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4. Bond Strength of Concrete Filled Stainless-Steel Tubular Columns 

4.1. Bond Strength at Ambient Temperature 

Analyzing the τ-s curves of RCFSST columns at ambient temperatures, the 60-day specimen and the 90-day 

specimen exhibited Type-2 curves, which had a three-stage τ-s curve, namely one linear and two non-linear curves, as 

mentioned in the previous sections. The slope of the curve OA decreases with an increase in concrete age. The test 

specimen R60D displayed a steeper slope than the specimen R90D, as shown in Figure 14. Generally, the linear region 

(OA) is associated with chemical adhesion and micro-locking mechanisms. As concrete ages, the adhesive mechanism 

and micro-locking mechanism degrade, causing the resulting curve. Comparing the point of inflection B of the τ-s curves 

of ambient temperature test specimens, specimens with higher concrete age had a sharp inflection point B. From the test 

results, it was very clear that the specimen with a 90-day concrete age displayed higher non-linearity in the later stage 

(BC) of the τ-s curve. Macro-locking attributes to the “BC” region of the curve. As the concrete ages, shrinkage 

increases, resulting in a reduced macro-locking mechanism. 

 

Figure 14. τ-s curve for ambient temperature RCFSST columns with different concrete ages 

Meanwhile, the specimens displayed a very minor change in τu, for different concrete ages. The reduction factors 

obtained from the test results for ambient-temperature RCFSST specimens and the reduction factors reported in the 

literature [21, 23, 32, 33] for various parameters are shown in Figure 15. It was clear from Figure 15 that the bond 

strength can be enhanced by providing internal rings, but on the other hand, the change in surface roughness of the 

internal steel tube also contributed to a greater extent. An increase in CRA content also contributed to enhancing bond 

strength. Light-weight concrete-filled steel tubes incorporating rook wool waste had a declining strength compared to 

normal CFST specimens. 

 

Figure 15. Reduction factors of ambient temperature bond strength of CFST columns from test results and literature 
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4.2. Bond Strength of CFSST and CFST Columns Under Post-Fire Condition 

The characteristics of the τ-s curve of RCFSST specimens were examined in each temperature range, as shown in 

Figures 16-a to 16-c. Around 600°C, the RCFSST specimens displayed Type 1 and Type 5 τ-s curve characteristics. 

Type 1 curve was associated with 30 and 90-day specimens, while 60-day specimens displayed type 5 curve features at 

600 °C. The linear region OA of the τ-s curve for 30 and 90-day specimens demonstrated similar slopes, whereas higher 

slope values were noted in 60-day specimens. The τ-s curve of 30 days and 90 days displayed a variation after the 

inflection point B of the τ-s curve, whereas both specimens exhibited a declining trend in their later stages (BC). In the 

case of the 60-day specimen, the curve BC had a positive slope. 

  

a) τ-s curves for 600 °C b) τ-s curves for 800 °C 

 

c) τ-s curves for 1000 °C 

Figure 16. Comparison of τ-s curves for different temperature ranges 

At 800 °C, the slope of the linear curve OA for all the specimens, irrespective of their concrete age, displayed 

similar trends. Except for the 30-day specimen, all the other specimens had a Type 1 classification with three-stage 

curve characteristics. At 1000 °C, the linear region OA of the τ-s curve for the specimens with lower concrete ages 

(Type A) was short in comparison with specimens with a concrete age of 180 days (Type B). It is evident that at 180 

days, chemical adhesion and micro-locking were ineffective, resulting in shorter linear branch OA. The linear region 

OA was followed by a short AB region, which indicates the loss of bond was sudden. The specimens exhibited a 

larger BC region of the τ-s curve than Type A specimens. Comparisons of bond strength for different concrete ages 

are shown in Figures 17 (a) to (d). As bond strength in rectangular columns is mostly governed by the macro-locking 

mechanism, an increase in the non-linear portion BC verifies the intactness of macro-locking. Type B specimens at 

this temperature zone were associated with the Type 4 category of the τ-s curve. The post-fire bond-strength 

reduction factor (kr) obtained from the test results was compared with the reduction factors (k r) reported in the 

literature [20–22], as shown in Figure 18. 
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a) Comparison of τ-s curves for concrete age=30 days b) Comparison of τ-s curves for concrete age=60 days 

  

c). Comparison of τ-s curves for concrete age=90 days d) Comparison of τ-s curves for concrete age=180 days 

Figure 17. Comparison of τ-s curves for different concrete ages 

  

Figure 18. Comparison of reduction factors of post-fire bond strength of CFST columns from test results and literature 
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4.3. Comparison of Experimental Data with Existing Literature 

A comparison of the relative increase in bond strength of CFST columns is shown in Figure 19. At ambient 

temperatures, rectangular CFSST columns displayed lower bond strength in comparison with other shapes of CFST 

columns [22]. Circular CFST columns exhibited higher bond strength, followed by square and rectangular specimens, 

with elliptical CFST having the least bond strength at earlier ages of concrete. It is obvious that hoop stress developed 

in circular CFST columns enhances bond capacity [5]. But as the age of concrete increased, the relative increase in bond 

strength of rectangular CFSST columns had substantial growth. In other words, the rate of increase in bond strength 

from the 30-day curing period to 180 days was noted to be significantly higher in rectangular CFSST columns. Around 

a 68% increase in bond strength was observed in rectangular CFSST columns with 180-day curing. In the case of circular 

columns, no appreciable increase in bond capacity was observed, as reported in the literature [22]. 

 

Figure 19. Comparison of relative bond-strength for different concrete ages from the literature [22] at room temperature 

A comparison of the relative increase in bond strength for different shapes of CFST columns at 600 °C and ambient 

temperatures, as reported in the literature, is shown in Figure 20. At earlier concrete ages, around 600 °C, the post-fire 

bond strength of square-shaped specimens exhibited an appreciable increase in bond capacity in comparison with 

ambient-temperature square specimens. The rate of increase was highest in square specimens, followed by circular and 

rectangular specimens. However, higher bond strength capacity was displayed by circular CFST columns. A comparison 

of different shapes and their relative increase in bond strength in comparison with room-temperature specimens is shown 

in Figure 21. 

 

Figure 20. Comparison of post-fire bond-strength for different shapes of CFST from the literature [20, 22] 
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Figure 21. Comparison of relative post-fire bond strength of CFST columns [21, 22] with room temperature specimens 

It can be seen that for higher temperatures and older ages of concrete, rectangular specimens exhibited a relatively 

higher rate of increase in bond strength in comparison with room temperature. Around a 35% increase was observed for 

rectangular specimens in relation to room-temperature RCFSST columns. The combined effect of concrete age and high 

temperature had a positive influence on the relative increase in bond capacity of RCFSST columns. In addition to hoop 

stresses in circular CFST columns, micro-locking and chemical adhesion mechanisms govern the bond capacity in 

circular and square CFST columns [3]. As the temperature increases, the chemical bond between stainless steel and 

concrete breaks. Hence, the influence of these parameters deteriorates. However, in rectangular CFSST columns, bond 

capacity is mostly governed by macro-locking mechanisms [5], and hence lower temperatures have little influence on 

the bond capacity of RCFSST columns. A summary of the experimental results is shown in Figure 22. 

 

Figure 22. Summary of the experimental results 
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5. Conclusions 

An experimental investigation on the bond strength of rectangular concrete-filled steel tubular columns after fire 

exposure has been carried out, and the following conclusions were observed: 

 Post-fire push-out tests on rectangular CFSST columns were carried out, and the results were compared with 

existing literature. Push-out tests on ambient temperature test specimens indicate that the rectangular stainless steel 

tubular columns exhibited lower bond strength than other shapes reported in the literature. Despite this, the bond 

between rectangular stainless steel and the core concrete significantly increases as the concrete ages. 

 It is noted that after exposure to heating and cooling, the bond between the rectangular stainless-steel tube and the 

core concrete was intact even at earlier concrete ages, and as the concrete aged, the bond strength had substantial 

growth even under higher temperatures. It is also worth noting that the post-fire test specimens displayed higher 

resistance against slip during the loading stage of the test. As the concrete ages, this resistance increases to an 

appreciable extent. 

 The test results indicate that high temperatures had a lesser influence on bond strength when compared to the 

influence of concrete age. For the same concrete age, a rise in temperature resulted in a minor increase in bond 

strength. However, beyond the recrystallization temperature, the bond strength gradually declined for Type A 

specimens. When the specimens were cured for around 180 days., i.e., for Type B specimens, elevated temperature 

had a substantial influence on the bond strength of rectangular CFSST specimens. 

