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Article 

Comprehensive seismic loss model of Tehran, Iran in the case of Mosha fault 
seismic scenario using stochastic finite-fault method 

Nazila Kheirkhah1, Reza Alikhanzadeh2, Ozhan Musavi2, Ali Aghajani2, Erfan Firuzi2,* 

1 Institute of Geophysics, University of Tehran, Tehran 1435944411, Iran 
2 International Institute of Earthquake Engineering and Seismology (IIEES), Tehran 1953714453, Iran 

* Corresponding author: Erfan Firuzi, e.firuzi@iiees.ac.ir

Abstract: This paper presents the results of a study carried out to assess probable seismic loss 

in terms of damage to the residential buildings and the number of fatalities in the case of the 

Mosha Fault seismic scenario in Tehran, Iran. Accordingly, seismic risk components (including 

seismic hazards, exposure models, and fragility curves) are evaluated. The stochastic finite-

fault method with dynamic corner frequency is applied for quantifying ground motion values. 

The results show that PGA on the soil surface could range between 0.1 g and 0.45 g. Then, a 

reliable model of building exposure by analyzing census data from Tehran is compiled. This 

model included 19 different classes of buildings and is used to evaluate the potential damage 

to buildings from seismic scenarios. The results indicate that the median damage ratio from 

100,000 iterations for the whole of the city is about 6% ± 1.54%. The study found that the 

central and eastern parts of Tehran are the most vulnerable areas, with an estimated 15,952 

residents at risk of losing their lives in this scenario. This is equivalent to 0.2 percent of the 

total population of Tehran. The findings from this study can be used by local authorities to 

provide appropriate emergency response and preparedness plans in the case of the Mosha Fault 

seismic scenario. 

Keywords: stochastic finite-fault model; seismic risk; building damages; casualty; Tehran 

1. Introduction

The Iranian plateau is a wide zone of compressional deformation along the active
Alpine-Himalayan seismic belt, resulting from the convergence of the Eurasian and 
Arabian plates [1,2]. This region is considered one of the most seismically prone 
regions in the world. Buin-Zahra (7.1 Mw, 1962), Tabas (7.4 Mw, 1978), Manjil-
Roudbar (7.4 Mw, 1990), Bam (6.6 Mw, 2003), and Sarpole-Zahab (7.3 Mw, 2017) 
are among the most catastrophic seismic events that have occurred in Iran during the 
last few decades. According to the global catalog of UTSU, more than 92,000 
individuals lost their lives in these earthquakes. This demonstrates the country’s high 
seismic risk and highlights the importance of implementing appropriate seismic risk 
reduction plans in major cities of the country. 

Tehran, the capital of Iran, as the most populated city in Iran, is also exposed to 
high seismic risk. Based on the latest data from the Statistical Center of Iran (SCI), the 
population of the city was around 8,737,510 in 2016. Tehran also contributes more 
than 30% to the gross domestic product of the country [3]. In addition, the majority of 
economic, social, and political centers are located in Tehran. Consequently, its safety 
and security against natural and man-made hazards are crucial for the government. 

Tectonically, Tehran is located on the southern edge of the central Alborz 
Mountain belt. This region is characterized by discontinuities, with many active faults 

CITATION 

Kheirkhah N, Alikhanzadeh R, 
Musavi O, et al. Comprehensive 
seismic loss model of Tehran, Iran in 
the case of Mosha fault seismic 
scenario using stochastic finite-fault 
method. Building Engineering. 2024; 
2(1): 470. 
https://doi.org/10.59400/be.v2i1.470 

ARTICLE INFO 

Received: 9 January 2024 
Accepted: 13 February 2024 
Available online: 20 February 2024 

COPYRIGHT 

Copyright © 2024 by author(s). 
Building Engineering is published by 
Academic Publishing Pte. Ltd. This 
work is licensed under the Creative 
Commons Attribution (CC BY) 
license. 
https://creativecommons.org/licenses/
by/4.0/ 

1



Building Engineering 2024, 2(1), 470. 

in or around the city [4]. The major active faults in or around Tehran are Mosha, North 
Tehran Fault (NTF), Ray, and Taleghan (Figure 1). These are the sources of several 
devastating historical earthquakes, as listed in Table 1. The Mosha fault, with an 
approximate length of 220 km, is the causative fault for most of the historical 
earthquakes in this region. By considering the time intervals of historical earthquakes 
that occurred along the Mosha fault, it can be inferred that the return period of major 
earthquakes is approximately 165 years. The last devastating earthquake in the Tehran 
region caused by Mosha fault occurred in 1830; thus, more than 190 years have passed 
since that event. Accordingly, the possibility of a similar strong earthquake occurring 
in the near future is quite high [5,6]. Such a strong earthquake is likely to cause 
numerous casualties and severe damage to buildings and infrastructure in Tehran. 
These issues have also been addressed in the studies of Berberian et al. [7], Firuzi et 
al. [8], Kalantari et al. [9], and Firuzi et al. [10]. 

Figure 1. The location of Tehran with respect to the major active faults. 

Table 1. List of devastating historical events occurred around Tehran. 

Date Ms Longitude Latitude Causative fault Reference 

855/5/22 7.1 51.5 35.6 Kahrizak [11] 

958/2//23 7.7 51.1 36.0 Taleghan/Mosha [12] 

1177/5/- 7.2 50.7 35.7 North Tehran Fault [13] 

1665/6/15 6.5 52.1 35.7 Mosha [14] 

1815/6/- 7.1 52.2 35.9 Mosha [14] 

1830/3/27 7.1 52.5 35.7 Mosha [15] 

The above explanations show the importance of conducting detailed seismic 
hazards and risk assessments to address the impact of the Mosha fault scenario on the 
region. Such studies can play a fundamental role in developing appropriate risk 
reduction and emergency response plans to deal with the consequences of a potential 
earthquake. 

In order to assess seismic risk, the seismic hazard must first be characterized. 
Then, an exposure model needs to be developed, and appropriate 
fragility/vulnerability curves should be employed. For seismic hazard assessment, 
most studies use Ground Motion Prediction Equations (GMPEs), which generally do 
not address parameters such as directivity or pulse waves. To the authors’ knowledge, 
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no work in the literature assesses the seismic loss of Tehran for the Mosha fault seismic 
scenario using the finite-fault method. However, this is an appropriate approach for 
modeling the source, path, and near-surface effects properly. The finite-fault method 
is especially applicable in regions like Tehran, where the last destructive earthquake 
dates back to the pre-instrumental period, and there is a lack of recorded strong ground 
motions from earthquakes on the faults to develop empirical GMPEs. Some of the 
most recent seismic risk studies in Tehran are introduced as follows. 

JICA [16] assessed the seismic risk of Tehran in terms of the number of casualties 
and economic losses by considering three seismic scenarios, including the rupture of 
Ray, Mosha, and North-Tehran faults. In that study, GMPEs were used to provide the 
ground motion shaking map. Their findings showed that the most and least destructive 
seismic scenarios are the Ray and Mosha fault events, respectively. Based on this 
study, the rupture of the Mosha fault may cause a damage ratio equal to 13% of total 
buildings with 20,000 deaths, which is equivalent to 0.3% of the total population. By 
using the stochastic approach proposed by Beresnev [17], Zafarani et al. [18] assessed 
the seismic hazard of Tehran based on the seismic scenarios of Ray, North Tehran, 
and Mosha faults. That study showed that the rupture of the Mosha fault will generate 
the highest PGAs, between 0.1 and 0.3 g. However, Zafarani et al. [18] did not perform 
the seismic risk analysis to identify the most destructive seismic scenarios. Saffari et 
al. [19] also evaluated the potential seismic hazard of Tehran by considering the 
rupture of Mosha fault using the stochastic finite-fault model. They performed their 
analysis using the EXSIM program. Their results depict that the PGA in Tehran may 
vary from 0.13 g to 0.55 g in the Mosha fault seismic scenario. 

As discussed above, there is no comprehensive study in the literature that has 
employed the stochastic method for conducting a full seismic risk assessment in 
Tehran for the Mosha seismic scenario. Therefore, this study attempts to estimate 
seismic loss (in terms of the number of fatalities and damage to residential buildings) 
using the stochastic finite-fault method for the Mosha fault seismic scenario, which is 
widely regarded as the most likely seismic scenario in Tehran. In following, first, a 
description of the stochastic finite-fault approach is presented. Then the seismic hazard 
map of Tehran, developed based on the stochastic finite-fault method, is introduced, 
and the results are compared with GMPEs. Next, the exposure model is described, and 
employed fragility and vulnerability curves are introduced. Finally, an estimation of 
the possible losses in terms of building damages and fatalities is presented and 
discussed. 

2. Stochastic finite-fault method

Estimating potential ground motion values of earthquakes in terms of engineering
parameters (such as PGA, PGV, seismic intensity, or spectral acceleration) is a key 
step for seismic risk assessment. In practice, the common approach for seismic hazard 
analysis is GMPE; however, it has some deficiencies, including its dependence on the 
availability of data on ground motions. In fact, these equations are developed based 
on the regression of observed ground motions in past earthquakes. Clearly, the lack of 
sufficient data at different distance or magnitude ranges will affect their accuracy [20]. 
This is the case in many cities in Iran, such as Tehran, where an adequate number of 
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records (particularly near-source data) is not available. In addition, there are 
uncertainties in selecting appropriate functional forms of GMPEs. Moreover, GMPEs 
only provide strong ground motion parameters rather than the time history waveform 
required for dynamic analysis of important structures. To address these issues, using 
simulating tools attracts the attention of seismologists and earthquake engineers. 

Several simulating methodologies have been proposed in the literature, which 
vary from simple approaches that replicate certain characteristics of ground motion 
records to sophisticated physic-based methods that mathematically model the 
earthquake phenomenon [21]. In the present study, an improved stochastic finite-fault 
approach developed by Motazedian [22] is employed. An open-source FORTRAN 
program named EXSIM with high calculation capabilities is also used. EXSIM is an 
extended version of stochastic point source simulation (stochastic method simulation, 
SMSIM), developed by Boore [23,24], and the finite-fault simulation (FINSIM) 
approach introduced by Beresnev [17]. The basic premise of EXSIM is dividing the 
rupture plane into an array of sub-faults treated as point sources, like FINSIM, by 
introducing the dynamic corner frequency. These improvements overcome two main 
shortcomings of the aforementioned approaches. The idea of dividing the rupture area 
into sub-faults provides the capability of EXSIM to simulate large earthquakes and 
eliminates the limitation to small or moderate magnitude events as SMSIM. In 
addition, introducing the dynamic corner frequency eliminates the dependence of the 
results on the sub-fault size as FINSIM. Based on the above explanations, EXSIM, by 
superimposing the motion from each sub-fault (as given in Equation (1)), provides the 
ground motion by considering the rupture and propagation delay. 

𝑎(𝑡) = ෍ ෍ 𝑎௜௝(𝑡 + ∆௜௝)

௡௪

௝ୀଵ

௡௟

௜ୀଵ

 (1)

In the above equation, 𝑛𝑙 and 𝑛𝑤 are the number sub-faults along the strike and 

dip of the fault, respectively. ∆௜௝ is the relative delay time from 𝑖𝑗th subfaults to the 

observed point and 𝑎(𝑡) represents the simulated ground motion values of the entire 

fault. The Fourier amplitude of each sub-fault is estimated using the 𝑤ଶ shape, where 

𝑤 is angular frequency [25]. 

𝐴௜௝(𝑓) = 𝐶𝐻௜௝𝑀଴௜௝

(2𝜋𝑓)ଶ

1 + ൬
𝑓

𝑓଴௜௝
൰

ଶ 𝑒ିగ௙ೖబ
𝑒

ି
గ௙ோ೔ೕ

ொ(௙)ఉ

𝑅௜௝
𝐺(𝑅௜௝) (2)

In the above equation, 𝑀଴௜௝ (dyn.cm) denotes the seismic moment of sub-fault 

(by considering identical sub-fault, this is equal to 𝑀଴௜௝ = 𝑀଴/𝑁), 𝑓଴௜௝  depicts the 

dynamic corner frequency of sub-fault, 𝐻௜௝ is a scaling factor to be applied to conserve 

the high frequency spectral level of sub-fault, term 𝑒ିగ௙ೖబ is a high cut filter that take 

into account the near surface attenuation effect, where 𝑘଴ is the fast spectral decay at 

high frequency, 𝑄(𝑓)  (with general form of 𝑄(𝑓) = 𝑄଴𝑓௡ ) is a quality factor 

represents anelastic and scattering attenuation, 𝜌 (kg/m3) is density, 𝛽 (Km/s) is the 

shear-wave velocity in vicinity of the source, 𝑅௜௝ (Km) is the distance of the sub-fault 

from the observed point, 𝐺(𝑅௜௝) denotes the geometric spreading function, and C is a 

constant defined as: 
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𝐶 =
𝑅ఏథ𝑉𝐹

(4𝜋𝜌𝛽ଷ𝑅଴)
 (3)

where 𝑅ఏథ~0.55 is the radiation pattern (typically 0.55 for shear waves), 𝐹 = 2 is the 

free surface amplification, 𝑉 = 1 √2⁄  is the partition of total shear-wave energy into 

two horizontal components, and 𝑅଴ = 1 km is the reference distance. 

As mentioned, EXSIM uses dynamic frequency (𝑓଴௜௝) as given in Equation (4) to 

remove the dependence of results to sub-fault size [22]. 

𝑓௢௜௝ = 𝑁ோ(𝑡)ିଵ/ଷ4.9𝐸 + 6𝛽(
∆𝜎

𝑀଴௔௩௘
)ଵ/ଷ (4)

In the above equation, ∆𝜎 is the stress drop in bar, 𝑀଴௔௩௘ is the average seismic 

moment of subfaults (𝑀଴௜௝ = 𝑀଴/𝑁), and 𝑁ோ(𝑡) is the cumulative number of ruptured 

sub-fault at time 𝑡. According to Equation (4), as the rupture area expands, 𝑁ோ(𝑡) 
gradually increases; consequently, the corner frequency reaches the minimum value 
when the entire fault is ruptured. Thus, the radiated energy at high frequency will 

decrease (𝐴௜௝(ℎ)௙≫௙೚೔ೕ
∝ 𝑓௢௜௝

ଶ ). To overcome this issue, [22] proposed a scaling factor

(𝐻௜௝) as given in Equation (5) to conserve the energy radiated from a sub-fault at high 

frequency. In this equation, 𝑓଴  is the static corner frequency is calculated by the 

seismic moment alongside the stress drop for the entire fault 𝑓଴ = 𝑓௢௜௝(𝑒𝑛𝑑) =

𝑁ିଵ/ଷ4.9𝐸 + 6𝛽(
∆ఙ

ெ೚ೌೡ೐
)ଵ/ଷ. 

𝐻௜௝ = ඪ
𝑁 ∑ 𝑓ଶ/[1 + ൬

𝑓
𝑓଴

൰
ଶ

]

∑ 𝑓ଶ/ [1 + ൬
𝑓

𝑓଴௜௝
൰

ଶ

]

(5)

It should be mentioned that the aforementioned explanations and formulation 
provide the Fourier spectrum (𝑎௜௝) of sub-fault, to take the stochastic characteristics 

into account, the Fourier spectrum multiplied into a windowed Gaussian white noise 
signal in the frequency domain. In the following section, a detailed application of this 
procedure for Mosha fault is described. 