 Based on the obtained τ-s results, five types of τ-s curves were observed, each with distinct curve characteristics. 

Most of the test specimens fall under the type 1 curve, which displayed a three-stage τ-s curve, followed by the type 

5 curve with an increase in bond stress beyond the inflection point. It can be concluded that the post-fire bond 

between the rectangular stainless-steel tube and concrete core displayed appreciable strength at later stages of 

curing. Other shapes, such as circular or elliptical CFST columns, displayed similar strength at a much earlier 

concrete age.  

It is evident from the τ-s curve that macro-locking was the principal contributing factor for the development of bond 

strength in RCFSST columns under the post-fire scenario at older ages of concrete infill. At lower concrete ages, 

chemical adhesion and micro-locking played a pivotal role in governing the bond strength of RCFSST columns under 

post-fire. 
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Abstract 

This review paper delves into the eccentric compression performance of engineered bamboo columns, focusing on 

objectives like evaluating methodologies, influential parameters, and testing techniques for eccentric compression 

behavior. It employs a systematic literature review adhering to PRISMA 2020 guidelines to synthesize data from various 

studies on material properties, design parameters, and construction methods. The findings reveal challenges in predicting 

failure modes under eccentric compression and the need for a unified model to assess the impact of eccentricity and 

slenderness ratios on performance. It introduces novel insights into the standardization and testing of engineered bamboo 

for structural applications. It addresses a significant gap in current research by offering a comprehensive predictive 

framework for eccentrically loaded, engineered bamboo columns. 

Keywords: Bamboo; Columns; Slenderness Ratio; Eccentric Compression; Review. 

 

1. Introduction 

In the context of the rapid evolution of modern society, there has been a noticeable increase in the favorability of 

structures constructed from materials derived from sustainable materials such as crumb rubber tires [1], used facial 

masks [2], and bamboo [3]. The inclination toward exploring sustainable building materials arises from a growing need 

for an enhanced human living environment. Bamboo, among the materials under scholarly investigation, has attracted 

increasing attention within the research community [4–7]. The modern construction industry widely uses bamboo [8–

10] due to its commendable mechanical and physical properties, comparable to conventional materials such as steel [11–

12]. Moreover, bamboo's environmentally friendly characteristics fuel its increasing popularity [13, 14]. These factors 

collectively elevate bamboo to a leading position among sustainable construction materials, warranting its 

comprehensive exploration and analysis in an academic context. This combination of factors has propelled bamboo to 

the forefront of sustainable construction materials, making it a compelling subject for thorough exploration and analysis. 

Despite their potential as a sustainable and abundant resource, bamboo culms present challenges that preclude their 

direct use in conventional structural applications within the built environment. The wide inherent variation in geometric 

properties among bamboo culms complicates the establishment of a consistent grading system suitable for structural 

purposes [15]. Furthermore, the mechanical properties of bamboo culms exhibit significant variations influenced by 

factors such as species, age, and height, necessitating a comprehensive understanding of these dynamics to enable 

effective utilization [16–19]. Moreover, the organic nature of bamboo culms introduces compatibility issues with 
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contemporary design and construction procedures, impeding their formal integration into structural applications [7]. 

Engineered bamboo emerges as a viable solution to overcome these challenges, as it involves the meticulous processing 

and treatment of bamboo culms to yield a more uniform and predictable set of material properties. Such treatment 

methods encompass processes like densification, delignification, and lamination, all aimed at enhancing [20]. Notably, 

engineered bamboo composites garner attention due to their standardized shape and relatively low variability in material 

properties [21]. These composites boast mechanical properties comparable to timber, rendering them suitable for diverse 

structural applications, including beams [22], trusses [23], frames [24], wall panels [25], and columns [26]. 

A column represents a vertical structural element engineered to endure compressive loads within a building or 

structure. Its primary function involves the transmission of loads from the superstructure to the foundation, thereby 

playing a pivotal role in upholding the stability and overall integrity of the construction [27]. Engineered bamboo has 

found application in column construction, with ongoing research focusing on its mechanical properties, connections, 

and standardization. This underscores its potential to significantly contribute to developing sustainable and resilient 

structural systems [28]. 

Numerous studies have investigated the performance of engineered bamboo in column applications, particularly 

under axial loading conditions [29–34]. However, to the best of the author's knowledge, limited attention has been 

directed toward understanding the performance of eccentrically loaded, engineered bamboo columns. Several pivotal 

challenges and research gaps have been identified, warranting further investigation to enhance the structural application 

of engineered bamboo. One of the foremost challenges lies in understanding and characterizing failure modes under 

eccentric compression. Li et al. (2020) [32] identified three characteristic failure modes for laminated bamboo lumber 

columns under eccentric compression, necessitating the development of predictive models that accurately reflect these 

behaviors across various engineered bamboo types. However, a comprehensive predictive framework that encompasses 

the myriad of failure behaviors, particularly for laminated bamboo lumber and parallel bamboo strand lumber, remains 

elusive, highlighting a significant gap in the literature. 

Moreover, the influence of the eccentricity ratio and the slenderness of columns on their performance under eccentric 

compression is another area that demands rigorous scrutiny. Studies, such as those conducted by Li et al. (2015) [35], 

have shed light on the degradation of ultimate load capacity and deformation characteristics with varying eccentricity 

ratios and slenderness. Despite these insights, the field lacks a unified model that can predict the impact of slenderness 

ratio, especially for chamfered and hollow columns, underscoring a critical research void. 

The variability in material properties of bamboo, including its tensile and compression strengths, further complicates 

the standardization of engineered bamboo for structural applications. This variability presents a considerable challenge 

in achieving consistent ultimate bearing capacity and structural performance under eccentric loads. Researchers have 

made strides towards engineering bamboo with uniform material properties, yet the effort to establish standardized 

grading and testing methodologies continues to fall short. Su et al. (2022) [36] emphasize the need for more focused 

research efforts in this domain to enable reliable predictions of engineered bamboo's performance. 

This paper embarks on a comprehensive literature review to delve into the eccentric compression behavior of 

engineered bamboo columns. The objectives encompass the analysis of methodologies, the synthesis of influential 

parameters, and the evaluation of testing techniques. The study systematically explores critical factors, including 

material properties, design parameters, and construction methods, with a specific focus on the impact of slenderness 

ratio, ultimate bearing capacity, eccentricity distance, column height, and failure modes, drawing insights from the 

existing literature and studies. 

2. Review Methodology 

A systematic literature review (SLR) was employed to comprehensively assess the eccentric compression 

performance of engineered bamboo, drawing upon an extensive body of literature and research. The methodology 

adopted in this paper aligns with the principles outlined in the Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses 2020 (PRISMA 2020) guidelines [37]. PRISMA 2020 is a structured reporting framework designed to 

enhance the transparency and quality of systematic reviews and meta-analyses. Its comprehensive 27-item checklist 

provides detailed reporting recommendations for various sections of the systematic review, including the title, abstract, 

introduction, methods, results, discussion, and conclusion [38]. This framework represents a significant advancement in 

the methodologies for identifying, selecting, appraising, and synthesizing studies, thereby serving the interests of 

authors, editors, peer reviewers, and diverse users of reviews. 

The review process employed in this study adheres to the PRISMA 2020 guidelines, as depicted in Figure 1. Initially, 

researchers utilized two primary research databases, Google Scholar and ScienceDirect/Scopus.com, known for their 

ability to discern pertinent literature. These platforms offer sophisticated Boolean syntax functions, allowing users to 

execute searches using AND, NOT, and OR operators. The researchers meticulously chose and inputted keywords such 

as "bamboo," "eccentric compression," and "slenderness ratio" into the search fields of these databases. Subsequently, 

the initial phase identified 132 papers from Google Scholar and 19 from ScienceDirect. 
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Figure 1. Review process flowchart 

Following this, the identified records underwent a screening process to eliminate duplicates, extracting 10 papers. 

The subsequent stage involved scrutinizing the papers based on their title, abstract, content, and conclusion. The 

exclusion of papers followed predefined eligibility criteria: firstly, focusing on the performance of engineered bamboo 

in eccentric compression led to the exclusion of 47 papers concentrated solely on axial compression. Secondly, the 

emphasis on engineered bamboo as the primary material of interest resulted in removing 18 papers centered on bamboo 

culms. Thirdly, the researchers excluded all review papers and other materials, totaling 13 and 32 papers respectively. 

Lastly, a snowballing approach was employed, tracing relevant papers through citation trails and identifying 11 

additional papers. Ultimately, a rigorous selection process yielded 42 papers that met the inclusion criteria for this 

comprehensive review. Upon the culmination of the review process and to achieve the main objective of this paper, the 

researcher is anticipated to address the following research question: 

 What are the physical and mechanical properties of different engineered bamboo types used in structures? 

 What are the properties of engineered bamboo columns under eccentric loads? 

 What configurations define the theoretical framework and the practical test set-ups employed in assessing the 

eccentric compression performance of engineered bamboo columns? 

 How does the eccentric compression performance of engineered bamboo columns vary, and what are the 

influencing factors on its outcomes? 

3. Engineered Bamboo 

Engineered bamboo refers to bamboo-based materials that have undergone processing and manufacturing techniques 

to enhance their mechanical and structural properties for various applications, especially in construction and engineering. 

Engineering bamboo aims to make it a more reliable and versatile material with improved strength, durability, and other 

desirable characteristics [39]. Engineered bamboo's uniform and stable mechanical properties make it an attractive 

alternative to traditional construction materials such as steel, concrete, and timber [40]. Additionally, researchers have 

observed that engineered bamboo products exhibit outstanding physical and mechanical properties with a minimal 

carbon footprint, affirming their environmental sustainability. 

3.1. Types of Engineered Bamboo Products 

Engineered bamboo encompasses various types of composite materials developed to enhance natural bamboo's 

mechanical and physical properties for engineering applications. These types include (1) Bamboo Scrimber (B.S.); (2) 

Parallel Strand Bamboo (PSB); (3) Laminated Bamboo Lumber (LBL); and (4) Glue-Laminated Bamboo (Glubam). 
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Bamboo scrimber, also known as recombinant lumber, reconstructed lumber, or bamboo zephyr board, is made from 

small-diameter bamboo culms used to create a reconstructed structural material. The manufacturing process for bamboo 

scrimber initially involved truncation and splitting, softening, removal of the bamboo outer skin, defibering, drying, 

sizing, assembly, and hot-pressing. As technology has advanced, specific steps have been eliminated in the large-scale 

production of bamboo scrimber. In the current process, key stages include truncation and splitting, defibering, drying, 

dipping, assembly, cold-pressing, and heat curing or hot-pressing [41]. Parallel Strand Bamboo (PSB), on the other 

hand, is a composite material created through the high-pressure adhesive bonding of bamboo strands [42]. The initial 

step involves cutting bamboo culms into strips of approximately 2 meters in length, with dimensions of roughly 15 mm 

in width and 3 mm in thickness. These strips undergo a drying process at a temperature of around 80 °C until the moisture 

content decreases to below 11%. Following this step, the manufacturing process involves flattening the strips into thin 

strands through crushing, then saturating them with phenolic resin. Subsequently, the process aligns the strands in 

parallel by bonding them under elevated pressure. This technique, which orients bamboo strands parallel to the 

longitudinal axis and distributes them evenly in the transverse direction, effectively eliminates the raw fibers' density 

gradient. Consequently, the produced Parallel Strand Bamboo exhibits superior structural characteristics [43]. The 

difference in cross-section of these two engineered bamboos is shown in Figures 2-a, and 2-b. 

  

(a) (b) 

Figure 2. Cross-section view of (a) Bamboo Scrimber [44], and (b) Parallel Strand Bamboo Lumber [26] 

The distinction between glue-laminated bamboo and laminated bamboo lumber lies in their manufacturing processes 

and structural properties. Glue-laminated bamboo, also known as engineered structural bamboo products (SBPs), is 

similar to engineered wood products such as plywood and glue-laminated timber [45]. It involves using adhesive to 

bond bamboo strips, allowing for large sections and spans, straight or curved, and continuous, providing excellent plastic 

properties for its application in structural elements [46]. On the other hand, manufacturers produce laminated bamboo 

lumber (LBL) using shorter and smaller strips of bamboo, butt-jointing them at sections to form longer and wider lumber 

or boards [47]. Figures 3-a, and 3-b show the cross-sectional views of glue-laminated and laminated bamboo lumber, 

respectively. 

  

(a) (b) 

Figure 3. Cross-section view of (a) Glue-Laminated Bamboo and (b) Lumber Laminated Bamboo [44] 

3.2. Physical Properties of Engineered Bamboo Products 

Determining the physical properties of engineered bamboo is crucial for several reasons. The design of engineered 

bamboo products aims to reduce the variability of natural bamboo, making understanding their physical properties 

essential to ensure compliance with the required standards for structural applications [48]. Engineered bamboo strives 
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to offer a more uniform and stable material than natural bamboo, with the physical properties playing a significant role 

in achieving this objective [49]. The density and moisture content significantly influence the performance of engineered 

bamboo as a structural member. For example, bamboo scrimber, a type of engineered bamboo, can exhibit densities 

ranging from 980 to 1,160 kg/m³, nearly twice that of raw bamboo [50]. This increased density correlates with enhanced 

mechanical properties, including higher compressive strength and improved dimensional stability, making it more 

suitable for structural applications [20]. Moisture content's impact on the mechanical properties of bamboo is clear, as 

fluctuations in moisture content cause substantial dimensional changes that compromise the material's mechanical 

performance [51]. Additionally, the compressive strength parallel to the grain of bamboo elements decreases notably 

with increasing moisture content until it reaches the saturation point, highlighting the adverse effects of excessive 

moisture on mechanical properties [20]. Moreover, moisture content critically influences the dimensional stability of 

bamboo, which is essential for maintaining the structural integrity of engineered bamboo products [48].  

Table 1 presents a comprehensive compilation of information concerning different types of engineered bamboo. The 

dataset encompasses a range of attributes, including bamboo species, geographical sources, moisture content, and 

density. This compilation serves as a fundamental reference, fostering a nuanced comprehension of the diverse physical 

properties inherent in engineered bamboo. Table 1 indicates the moisture content of various engineered bamboo types 

fluctuates between 5.13% and 11.9%. The control of this percentage is crucial, as it significantly impacts the mechanical 

properties of engineered bamboo [51]. Notably, researchers observe inconsistencies in the density values of each 

engineered bamboo. These variations can be attributed to several factors, including the bamboo species, the age at which 

harvesters collect it, and the location of the sample within bamboo culms. Consequently, further research is imperative 

to elucidate the factors influencing the properties of engineered bamboo. 

Table 1. Comparison of Physical Properties of various Engineered Bamboo based on gathered literature 

Engineered Bamboo  Bamboo Species Source Moisture Content (%) Density (kg/m3) Authors 

BS Gigantochloa atroviolacea Indonesia 8.14 980 Sylvayanti et al (2023). [52] 

BS Phyllostachys pubescens) China 7.00 1,215 Kumar et al. (2016). [53] 

BS Phyllostachys pubescens China 7.00 1,160 Sharma et al. (2015). [54] 

Glubam Guadua angustifolia Colombia 11.9 740.8 Correal et al. (2014). [55] 

Glubam Phyllostachys pubescens China 7.00 880 Xiao et al. (2013). [56] 

LBL Phyllostachys pubescens China 10.60 686 Chen et al. (2020). [57] 

LBL Phyllostachys pubescens China 6.00 783 Kumar et al. (2016). [53] 

PSB Dendrocalamus strictus India 11.00 1,030 Ahmad et al. (2011). [58] 

PSB Phyllostachys pubescens China 7.22 11,515 Li et al. (2019). [59] 

PSB Phyllostachys bambusodies Turkey 5.13 21,210 Çavuş et al. (2023). [60] 

3.3. Mechanical Properties of Engineered Bamboo Products 

The evaluation of mechanical characteristics in engineered bamboo is necessary for its effective utilization in 

structural engineering. Engineered bamboo variants, such as laminated composites and bamboo scrimber, have been 

conceptualized to present sustainable and high-performance alternatives to conventional construction materials. A 

comprehensive examination of the mechanical attributes of engineered bamboo proves essential in ensuring its structural 

soundness, load-bearing capacity, and sustained efficacy [45, 61] The mechanical traits of engineered bamboo, 

encompassing tensile strength, compressive strength, and modulus of elasticity, play a pivotal role in appraising its 

appropriateness for structural purposes. These characteristics dictate the material's ability to endure external forces like 

tension, compression, and bending, pivotal considerations in structural design and engineering [62, 63]. Additionally, 

the mechanical performance of engineered bamboo assumes critical significance in meeting the structural requisites of 

diverse applications, ranging from building structures and trusses to beams [49, 64]. 