3. Application of finite-fault model for Mosha fault seismic scenario

Figure 2 shows the location of the Mosha fault with respect to the Tehran
metropolitan area. As depicted, this fault has three main segments with slightly 
different orientations [26]. The western segment is located in the north of Tehran, 
parallel to the Taleghan fault. The relation between these two faults is not clear [27]. 
The central segment is a left-lateral strike-slip fault with an approximate length of 80 
km, which intersects with the NTF. The eastern segment is located along the Mosha 
valley. Seismological evidence shows that the central part, which is the closest 
segment to Tehran, has the highest seismicity. Thus, this part has been considered the 
worst-case scenario in this study. 
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Figure 2. Tectonic map of the Mosha fault in relation to the Tehran Metropolitan; 
blue triangles are important locations in Tehran which their time history waveforms 
are depicted as sample (faults are from Solaymani Azad et al. [28]). 

In stochastic finite-fault simulation, proper modelling of the plane, dimension of 
fault, and source parameters are important factors. A summary of the most important 
model parameters is listed in Table 2. According to historical data and the empirical 
relation of Wells and Coppersmith [29], the potential magnitude of the Mosha fault 
seismic scenario is estimated to be 7.4 (Mw). This moment magnitude is equivalent to 
a rupture plane with a length of 75 km and a width of 27 km along the strike and dip 
of the fault, respectively. The strike and dip of the fault are 283° and 75°, respectively, 
based on the study by Zafarani et al. [18]. Due to a lack of instrumental strong 
earthquake records on the Mosha Fault, providing an accurate estimation of stress drop 
is associated with uncertainties. In this study, a stress drop value of 50 bar is 
considered, which corresponds to the value proposed by Zafarani et al. [18]. The 
quality factor in the present study is also taken from the study of Zafarani et al., who 
proposed the value for earthquakes in the northern part of Iran. This value is extracted 
from the Manjil-Roudbar earthquake (7.4 Mw, 1990). Similarly, Motazedian [30], 
based on data from the Manjil-Roudbar earthquake, developed a trilinear geometric 
spreading function that is used in this study. The percentage of pulsing area is 
considered to be 50%, which means that during the rupture of sub-faults, at most 50% 
of all sub-faults could be active while the remaining are passive. This value is proposed 
by Motazedian [22] based on the concept of self-healing provided by Heaton [31]. It 
should be noted that due to a lack of information regarding slip distribution, a random 
normal distribution is considered for analysis. 

Table 2. Summary of important model parameters for Mosh fault seismic scenario. 

Parameter Value Reference 

Strike, dip 283o, 75o [18] 

Magnitude 7.4 (Mw) [18] 

Fault dimension along strike and dip 75, 27 (Km) [29] 

Stress drop (∆𝜎) 50 (bar) [18] 

Sub-fault size 2 × 2 (Km) - 

Shear wave velocity (𝛽) 3.5 (Km/s) [18] 

Density (𝜌) 2.8 (kg/m3) [18]
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Table 2. (Continued). 

Parameter Value Reference 

Kappa 0.05 [18] 

Quality factor 𝑄(𝑓) = 87𝑓ଵ.ସ଻ [18] 

Geometric spreading 𝑅ିଵ                   (𝑅 ≤ 70)

𝑅଴.ଶ      (75 ≤ 𝑅 ≤ 150)

𝑅ି଴.ଵ              (𝑅 > 150)

 
[30] 

Pulsing area percentage 50% [30] 

Rupture velocity 0.8 Shear wave velocity [30] 

Window function Saragoni-hart - 

Path duration 0.1R - 

Based on the aforementioned parameters, the time history waveform is simulated 
within a square grid cell with a 1 × 1 km dimension for the entire city of Tehran. The 
distribution of PGA on engineering bedrock within the 22 municipal districts of 
Tehran is shown in Figure 3. As depicted, the PGA values vary between 0.05 and 0.40 
g, with maximum values in the northeast of Tehran, which has the closest distance to 
the Mosha fault. The result has good agreement with the study of Zafarani et al. [18], 
which used the stochastic approach proposed by Beresnev [17]. It should be noted that 
for seismic risk assessment, ground motion values on the soil surface are required. For 
this purpose, the amplification factor provided in the study by JICA [16] is used. In 
that study, based on information from 450 boreholes, the amplification factor for the 
entire city of Tehran is derived. Figure 3 also shows the distribution of PGA on the 
soil surface. As shown, by employing the amplification factor, the ground motion 
values increase, especially in the southern regions of Tehran. 

(a) (b) 

Figure 3. Distribution of PGA within a grid cell of 1 × 1 km in Tehran based on assumed model parameters of Mosha 
fault seismic scenario. (a) on engineering bedrock; (b) on soil surface. 

Since no strong earthquake has been instrumentally recorded on the Mosha fault, 
we compared our results with GMPEs. Figure 4 shows the distribution of PGA 
derived from the stochastic finite-fault model and the NGA-west2 relations. The 
circles represent simulation results, while the black thick-dash line represents the fitted 
curve to simulated data. As depicted, there is appropriate consistency between the 
values of the stochastic finite-fault model and GMPEs, especially at short distances. It 
should be noted that there is some inter-event variability in the simulated data that 
should be considered in the analysis. This is discussed in detail in Section 5. 
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Figure 4. Comparison the PGA values derived from stochastic finite fault model 
(black circle) and NGA-west2 relations (black thick line is the mean of all GMPEs). 

In Figure 5, the simulated time history waveform for the eight important 
locations in Tehran (represented by blue triangles in Figure 2) is presented. As shown, 
the time history waveform of points in the east of Tehran has a short duration with 
greater amplitude, while the time history waveform of points in the west of Tehran 
(which are far from the Mosha fault) has a longer duration with weaker amplitude. 
This is in accordance with our expectations. The pseudo-response acceleration for the 
same locations is also provided in Figure 6. 

Figure 5. The time history waveform of 8 selected sites in Tehran. 
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Figure 6. Pseudo response acceleration of the 8 selected sites in Tehran. 

4. Compiling exposure model and selecting appropriate fragility

curves

To assess the impact of earthquakes, it is necessary to compile a reliable database 
containing information about the building stock and population distribution in the area. 
In large-scale seismic risk assessment, buildings are generally categorized into 
different classes according to their likelihood of sustaining damage at different 
intensities. In the last few decades, several building taxonomies have been proposed, 
including ATC-13 [32], the European Macroseismic Scale (EMS-98) [33], HAZUS 
[34], PAGER-STR [35], Syner-G [36], and GEM [37] taxonomies. A comprehensive 
review of these classification methods can be found by Crowley et al. [36]. However, 
the application of these methods in regions like Iran is associated with uncertainties 
due to a lack of information about building characteristics. For instance, the HAZUS 
building classification focuses on the structural aspects of a building, while such 
detailed information about the seismic load resistance of buildings is not available in 
Iran. Therefore, in seismic loss assessment studies in Iran, most researchers consider 
a limited number of building taxonomies, considering available data such as 
construction material, age, and height of buildings. Certainly, considering such generic 
factors in building classification imposes uncertainties on results. On the other hand, 
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employing a set of unrealistic assumptions for building classification imposes greater 
uncertainty on the outcomes. 

In the present study, information provided by the Statistical Center of Iran (SCI) 
is used to compile building taxonomies. SCI is the official authority for data collection 
on population and buildings in Iran. The latest data from SCI [3] is used, which is the 
most reliable and available information. SCI provides information on construction 
material and the age of buildings. Regarding construction material, SCI’s information 
is limited to three groups: concrete (RC), steel (ST), and masonry (M). In this 
classification, adobe, masonry, rubble stone, and other types of structures are 
considered as masonry. By using the year of construction, the quality of buildings or 
the level of implementation of seismic regulations and codes can be estimated. The 
Iranian Code of Practice for Seismic Resistant Design of Buildings (Standard No. 
2800) is the primary reference for seismic design of structures. To date, four versions 
of this standard have been developed and published by the Building and Housing 
Research Center (BHRC). The first edition was released in 1987, and buildings 
constructed based on this version are considered low-code. The second edition was 
published in 1996, and buildings designed according to this version are considered 
mid-code. The third and fourth versions were presented in 2005 and 2015, 
respectively. Buildings designed based on these versions are considered high-code. 

Figure 7 shows the distribution of buildings in Tehran based on the quality and 
material of construction. As depicted, the majority of buildings are mid-quality steel 
and low-quality masonry, making them vulnerable to strong earthquakes. To improve 
the accuracy of building classification, the height of the building was also considered 
in this study. This factor was extracted from an additional database provided by Tehran 
Municipality. Based on the number of stories, buildings are classified into three 
groups: low-rise (less than 4 stories), mid-rise (between 4 and 6 stories), and high-rise 
(more than 7 stories). By considering the aforementioned factors (i.e., construction 
material, quality of construction, and height of the building), buildings are classified 
into 19 classes in this study. The number of different building categories within 22 
municipal districts of Tehran is presented in Table 3. 

Figure 7. Distribution of buildings in Tehran based on the quality and construction 
material. 
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Figure 8 shows the spatial distribution of buildings within a grid cell of 1 × 1 km 
in Tehran. As illustrated, many buildings are located in the eastern and central parts of 
the city, which are closer to the Mosha fault. Thus, there is a higher seismic risk in 
these regions in the case of a Mosha fault seismic scenario. 

Figure 8. Distribution of buildings in a grid cell of 1 × 1 km within Tehran. 

For seismic risk assessment, a set of fragility curves corresponding to the pre-
defined building classes is required. Several fragility curves for typical residential 
buildings in Iran have been proposed by different scholars. In a study performed by 
the Japan International Cooperation Agency (JICA) [16], nine fragility curves were 
developed for seismic risk assessment in Tehran. JICA [16] classified the buildings 
according to their construction material and age. Omidvar et al. [38] developed 
empirical fragility curves for steel and concrete structures based on data from past 
earthquakes in Iran, mainly the 1990 Manjil-Roudbar (Mw: 7.4) and 2003 Bam (Mw: 
6.6) earthquakes. Sadeghi et al. [39] developed vulnerability curves for 42 building 
types in Iran by compiling a set of local and global fragility/vulnerability curves and 
combining them based on engineering judgment. In that study, factors such as 
construction material, load resistance system, height, and quality of construction were 
considered in building classification. Motamed et al. [40] developed fragility curves 
for 23 building classes based on construction material, building height, lateral load 
resisting system, and year of construction for residential buildings in Iran. Fallah Tafti 
et al. [41] developed fragility curves for 19 building classes in Iran by compiling a set 
of existing fragility curves and merging them based on the Analytic Hierarchy 
Approach (AHP). They also validated their model based on records of some past 
earthquakes in Iran. Bastami et al. [42] provided a set of 26 vulnerability curves for 
residential buildings in Iran by considering construction material, age, and building 
height. In the present study, the fragility curves proposed by Fallah Tafti et al. [41] are 
used due to the compatibility of the building classes in the present study. These 
fragility curves provide the probability of damages at four levels, including slight, 
moderate, extensive, and collapse. 
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Table 3. Distribution of different building types in 22 municipal districts of Tehran (abbreviations are as follow: ST: steel, RC: concrete, MA: masonry, LR: low-
rise, MR: mid-rise, HR: high-rise, LQ: low-quality, MQ: mid-quality, and HQ: high-quality). 
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5. Estimating seismic loss based on Mosha fault seismic scenario

This section provides probable seismic losses in the case of the Mosha fault
seismic scenario in terms of residential building damages and the number of fatalities. 
To provide a realistic estimation of damages in a distributed exposure model, spatial 
correlation due to coherent contributions from source, path, and site should be 
considered [43]. The impact of this factor on seismic loss assessment has been 
assessed in several studies. For example, Weatherill et al. [44] showed that 
disregarding spatial correlation in seismic risk assessment may underestimate the loss, 
especially in long return periods. In the present study, to consider spatial correlation 
in the analysis, random sampling from variability of ground motion values was 
performed, as shown in Figure 4. In general, variability from ground values can be 
categorized into two groups: inter-event variability and intra-event variability. The 
former represents variability from one earthquake to another, while the latter shows 
variability from one location to another [45,46]. While the variability of inter-event is 
sampled once for each synthetic event, intra-event uncertainty is sampled at each 
location. In the present study, we considered only one seismic scenario; thus, all 
variability in Figure 4 can be considered as intra-event variability. Accordingly, the 
ground motion value at each location is determined based on Equation (6). 

𝐿𝑛൫𝐺𝑀𝑉௜௝൯ = 𝐿𝑛(𝐺𝑀𝑉തതതതതതത
௜௝) + 𝜀௜௝𝜎௜௝ (6)

In the above equation, 𝐺𝑀𝑉തതതതതതത
௜௝ is the median ground motion value estimated by 

stochastic finite-fault model, 𝜎௜௝  is intra-event variability, and 𝜀  is a random 

coefficient from a spatial correlation model. Several spatial correlation models have 
been proposed by now [47,48]. Here, the model proposed by Zafarani et al. [49] is 
used. By compiling a reliable database of three components records from 461 of Iran’s 
earthquakes, they developed a spatial correlation for PGA and spectral acceleration. 
Figure 9 shows the spatial correlation proposed by Zafarani et al. [49] in different 
spectral periods. As depicted, by increasing the separation distance, the spatial 
correlation is decreased, while the reduction in higher periods is lower than short 
periods. 

Figure 9. The spatial correlation proposed by Zafarani et al. [49] in different spectral 
periods. 
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The most important issue in the random sampling method is the number of 
iterations required to reach stable results. According to the law of large numbers, as 
the number of independent events increases, the distribution tends towards the normal 
distribution [50]. To this end, a sensitivity analysis was performed, and the results 
indicated that producing 100,000 iterations shows less than 5% variation in the median 
values of ground motion values. Thus, in the present study, the same number of 
repetitions was performed. The distribution of the mean damage ratio for Tehran (in a 
grid cell of 1 × 1 km) is shown in Figure 10. As depicted, the majority of damages 
occurred in the eastern and southern parts of Tehran, which experienced the highest 
acceleration. The high value of damages in the southern part of the city, which has a 
far distance from Mosha fault, is interesting. However, this could be mainly related to 
the concentration of many weak masonry structures in that region. The median mean 
damage ratio from 100,000 iterations for the whole of Tehran is 6% ± 1.54%. This 
value is significantly lower than the estimated damage in the study of JICA [16], which 
assessed the damage ratio of Tehran for the Mosha fault seismic scenario. This 
discrepancy can also be related to the years of studies and calculation methods. During 
recent years, many engineered structures have been constructed in Tehran based on 
the new seismic regulations. Thus, it is expected that the potential seismic loss in our 
study should be much lower than in the older one. In addition, JICA [16] used a 
deterministic approach based on the GMPEs for hazard estimation; however, in our 
study, the stochastic finite-fault method was employed for hazard evaluation. 

Figure 10. Distribution of mean damage ratio in Tehran. 