Researchers have conducted several studies to characterize the mechanical properties of various engineered bamboo 

products adequately. The designation of each nomenclature is as follows: compression strength parallel to grain (fc∥
), 

tension strength parallel to grain (ft∥
), shear strength parallel to grain (fv∥

), bending strength parallel to grain (fb∥
), and 

static modulus of elasticity (E∥). The absence of standardized testing protocols for the mechanical characteristics of 

engineered bamboo products in civil engineering has impeded their widespread adoption. Additionally, Sharma et al. 

[48] investigated the impact of processing methods on the mechanical attributes of engineered bamboo, underscoring 

the imperative for standardized testing approaches. Furthermore, the research conducted by Sharma & Vegte [20] 

underscored the potential of engineered bamboo for structural applications, emphasizing the need for standardized 

testing to address its mechanical properties. Hong et al. [49] also stressed the necessity of standardizing structural 

bamboo products and connections, signaling the importance of establishing testing methods to ensure the reliability and 

applicability of engineered bamboo in civil engineering. Previous researchers have employed established methods, 
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including those based on the American Society for Testing and Materials (ASTM), Czech Technical Standards (CSN), 

and British Standards (B.S.), to assess the mechanical properties of engineered bamboo, as delineated in Table 2. 

Table 2. Comparison of Mechanical Properties of various Engineered Bamboo based on gathered literature 

Engineered Bamboo 𝒇𝒄∥
 (MPa) 𝒇𝒕∥

 (MPa) 𝒇𝒗∥
 (MPa) 𝒇𝒃∥

 (MPa) 𝑬∥ (MPa) Author 

BS 64.85 34.27 11.15 - 8,525 Sylvayanti et al (2023). [52] 

BS 115.70 144.75 17 166.5 14,020 Kumar et al. (2016). [53] 

BS 86.00 120 15 - 13,000 Sharma et al. (2015). [54] 

Glubam 62.00 143.1 9.5 122.4 32,271 Correal et al. (2014). [55] 

Glubam 51.00 82 7.2 99 10,400 Xiao et al. (2013). [56] 

LBL 56.30 107.7 17.5 111.5 11,143 Chen et al. (2020). [57] 

LBL 77.00 90 16 - 12,000 Kumar et al. (2016). [53] 

PSB 65.80 - - 58.3 11,700 Ahmad et al. (2011). [58] 

PSB 66.90 - - - 11,515 Li et al. (2019). [59] 

Researchers have conducted several studies to characterize the mechanical properties of various engineered bamboo 

products adequately. The designation of each nomenclature is as follows: compression strength parallel to grain (fc∥
), 

tension strength parallel to grain (ft∥
), shear strength parallel to grain (fv∥

), bending strength parallel to grain (fb∥
), and 

static modulus of elasticity (E∥). The absence of standardized testing protocols for the mechanical characteristics of 

engineered bamboo products in civil engineering has impeded their widespread adoption. Additionally, Sharma et al. 

[48] investigated the impact of processing methods on the mechanical attributes of engineered bamboo, underscoring 

the imperative for standardized testing approaches. Furthermore, the research conducted by Sharma & Vegte [20] 

underscored the potential of engineered bamboo for structural applications, emphasizing the need for standardized 

testing to address its mechanical properties. Hong et al. [49] also stressed the necessity of standardizing structural 

bamboo products and connections, signaling the importance of establishing testing methods to ensure the reliability and 

applicability of engineered bamboo in civil engineering. Previous researchers have employed established methods, 

including those based on the American Society for Testing and Materials (ASTM), Czech Technical Standards (CSN), 

and British Standards (B.S.), to assess the mechanical properties of engineered bamboo, as delineated in Table 3. 

Table 3. Various Standard Test Methods in determining the Mechanical Properties of Engineered Bamboo 

Author Mechanical Properties Standard Test Method 

Sylvayanti et al. (2023) [52], Correal et al. (2014) 
[55], Xiao et al. (2013) [56], Chen et al. (2020) [57] 

Compressive, Tensile, Shear, 
Flexural and Modulus of Elasticity 

ASTM D143 - Standard Test Methods for Small 

Clear Specimens of Timber 

Kumar et al. (2016) [53] 

Compressive Strength 
CSN 49 0110 - Timber – ultimate compression 

strength parallel to the grain. 

Tensile Strength 
CSN 49 0114 - Determination method of tensile 

strength perpendicular to the grain 

Flexural Strength 
CSN 49 0115 - Determination method of the 
ultimate strength in the static bending. 

Shear Strength 
CSN 49 0118 - Timber – ultimate shear strength 

parallel to the grain 

Modulus of Elasticity 
CSN 49 0111 - Determination method of 

modulus in compression parallel to the grain 

Sharma et al. (2015) [54] 

Compressive Strength 
BS 373 - Methods of testing small clear 
specimens of timber 

Tensile Strength 
ASTM D143 - Standard Test Methods for Small 

Clear Specimens of Timber 

Flexural Strength 
BS EN 408 - Timber structures – Structural 

timber and glue-laminated timber 

Shear Strength 
BS 373 - Methods of testing small clear 
specimens of timber 

Previous testing methods for assessing the eccentric compression performance of engineered bamboo exhibit several 
limitations, necessitating the establishment of a standardized testing protocol. These limitations encompass the inherent 
variability in both geometric and mechanical properties of bamboo [48] the absence of comprehensive investigations 

focused solely on the compression of natural bamboo culms [50] and the imperative to scrutinize the impact of 
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parameters such as slenderness ratio, eccentric distances, and wall thicknesses on the ultimate bearing capacity of 
bamboo columns subjected to eccentric compression [36]. Moreover, there is a need for further exploration into the 
influence of eccentricity ratio on the behavior of bamboo columns under eccentric compression [35]. Furthermore, 

additional research is warranted to investigate the mechanical properties of bamboo under off-axis compression and the 
influence of length and compression directions on the behavior of bamboo specimens [65, 66]. Examining parameters 
such as the diameter–thickness ratio, cross-sectional area, and slenderness ratio on the axial compression behavior of 
original bamboo columns also merits attention [29]. Additionally, it is crucial to explore the mechanical properties of 
bamboo products and the effects of various processing methods on their mechanical characteristics [67]. 

Lastly, a comprehensive analysis of parameters such as slenderness ratio, eccentricity, and net cross-sectional area 

on the compression performance of bamboo composite columns is essential [68, 69]. This multifaceted exploration will 
provide valuable insights into the structural behavior and performance of bamboo-based materials under eccentric 
compression, contributing to developing more robust and reliable engineering practices in this domain. 

4. Engineered Bamboo Columns Under Eccentric Load 

Designers must consider several factors to ensure structural integrity and performance in designing columns. The 
column's response to various loading conditions, including wind, eccentricity, and buckling scenarios, requires a 
thorough design approach. Two primary scenarios arise from load application in columns: (1) concentric loading and 

(2) eccentric loading. Understanding the distinction between these loading conditions is vital for comprehending how 
columns respond to axial forces. A column under concentric loading experiences an axial load applied at its center or 
along the central axis, aligning with the column's geometric centerline. This alignment simplifies the analysis, as the 
load uniformly distributes across the cross-sectional area's centroid. Conversely, applying the axial load away from the 
centerline in an eccentrically loaded column generates a moment due to eccentricity—the horizontal distance between 
the load's line of action and the column's centroidal axis. Moreover, moisture content significantly influences the 

dimensional stability of bamboo, an essential factor in preserving the structural integrity of engineered bamboo products. 
The existing body of research primarily focuses on exploring the response of engineered bamboo columns to concentric 
loads [29, 30, 70]. Most columns experience uniaxial or even biaxial loading conditions. Consequently, there is a 
necessity for investigations into the performance of engineered bamboo under eccentric compression. Understanding 
the behavior of engineered bamboo under eccentric compression requires acquiring specific properties. Euler's critical 
buckling load theory, a cornerstone of structural engineering, provides a theoretical basis for determining the critical 

load that leads to instability and buckling in slender columns. Known as Euler's buckling theory, it assumes that the 
column is perfectly straight, homogeneous, and lacks initial imperfections. The critical buckling load, 𝑃𝑐𝑟 , is given in 
Equation 1. 

𝑃𝑐𝑟 =  
𝜋2𝐸𝐼

𝐿2   (1) 

where 𝑃𝑐𝑟  is Euler critical buckling load, 𝐸 is the modulus of elasticity, and 𝐿 is the column length. This theory is widely 

used in structural design to assess the stability of columns and other slender structural members. It provides a 
fundamental understanding of the behavior of columns under compressive loads and is essential for predicting the load 
at which buckling, a form of structural failure, may occur [71]. Table 4 shows the properties of engineered bamboo 
columns from several studies identified by this paper to be subjected to evaluation of eccentric compression 
performance. 

Table 4. Engineered Bamboo Properties under Eccentric Loadings 

Engineered 

Bamboo 

Cross-section 

dimension (mm) 

Height 

(mm) 

Eccentricity 

(mm) 

Modulus of 

Elasticity (MPa) 
Author 

LBL 80 × 80 850-1,700 37 9,694 Li et al. (2019) [26] 

PSB 96 × 96 570-1,900 20 11,515 Li et al. (2019) [59] 

LBL 100 × 100 600-3,000 30 - Zhou et al. (2021) [72] 

LBL 100 × 100 1,100 0-120 - Hong et al. (2021) [73] 

LBL 100 × 100 1,200 0-120 8,200 Li et al. (2020) [32] 

PSB 100 x 100 1,100-1,850 0-100 11,000 Huang et al. (2015) [43] 

PSB 100 × 100 925-1,650 - 11,151 Wang et al. (2017) [74] 

LBL 73 × 73 1,000 0-120 9,643 Li et al. (2016) [75] 

LBL 100 × 100 1,200 0-120 9,694.3 Li et al. (2016) [76] 

Glubam Hollow column 1,350-1,950 40-120 11,613 Su et al. (2022) [36] 

LBL 100 × 100 1,100 30-120 6,324 Jian et al. (2019) [77] 

PSB 100 × 100 1,200 0-120 11,028 Li et al. (2015) [35] 

Table 4 presents a comprehensive overview of studies primarily conducted in China, focusing on engineered bamboo 
properties under eccentric loadings. The predominant bamboo species investigated across these studies is Moso bamboo. 
Specifically, Laminated Bamboo Lumber (LBL) emerges as a recurrent subject in eccentric loading assessments. The 
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modulus of elasticity, a critical mechanical property, exhibits a considerable range in the gathered literature, from 6,324 
MPa to 11,613 MPa. This variability underscores the diverse mechanical behaviors observed across different studies, 
emphasizing the need for a nuanced understanding of the material's response under eccentric loading conditions. 

Exploring the independent variables employed in these studies reveals a range of methodologies aimed at 
comprehensively assessing engineered bamboo's eccentric compression performance. Variations in column height and 
eccentricity distance are prominent among the selected studies, as indicated in Table 4. Some investigations focus on 
altering column heights to determine the ultimate load at which the columns fail, while others manipulate eccentricity 
distances varying from 0 to 120 mm. These chosen parameters play a pivotal role in evaluating engineered bamboo's 
eccentric compression behavior, providing valuable insights into its structural performance. The subsequent section of 

this paper will elaborate on the theoretical and actual test setup employed in these studies, offering a more detailed 
exploration of the experimental methodologies applied to ascertain the material's response under eccentric loading 
conditions. 

5. Actual Test Setup to Evaluate the Eccentric Compression Performance 

In exploring engineered bamboo's eccentric compression performance, numerous considerations extend beyond the 
determination of physical and mechanical properties, as expounded upon in the preceding section. A crucial aspect 
involves delineating how the load is applied, necessitating a meticulous identification process. Engineered bamboo 

varieties, exemplified by Laminated Bamboo Lumber (LBL), exhibit three primary directions: (1) longitudinal, aligning 
parallel to the grain's length in bamboo strips; (2) tangential, running parallel to the longer side of bamboo strips; and 
(3) radial, oriented parallel to the shorter side of bamboo strips. This geometric arrangement is visually illustrated in 
Figure 4-a.  

   

(a) (b) (c) 

Figure 4. Visual representation of (a) three main directions of engineered bamboo [26]; (b) typical cross-section of 

engineered bamboo [72]; and (c) load application along radial and tangential direction [76] 

For instance, Zhou et al. [72] delved into the behavior of LBL columns subjected to eccentric compression loads. 
Bamboo strips, measuring 7 mm × 21 mm, were intricately bonded together using resin adhesive, forming a composite 
of 100 mm × 100 mm, as illustrated in Figure 4-b. The researcher directed the load application along the radial axis. 
Analogous methodologies were subsequently adopted in studies by [75, 76]. Notably, diverse studies explored load 
applications in the tangential direction [72–73, 76], with Figure 4-c providing a visual representation of this specific 
loading orientation. Furthermore, scenarios arise where the eccentric load is simultaneously applied along both radial 

and tangential directions, as depicted in Figure 5, detailing the parameters of eccentricity and the skew angle as studied 
by Wang et al. [74]. The skew angle (β), defined as the inverse tangent of the eccentricity distance along the y-direction 
(ey) over the eccentricity distance along the x-direction (ex), is mathematically shown in Equation 2. This intricate 
exploration underscores the multifaceted nature of load application in assessing the eccentric compression performance 
of engineered bamboo, serving as a pivotal element in the comprehensive understanding of the material's structural 
response. 

𝛽 = tan−1 𝑒𝑦

𝑒𝑥
  (2) 

 

Figure 5. Load application points at the end of each engineered bamboo specimen [74] 

The subsequent procedural phase involves the meticulous arrangement of the engineered bamboo under 
investigation, with a pivotal focus on ensuring the precise application of eccentric loads. This critical step is 
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operationalized by affixing bamboo brackets strategically at both the upper and lower sections of the engineered bamboo, 
employing screw connections as shown in Figure 6-a. This methodology mirrors the approach implemented in the study 
conducted by Hong et al. [73], showcasing the viability and effectiveness of this setup. A comprehensive elucidation of 

the bamboo bracket's cross-sectional dimensions and bolt diameter is visually presented in Figure 6-b, alongside a 
depiction of varying eccentricity distances depicted in Figure 6-c, providing a thorough understanding of the 
experimental apparatus. In augmentation of this methodology, Su et al. [36] introduced an additional reinforcement layer 
in their study. Beyond the affixed bamboo bracket, the setup incorporates a gusset steel plate with a thickness of 10 mm. 
This strategic inclusion serves two purposes: it fortifies the integrity of the engineered bamboo and ensures the precision 
of load application, thereby minimizing the risk of inadvertent misplacement. 

   
(a) (b) (c) 

Figure 6. Visual representation of (a) engineered bamboo specimen with bamboo bracket screw at its end; (b) cross-

sectional dimension of bamboo bracket; and (c) bamboo bracket varying distances to the specimen [73] 

This augmenting gusset plate's meticulous details and dimensions are meticulously delineated in Figure 6-b, 
contributing to a nuanced comprehension of the sophisticated experimental configuration. These meticulously devised 
setups not only adhere to established protocols within the field but also underscore the paramount importance of 

precision and robustness in investigating eccentric compression performance in engineered bamboo. 

Most studies follow the testing setup, arrangement of strain gauges, and test configurations as those demonstrated in 
the works of [70-77]. To prepare the engineered bamboo specimen surfaces, researchers used a rough-textured cloth to 
polish the surface, which they later cleaned with alcohol [75]. They applied a strain gauge to each face of the engineered 
bamboo, as Figure 7-b shows; a 3-laser displacement sensor was utilized to measure displacement. They then placed the 

bamboo on the testing machine, affixing the upper and lower ends to unidirectional hinge supports. This setup ensures 
the specimen can rotate freely in the eccentric direction and avoid accidental deformation outside the eccentric plane. 
Figures 7-a, and 7-c display the schematic diagram and the actual test setup, respectively. The comparison of actual test 
methods across several studies appears in Table 5. Notably, most of these studies adhere to the test standard for timber 
structures (GB/ T 50329–2012), adjusting the eccentricity distance of axial loads for the test setup. 