Estimating the probable number of fatalities in the Mosha fault seismic scenario 
is another goal of this study. There are several approaches to estimate fatalities, which 
can be classified into two main groups: non-damage-based and damage-based 
approaches. In the non-damage-based approach, earthquake fatalities are directly 
correlated with ground shaking intensity and population. However, this method is 
based on several assumptions and eliminates many explanatory variables [51–53]. In 
the damage-based approach, an estimation of damages in different classes of buildings 
is derived, and then, based on fatality rates of different building classes, the number 
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of fatalities can be determined [35]. This approach allows for the effects of different 
types of buildings on fatalities to be taken into account. 

In the present study, the damage-based approach is employed. The main 
challenging issue regarding the damage-based approach is providing a reliable fatality 
rate in different building classes. At present, there is no global agreement on applicable 
fatality rates to be used in loss estimation models, and there is certainly a lack of 
comprehensive data collection in the field following actual events [54]. Thus, in the 
present study, we used a judgment-based fatality rate for different building classes by 
considering information provided in peer-reviewed papers or guidelines (such as 
HAZUS). The fatality rate at different damage levels for the predefined building 
classes is presented in Table 4. As shown, it is assumed that there are no fatalities in 
the slight mode of damage in all building classes. In addition, due to a lack of data 
corresponding to different qualities of construction and heights of steel and concrete 
structures in past earthquakes, just one value of fatality rate was considered in this 
analysis. The highest fatality rate is also assigned to the masonry building classes. 
These buildings generally have no resistance to ground shaking and will completely 
collapse in strong earthquakes. Based on the aforementioned parameters, the total 
number of fatalities in the case of the Mosha fault seismic scenario for Tehran is 
estimated to be around 15,952. This is equivalent to 0.2 percent of the total population 
of the city. This is lower than the estimated value in the study of JICA [16], which 
proposed a value of 0.3 percent as the fatality ratio for Tehran. This is in accordance 
with our expectation because the damage ratio in the present study is lower than JICA 
[16]; consequently, it is expected that the fatality rate is also lower than JICA [16]. 
Figure 11 shows the distribution of fatalities within grid cells. As depicted, again, the 
majority of victims are distributed in the eastern and central parts of the city, where 
they experience the highest damage (Figure 10). 

Table 4. Fatality rate in different damage levels of pre-defined building classes. 

Building classes Fatality rate in different damages level 

Slight Moderate Extensive Collapse 

ST-LR-LQ - - 5 15 
ST-LR-MQ - - 5 15 
ST-LR-HQ - - 5 15 
ST-MR-LQ - - 5 15 
ST-MR-MQ - - 5 15 
ST-MR-HQ - - 5 15 
ST-HR-LQ - - 5 15 
ST-HR-MQ - - 5 15 
ST-HR-HQ - - 5 15 
RC-LR-LQ - - 5 15 
RC-LR-MQ - - 5 15 
RC-LR-HQ - - 5 15 
RC-MR-LQ - - 5 15 
RC-MR-MQ - - 5 15 
RC-MR-HQ - - 5 15 
RC-HR-LQ - - 5 15 
RC-HR-MQ - - 5 15 
RC-HR-HQ - - 5 15 
MA-LR-LQ - 5 10 35 
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Figure 11. Distribution of fatalities in Tehran, in the case of Mosh seismic scenario. 

It should be mentioned that due to contributing several factors in estimating the 
building damage and fatalities of an earthquake, the outcomes of this study are 
undoubtedly associated with uncertainties. However, these results can provide 
appropriate insight for emergency response authorities to develop appropriate action 
plans for the case of Mosha fault seismic scenario. 

6. Conclusion

This paper presents an assessment of the probable seismic losses in Tehran, in
terms of building damage and fatalities, that may result from a seismic event along the 
Mosha fault. To this end, the paper performs a comprehensive review of seismic risk 
components, which includes evaluating the seismic hazard, compiling an exposure 
model, and selecting appropriate fragility curves. The seismic hazard assessment 
employs the stochastic finite-fault method, an approach proposed by Motazedian [22], 
which is a robust tool considering source, path, and near-source effects. This method, 
treating earthquakes as a summation of point sources over a finite-fault plane, is well-
suited for simulating time-history waveforms and estimating engineering parameters. 

Given the absence of a recorded strong earthquake on the Mosha fault, model 
parameters such as stress drop, fault plane characteristics, and slip rate are inferred 
from geological, geotechnical, or data from similar historical earthquakes in Iran, like 
the Manjil-Roudbar earthquake in 1990. Although assumptions regarding model 
parameters introduce uncertainties into the results, this remains the only viable 
approach in the absence of real data from a significant seismic event in Tehran. 

The study indicates that the Peak Ground Acceleration (PGA) in Tehran for a 
Mosha fault seismic scenario ranges from 0.05 g to 0.4 g. The highest accelerations 
are likely to be experienced in the eastern and central parts of the city, attributed to 
their proximity to the Mosha fault and the presence of soft soil in these areas. For 
validation, the simulated PGA values were compared with those from NGA-West2 
Ground Motion Prediction Equations (GMPEs), showing reasonable agreement. 

Building exposure models were compiled using data provided by the Statistical 
Center of Iran [3], which currently stands as the most comprehensive source of 
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information on building characteristics in Iran. In this research, buildings are 
categorized into 19 groups based on construction material, age, and height. Moreover, 
a set of fragility curves suggested by Fallah Tafti et al. [41] were employed to assess 
building damages. To account for intra-event variability in the analysis, a random 
sampling involving 100,000 iterations was conducted, each iteration generating a 
ground motion shaking map along with a randomly chosen value of intra-event 
uncertainty derived from a spatial correlation model. The median mean damage ratio 
derived from these iterations for Tehran is 6% ± 1.54%, with the highest damages 
predicted for the eastern and central parts of the city, which are also the areas most 
vulnerable to acceleration. 

Fatality estimations were computed using a damage-based approach, wherein a 
judgment-based fatality rate was applied to different building classes to determine the 
likely number of victims from the Mosha fault seismic scenario. The estimations 
suggest that there could be 15,952 fatalities, which is approximately 0.2 percent of 
Tehran’s total population. Furthermore, the distribution of fatalities across Tehran 
indicates that the most critical areas are the central and eastern parts, where many low-
income residents live. It is imperative for local authorities to develop effective seismic 
risk mitigation strategies for these areas. 

It is important to note that the study’s conclusions, including both fatality and 
damage estimates, involve several explanatory parameters, which means they are 
subject to some degree of uncertainty. Despite this, the findings offer significant 
insights that can aid local disaster management authorities in devising necessary 
emergency response and preparedness plans. 
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Abstract: Buildings account for the highest carbon dioxide emissions during their operation 

stage, primarily due to high energy use for heating, cooling, and lighting, which in turn 

contribute to global warming and climate change. Such impact can be considerably reduced 

through crafting sustainable design (SusD) in buildings. So, availability of relevant 

information, professional guidance to clients, and appropriate decision-making are crucial. A 

study summarized the findings from a questionnaire survey conducted in Brunei with 122 

responses. The results revealed that architects, consultants, and government are more important 

stakeholders to assist with SusD adoption, while clients and developers are important 

stakeholders in decision-making. The results appreciate the roles of clients and architects to a 

higher degree, despite a comparatively higher number of private projects in Brunei with 

relatively more influence of contractors. This was interpreted as having a good degree of 

awareness of the survey participants towards the role of SusD and who actually can better 

contribute to SusD adoption. However, the outcome also revealed inconsistent perception 

among the respondents, both within and between different groups based on their affiliations 

and nature of job. This inconsistency implies the need for appropriate training or education to 

enhance awareness of SusD, make pertinent information available, and develop appropriate 

skills. 

Keywords: buildings; carbon dioxide emissions; energy consumption; sustainable design 

1. Introduction

The construction industry is blamed for its adverse impact on the natural
environment [1], owing to high energy consumption and environmental pollution [2]. 
Buildings account for a large proportion of these, which are rapidly increasing due to 
the increase in population, extended building use, and demand for comfort and 
satisfaction. As a result, global greenhouse gas (GHG)/ carbon dioxide (CO2) 
emissions throughout the building life cycle are also increasing, which has been 
estimated to reach 42.4 billion tonnes/year by 2035, 43% more than the 2007 level [3]. 
This is considered one of the key reasons for global warming and climate change. It is 
reported that 80%–90% of such emissions occur during the building operation stage, 
mainly due to energy use for space heating and cooling, lighting, and other 
applications. Such energy use and relevant GHG emissions can be considerably 
reduced by adopting various energy efficiency measures and sustainable design 
approaches at the design stage [4–6]. 

Sustainable design (SusD) uses two natural elements (i.e., the sun and wind) and 
focuses mainly on reducing energy consumption and CO2 emissions. Other benefits 
include reducing water and material use and improving indoor air quality and occupant 
comfort [7]. This is achieved by applying ‘passive’ principles in various architectural 
and structural design methodologies that exploit the design and properties of the 
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building envelope to reduce energy demand and maximize or minimize heat losses and 
heat gains [8]. Such passive design is associated with longer life spans or durability, 
lower life cycle costs, and higher benefits in energy saving [9,10] that can reduce 
energy consumption of up to 50%–60% [11–13]. Despite such benefits, the knowledge 
and awareness of construction stakeholders about SusD appears to be limited. 

A crucial condition for the adoption of SusD is the availability of relevant 
information, knowledge, and interest among construction professionals and/or 
stakeholders [14], since a lack of adequate knowledge of SusD applications and their 
benefits may hinder the professional guidance, which can negatively influence the 
building owners to adopt SusD [15]. Lack of awareness and relevant knowledge plays 
a critical role in decision-making on adopting SusD. Prior knowledge, information, 
and understanding could make better decisions whether to adopt SusD, but their 
absence makes it impossible, as they do not know who to take the decision of adopting 
SusD [16,17]. Admittedly, effective adoption of SusD requires the knowledge, 
understanding, consciousness, and commitment of all stakeholders in their individual 
actions [18], especially potential building owners, to know who (i.e., which 
stakeholder or party) can help them with proper information and guidance on SusD so 
that they can select that party for their buildings and who actually should influence or 
take the decision of adopting SusD. 

Unfortunately, hot and humid developing countries like Indonesia, Malaysia, and 
Brunei are facing these issues, which prevent them from adopting SusD. For example, 
the low level of awareness and knowledge of SusD is one of the challenges to early 
adoption of SusD practices in Malaysia [19]. The situation in Brunei Darussalam is 
not different. As such, in an attempt to assess the awareness of the local industry, the 
present study focused on identifying the suitable stakeholders who can help potential 
building owners to consider SusD by providing relevant information and who can 
guide them to adopt SusD. In addition to generating some degree of awareness among 
the industry participants, the findings of the study are expected to help the stakeholders 
in understanding and making decisions about, and selecting the right party for helping 
with, adopting SusD. The following sections present the relevant literature review, the 
methodology adopted, results and discussions, and finally, the conclusions. 

2. Literature review

The study was undertaken in two stages: a structured literature review focusing
on relevant past empirical studies and the practice of SusD. This review is exclusively 
based on relevant papers published in academic journals. A systematic literature 
search was performed using three academic listings, namely Science Direct, Taylor & 
Francis, and Emerald Insight. In order to collect relevant papers for this study, the 
following five keywords were used: ‘residential building’, ‘energy efficiency’, ‘low 
carbon building’, ‘passive design’, and ‘optimization’. These were searched within the 
title, abstract, and contents of the initially identified articles [20,21]. A total of 156 
relevant papers were considered valid for further analysis. Each of the selected papers 
was analyzed for a wider study, in terms of identifying SusD features, motivators, 
challenges, and strategies for SusD adoption [20–22]. This also covered 
stakeholders/parties or roles who could help potential building owners/clients with 
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relevant knowledge and information to adopt SusD and who can guide to make 
decision to adopt SusD, which are being dealt with in this paper. 

It was observed that the adoption of SusD in buildings by construction 
stakeholders is hampered by a number of challenges, including unfamiliarity with 
SusD technology [23], lack of relevant information [24], and insufficient professional 
knowledge and expertise [25]. In this regard, the following subsections provide a 
review of relevant segments of literature on the influence/ability of various 
stakeholders in terms of providing appropriate information and guidance to potential 
building owners and helping them to decide if to adopt SusD. 

2.1. Assistance to building owners 

Many stakeholders or parties can help potential building owners adopt different 
types and degrees of SusD. According to their roles or skills, they include the project 
team members like architects, design engineers, contractors, owners or clients, and 
project managers, as well as building occupants, financial experts, cost consultants, 
and government agents [26–28]. These project team members deploy their expertise 
and knowledge to ensure effective collaboration and decision-making and provide 
owners with relevant information. Their involvement also promotes communication 
and coordination among different stakeholders, eventually enhancing the overall 
project outcomes [29]. They are responsible for identifying and implementing SusD, 
monitoring and evaluating the project’s environmental impact, and advocating for 
sustainable practices [30]. They also contribute to the development of SusD building 
codes and regulations, ensuring compliance with sustainability standards [29]. 
Additionally, they actively participate in educating and raising awareness about 
sustainable practices within the construction industry and society as a whole [26]. 
Their involvement is crucial in driving the adoption of sustainable practices and 
achieving long-term environmental goals in construction projects [27]. However, the 
design team (i.e., architect and/or engineer) and the construction team (i.e., contractor 
or builder/constructor) are the key stakeholders for SusD adoption because they can 
help the owner to oversee all phases of construction [28]. On the other hand, local 
governments and contractors are particularly powerful in several key phases of the 
construction process [29]. In the design and build system, cooperation between 
contractor and designer starts early, even during the invitation to tender phase. The 
involvement of financial experts in this phase helps settle disputes and prevent 
potential problems [30]. Local governments and contractors are crucial for ensuring 
that construction projects adhere to environmental and social standards. Their 
collaboration can lead to innovative solutions to minimize the project’s impact on the 
surrounding community and ecosystem [30–32]. 

Marichova [33] mentioned that the government plays a major role, along with the 
contractor and design team in the construction market, in order to ensure the efficient 
use of technology, which in turn accelerates its adoption. Moreover, the government 
and client generally have a major role to play both at the project and industry level 
[34]. Furthermore, consultants also play a role in the SusD adoption, along with the 
design team and on behalf of the client. The consultants play a greater role with the 
government in incorporating green or sustainable components early in the design stage 
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so that a more holistic SusD is achieved [35]. Additionally, consultants play a crucial 
role in determining project success and technical aspects of performance. It is also 
argued that clients and architects are the most important stakeholders to be involved 
during the pre-feasibility phase, whereas government, contractors, and consultants are 
the least important during the pre-construction stage [30,34]. However, these 
stakeholders bring expertise in environmental regulations, energy efficiency, and 
SusD practices, making their roles essential [31]. Structural designers/consultants 
collaborate closely with architects and clients to ensure that sustainable goals are 
achieved, providing guidance on material selection, energy systems, and SusD 
strategies [34]. Their involvement throughout the project lifecycle ensures that SusD 
principles are seamlessly integrated into the construction process [35]. 

2.2. Decision-making 

A “group” of individuals and groups is typically involved in the decision-making 
of a building project, including clients, users, building professionals, and external 
parties [36,37]. It is reported that the decision of whether to build green (that is, to use 
SusD) is made early in a project’s development process by stakeholders like 
developers, investors, and the client. Early participation of key project stakeholders 
(i.e., client, designer, and contractor) leads to earlier completion of the project and 
more savings. These stakeholder groups have the highest influence on the decision-
making of a project [38,39]. 