 
(a)            (b)                                                                          (c)  

Figure 7. Eccentric compressive set-up for engineered bamboo columns: (a) schematic diagram of the test setup [76]; (b) 

arrangement of strain gauge at the surface of specimen [76]; and (c) actual test set-up [76] 
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Table 5. Summary of the Test Set-up in Evaluating the Eccentric Compression Performance of Specimen 

Engineered 

Bamboo 

No. of Test 

Specimen 
Displacement measuring tools Machine 

Load 

duration 

Application of 

eccentric load 
Authors 

LBL 20 
Strain gauge and Laser Displacement 

Sensor (LDS) 

1000 kN microcomputer-
controlled electro-hydraulic 

servo universal with TDS 

data acquisition system 

8-12 min Along radial direction Li et al. (2019) [26] 

PSB 27 Strain gauge and LDS 8-12 min Along radial direction Li et al. (2019) [59] 

LBL 15 Strain gauge and LDS 6-10 min 
Along tangential 

direction 
Hong et al. (2021) [73] 

PSB 24 Strain gauge and deformation sensors 2 mm/min Biaxial load Wang et al. (2017) [74] 

LBL 35 Strain gauge and deformation sensors 8-12 min Along radial direction Li et al. (2016) [75] 

LBL 80 Strain Gauge and LVDT 8-12 min 
Both radial and 

tangential 
Li et al. (2016) [76] 

6. Eccentric Compression Performance of Engineered Bamboo 

The eccentric compression performance of engineered bamboo pertains to the material's behavior under compressive 

loads applied away from its central axis. Several factors influence this performance, including the bamboo species, 

moisture content, culm age, and wall thickness. Different species exhibit variations in mechanical properties, while 

elevated moisture levels can reduce compressive strength. The age of the bamboo culm and the thickness of its walls 

also play a significant role, with younger bamboo potentially displaying different mechanical properties. Treatments, 

such as drying, chemical, or heat treatment, are commonly applied to enhance durability and mechanical properties. 

Critical considerations include joint and connection details, grain orientation, defects, and overall bamboo quality. The 

orientation of bamboo fibers concerning the applied load, the presence of defects, and adherence to engineering design 

standards also impact performance. The aforementioned factors arise from bamboo culms' inherent qualities and the 

manufacturing process's intricacies. However, this section of the paper focuses on exploring independent variables that 

impact the eccentric compression performance of engineered bamboo, drawing insights from existing literature and 

studies. The influential parameters, in this case, are the independent variables as follows: (1) eccentricity distance and 

(2) slenderness ratio. All these influential parameters will affect the dependent variables: (1) Failure modes; and (2) 

ultimate load-bearing capacity of engineered bamboo. This systematic investigation aims to shed light on the subtle 

interplay of these variables in influencing the eccentric compression behavior of engineered bamboo, thereby 

contributing valuable insights to the broader field of bamboo engineering. 

6.1. Eccentricity Distance 

The effects of eccentricity distance on the eccentric compression performance of engineered bamboo have been 

explored in various studies, highlighting how this factor influences the structural integrity, load-bearing capacity, and 

deformation characteristics of engineered bamboo columns. Table 6 provides findings from five relevant studies 

focusing on the type of engineered bamboo, eccentricity distance, and critical findings. 

Table 6. Key Findings on the Effect of Eccentricity Distance on Engineered Bamboo based on literature 

Authors 
Eccentricity 

Distance (mm) 

Engineered 

Bamboo 
Key findings 

Li et al. (2020) [32] 10-120 LBL 
Increasing the eccentricity distance reduces the ultimate load-bearing capacity 
and an alteration in failure modes, from elastic to elastic-plastic, and finally to 

plastic failure as eccentricity increases. 

Su et al. (2022) [36] 40-120 Glubam 
The study examines the effects of slenderness ratios, eccentric distances, and 

wall thicknesses on GLBHC's ultimate bearing capacity, highlighting the 
significant impact of eccentricity distance on structural performance. 

Hong et al. (2021) [73] 30-120 PBSL 
Eccentricity distance impacts ultimate bearing capacity and strain distribution, 
decreasing as eccentricity increases. The strain distribution across the cross-

section becomes more non-uniform with higher eccentricity. 

The collection of studies consistently observes that the eccentricity distance affects the structural performance of 

various types of engineered bamboo, including Laminated Bamboo Lumber (LBL), Parallel Bamboo Strand Lumber 

(PBSL), Chamfered Laminated Bamboo Lumber (LBL) Columns, and Glued Laminated Bamboo Hollow Columns 

(GLBHC). Notably, an increase in eccentricity distance consistently reduces the ultimate load-bearing capacity and 

alters the failure modes of these materials. Furthermore, these effects become more pronounced with deformation 

characteristics and strain distribution changes across the columns' cross-section. Looking back, one can attribute the 

observed phenomena to the inherent mechanical properties of bamboo as a construction material and the geometric 

considerations of column design. The increase in eccentricity distance introduces higher bending moments and shear 

forces, which, in turn, exacerbate material stresses and lead to an earlier onset of failure mechanisms. This insight 
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highlights the critical nature of eccentricity in the structural design and analysis of engineered bamboo, suggesting that 

minimizing eccentricity could enhance the structural integrity and performance of bamboo-based construction elements. 

The underlying mechanism for the observed reduction in load-bearing capacity and alteration in failure modes with 

increased eccentricity can be explained through material mechanics and structural engineering principles [78-80]. As 

eccentricity increases, the bending moment experienced by the column increases, leading to higher stress concentrations 

on one side of the column [81]. This uneven stress distribution causes the material to transition from elastic behavior to 

elastic-plastic and eventually to plastic failure more rapidly than it would under a concentric load application [82, 83]. 

Additionally, the alteration in deformation characteristics and non-uniform strain distribution across the cross-section 

with increased eccentricity further exemplifies the sensitivity of engineered bamboo's structural performance to load 

application eccentricity. This sensitivity indicates the critical need to account for eccentric loading conditions in the 

design, analysis, and application of engineered bamboo in structural applications, ensuring safety, reliability, and 

optimal performance of bamboo-based construction projects. 

6.2. Slenderness Ratio 

 Recent years have seen extensive studies on the effect of the slenderness ratio on the eccentric compression 

performance of engineered bamboo, with Table 7 presenting critical insights into this effect. Researchers define the 

slenderness ratio as the height to least lateral dimension ratio of a column, and it plays a pivotal role in determining the 

buckling behavior and load-bearing capacity under eccentric loading conditions. 

Table 7. Key Findings on the Effect of Slenderness Ratio on Engineered Bamboo based on literature 

Authors Slenderness Ratio Range 
Engineered 

Bamboo 
Key findings 

Zhou et al. (2021) [72] 
21.14, 38.75, 59.89, 81.01, 

and 105.66 
LBL 

Good ductility observed in most specimens, highlighting the impact of the 
slenderness ratio on deformation characteristics and ultimate bearing 

capacity. 

Hong et al. (2021) [73] 38.75 LBL 
Eccentricity and slenderness ratio significantly influence ultimate bearing 

capacity and strain distribution. 

Huang et al. (2018) [84] 45 and 57 LBL 
Developed an inelastic analysis model for intermediately slender EBWC 
columns, highlighting how slenderness ratio affects nonlinear responses. 

Chen et al. (2020) [85] 
5.20, 6.93, 10.39, 11.55, 

20.78, 27.71, 41.57 and 83.14 
B.S. 

The slenderness ratio significantly affects failure modes and load-bearing 
capacity, with larger ratios leading to instability failure. 

Studies by Zhou et al. (2021) [72] and Hong et al. (2021) [73] have shown that with an increase in slenderness ratio, 

engineered bamboo columns exhibit a decrease in ultimate load-bearing capacity and a transition in failure modes from 

primarily compression failure in shorter columns to buckling failure in taller columns. This phenomenon is attributed to 

the increased propensity for lateral deflection and instability as the column's height increases relative to its cross-

sectional dimensions [72, 73]. Similarly, Li et al. (2015) [35] observed that the eccentricity ratio, closely related to the 

slenderness ratio, significantly impacts the bearing capacity, where an increase in eccentricity leads to a reduction in the 

ultimate load values. This underscores the influence of slenderness on the structural efficiency of bamboo columns under 

eccentric loads. Furthermore, Su et al. (2022) [36] have demonstrated that the slenderness ratio affects the failure modes 

and the deformation characteristics of engineered bamboo columns. Columns with higher slenderness ratios showed 

larger lateral displacements and reduced stiffness, which significantly impacts their practical load-bearing capacity and 

necessitates careful consideration in design and analysis for structural applications. 

In addition, the work by Huang et al. (2018) [84] on inelastic analysis models for engineered bamboo/wood 

composites under biaxial bending and compression has highlighted the asymmetric stress-strain relationship due to 

varying slenderness ratios. This asymmetry can complicate the prediction of load-bearing capacities and necessitates 

advanced analytical and numerical models to capture the behavior of slender columns under eccentric loading. 

The observed trends can be elucidated through slender column behavior's fundamental mechanics. As the slenderness 

ratio of a column increases, it experiences higher susceptibility to buckling, resulting in reduced load-carrying capacity 

and increased deflection under compressive loads. This phenomenon is exacerbated by eccentric loading conditions, 

which introduce additional bending moments, further compromising the structural stability of the column. Consequently, 

the findings underscore the importance of considering the slenderness ratio in designing and assessing engineered 

bamboo structures, emphasizing the need for appropriate geometric configurations to ensure adequate structural 

performance and resilience against compression-induced failures. 