Menassa and Baer [40] argued that stakeholders’ involvement in sustainable 
building construction is increasingly important for their cooperation and end-users’ 
requirements. Tran [41] observed that developers are the key stakeholders in the 
decision-making process of adopting green building technologies in Vietnam. 
However, such a decision is likely to be dependent on the readiness level of other 
project partners, such as the government, designers, and contractors. Nevertheless, the 
decisions to adopt green buildings are typically taken internally by the developer, 
client, and investor and rarely include outside consultants [42], although the level of 
investors’ participation in the decision to adopt sustainable features may be 
insignificant [43]. In addition to their decision-making role, stakeholders are also 
responsible for setting goals, implementing sustainable development practices, 
monitoring progress, and engaging with other stakeholders [33]. Moreover, 
stakeholders contribute substantially to the overall success of sustainable development 
adoption by providing support, resources, and expertise [34]. Therefore, it is crucial 
for developers to actively involve key stakeholders throughout the decision-making 
process to ensure a collaborative and comprehensive approach to sustainability [37]. 

On the other hand, it was observed in Malaysia that clients and developers are 
the core parties in construction to make decisions, followed by contractors and 
investors [44]. However, in a design and build contract, the developer and contractor 
are key parties in the final decision-making [45]. This is because the complete 
development of the project belongs to the client or developer, so it is important that 
they are the ultimate decision-makers [46]. If the client’s decision-making process is 
delayed, it has an impact on the project and the contractor’s job. Therefore, although 
various studies observed different outcomes, every stakeholder is important, with the 
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changing order of importance according to the stage and needs of the project. Thus, 
construction practitioners may have different perspectives about risks depending on 
their particular role in the projects [47]. 

2.3. Roles in focus 

The above literature review identified nine stakeholders, namely consultants, 
financial experts, engineers, architects, government, contractors, clients, developers, 
and investors. The first seven parties appear to help/assist, and guide potential building 
owners by providing knowledge and information on SusD, and the last four parties 
help in decision-making for adopting SusD. 

3. Methodology

3.1. Questionnaire development 

The information gathered from the literature review guided the design of a 
questionnaire [48], which was divided into distinct sections. Section A explained the 
purpose and objectives of the questionnaire. Section B asked for ethical consent and 
anonymous details of the respondents for the sample composition. Section C listed 
various stakeholders/parties and asked potential respondents to prioritize who could 
help the building owner (with information and knowledge) in considering SusD and 
making the decision to adopt it. Respondents were asked to rank their priorities on a 
scale from 1 to 5, where 1 = most important, 2 = more important, 3 = average, 4 = less 
important, and 5 = least important. This means that the lower the eventual score of a 
party, the higher the importance of that party. The respondents were also requested to 
add any other relevant party/parties that is/are not listed. In addition, potential 
respondents were asked to provide any further comments or suggestions relating to the 
need/priority of the stakeholders and the role they play. 

3.2. Data collection and potential respondents 

The target population for this study was construction professionals from 
contractors, consultants, and clients (within the design and development phase of a 
building project). They were identified from the lists of professionals in Brunei 
Darussalam issued by the Ministry of Development (MoD) and Public Works 
Department (PWD) and via the purposive random sampling method. Initially, 399 
invitations were sent to construction professionals via email, which included 133 each 
for clients, contractors, and consultants. The invitation contained a description of the 
research and its aim. It was also made clear where and how the outcomes of the study 
will be used. A Microsoft Word file containing a web link was added in the invitations 
for the respondents to respond using the Word file or online. However, some 
invitations were bounced back, and the actual distribution was reduced to 381. In order 
to increase the number of responses and develop interest, potential respondents were 
offered summary results of the survey. They were reminded each week from the first 
contact to increase the chance of responding. A total of 142 responses were received, 
but 20 were excluded due to incomplete or repetitive responses. The remaining 122 
responsive responses (as seen in Table 1) were used for analysis. This registered a 
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32% rate of response (122/381), which is more than the average of 30% in most 
construction management studies [49,50]. So, the rate of response was regarded as 
acceptable. 

Table 1. Demographic profile of respondents. 

Variables Category Client Consultant Contractor Total % 

ProfessionGroup Architectural 0 27 0 27 22.1 

Engineering 15 35 8 58 47.5 

Management 14 8 15 37 30.3 

Total 29 70 23 122 100.0 

Experience in SusD 
projects 

< 5 projects 19 41 15 75 61.5 

6–10 projects 7 17 2 26 21.3 

11–15 projects 2 6 1 9 7.4 

> 15 projects 1 6 5 12 9.8 

3.3. Data analysis 

3.3.1. Testing for reliability 

Data were analyzed using the SPSS (Statistical Package for Social Sciences, 
version 27) software. The analysis started with determining the Cronbach’s alpha 
coefficient to measure the reliability or internal consistency of the survey items or 
factors used in the questionnaire [51]. The Cronbach’s alpha coefficient ranges in 
number from 0 to 1, and the higher the score, the more reliable the survey items or 
factors/options are, and they consistently measure the same characteristic. To be 
acceptable, Taber [52] suggested that the Cronbach’s alpha value should be higher 
than the threshold of 0.70, which was found for this study in the range of 0.793 to 
0.965, indicating that the data collected was reliable and consistent and therefore 
suitable for further analysis, as presented in the following subsections. 

3.3.2. Testing for normality 

There are several methods to assess normality assumptions, including the 
Shapiro-Wilk test, the Kolmogorov-Smirnov test, and the skewness and kurtosis tests. 
Kim [53] argued that there is no current gold standard method to assess the normality 
of data. Shapiro-Wilk test and Kolmogorov-Smirnov test are unreliable for large 
samples (more than 100), while Skewness and kurtosis test may be relatively correct 
in both small and large samples [54]. So, for this study, skewness and kurtosis tests 
were used. It is widely argued that the normality assumption is fulfilled when the 
skewness and kurtosis coefficient are within the range of −2 to +2 [55–57]. The 
relevant values obtained from the collected sample were found between −0.053 and 
+1.071, indicating that respondents agreed on their opinions, which also reduced the
occurrence of outliers, so the collected data may be considered as normally distributed.
Therefore, the parametric test was employed, as presented in this paper.

3.3.3. Mean score ranking (M)

This study used the mean score ranking technique to prioritize the roles of 
different parties who can help potential building owners with relevant information and 
assist in making the decision to adopt SusD. Such an approach is widely used in 
construction management research, i.e., to rank the relative importance of specific 
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survey items or ‘factors’ [58]. The mean scores of individual parties were calculated 
and prioritized with ranks for the total sample and different respondent groups 
according to their affiliation (i.e., clients, contractors, and contractors) and nature of 
job (i.e., architectural, engineering, and managerial). 

3.3.4. One sample T-test and analysis of variance (ANOVA) 

The one-sample T-test compares the mean of sample data to a known value to 
determine whether a population mean is significantly different from a hypothesized 
value [59]. This is done by comparing the mean score found in an observed sample to 
some predetermined or hypothetical value. Typically, this hypothetical value is the 
population mean or some other theoretically derived value, such as the middle of the 
measuring scale. The study therefore considered one sample T-test to measure the 
statistical significance of the mean values for the whole sample and the groups based 
on affiliation and nature of job. The one-sample t-test was conducted at a 95% 
confidence interval with the corresponding p-value of 0.05. 

One-way ANOVA is a suitable method for comparing the mean scores of more 
than two groups. In this study, ANOVA was used to check the significant differences 
in means between the groups based on affiliation and nature of job of the respondents, 
as explained above. 

4. Results and discussions

4.1. Survey demographics 

Table 1 shows the respondents’ information in two-way groupings: (i) in terms 
of their affiliation (i.e., 29 clients, 70 consultants, and 23 contractors), and (ii) 
profession/nature of job (27 architectural, 58 engineering, and 37 management), 
totaling to 122. The table also shows respondents’ experience/involvement in terms of 
the number of projects considered SusD. 

It is seen that respondents’ involvement in practicing SusD is much less, with 
61.5% in <5 projects and 82.8% (i.e., 61.5 + 21.3) in <10 projects. Only 17.2% of 
them had involvement in >10 projects. This indicated that the respondents are aware 
of SusD, but the concept may be relatively new to them, or there is no sufficient 
demand for SusD from the clients. Nevertheless, all the respondents have some degree 
of experience on SusD, hence the relevance, quality, and acceptability of their 
responses to various survey items (i.e., factors and options). 

4.2. Client demand 

Tables 2 and 3 compare the respondents’ opinions on clients’ demand for 
providing SusD in their buildings, based on different groups of affiliation and nature 
of job, respectively. It is seen that clients have demand of either ‘always’ or ‘often’ 
for SusD only in 30.0% (12.3 + 18.0 ≈ 30.0) cases, in both way groupings based on 
affiliation and nature of job. The demand in the remaining 70% cases ranges from 
‘never’ to ‘sometimes’. This was considered an overall poor or less demand for SusD 
in Brunei Darussalam, which is also indicated in Table 1 with relative less experience 
of the respondents. This situation could be blamed on the existence of numerous 
challenges in the industry, like justified/additional fees for architects and/or 

27



Building Engineering 2024, 2(1), 561. 

consultants, a higher initial cost of construction, a lack of expertise, and many more 
[60–62]. This may also be indicative that some clients are still having difficulty 
transitioning from traditional to new methods of design. In addition, this may also 
relate to a general lack of interest in undertaking relevant education and technical 
trainings, which in turn might have resulted from a poor/low awareness of SusD. 

Table 2. Demand for sustainable design based on affiliation. 

Category Client Consultant Contractor Total % 

Always 3 6 6 15 12.3 

Often 8 12 2 22 18.0 

Sometimes 14 30 6 50 41.0 

Rarely 2 20 7 29 23.8 

Never 2 2 2 6 4.9 

Table 3. Demand for sustainable design based on professional groups. 

Category Architectural Engineering Management Total % 

Always 2 8 5 15 12.3 

Often 3 11 8 22 18.0 

Sometimes 13 22 15 50 41.0 

Rarely 8 14 7 29 23.8 

Never 1 3 2 6 4.9 

4.3. Assistance to building owners 

In terms of which party can best help the building owners with relevant 
information and knowledge and guide to adopt SusD, Tables 4 and 5 present the mean 
values, ranks, and significances obtained from the one-sample t-tests within the total 
sample and different groups of respondents based on affiliation and nature of job, 
respectively, along with their relevant ANOVA results. All such results (Tables 4–7) 
have been arranged in order of the ranks in the total sample. 

Table 4. Assisting SusD adoption: opinion of different groups based on affiliation. 

Parties 
Total Client Contractor Consultant 

A 
M R Sig. M R Sig. M R Sig. M R Sig. 

Architects 2.01 1 0.000 1.83 1 0.000 1.70 2 0.000 2.20 2 0.000 0.16 

Consultant 2.09 2 0.000 2.70 3 0.496 1.52 1 0.000 1.96 1 0.000 0.00 

Government 2.36 3 0.000 2.46 2 0.170 2.67 5 0.260 2.23 3 0.000 0.46 

Client 2.61 4 0.014 2.92 5 0.775 2.47 3 0.154 2.51 4 0.031 0.51 

Engineer 2.67 5 0.005 3.07 6 0.712 2.59 4 0.143 2.52 5 0.004 0.13 

Financial experts 2.86 6 0.377 2.89 4 0.670 2.92 6 0.820 2.88 6 0.537 0.91 

Contractor 3.42 7 0.002 4.00 7 0.000 3.61 7 0.064 3.06 7 0.739 0.01 
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Table 5. Assisting SusD adoption: opinion of different professional groups. 

Parties 
Architectural Engineering Management 

A 
M R Sig. M R Sig. M R Sig. 

Architects 2.00 2 0.000 2.11 1 0.000 1.86 1 0.000 0.65 

Consultant 1.80 1 0.000 2.18 2 0.000 2.17 2 0.001 0.39 

Government 2.32 4 0.065 2.27 3 0.000 2.54 3 0.102 0.74 

Client 2.19 3 0.028 2.82 5 0.455 2.63 4 0.161 0.30 

Engineer 2.70 5 0.259 2.69 4 0.071 2.64 5 0.079 0.98 

Financial experts 2.71 6 0.385 2.97 6 0.899 2.80 6 0.519 0.77 

Contractor 3.14 7 0.589 3.35 7 0.107 3.69 7 0.004 0.29 

Table 6. Deciding SusD adoption: opinion of different parties based on affiliation. 

Parties Total Client Contractor Consultant A 

M R Sig. M R Sig. M R Sig. M R Sig. 

Client 1.52 1 <0.001 1.76 1 0.000 1.22 1 0.000 1.53 1 0.000 0.089 

Developer 2.37 2 <0.001 2.76 3 0.129 2.35 2 0.001 2.21 2 0.000 0.016 

General contractor 2.70 3 0.002 1.97 2 0.000 3.09 4 0.648 2.87 3 0.295 <0.001 

Investors 3.11 4 0.301 3.45 4 0.030 3.04 3 0.862 2.99 4 0.916 0.174 

Table 7. Deciding SusD adoption: opinion of different professional groups. 

Parties Architectural Engineering Management A 

M R Sig. M R Sig. M R Sig. 

Client 1.41 1 0.000 1.55 1 0.000 1.57 1 0.000 0.738 

Developer 2.15 2 0.000 2.36 2 0.000 2.54 2 0.005 0.201 

General contractor 3.19 4 0.284 2.47 3 0.000 2.70 3 0.110 0.011 

Investors 2.74 3 0.283 3.17 4 0.255 3.27 4 0.115 0.152 

It is seen that six out of seven parties have relatively low scores with mean values 
of less than 3.0 (i.e., the middle of the measuring scale, or average), implying their 
higher importance. The highest importance has been placed on architects with the least 
score of 2.01/5.00, indicating they are the most important party in assisting the owners 
by supplying the relevant information and knowledge and guiding them to adopt SusD. 
This is followed by consultant (score 2.09, rank 2), government (score 2.36, rank 3) 
and client (score 2.61, rank 4). This is simply the reflection of industry practice, as 
architects and consultants come first/earlier in the project environment to formally 
interact with and suggest the owners/clients on buildings’ design and all other issues, 
based on clients’ affordability and other choices, and in compliance with government 
regulations or initiatives [63]. They are also considered the ‘home’ of knowledge and 
expertise of SusD [64]. 

Such industry response may be reflecting their good sense of awareness towards 
SusD, despite the fact that Brunei has been recently experiencing building construction 
mostly in the private sector, where the roles of architects and consultants are minimal 
[65]. For the private buildings, they merely furnish the initial architectural and 
structural design/drawings, and then contractors become the most important party to 
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do the remaining works. Nevertheless, contractors cannot change the design, and 
therefore their role in crafting sustainability aspects in the design is minimal. This is 
seen to have been clearly expressed by the respondents, as the role of the contractor is 
seen as the lowest among all the parties with a score of 3.42/5.00, which is also the 
only party with a score of more than 3.0 (i.e., the average for the measuring scale). 
Significance levels obtained from the t-tests show that the mean values of all parties 
in the total sample are significantly important, except for financial experts, indicating 
the respondents’ opinion that financial experts cannot help with the required 
information and knowledge on SusD, despite their ‘more than average’ importance 
with a score of 3.42/5.00. 