6.3. Failure Modes 

In this section of the review, three distinct studies, namely [26, 59, 72], have been identified, delving into the intricate 

correlation between mechanical properties and slenderness ratio. These investigations aim to elucidate the calculation 
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of the laminated bamboo lumber's (LBL) ultimate load capacity, a pivotal determinant before structural failure occurs. 

The unanimous consensus among these studies underscores the recognition of two primary failure modes when 

subjecting engineered bamboo to axial loads. The initial mode, termed "failure mode I," manifests as the specimen 

initially splits around the midpoint of the columns, gradually progressing towards the inner layers as the load intensifies. 

Conversely, "failure mode II" is characterized by cracks exclusively appearing on the tension side of a singular main 

layer. These failure modes' visualizations are depicted in Figure 8 for mode I and Figure 9 for mode II. Table 8 

summarizes the categorization of failure modes I and II, corresponding to different specimen heights given the variable 

eccentricity distance. 

   

(a) (b) (c) 

Figure 8. Failure mode I: (a) Li et al (2019) [26]; (b) Li et al. (2019) [59]; and (c) Zhou et al. (2021) [72] 

   

(a) (b) (c) 

Figure 9. Failure mode II: (a) Li et al (2019) [26]; (b) Li et al. (2019) [59]; and (c) Zhou et al. (2021) [72] 

Table 8. Mode of failure and the height specimen designation 

Authors 
Engineered Bamboo 

product 

Eccentricity 

(mm) 

Specimen height (mm) and its mode of failure 

Mode I Mode II 

Li et al. (2019) [26] LBL 37 850, 1,100, and 1,500 1,700 

Li et al. (2019) [59] PSB 20 570, 760, 950, and 1,140 1,330, 1,520, 1,710, and 1,900 

Zhou et al. (2021) [72] LBL 30 600, and 1,100 1,700, 2,300 and 3,000 
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The collective findings from previous studies, as shown in Table 9, into the eccentric compression performance of 

engineered bamboo, specifically laminated bamboo lumber (LBL) and parallel bamboo strand lumber (PBSL), 

illuminate the nuanced and complex failure mechanisms inherent to these materials under load. Li et al. (2020) [32] 

meticulously analyzed LBL columns, unveiling three distinct failure modes: Mode I, characterized by the initiation of 

failure from glue or brackets with bamboo fibers remaining elastic; Mode II, where failure is precipitated by the 

outermost compression fiber reaching the elastic-plastic stage; and Mode III, distinguished by the outermost 

compression fiber achieving plastic capacity prior to failure. This study underscores the intricate interplay between 

material composition and failure, advocating for advanced analytical formulations to accurately predict column 

resistance under eccentric loads. 

Table 9. Failure modes as described in other previous studies 

Authors 
Engineered 

Bamboo 
Failure Modes Description 

Li et al. (2020) [32] LBL 
Mode I: Failure initiates from glue or bracket while bamboo fibers remain elastic. Mode II: 

Outermost compression fiber reaches the elastic-plastic stage. 

Li et al. (2016) [63] LBL 
Bamboo nodes and drill holes were the primary causes of failure, with mechanical properties and 

failure modes significantly differing based on the direction of eccentric compression. 

Hong et al. (2021) [73] LBL Failure modes remained consistent across different eccentricities, belonging to brittle tension failure. 

Li et al. (2016) [76] LBL 
Failure modes are influenced by natural defects such as bamboo joints and mechanical connectors 

Interaction between compression and bending in determining failure modes. 

In a similar study, Li et al. (2016) [63] explored LBL column specimens subjected to radial eccentric compression, 

discovering failure modes significantly influenced by inherent natural defects such as bamboo joints and mechanical 

connectors. This research emphasizes the critical role of compression-bending interaction in determining failure, 

highlighting the material's variability in response to eccentric loads. Another study by Li et al. (2015) [35] on PBSL 

columns found that the eccentricity ratio markedly impacts bearing capacity, with an increase in eccentricity ratio 

correlating to a decrease in ultimate load values. This investigation offers vital insights into PBSL columns' design and 

application, revealing detailed failure modes across specimens. 

Further contributing to the body of knowledge, Hong et al. (2021) [73] investigated the behavior of LBL columns 

with chamfered sections under eccentric compression. Their findings reveal that failure modes remain consistent across 

varying eccentricities, predominantly manifesting as brittle tension failures. This consistency across eccentricities 

provides a foundation for developing predictive models for LBL columns under varied load conditions. Lastly, an 

additional study by Li et al. (2016) [75] evaluated the mechanical performance of LBL columns under two directions of 

eccentric compression, identifying bamboo nodes and drill holes as primary causes of failure. This study suggests that 

mechanical properties and failure modes can significantly differ based on the direction of eccentric compression, 

introducing an essential consideration for designing and applying engineered bamboo columns. 

These studies collectively enrich the understanding of engineered bamboo's mechanical behavior under eccentric 

compression, revealing intricate failure modes that challenge conventional design paradigms. The nuanced failure 

mechanisms, influenced by material composition, inherent defects, and load directionality, underscore the need for 

comprehensive analytical models that can accurately predict behavior and optimize the use of engineered bamboo in 

structural applications. 

6.4. Ultimate Load Bearing Capacity 

The ultimate load-bearing capacity under eccentric compression in engineered bamboo is a critical measure that 

directly influences the design and application of bamboo in structural engineering. Many factors affect the ultimate load-

bearing capacity of engineered bamboo, which is subjected to eccentric compression as explained in the subsequent 

section. The convergence towards a standard theory prompts the formulation of equations by various researchers to 

calculate the ultimate load capacity of engineered bamboo. These equations, encapsulating the influence of mechanical 

properties and slenderness ratio, are succinctly presented in Table 10. Furthermore, Table 11 offers a comparative 

analysis, contrasting the outcomes of applying these formulas from different authors against actual test results. Key 

nomenclatures for equations and tables include ultimate load-bearing capacity. (𝑁𝑢𝑙𝑡), slenderness ratio (𝜆), eccentricity 

distance (𝑒𝑜), the height of the column (ℎ), ultimate load-bearing capacity obtained from actual test results (𝑁𝑢𝑙
𝑡 ), and 

ultimate load-bearing capacity obtained from proposed calculations (𝑁𝑢𝑙
𝑐 ). 
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Table 10. Comparison of Proposed ultimate load calculation based on gathered literature 

Authors Formulated ultimate load-bearing capacity R-squared value (𝑹𝟐) Equation 

Li et al. (2019) [26] 𝑁𝑢𝑙 = 0.029𝜆2 − 4.72𝜆 + 244.37 0.97 (3) 

Li et al. (2019) [59] 𝑁𝑢𝑙 = 0.0786𝜆2 − 10.828𝜆 + 493.29 - (4) 

Zhou et al. (2021) [72] 𝑁𝑢𝑙 = 1.25𝜆
(−0.2016

𝑒𝑜
ℎ

−0.3263)
(

𝑒𝑜

ℎ
)

(0.00776𝜆−0.4069)

𝑓𝑐𝑢𝐴 0.90 (5) 

Table 11. Comparison of actual test results and calculated results 

Authors Height + Eccentricity 𝝀 𝑵𝒖𝒍
𝒕  (kN) 𝑵𝒖𝒍

𝒄  (kN) Error (%) 

Li et al. (2019) [26] 

850+37 36.8 111.1 110.7 0.4 

1100+37 47.6 82.8 84.3 1.8 

1300+37 56.3 70.7 70.8 0.1 

1500+37 65.0 63.0 61.0 -3.2 

1700+37 73.6 52.7 53.6 1.7 

Li et al. (2019) [59] 

570+20 20.6 293.3 310.5 5.9 

760+20 27.4 275 248.9 -9.5 

950+20 34.3 212.4 207.7 -2.2 

1140+20 41.1 185.7 178.2 -4.0 

1330+20 48 144.2 156.0 8.2 

1520+20 54.8 134.3 138.7 3.3 

1710+20 61.7 129.5 124.9 -3.6 

1900+20 68.6 99 113.6 14.7 

Zhou et al. (2021) [72] 

600+30 21.1 199.5 217.7 9.1 

1100+30 38.6 128.9 136.8 6.2 

1700+30 59.9 83.5 90.5 8.4 

2300+30 81.0 61.2 64.0 4.5 

3000+30 105.7 43.8 44.6 1.8 

7. Gaps and Challenges 

Challenges and research gaps represent fundamental concepts in the academic and scientific community. Challenges 

describe the obstacles or difficulties faced in a particular field of study, while research gaps indicate the areas within a 

specific topic or discipline lacking sufficient knowledge or understanding [86]. The eccentric compression performance 

of engineered bamboo, being relatively new in bamboo research, encapsulates all the necessary research gaps and 

challenges, as summarized in Table 12. Researchers have extensively explored the eccentric compression performance 

of engineered bamboo, demonstrating considerable effort. However, critical analysis uncovers a series of challenges, 

gaps, and limitations throughout these studies. The main research gaps and challenges in this topic include. 

Table 12. Research gaps and challenges based on the gathered literature 

Gaps and Challenges Description Authors 

1. Standards and design 
codes 

a. Lack of international standards for fully 
characterizing bamboo culms. 

b. Need for standardization of design codes for 
engineered bamboo. 

a. Li et al. (2019) [26], Hong et al. (2021) [73]; 

b. Hong et al. (2021) [73]. 

2. Material characterization 

and other influencing 

factors 

a. Limited number of studies on eccentric 
compression performance of engineered 

bamboo. 

b. Short length of bamboo specimens with 

scattered strain values. 

c. Lack of comprehensive studies on the 

mechanical performance of engineered 

bamboo under different loading conditions. 

d. A lack of comparative analysis of the result to 

traditional building materials such as wood, 
concrete, and steel. 

e. Study other influencing factors to be 

incorporated in the proposed calculations. 

a. Li et al. (2019) [26]; 

b. Li et al. (2019) [59]; 

c. Li et al. (2016) [76]; 

d. Hong et al. (2021) [73], Wang et al. (2017) [74], Li et al. 

(2016) [76], Jian et al. (2023) [77]; 

e. Li et al. (2019) [26], Li et al. (2019) [59], Zhou et al. (2021) 

[72], Hong et al. (2021) [73], Li et al. (2016) [75]. 
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3. Ultimate state behavior 

and failure analysis 

a. Need for understanding the ultimate state of 

engineered bamboo. 

b. Limited investigation into failure mechanism. 

a. Chen et al. (2021) [44], Wang et al. (2017) [74]; 

b. Chen et al. (2021) [44]. 

4. Models 
a. Needs for better analytical and theoretical 

models. 

Su et al. (2022) [36], Wang et al. (2017) [74], Jian et al. (2023) 

[77]. 

5. Bonding and 
Manufacturing 

a. Further investigation needed on the bonding 
between bamboo strips. 

b. Inadequate consideration of the manufacturing 
process. 

a. Li et al. (2016) [76]; 

b. Hong et al. (2021) [73]. 

6. Cost and Durability 

Analysis 

a. Needs to study the cost analysis of engineered 

bamboo in building applications. 

b. Lack of consideration for long-term 

performance and durability. 

a. Jian et al. (2023) [77]; 

b. Li et al. (2020) [32], Zhou et al. (2021) [72], Hong et al. 
(2021) [73], Wang et al. (2017) [74], Li et al. (2016) [75], Li 

et al. (2016) [76], Jian et al. (2023) [77], Li et al. (2015) [35]. 

7. Structural Exploration 

a. Limited exploration of composite structure. 

b. Variability in lamination techniques and 

adhesive types. 

a. Hong et al. (2021) [73]; 
b. Li et al. (2019) [26], Li et al. (2020) [32], Li et al. (2019) [59], 

Zhou et al. (2021) [72]. 

8. Slenderness Ratio 

a. Insufficient exploration of slenderness ratio 

range. 

b. Neglect of interaction between slenderness 

ratio and other factors. 

a. Li et al. (2019) [26], Li et al. (2019) [59], Zhou et al. (2021) 

[72]; 
b. Li et al. (2019) [26], Li et al. (2019) [59], Zhou et al. (2021) 

[72]. 

 Inadequate Comparative Analyses and Lack of Standardization: The studies by Li et al. (2019) [59], Zhou et al. 

(2021) [72], and the experimental and numerical study on laminated bamboo columns emphasize the insufficient 

comparison with other building materials and the absence of standardized practices or design codes for bamboo 

structures. Addressing these issues would contribute to a more comprehensive understanding of the unique 

properties of engineered bamboo and facilitate its widespread adoption in construction. 

 Limited Scope of Research and Need for Long-Term Studies: The experimental and numerical study on laminated 

bamboo columns Li et al. (2020) [32], and Li et al. (2016) [76] underscored the limited scope of research, 

advocating for investigations beyond mechanical properties. These studies also emphasized the importance of 

long-term studies to assess the environmental impact, fire resistance, and durability of engineered bamboo, 

providing a more holistic understanding of its performance over time. 

 Insufficient Consideration of Manufacturing Processes and Economic Feasibility: Li et al. (2019) [59], Zhou 

et al. (2021) [72], and Li and Su (2020) [32] identified gaps related to the lack of in-depth analysis of manufacturing 

processes and insufficient discussions on the economic feasibility and scalability of using bamboo in construction. 

A thorough exploration of manufacturing technology, cost-effectiveness, and energy consumption is essential for 

sustainable bamboo applications in construction. 

 Failure to Address Environmental Impact and Sustainability: Li et al. (2019) [59], and Li et al (2016) [75] 

highlighted the need for a more extensive discussion on the environmental impact, sustainability aspects, and life 

cycle assessment of engineered bamboo. Evaluating bamboo's ecological footprint and considering its long-term 

behavior in real-world applications are crucial for ensuring its sustainability and promoting environmentally 

friendly construction practices. 

 Challenges in Model Development and Standardization: Huang et al. (2015) [43], Wang et al. (2017) [74], and 

Su et al. (2022) [36] underscored challenges related to model development, including considerations of material 

nonlinearities, equilibrium equations, and ultimate loading-carry capacity. Additionally, Su et al. (2022) [36] 

emphasizes the need for addressing the changeable bamboo properties and discussing challenges encountered 

during the research process. These studies collectively call for improved models and standardized approaches in 

bamboo structural analysis. 

 Neglect of Comparative Analysis and Environmental Impact Assessment: Li et al. (2016) [76] and Jian et al. 

(2023) [77] identified common gaps related to the neglect of comprehensive comparative analyses with other 

materials and the absence of thorough environmental impact assessments. These studies stress the importance of 

evaluating different reinforcement materials, conducting long-term performance analyses, and considering the 

environmental implications of reinforcement methods. 

8. Conclusions 

This review aims to identify gaps and challenges in current research on bamboo, offering a comprehensive overview 

of the eccentric compression behavior of engineered bamboo columns. Effectively addressing the research question, this 

paper aligns with the introduction by emphasizing the importance of tackling identified gaps and challenges to fully 

understand and utilize bamboo in construction. 
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Several gaps and challenges in the current research on the application of engineered bamboo as a column were 

highlighted, including the lack of standards and design codes, issues in material characterization, insufficient 

understanding of ultimate state behavior and failure analysis, outdated models, a need for further investigation into 

bonding and manufacturing, lack of cost and durability analysis studies, limited exploration in structural aspects, and 

insufficient understanding of slenderness ratio. To address these gaps and challenges, future researchers could consider 

exploring the following solutions: 

 Establish International Standards: Collaborate with international organizations and researchers to develop 

standardized testing protocols for fully characterizing bamboo culms, providing a common foundation for 

evaluating eccentric compression performance. 

 Develop Comprehensive Design Codes: Invest in research to establish design codes specifically tailored for 

engineered bamboo, considering material characteristics and loading conditions to provide clear guidelines for 

designing bamboo columns. 

 Expand Experimental Studies: Conduct extensive experiments to investigate engineered bamboo eccentric 

compression performance under various loading conditions, including studies with longer specimens for a more 

accurate representation of real-world scenarios. 

 Incorporate Influencing Factors: Explore and incorporate additional influencing factors into calculations and 

design considerations, studying the effects of environmental conditions, treatment methods, and other variables on 

the eccentric compression behavior of engineered bamboo columns. 

 Comprehensive Slenderness Ratio Studies: Conduct a systematic and comprehensive exploration of the 

slenderness ratio range for engineered bamboo columns, testing specimens with varying ratios to understand how 

different proportions impact eccentric compression performance. 

 Integration of Interaction Effects: Investigate the interaction between slenderness ratio and other relevant factors 

influencing the performance of engineered bamboo columns, including material properties, loading conditions, 

and environmental influences. Understanding these interactions will aid in developing more accurate predictive 

models and design guidelines. 
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