Table 5 also shows that the scores for individual parties within the three groups 
of respondents based on ‘nature of job’ are clearly different, with different highest and 
lowest scores. However, their relative ranks are somewhat similar to those in the total 
sample. Expectedly, contractor and ‘financial experts’ occupy the bottom of the list, 
and ‘consultant’ and ‘architecture’ occupy the top of the table in all three groups. The 
only slight exception is seen in the ‘client’ group, in terms of the relative importance 
of ‘financial experts’ (rank 3) and ‘consultant’ (rank 5). This might be due to the reason 
that clients (as investors) may value the business aspect of their investment more than 
the technical aspects suggested by the consultants [66]. Significance levels obtained 
from the t-tests show that the scores of most of the parties are insignificant in general. 
For example, only the scores of ‘contractor’ and ‘architect’ are significant in the client 
group. Similarly, only the scores of ‘consultant’ and ‘architect’ are significant in the 
contractor group. On the other hand, scores for ‘contractor’ and ‘financial experts’ are 
insignificant only in the consultant group. Thus, contrary to that in the total sample, 
the levels of importance of SusD attributed to different parties by the three groups of 
respondents (based on affiliation) are broadly insignificant or inconsistent. However, 
amidst such conflicting agreement on the mean scores, ANOVA results show that the 
three groups agree on the relative importance of all the parties, except for ‘contractor’ 
and ‘consultant’. This might be due to the differential degree of importance expressed 
by the parties. For example, contractors scored consultants with 1.52, compared to 
2.93 by clients, a difference of [(2.93 − 1.52)/4 ≈ 35.25%]. Similarly, consultants 
scored contractors with 3.06, compared to 4.00 by clients, a difference of [(4.00 − 
3.06/4) ≈ 23.5%]. 

As seen in Table 5, the scores by the three groups according to ‘nature of job’ 
are different, but their ranks are similar to those in the total sample. Significance levels 
obtained from the t-tests show that the scores of only three parties are significant and 
the other four parties are insignificant in all three groups. It is also seen that only the 
scores of ‘architects’ and ‘consultants’ are significant in all three groups, indicating 
agreement or consistency. The scores of the other five parties are insignificant, at least 
in two groups. Despite such conflicting agreement of the mean scores, the ANOVA 
results indicate agreement of the three groups on the relative importance of all the 
parties. This may be indicative of some degree of consistency or overall awareness at 
the industry level, but lack of clear knowledge or awareness on specific roles by 
different parties within different ‘professional’ groups, as seen in the case of different 
groups based on affiliation. 
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The overall results appear to suggest that the Brunei construction industry 
participants need to be re-trained in terms of specific roles and contributions of various 
construction project stakeholders. For example, architects and consultants come first 
in the project scenario. They are knowledgeable and ‘home’ of relevant expertise, so 
it is invaluable to provide suitable information and suggest the owners/clients to adopt 
SusD [67]. However, contractors execute the job, so they need to interact with 
architects and consultants during the design stage to ensure issues like constructability 
and reduce the occurrence of conflicts and misunderstandings [68]. Roles and 
responsibilities of other parties should also be appreciated, since SusD is expected to 
be practiced under a supportive policy by the government and the willingness of the 
owners/clients, for example. Also, the role of government may vary depending on its 
effectiveness; in particular, since the government (or local government) is also the 
client in public buildings, there may be different regulations or support than in private 
projects. In fact, contractors, designers (i.e., consultants, architects, and engineers), 
and clients are directly involved in the execution of a project [69], and they are also 
the major participants who have a great deal of power that can influence and shape the 
progress of any project [70]. 

4.4. Decision-making 

In terms of which party can best help in decision-making to adopt SusD, Table 6 
presents the mean values, ranks, and significances obtained from the one-sample t-
tests within the total sample and three respondent groups of client, contractor, and 
consultant, along with their ANOVA results. It is seen in the total sample that ‘client’ 
plays the most important role in deciding if to adopt SusD, followed by ‘developer’ 
(rank 2), ‘general contractor’ (rank 3), and ‘investor’ (rank 4). The preference of the 
‘consultant’ group is the same with the total sample. However, client group considers 
‘general contractors’ (rank 2) are more important than ‘developers’ (rank 3), while 
contractor group considers ‘investors’ (rank 3) are more important than ‘general 
contractors’. 

Nevertheless, the scores of the parties both in the total sample and in different 
groups are mostly less than the average of the measuring scale (i.e., 3.00), and only a 
very few are slightly more than the average. This may be indicative of the general 
importance of all the parties in decision-making towards adopting SusD, both within 
the total sample and individual groups. It therefore conforms to the industry norm that 
clients are the most important party for any relevant decision-making on building 
design during the early project stage, while other parties can help with their supporting 
roles [71]. 

Significance levels obtained from the t-tests in the total sample show that the 
scores of three parties are significant and one party (i.e., investor) is insignificant, 
implying ‘investors’ are not relevant to decision-making for SusD adoption. This is 
contrary to Brunei’s recent experience with building construction, which has largely 
occurred in the private sector, where the role of investors is important [72]. Developers 
of private sector projects often borrow funds from financial institutions, so the investor 
may appraise the project and see what is included in the project. In any case, investors 
have taken the bottom of the table with a score of 3.11/5.00, which is also the only 
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role with a score of more than 3.0 (i.e., the middle of the measuring scale), with a 
relevant importance level of ‘less than average’. Moreover, the score of ‘developer’ in 
the client group is insignificant, while that for ‘general contractor’ and ‘investors’ in 
the contractor and consultant groups is insignificant. Moreover, ANOVA results show 
that the three groups agree on the relative importance of ‘client’ and ‘investors’ and 
disagree for ‘developer’ and ‘general contractor’. 

Such partial consistencies within the total sample (or, in other words, at the 
industry level) and both within and between different groups may be indicative of 
partial awareness both at the industry and group levels. The comparisons between 
different professional groups are also similar (see Table 7). The ranks of different 
parties in different groups are broadly similar to those in the total sample. Results from 
one-sample t-tests and ANOVA also show partial consistency within the industry and 
both between and within different groups of respondents. Interestingly, the three 
groups agree on the consistency of the scores of ‘client’, and disagree on the scores of 
investors. 

The overall outcome appears to suggest that the practitioners in Brunei need to 
undertake suitable training or education in order to develop an appropriate level of 
awareness on SusD in general and decision-making for SusD adoption in particular. 
This is expected to allow industry participants to consistently assess the importance 
levels of various parties and their relative ranks, e.g., on deciding SusD adoption and 
when to include which party in the SusD process [73]. Usually, clients considerably 
contribute to the project’s original decision-making process regarding design [74], 
more commonly appoint and engage architects and consultants for incorporating 
SusD, and typically allow contractors to enter the construction phase [73], after 
significant decisions have been made [74]. However, contractor involvement in the 
decision-making from the early design stage improves project performance, which is 
why they are influential stakeholders along with investors and clients [75]. 

4.5. Discussions and implications 

The study revealed relatively less demand for SusD from clients (Tables 2 and 
3), some disparity on the role of different parties to provide information and guide the 
potential building owners (Tables 4 and 5), as well as to help decision-making towards 
SusD adoption (Tables 6 and 7). All these together may be indicating many potential 
reasons, like lack of interest [4], cultural inertia [17], lack of training and education 
[76], lack of suitable fee [77], and lack of information and guidance [17,78]. This may 
help relevant authorities to look into the issues and design suitable policies to generate 
a higher level of awareness, information dissemination, create healthy demand for 
SusD, appropriate training and education, and may result in increased pay/fee for the 
consultants, as SusD requires more work from the consultants. A common platform 
may be suitable for such activities. 

The findings suggest that construction professionals in Brunei, in particular, 
would benefit from training on the roles and responsibilities of stakeholders involved 
in the implementation of SusD. This training would improve communication and 
collaboration among stakeholders, leading to more successful implementation of SusD 
in construction projects. Stakeholders also need a clear understanding of the 

32



Building Engineering 2024, 2(1), 561. 

advantages and potential challenges of SusD to effectively advocate for its adoption. 
By promoting knowledge sharing and continuous learning, stakeholders can 
collaborate to develop more environmentally friendly and efficient buildings in 
Brunei. Incorporating SusD in building projects will help reduce the environmental 
impact of construction activities, including carbon emissions, waste generation, and 
resource depletion. This will contribute to a more sustainable future for Brunei. 
Embracing SusD can also help construction professionals attract environmentally 
conscious clients, creating new business opportunities and enhancing competitiveness 
in the industry. Therefore, prioritizing ongoing education and training in SusD is 
crucial for establishing an environmentally responsible and economically viable 
construction sector in Brunei. 

5. Conclusions

Sustainable design (SusD) is a global strategy for building design that aims to
reduce energy consumption and carbon dioxide emissions in buildings. However, it is 
not gaining momentum in developing countries, particularly in hot and humid regions. 
One potential reason for this is the inadequate knowledge and awareness of the main 
stakeholders of building construction projects. As such, the present study attempted to 
address this issue by investigating the level of awareness of SusD within the local 
industry and identifying the most suitable parties to guide potential building owners 
in considering SusD and relevant decision-making to its adoption. It was revealed that 
the respondents consistently agree on the importance of architect and consultant roles 
in providing support and guidance on SusD, while the client role is the most important 
to decision-making for adopting SusD. This is in compliance with the existing industry 
practice. 

However, different groups of respondents appear to lack the clear perception of 
the degree of importance of other roles, both within and between specific groups. This 
needs to be addressed through carefully designed actions/programmes by the 
regulatory bodies, namely the government departments, as they develop relevant rules 
and regulations. They are also the largest clients in developing countries. So, other 
parties (like architects and consultants) will comply with cliental requirements if to do 
business and remain in business in the industry. As such, the outcomes of this study 
will assist the appropriate authorities in comprehending the actions that must be taken 
to adopt SusD, such as raising awareness to the appropriate degree, making essential 
information available, and setting appropriate training/education schemes for each 
interest group of parties to facilitate its implementation and move towards a more 
carbon-responsive construction industry. The study outcomes and relevant 
discussions/suggestions are specific to Brunei construction industry, so those may not 
be applicable elsewhere. However, the methodology developed can be repeated for 
similar issues elsewhere, with much-needed country- or region-specific adjustments. 
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Abstract: The quality of construction projects significantly impacts social and economic 

development. However, low quality and project failure often result from factors such as lack 

of quality procedures, poor communication, task coordination, and inefficient progress 

monitoring. This research aims to improve the efficiency of the construction phase by creating 

quality control checklists for processes and enhancing quality management through a 

collaborative digital environment integrating building information modeling (BIM) and cloud 

computing. Expert constructive interviews were first conducted to define a construction 

process quality control procedure to be linked to the 3DBIM model and then transition to a 

collaborative cloud environment (Autodesk Construction Cloud). An actual instance in Latakia 

City (Syria) demonstrated that the proposed methodology improves the efficiency and 

effectiveness of quality management during the implementation phase. It does so by offering a 

robust database, enhancing on-site quality information extraction from BIM models using 

smartphones, documenting defects and entering inspection data directly into a shared digital 

environment, and making it easier to track corrective actions and feedback. This facilitates 

constant and organized access to current data, reducing errors and rework, saving money and 

time, and enhancing decision-making speed and effectiveness. The search recommends the 

necessity of strict laws to adhere to quality procedures and the importance of providing 

infrastructure for digital transformation in quality management. 

Keywords: construction projects; quality management; digital quality management; quality 

control; building information modeling (BIM); cloud computing 

1. Introduction

Construction project success is largely dependent on quality management since
timely and cost-effective project execution depends on an effective and efficient 
management procedure. All phases of the project lifecycle should incorporate quality 
management [1]. However, the execution process is thought to be the most complex 
because it accounts for the majority of project costs (70%–80%), making quality 
control and management during this phase one of the most difficult tasks [2]. Accurate 
and consistent information gathering, processing, and stakeholder engagement are 
necessary for high-quality project management . 

Engineering facilities in Syria suffer from quality deficiencies, often failing to 
achieve the desired results and incurring high rework costs. The main reasons for this 
include the absence of quality procedures during the execution phase, lack of 
cooperation and communication between project participants, poor task coordination 
between team members, inefficient progress monitoring, limited ability to track 
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changes, lack of strict supervision, and the inability to document problems and track 
their resolution. This is attributed to the limited sharing of information through 
traditional paper-based methods in conventional construction quality management 
approaches. The current practice of quality management in the construction industry 
involves issuing quality inspection checklists, conducting site inspections and testing, 
documenting non-conformity reports, and implementing corrective actions. However, 
there is no systematic method for recording the data that has been inspected, making 
it impossible to determine the quality status of the construction [3]. The revolution in 
computer systems and information technology has had a significant impact on the 
global community, as the construction sector or industry is now linked to information 
technology to increase construction efficiency. The construction industry has 
undergone a tremendous transformation thanks to building information modeling 
(BIM) technology, which covers all project phases and improves efficiency [4]. As 
BIM aims to change the way facilities and infrastructure are viewed and managed, it 
is seen as a gateway to technical innovation and helps to deliver projects successfully 
at a lower cost and higher quality [5]. According to Saad et al. [6], its benefits include 
increasing efficiency, facilitating competitive advantage, enhancing sustainability, 
streamlining complicated operations, and improving performance. 

The rapid adoption of building information modeling (BIM) in the fields of 
architecture, engineering, and construction (AEC) has brought new and emerging 
challenges for collaborative practices related to the significant amount of BIM data 
that must be managed and controlled [7]. Because remote collaboration is not allowed 
and real-time construction information cannot be reported, participants must meet in 
person around a computer to discuss a particular building program using BIM files 
[8]. 

Cloud-based building information modelling, or cloud BIM, is a growing area of 
investigation for the architecture, engineering, and construction (AEC) sector [9]. The 
problem of storing too much BIM data can be solved by increasing the capacity of 
cloud storage. Because cloud storage services make cloud-based BIM easily accessible 
to users in many locations, organizations can quickly expand the system without 
having to purchase expensive servers. This allows project team members to 
collaborate and coordinate more effectively in real time [8]. 

On building sites, mobile devices like iPads, tablets, and smartphones are now 
often used because cloud-based BIM systems like BIMXtra, A360, and others improve 
communication between office personnel and site workers. Through wireless 
networks, site teams may now view and address issues immediately from their mobile 
or cloud devices [10]. This has a direct and positive impact on the quality management 
of the site. 

2. Research objective

Enhancing the efficiency of the construction phase in construction projects by:
1) Conducting constructive interviews with experts to develop checklists for quality

control of construction processes.
2) Developing a methodology to enhance quality management by providing a

collaborative and shared digital environment through integrating BIM and cloud
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computing. 

3. Literature review

Hartmann and Fischer [11] described how the project team of the Fulton Street
Transit Center project in New York City utilized 3D/4D models for knowledge 
communication and generation during the constructability review process. The 
management team effectively communicated generated knowledge to non-engineers, 
suggesting an integrated process for efficient 3D/4D model usage in construction 
projects. 

According to Sears et al. [12], an essential procedure in construction project 
management is a constructability review, which assesses design and construction plans 
to find possible problems or difficulties. Within the limitations of time and money, it 
seeks to guarantee that the design is workable, efficient, and practical. In order to 
reduce risks and improve the quality and efficiency of projects, stakeholders such as 
contractors, engineers, and architects work together to evaluate design documents. 

According to Love et al. [13], BIM can boost full life-cycle asset management, 
lower construction costs, lessen the likelihood of modified orders, integrate project 
systems, data, and teams, and improve the quality of design information and 
interoperability. 

Wang et al. [14] discussed an integrated system of BIM and Light Detection and 
Ranging (LiDAR) to obtain real-time quality information on-site and process it for 
construction quality monitoring. The results show that the system is capable of 
efficiently identifying potential construction defects and supporting real-time quality 
control. 

Lin et al. [15] introduced a BIM-based defect management (BIMDM) system for 
on-site quality managers in Taiwan during construction. The system integrates web 
and BIM technologies, enabling real-time visualization and analysis of defect 
information. The study shows its effectiveness in improving defect management 
efficiency and facilitating easy quality inspection in a 3D BIM environment. 

Ma et al. [16] proposed a system that integrates BIM and indoor positioning 
technology, allowing inspectors to easily link the actual targeted element they are 
inspecting on the construction site with the corresponding BIM element by simply 
clicking on it to input inspection data on a mobile device. The inspection data is then 
uploaded to the server, and checklist forms are printed and signed. 

Cheng [17] developed a preliminary model for a quality control system in the 
construction phase using the Autodesk Revit API, which can record quality defects 
on-site immediately and display the three-dimensional elements, including the defects. 
This quality control model can be uploaded to the cloud and provide real-time 
information. Users can also print quality control reports using this system. 

Alhassan et al. [18] proposed a methodology for knowledge acquisition during 
public building maintenance using BIM and DYNAMO applications. Parametric 
models store information centrally, while visual programming enables processing, 
extraction, classification, and data export from the BIM model to enhance knowledge 
management. 

In another study [4], a comprehensive approach to quality management through 
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the integration of BIM and augmented reality (AR) technologies was proposed. The 
results emphasize that objectives such as reducing delays, improving quality, and 
lowering costs can be achieved through the proposed quality management system, as 
the web-based checklist facilitates access to updated information by enhancing 
communication among stakeholders. 

In a study by AA and Varghese [3], a 4D model was developed for project quality 
management using Revit software to link foundation elements with their quality 
parameters. The researcher concluded several benefits of using BIM in quality 
management: better visualization of construction activities, improved communication 
among project stakeholders, a robust database, better understanding of quality 
requirements, continuous flow of information, time savings, and cost savings. 

Using a point cloud and as-designed BIM features, Bassier et al. [19] introduced 
an innovative way to quickly assess built objects on building sites. Periodic remote 
sensing opens up new opportunities for comprehensive evaluations. This technique 
computes positioning errors, detects building flaws early on, and reduces failure costs 
dramatically. The program offers a user-friendly positioning accuracy meter and is 
integrated into native BIM software. 

The research of Dahbi et al. [20] aims to integrate AR, BIM, and cloud computing 
technologies into a mobile application called “CollaBIM” to improve construction 
sector practices. This open-source solution aids in digital transition, providing 
visualization of models on 2D plans and 3D virtual models, enabling better building 
analysis throughout their life cycle. Collaboration is central to the research. 

Qinghe et al. [21] developed a BIM management platform that improves 
visualization, data integration, safety, quality, collaboration, and emergency response 
in bridge projects by utilizing cloud computing, the internet of things, and BIM 
technologies. The way these technologies work together for intelligent project 
management is demonstrated by this integration. 

Irene [22] examined how a collaborative Cloud-BIM tool was used on the North 
Vancouver LGH ACF project, emphasizing how it improved interdisciplinary 
cooperation, design visualization, and project comprehension. Change management, 
file upload problems, and inadequate training are among the challenges that have been 
discovered. 

In the research of Omran and Shaban [23], an integrated system for managing 
change orders electronically was developed that aligns with the expectations and 
ambitions of the construction industry through the integration of building information 
modeling (BIM) technology and cloud computing technology. 

4. Methodology

1) Creating quality checklists: In this study, quality control checklists for
construction execution processes were developed by conducting constructive
interviews with 23 experienced engineers working in the construction industry in
Syria for at least 20 years, in addition to relying on observation by reviewing
work procedures.

2) Creating a quality-loaded BIM model: A 3D model of the case study building
was created using the Revit software, as shown in Figure 1, and then quality
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control procedures obtained from field surveys were added and linked to the 
corresponding elements in the model. 

Figure 1. The BIM model (The Youth Housing Project). 

3) Transition to a collaborative cloud-based environment: The transition was made
to the Autodesk Construction Cloud (ACC) platform, a cloud-based platform
designed by Autodesk for effective integrated management of construction
projects. This platform includes a suite of BIM-based tools and project
management capabilities designed to centralize all building information and
related processes, improving communication, collaboration, and coordination
between stakeholders through a single online platform.

4) Verification through a case study: The Youth Housing Project in the city of
Latakia (Syria) was chosen as a case study. It is a residential building consisting
of a ground floor and nine repetitive floors with an area of 350 square meters,
where each floor contains four identical apartments. On-site, the PlanGrid
application, which is part of the ACC platform, was used. Users can upload,
organize, and share project documents through this application. The teams can
view high-resolution drawings and 3D models (BIM) on smartphones and tablets
smoothly. Team members can collaborate on drawings and provide comments
and feedback directly within the application. Changes to drawings and documents
can be tracked, and version history is maintained to ensure the use of the correct
versions.

It allows for documenting quality issues, safety concerns, and other 
problems at the worksite with the ability to attach photos and notes. In addition, 
the notification feature ensures real-time communication between the field team 
and the office team, significantly reducing the need for team feedback on 
unexpected problems. Figure 2 shows the research approach chart. 
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Figure 2. Research approach chart. 

5. Results and discussion

1) After conducting constructive field interviews with experts, quality control
checklists for executing earthworks and construction operations for structural
elements (formwork, reinforcement, and pouring) were developed. As indicated
in Appendix.

2) Through the digitization of quality management by integration of (BIM) and
cloud computing, researchers have been able to address the most common issues
in traditional quality management approaches by:

5.1. Collaboration and communication 

The digitization of quality management helps to share information transparently 
and centrally between project members. As project participants are added to the 
platform, companies can invite their employees to join and define permissions for each 
member. This allows them to determine what they can see and do on the platform 
based on their responsibilities and project needs, as shown in Figure 3. This approach 
helps to organize and coordinate work more effectively, ensuring that participants are 
committed to the tasks assigned to them and that appropriate access to data and 
information is granted to each individual. 

Figure 3. Add members to the platform with their company identification, their job 
roles and their permissions. 
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To facilitate access and organization of project information, the platform 
centrally stores crucial documents and files. These include blueprints, digital models, 
schedules, photos, and other project-related files. The stored data encompasses change 
orders, backups, and various document versions. This centralized repository allows 
for efficient comparison of different document versions, tracking change dates, and 
identifying responsible parties. As a result, companies can respond promptly and 
effectively to changes, ensuring the quality execution of their processes. Figure 4 
illustrates the centralized file storage within the platform. 

Figure 4. Centralized file storage. 

5.2. Providing a repository for quality data 

The proposed methodology establishes a highly centralized repository for quality 
data. This data is seamlessly integrated into the building information modeling (BIM) 
model using REVIT software. By incorporating a set of special parameters, REVIT 
allows for the inclusion of quality-related information. Specifically, each 3D element 
within the model is linked to these parameters, ensuring that alongside the geometric 
details, process-specific quality data is associated with each element. Refer to Figure 
5 for a visual representation of this integration. 

Figure 5. Adding parameters for reinforcing work quality control procedures. 
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5.3. On-site acquisition of quality data 

In the proposed methodology, the BIM model loaded with quality data is viewed 
on site using a tablet or mobile phone to obtain all the necessary information about the 
elements on site, as shown in Figure 6. Figure 7 illustrates a virtual tour inside the 
building to facilitate the process of obtaining information about the internal elements. 
The site official can find the required elements in the BIM model using a smartphone 
or tablet by performing a filtering process for the elements through selecting the level, 
category, and disciplines of the element as shown in Figure 8. The site official can 
also perform measurements directly on the model, as shown in Figure 9. 

Figure 6. Quality control procedures for column reinforcement. 

Figure 7. Virtual tour inside the building (The Youth Housing Project). 
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Figure 8. Filter elements. 

Figure 9. Taking measurements. 

5.4. Track implementation and document quality issues 

Digitizing quality management facilitates real-time monitoring of project 
progress by providing up-to-date data. This tracking and monitoring process offers a 
comprehensive view of process and quality performance through the analysis of data 
and key performance indicators. Companies can pinpoint areas that require 
improvement and development. Regular tracking enables effective data collection and 
analysis, allowing for the early identification of potential quality issues. Strategic 
decision-making can then address these challenges. 

To streamline data collection, customized forms have been designed. These 
templates encompass various fields, including text, geographic location, weather 
conditions, electronic signatures, images, and dates. On-site personnel complete these 
forms using smart devices. The collected data serves as the foundation for customized 
reports, such as daily reports, progress updates, quality assessments, safety reports, 
and inspections (as depicted in Figure 10). 

Figure 10. Daily report. 
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Digitizing quality management also facilitates the inspection process on-site 
through electronic checklists that are created as shown in Figure 11. The inspector 
fills out the checklists during the inspection process using a mobile phone and 
documents compliance cases with photos. In case of a violation, it is described and its 
location is identified on the 3D BIM model, and the responsible person is 
automatically notified through the platform and email with a message indicating the 
need for correction or rework. After completing the inspection process, the report is 
signed by the inspector and shared via the platform with relevant parties. 

Figure 11. On-site form of quality control. 

Quality issues that have arisen during the construction process have been visually 
documented in the BIM model, as have safety issues and the necessary accident 
prevention measures as shown in Figure 12. Cases of defects in materials or 
equipment used in the project are recorded with the responsible parties, and 
attachments of images, documents, notes, and rework messages are included as shown 
in Figure 13. The colored markings on the three-dimensional elements indicate a 
defect in the element, making it easier for responsible parties to note the location of 
defects and problems, helping to improve communication, simplify problem 
management, improve project quality, and manage it effectively. 

Figure 12. Documentation of a column issue in BIM model. 
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Figure 13. Fixing and reworking message from supervisor. 

5.5. Corrective action tracking 

Corrective action tracking plays a pivotal role in quality management. It serves 
several critical purposes. During the construction process, errors and issues inevitably 
arise. Corrective actions help identify these anomalies promptly. By addressing them, 
companies ensure the quality of operations, meet customer expectations, and 
safeguard their reputation. 

Our proposed methodology establishes a detailed historical record of observed 
issues and non-compliances. Each issue is meticulously documented, including 
references to the responsible individuals. To streamline corrective actions, we employ 
a color-coded system within the 3D BIM model as shown in Figure 14. Each color 
corresponds to a specific stage of the corrective action process: 

 Draft: Initial identification (Black).

 Open: Acknowledged and under review (Orange).

 Pending: Awaiting resolution (Blue).

 In review: Assessment by relevant parties (Purple).

 Closed: Successfully resolved (Grey).

Figure 14. Visualization of the color-coded model, combined with historical record 
of the issues. 
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5.6. Feedback tracking 

The proposed methodology serves as a comprehensive communication system 
for reporting, feedback tracking, review, and dissemination of lessons learned. It 
ensures a clear and consistent flow of information by providing feedback on 
documents, designs, and reports. Comments, notes, and direct changes are seamlessly 
incorporated into the documentation process. 

Key components of this approach include feedback integration, detailed reports, 
team meetings, and efficiency enhancement. Stakeholders contribute feedback directly 
to documents, ensuring continuous improvement. The system generates detailed 
reports summarizing received feedback, serving as valuable insights for decision-
making and process enhancement. Regular team meetings facilitate collaboration and 
knowledge sharing, identifying strengths and weaknesses in the construction process. 
Necessary actions are taken to improve work efficiency based on data analysis, 
ensuring adherence to quality standards and meeting customer needs. 

6. Conclusions

This research aimed to improve the efficiency of the construction phase by
creating quality control checklists for processes and enhancing quality management 
through a collaborative digital environment integrating building information modeling 
(BIM) and cloud computing. The effectiveness of the system was studied through a 
real-life case in Latakia City, Syria. The research found that the integrated use of BIM 
and cloud computing makes implementation phase quality management more efficient 
and effective by better understanding the design, providing a robust database, 
improving communication and collaboration between participants, enhancing on-site 
quality information extraction from BIM models using smartphones, documenting 
defects and entering inspection data directly into a shared digital environment, and 
facilitating the tracking of corrective actions and feedback. This enables continuous 
and structured access to up-to-date information and inspection results, thereby 
reducing defects, minimizing rework, saving time and cost, and improving the speed 
and efficiency of decision-making. Moreover, the color-coded model, combined with 
the historical record of the issues, gives an overview of the current quality status of 
the project both in qualitative and quantitative terms. The research recommended the 
need for strict regulations to adhere to quality control procedures, the need to provide 
technical infrastructure to move the construction industry to a collaborative digital 
environment, and the importance of conducting training courses for construction 
workers on the use of the new technology. 
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Appendix 

Table A1. Quality control checklist for excavation. 

Fail Pass Item description Item number 

Suitable excavation and relocation vehicles should be obtained after securing relocation sites. 1 

Accurately determine the drilling depth based on the soil mechanics report data. 2 

Identify the bench mark and fixed axes on the site. 3 

Determine the limits of the excavation based on accurate topographic surveys. 4 

Define of the outer boundaries of the buildings to be excavated. 5 

Check the groundwater level to ensure proper drainage if it is higher than the foundation level. 6 

Ensure that the land is free of gas pipes and electrical cables. 7 

Make sure that there are no materials or insects (some types of ants) that could damage the concrete. 8 

Check the type of soil. 9 

Random samples should be taken and tests carried out to observe changes in the classification and physical 
properties of the soil. 

10 

Determine the type of temporary reinforcement for the sides of the trench where the ground is weak. 11 

The coefficient of swelling of the soil, which can be up to 20%, must be determined in order to determine the 
quantities of excavation and relocation. 

12 

The soil settlement under the foundations must be leveled. 13 

Ensure that the excavated soil is not stored close to the pit to prevent the collapse of the sides. 14 

Table A2. Quality control checklist for backfilling. 

Fail Pass Item description Item number 

Ensure that all types of insulation are completed. 1 

Ensure that the backfill material is a suitable soil, clean and free of organic residues, preferably sandy soils or 
rocky residues. 

2 

Take into consideration the sieve analysis if the backfill material is gravel. 3 

Conduct laboratory and field density and moisture tests periodically and in random areas to achieve the 
physical requirements of the backfill material. 

4 

Document the amount of aggregate to be used, taking into account the compaction coefficient, which may 
reach up to 20%. 

5 

Ensure that the backfilling is done in layers according to the soil report, with an average thickness of no more 
than 20–25 cm. 

6 

Ensure that the backfill layer is completely submerged in water for 24 h, in particular for sandy soils. 7 

Table A3. Quality control checklist for foundation formwork. 

Fail Pass Item description Item number 

Ensure the proper installation of excavation sides (temporary shoring) and verify their completion in a correct 
and durable manner. 

1 

Match the axes of the foundation with the correct survey axes. 2 

Matching the axes of the foundation with the correct survey axes. 3 

Check the dimensions and heights of the foundations. 4 

Ensure the perpendicularity of foundation angles by measuring the diagonals of each foundation to ensure that 
the foundation is square or rectangular and does not deviate. 

5 

Ensure the stability of the formwork sides and their ability to withstand the force generated by pouring the 
concrete mass inside. 

6 
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Table A3. (Continued). 

Fail Pass Item description Item number 

Properly close the sides of the foundations together and seal any gaps between the wooden panels. 7 

Verify the locations of openings and paths for plumbing and electrical installations, etc. 8 

Thoroughly wet the formwork with water before pouring if it is wooden to avoid absorbing concrete water. 9 

Check the horizontal level of the foundations pouring with each other and the rest of the foundations with a 
mercury scale. 

10 

Table A4. Quality control checklist for foundation reinforcement. 

Fail Pass Item description Item number 

Ensure that the steel is free from rust, oil, dust, or any material that will prevent good adhesion to the concrete. 1 

Check the type, number, and length of rebar diameters. 2 

Ensure that the steel used complies with the required technical and conditional specifications through sampling 
and laboratory testing. 

3 

Ensure that the reinforcing steel is placed in the correct position according to the drawings. 4 

Ensure that the foundation rebars are horizontally leveled without any inclinations. 5 

Securely tie the steel and cut any excess binding wire. 6 

Install the rebar chairs to raise the top mesh steel according to the attached drawings. 7 

Ensure adequate cover thickness on all sides in accordance with code requirements, and place spacers on 
foundation sides and under bottom mesh steel. 

8 

Check the diameter, number, and length of column dowel bars in accordance with code requirements. 9 

Check the position of the column dowel bars and connect them to the stirrups, ensuring that they do not move 
during the pouring process. 

10 

Ensure that column dowel bars are properly anchored inside the foundation. 11 

Table A5. Quality control checklist for column formwork. 

Fail Pass Item description Item number 

Ensure the dimensions of the column section are correct. 1 

Align the axes of the columns with the correct survey axes. 2 

Ensure the wood is clean from any debris. 3 

Ensure proper sealing of joints and openings (for pouring, etc.). 4 

Ensure horizontal and vertical bracing is securely in place to prevent any movement or tilting during pouring. 5 

Verify the verticality of the column before, during, and after pouring using available surveying equipment or 
traditional methods (plumb bob, mercury). 

6 

Make sure that there is no deviation. 7 

Thoroughly wet the wooden formwork before pouring. 8 

Leave enough space between the wooden panels to prevent them from swelling when watering. 9 

Check the pouring level and determine the height of the column door. 10 

Leave a hole in the column formwork to check the pouring level. 11 
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Table A6. Quality control checklist for column reinforcement. 

Fail Pass Item description Item number 

Ensure the cleanliness of the steel from rust, oily substances, and dust. 1 

Verify the type, diameters, quantities, and lengths of the reinforcement steel. 2 

Ensure that the steel used complies with the required technical specifications and conditions through sampling 
and laboratory testing. 

3 

Installing reinforcement steel according to the drawings. 4 

Verify the number, shape, diameters, locations, and spacing of ties according to the drawings, secure them in 
an alternating pattern, and tie them to the bars. 

5 

Ensure that the hooks are implemented according to the study and drawings, following the seismic code 
recommendations in seismic zones. 

6 

Verify the verticality of the vertical rebars and the horizontality of the ties. 7 

Take into account the lap splice lengths for the vertical reinforcement steel during cutting and installation. 8 

Consider the locations and levels of dowel bars for lintel. 9 

Ensure that an adequate number of spacers are installed between the wooden formwork and the reinforcement 
steel to control cover thickness. 

10 

Ensure the cleanliness of the column before closing the formwork. 11 

Table A7. Quality control checklist for slab formwork. 

Fail Pass Item description Item number 

Ensure the levelness of the slab before installing the formwork and take into consideration the thickness of the 
wood used . 

1 

Ensure the dimensions of the structural elements to be poured and check for horizontal and vertical alignment. 2 

Verify the thickness of the slab in all areas. 3 

Use good quality wood without holes, protrusions, or defects. 4 

Ensure the safety of metal and wooden props and the distance between them and their height . 5 

Review the connection points of the props in case of high elevations and ensure the strength of the 
reinforcements at the joints . 

6 

Ensure the installation of inclined props in both directions and secure them well with columns or walls. 7 

Ensure the stability of the slab under the props and its ability to bear the loads of the supports 8 

Avoid using blocks under the props and replace them with intersecting wooden battens . 9 

Ensure the presence of diagonal props . 10 

Ensure that the wooden formwork is flat and at a constant height . 11 

Ensure the adhesion of the wood panels to prevent concrete leakage during pouring . 12 

Ensure there are no protruding concrete pieces from columns due to poor execution . 13 

Verify the accuracy of the slab dimensions and the locations of any dropped beams if present . 14 

Review the dimensions and heights of any dropped beams. 15 

Review the vertical sides of the dropped beams . 16 

Check the accuracy of the angles of the slabs . 17 

Review the reinforcements when connecting application panels together and ensure proper jointing . 18 

Check that bathroom slabs drop below the level of other slabs . 19 

Review the locations and dimensions of electrical, plumbing, and HVAC openings . 20 
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Table A8. Quality control checklist for slab reinforcement. 

Fail Pass Item description Item number 

Ensure the cleanliness of the reinforcement steel and the absence of rust. 1 

Verify the type, diameters, quantities, and lengths of the reinforcement steel according to the design code. 2 

Ensure that the reinforcement steel is placed in its designated location as per the drawings, especially in the 
cantilever and the stair. 

3 

Check the connections and lengths of the rebars according to the drawings. 4 

Place spacers beneath the bottom mesh steel and between the formwork and the beam sides. 5 

Ensure the dimensions of the beam's stirrups, their quantities, and their spacing are equal or as per the 
drawings. 

6 

Ensure that the stirrups are interlocked alternately. 7 

Properly connect the upper and lower beam reinforcement steel with the stirrups. 8 

Ensure proper bending of beam reinforcement steel and ensure it is executed as per the drawings. 9 

Ensure the continuity of column ties within the beams (according to the plans and code instructions). 10 

Review the reinforcement steel of stairs and ensure dowel bars. 11 

Review the reinforcement steel of column capital. 12 

Review the lengths of column dowel bars and ensure their correct placement in case of reducing the column 
section. 

13 

Ensure proper bending of column dowel bars in the last floor slab. 14 

Review the detailing of sanitary drop-downs. 15 

Table A9. Quality control checklist for hollow blocks distribution. 

Fail Pass Item description Item number 

Review the dimensions and quality of the hollow block and avoid using broken blocks. 1 

Ensure that the hollow blocks meet the conditions and technical specifications by conducting fracture and 
loading tests. 

2 

Ensure the distribution of the hollow blocks to guarantee the dimensions of the ribs and beams as shown in the 
drawings. 

3 

Ensure that the ends of the hollow blocks row are completely closed to prevent concrete from leaking into the 
hollow blocks during the pouring process. 

4 

Table A10. Quality control checklist for pouring. 

Quality control checklist for pouring 

Before pouring 

Fail Pass Item description Item number 

Ensure that the mixer and the vibrator are fit for work. 1 

Ensure the quality of the concrete in accordance with project specifications: (mix temperature does not exceed 
35 Celsius, fineness of cement, setting time not exceeding 45 min, mix consistency or water content in 
concrete, sieve analysis of the mix). 

2 

Ensure the presence of a specified water content for concrete (in case of using semi-automatic mixers). 3 

Ensure that the water used in the pouring process is potable and free of impurities. 4 

The workability of the concrete should be suitable for the element being poured, according to specifications. 5 

Ensure the availability of Abrams cones (slump tests) and their readiness. 6 

Ensure an adequate number of concrete cubes/cylinders for sampling (not less than 3 samples per 100 cubic 
meters or as per requirements). 

7 

Ensure that the wooden formwork is wet with water before pouring. 8 

55



Building Engineering 2024, 2(1), 1132. 

Table A10. (Continued). 

Quality control checklist for pouring 

Before pouring 

Fail Pass Item description Item number 

Review the sequencing of pouring stages with the responsible supervisor. 9 

Review the identification of casting joints, expansion and contraction joints, and settlement joints. 10 

Ensure that spacers are placed under the bottom mesh steel of slab, under the lower rebar of beams, between 
the sides of the formwork for the beams and the rebars to control cover thickness. 

11 

Ensure that the pouring height does not exceed 3 m (preferably less—2 m) at maximum. 12 

Ensure that weather conditions are suitable for the pouring process. 13 

During pouring 

Review and ensure the accuracy of the mix proportions, especially the water to cement ratio. 1 

Ensure that the concrete is poured to the appropriate level without excess to avoid the need for demolition later 
on. 

2 

Precisely monitor the scaffolding and props during the pouring process to prevent any unforeseen events. 3 

Use vibration in all stages of pouring all structural elements. 4 

Ensure that column rebars are not shaken or moved during the pouring process. 5 

Make sure that each part is properly compacted after pouring, especially beams, without allowing the 
mechanical vibrator to touch the reinforcement steel as much as possible. 

6 

Ensure that the surface of the concrete is properly leveled for the finished part using appropriate tools (such as 
a helicopter trowel) according to the specifications. 

7 

Continuously measure the thickness of the slabs and ensure uniformity of thickness. 8 

Remove excess concrete promptly before hardening and ensure that all surfaces are level and clean after 
pouring is complete. 

9 

After pouring 

Ensure that the concrete continues to be cured by spraying and moistening it with water for at least seven days 
after pouring. 

1 

Ensure that the formwork is removed correctly in terms of timing, location, and type of structural element. 2 

Monitor the results of breaking concrete cubes in a structured tracking table with dates. 3 
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Abstract: Purpose: The construction industry is a complex environment, it is facing massive 

challenges, especially on megaprojects, due to the huge construction development and 

stakeholder management (SM). This paper seeks to explore, investigate, and assess the 

methods for analysing and engaging stakeholders on construction megaprojects to overcome 

stakeholder management problems and enhance performance. Methodology: The quantitative 

methodology is adopted in this research; a questionnaire survey is carried out among big 

construction firms in Qatar, with a 59% response rate. Quantitative data analysis was conducted 

using the statistical package for social science (SPSS) software. Findings: This paper 

investigated and assessed the common methods for analysing and engaging stakeholders on 

construction megaprojects, where they come together more integrative. Hence, this will boost 

their chances of reaching higher levels of success and project effectiveness. Lastly, the findings 

are foreseen to aid project managers in adjusting their strategies when considering future 

implementation plans via a broad picture and understanding of SM and their relationships in 

CMPs. Practical implications: Investigating and assessing the methods for analysing and 

engaging stakeholders is expected to assist project managers in improving projects’ 

performance and completing construction within the predefined time and cost. Besides, it 

enhances and strengthens the present body of knowledge in SM study domains and provides a 

starting point for practitioners and academics. Originality: This study contributes significantly 

by investigating and assessing the methods for analysing and engaging stakeholders in MCPs. 

Moreover, the findings are important for all concerned project stakeholders and are considered 

as a roadmap for effective stakeholder management in MCPs. 

Keywords: stakeholder; management; engagement; construction; megaprojects 

1. Introduction

The construction industry is a complex environment where collaboration and 
coordination among stakeholders are necessary [1]. According to earlier studies, a lack 
of thorough stakeholder management processes is evident throughout the project life 
cycle. While stakeholder management has yet to be adopted as a promising strategy 
for managing construction projects [2,3]. Moreover, all of the stakeholders 
contributions are significant for planning and control. Even though stakeholder 
management has long been recognized as a means to increase the likelihood of 
successful construction projects’ completion, the full potential of stakeholder 
management has yet to be realized [2]. Despite the recognized importance of SM, there 
is still a lack of research regarding project stakeholders. The concept of SM has 
developed greatly because it is important to achieve project objectives [4]. 
Furthermore, poor SM can lead to many serious problems in the CI, such as inadequate 
scope and activity definition, inappropriately assigned project resources, poor and 

CITATION 

Mashali A, Eltantawy A. Practical 
approach for analysing and engaging 
stakeholders in construction 
megaprojects. Building Engineering. 
2024; 2(1): 509. 
https://doi.org/10.59400/be.v2i1.509 

ARTICLE INFO 

Received: 23 January 2024 
Accepted: 27 February 2024 
Available online: 10 March 2024 

COPYRIGHT 

Copyright © 2024 by author(s). 
Building Engineering is published by 
Academic Publishing Pte. Ltd. This 
work is licensed under the Creative 
Commons Attribution (CC BY) 
license. 
https://creativecommons.org/licenses/
by/4.0/ 

57



Building Engineering 2024, 2(1), 509. 

ineffective communication, and unexpected scope modifications; all these problems 
may be the root cause of delays and exceeded cost [5]. 

Numerous difficulties and obstacles of SM in construction projects recommended 
by past researchers involve improper stakeholder engagement (SE) [6]. 

Nonetheless, a deeper understanding of SM would allow project execution teams 
to value project planning stages and determine if the concerns are being handled as 
efficiently as possible [7]. This will boost their chances of reaching higher levels of 
success and, as a result, time savings, cost savings, quality assurance, and project 
effectiveness [8]. 

This research aims to present an investigation and assessment of the methods for 
analysing and engaging stakeholders in MCPs. This knowledge gap is bridged and 
handled in this paper. Moreover, the research findings serve as a roadmap for 
governments and clients of construction projects to achieve ultimate benefits and 
increase earned value in their investments. The research outcomes are anticipated to 
support project teams and construction organizations in implementing SM. 

2. Literature review

2.1. Stakeholders’ definition 

From Freeman [9] to PMI [10], there are broad stakeholder definitions. In 
conclusion, the most common definition of project stakeholders is any individual, 
group, or organisation who can affect or is affected by the project and includes clients, 
consultants, contractors, subcontractors, suppliers, and all government authorities 
[2,11]. 

2.2. Mega-projects 

Megaprojects consume enormous resources that can be afforded only by giant 
international contractors with robust financial capabilities. Besides, it faces a group of 
political and social conditions [8,12]. Construction megaprojects can be described as 
“large-scale, complex projects that cost about $1 billion or more, need many years to 
develop and build, involve multiple stakeholders, and impact millions of people” 
[13,14]. 

Furthermore, megaprojects have strong economic and social roles in societies. 
They are not only characterized by their high construction values but also by their 
complexity level in design and construction, methodology, technology, schedule, 
finance, governance, resources, organizational performance, environment, and 
workflow challenges [12,15]. Moreover, the managerial challenges in mega 
construction projects (MCPs) are not only purely technical but also involve the 
management of social, political, and cultural aspects of the project [11]. 

Considering size and scope, megaprojects confront significant schedule and 
budget challenges compared to other projects. Reasons include [13]: 
 Increased risks due to complex interfaces and long planning.
 Planning processes that comprise many participants with conflicting interests.
 The scope of the project can change over time.

In megaprojects, the project team’s instability for a long time through the project 
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life cycle weakens the ability of leadership to keep constant progress rates [13]. 

2.3. Stakeholder engagement & involvement 

Stakeholder engagement (SE) ensures that long-distance, comprehensive, and 
consistent participation is required [1]. Previous research describes SE as the 
participation process of persons and sets that are influenced by the activities of the 
firm actively. Also, stakeholder activities such as dialogue are one approach to 
evaluating stakeholder participation [16]. Whereas engagement can be considered as 
the relationship among the organization and various stakeholders to reinforce the 
efficacy of the resolutions, strategies, and performance [17]. Furthermore, SE tries 
realistic stakeholder opinions on their relationship, where SE seeks to better an 
organization’s social and ethical accountability and conduct [18]. 

2.4. Types of engagement 

Bowen et al. [19] displayed three classifications for engagement strategies: 
transactional, transitional, and transformational, which depend on the nature of the 
engagement. If society is enough included in the goal-setting and measurement 
processes, shared responsibility for the engagement process can also be achieved [19]. 

Additionally, Bowen et al. [19] stated that there is more two-way interaction 
between the stakeholders and the company. Moreover, many stakeholder groups are 
not satisfied with simply being assigned some measure of organizational value; they 
want an opinion on how the organization creates this value [11]. Not all, but numerous 
stakeholders want some voice in organizational decision-making [20]. 

2.5. Analysing and engaging stakeholders 

Stakeholder analyses (SA) is a crucial and important portion of successfully SM 
[2,21]. SA means to know the stakeholders and their concerns and to value 
stakeholders’ impact and relations. According to Yang et al., SE is about 
communicating, involving, and developing connections with stakeholders. Project 
directors should adopt methodologies that agree with the SM process. Also, they 
illustrated that there is no stand-alone methodology, and other methodologies should 
merge most of the methodologies [16]. 

2.6. Effective involvement of stakeholders 

Project managers should establish a stakeholder participation plan to address the 
needs of various stakeholder groups and improve the efficacy and efficiency of 
decisions made throughout the project life cycle [6]. Overall, stakeholder involvement, 
along with other aspects such as leadership, measurement and improvement, 
teamwork, and process approach, is cited by Toriola-Coker et al. [22] as the most 
important element influencing the effective implementation of comprehensive 
management systems. Also, conflicts among plans and other risks to action in the 
execution and operations phases are mitigated by involving multiple parties in the 
project planning process, all of whom have different priorities and objectives [23]. 

However, depending on the project’s nature and requirements, only certain 
people may get involved in the process. According to Mok et al. [24], effective and 
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active engagement of project members will help to improve the overall quality of the 
construction and increase the project value. Stakeholder perspectives on prospective 
engagement in the planning process were offered by Ayodele and Kajimo-Shakantu 
[1]. Travaglini and Dunović [23] advocated that the project preparation and planning 
phase is the stage where different stakeholders with various demands and objectives 
have the most significant possibility to impact projects and their outcomes. 

2.7. Stakeholder management and construction project success 

All project stakeholders’ effective and ongoing involvement has been associated 
with project success [22,23]. 

Additionally, stakeholder satisfaction has been added to the traditional criteria 
for project success: cost, quality, and timeline [5,25]. 

Moreover, previous studies have linked project failures to either a lack of or 
ineffective stakeholder management during the project. Therefore, it is crucial to 
include stakeholders effectively to complete the project successfully and under the 
current perception of project success in CI [3,22]. 

Involvement and incorporating stakeholders early on and considering their 
interests are critical to preventing adverse reactions to the project. Therefore, 
stakeholder management and involvement should continue the project’s duration 
[2,3]. 

As evidenced by several problems and project failures around the world, 
stakeholder participation has a very significant impact on project outcomes [16]. 

The outcomes of SM are dependent on project managers’ knowledge, judgment, 
relations, and skills. A vital aspect of project success is the ability of the project 
manager to delineate the project location and engage the local community in the 
planning process [22]. 

The construction industry includes a wide range of stakeholders, in which they 
introduce their interests, concerns, needs, and likely chances [11]. 

Therefore, effective SM necessitates robust analytical proficiency to identify the 
concerned stakeholders and work with them to understand their expectations and the 
impact they can have on project success. This increases positive stakeholder 
engagement and decreases any probable harmful impact [1]. 

3. Research methodology/approach

The research strategy can be defined as how the research aims could be 
investigated, and it is divided into two sorts, namely, quantitative and qualitative [26]. 

The quantitative methodology involves both studying the overall trends in data 
and adding appropriate statistical criteria [27]. 

This study aims to explore, investigate, and assess the methods for analysing and 
engaging stakeholders in MCPs. To achieve this goal, a questionnaire survey is carried 
out to gather information from construction practitioners in Qatar. A five-level scoring 
scale ranging from “1” (very low) to “5” (very high) is used. The collected data is then 
analyzed using the SPSS software (version 22). 

The sample size is selected randomly from different stakeholders representing 
the licensed engineers. The targeted population is the engineers licensed and working 
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in Qatar, which numbered 14,000, according to the Ministry of Municipality and 
Environment. The sample size was determined using Slovin’s formula [28] as follows: 

𝑛 =
𝑁

1 +𝑁(𝑐ଶ)
(1)

c = Margin of error, taken as 10% = 0.10. 
N = Total population, taken as 14,000. 
n = Sample size. 

“Applying the equation”: 𝑛 =
ଵସ,଴଴଴

ଵାଵସ,଴଴଴(଴.ଵ଴మ)
= 99.29 ≈ 100 

This paper utilized a quantitative approach employing an empirical, realistic 
survey. The questionnaire was sent to 400 individuals working at different 
organizations, with 235 (59%) responses received, which is a satisfactory number of 
responses [25,29]. After designing the questionnaire, a pretesting and pilot study are 
carried out to refine. Cronbach’s coefficient alpha (a) [30] is the most common 
measure of internal consistency (reliability) when questions are asked on a Likert scale 
(1 to 5). The values range between 0.0 and 1.0, with the higher values implying a 
higher degree of internal consistency [31]. According to Pallant [32], a value of a 
equals or greater than 0.7 means that the data is reliable for analysis. In this study, a 
equals 0.96, which implies high reliability of the whole questionnaire responses to 
achieve the study’s objectives. The collected data is analyzed through calculation of 
the RII, using Equation (2) [33]: 

𝑅𝐼𝐼 =
𝛴𝑊𝑖 ∗ 𝑛𝑖

𝑁 ∗ 𝐴
(2)

where: 
Wi: the weight given to each factor by the respondents and ranges from 1 to 5; 
ni: the number of respondents gave the weight Wi; 
A: the maximum weight (i.e., 5 in this case); and 
N: the total number of respondents. 
The higher the RII value, the more important the attribute [34]. 
Although respondents’ opinions may be subjective depending on their 

experience, locations, and other factors, numerous statistical techniques are employed 
to reduce these biases. The research methodology stages are demonstrated in Figure 
1. 

Figure 1. Research approach/methodology. 
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4. Analysis of results and discussions

This section describes the results of the analysis of the survey data that was 
obtained and discusses the findings. 

4.1. Respondents’ demographics 

This division includes the available personal/general information about the 
survey participants (235 responses): in terms of their position, years of experience, 
nature of the organization, and the type of industry that they are involving in. 

4.1.1. Category of respondents’ organizations (organizational role) 

In terms of the respondents’ organizations, as illustrated in Figure 2, the plurality 
of respondents are consultants/designers/managers (43.40%) and contractors 
(33.19%), whose responses reflect the SM during the construction stage. Also, the high 
percentage of this class of respondents ensures information goodness. 

Figure 2. Category of respondents’ organizations. 

4.1.2. Respondents’ roles/current career (respondents’ job profiles) 

Figure 3 indicates that (director/senior management) is 5.11%, which reflects the 
decision-maker of development (project manager/construction manager) and (resident 
engineer/client consultant) have values of 19.57% and 12.77%, respectively, with a 
total value of 37.45%, obtained from top management who have managerial and 
professional abilities, which implement the great capacity for assessment of the states. 
Senior engineer’s level responses were 32.77%, which is good for managing and 
controlling. Furthermore, more than 70% of the responses were from top management 
and senior levels, which hold critical positions that influence the quality of the data 
gathered. Since this paper concentrates on SM, these findings prove that proper 
individuals have been approached. 

Figure 3. Respondents’ job profiles (respondents’ roles). 
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4.1.3. Respondents’ years of experience in construction 

In terms of years of work experience in construction, the percent of the 
respondents were shown in Figure 4; only 6.81% of participants had less than five 
years in the industry, and 25.11% of respondents had 11 to 15 years of work 
experience. Nearly about half of the participants have at least 20 years of experience. 
They act as leaders and decision-makers in their organizations., which indicates the 
importance of SM in Qatar’s industry sectors. 

Figure 4. Respondents’ “years of experience”. 

The highest number of extensive experiences increases the degree of assessment 
accuracy. Furthermore, the variety of experiences enhances the study by various 
information and knowledge. This is a great sign that the respondents have a minimum 
degree of expertise with the SM. This profile indicates a considerable experience on 
which the outcomes of this survey were rested. 

4.1.4. Stakeholders management present in the project organization structure 

Figure 5 demonstrates the percent of respondents’ answers about the following: 
Are stakeholders management present in your project organization structure? The 
major answer was yes; they were more than 80.0%, which gives an excellent sign to 
secure quality information and reflect the current high development proceeded in 
Qatari construction projects. 

Figure 5. Distribution of respondents’ percentage. 

4.1.5. Respondents’ “client” types 

In terms of client types, the respondents indicated that more than 88.0 percent of 
clients were public/government organisations, as indicated in Figure 6. This high 
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percentage represents the current status of construction in Qatar and accurately reflects 
the current scenario in the Qatari construction market, where the government is 
spending and funding infrastructure development projects concerning World Cup 
2022. 

Figure 6. Respondents’ “client” types. 

To have a deeper understanding of how each group of respondents is involved in 
the construction process, descriptive statistics was adopted to determine the measures 
of (mean) and measures of dispersion (standard deviation and variance). The mean 
reflects the degree of involvement. Respondent perceptions were examined by using 
a five-point Likert scale: 1 = very low, 2 = low, 3 = average, 4 = high, and 5 = very 
high. 

It is clear from the results displayed previously that the respondents had perfect 
experience in the construction field, as the majority had more than 20 years of 
experience from various organizations, and some respondents were involved in 
stakeholder management. Therefore, this respondents’ sample is appropriate and 
sufficient to provide the research with a consistent view of Qatar’s construction 
projects. 

As a result, this further supports and gives more acceptance to the gathered data, 
later analysis, and investigation. 

4.2. Discussion of survey findings 

This part presents the collected outcomes of the SM practice of the chosen sample 
of Qatar’s construction stakeholders. The main assignment in SM was stakeholder 
analysis and engagement. To fulfill the study aims, four questions were outlined in the 
survey as the following: (a) methods of analyzing stakeholders’ concerns and needs; 
(b) methods of stakeholders’ engagement according to the type of contract; (c)
methods of engaging the stakeholders according to the type of project; (d) type of reply 
strategy to transact for the stakeholder demands. 

4.2.1. Method of analysing stakeholders’ concern and need

Table 1 illustrates that the P-value = 0.000, which is less than the significance 
level (α = 0.05) for all factors, and “personal past experience” was rated first, with RII 
equals (86.57%). The importance of project managers’ experience is highlighted in 
this outcome. When project managers need to gather information about stakeholder’s 
needs and concerns before producing a proposal, they have difficulty with financial 
resources. Therefore, the past personal experience allows them to overcome this 

64



Building Engineering 2024, 2(1), 509. 

obstacle because the past personal experience is cheap. 
Workshops: was rated in the second position, with RII (86.29%); in this process, 

the project manager could obtain an opportunity to investigate and analyze the options 
and deal with challenging issues. 

Table 1. Effective methods to analyze stakeholders’ concern and need. 

Notification Mean Std. error Std. deviation Variance RII % P-value (Sig.) Rank

Personal past experience 4.3151 0.05972 0.72162 0.521 86.57 0.00 1 

Interviews 4.0966 0.05899 0.71028 0.513 82.24 0.00 4 

Questionnaires and surveys 3.9448 0.06476 0.77977 0.605 82.24 0.00 4 

Professional services 4.1310 0.06053 0.72892 0.532 82.94 0.00 3 

Workshops 4.2897 0.05529 0.66580 0.438 86.29 0.00 2 

All factors of the field 4.1554 0.72127 83.44 

Professional services were ranked in the third position, with RII equals (82.94), 
because they afford full SM plans and economize the project manager’s time. 

Interview: although the interview is easy to arrange and low cost, it was ranked 
in fourth/last position with RII equals (82.24%). This may be related to the pressure 
of work and the lack of time for the concerned engineers. 

Questionnaires and surveys were ranked in fourth/last position, also with RII 
equals (82.24%), because the project manager avoids the low response rates, which 
may affect the results, and the collected information may be shallow, and their point 
of view may not be clear. 

Each method has its own power, restriction, and constraint; therefore, the most 
suitable method for achieving effective SM is to apply a combination of elements of 
every method according to the actual situation. 

4.2.2. Engagement methods for the stakeholders according to type of contract 

The respondents were questioned about their view concerning the efficient 
methods to engage stakeholders (ES) according to the type of contract in Qatar’s 
construction project. 

Lump sum contract: 
Table 2 shows that “P-value = 0.000, which is less than the significance level (α 

= 0.05)” for all factors, and “meeting” was ranked first with RII (88.11%), while 
“interviews” with RII (75.80%) was ranked in the lowest position. This result 
mentions that the experience of project managers is most significant. 

Table 2. Effective methods to engage stakeholders in lump sum contract. 

Notification Mean Std. error Std. deviation Variance RII % P-value (Sig.) Rank 

Meetings 4.3750 0.05985 0.71815 0.516 88.11 0.00 1 

Social contacts 4.0278 0.06458 0.77500 0.601 80.28 0.00 4 

Negotiations 4.0833 0.07276 0.87306 0.762 81.82 0.00 2 

Workshops 4.0210 0.06980 0.83471 0.697 81.40 0.00 3 

Interviews 3.8028 0.07224 0.86080 0.741 75.80 0.00 5 

All factors of the set 81.48 
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Measurement contract: 
Table 3 shown that, “P-value = 0.000, which is less than the significance level 

(α = 0.05)” for all factors. Besides, ‘meeting’ was ranked first, with RII equals 
(86.29%), while “interviews” with RII equal (75.66%) was ranked in the lowest 
position. 

Table 3. Effective methods to engage stakeholders in measurement contract. 

Notification Mean Std. error Std. deviation Variance RII % P-value (Sig.) Rank 

Meetings 4.3125 4.3125 4.3125 0.482 86.29 0.00 1 

Social Contacts 3.9861 0.05660 0.67922 0.461 79.72 0.00 4 

Negotiations 4.0694 0.06659 0.79906 0.639 81.40 0.00 2 

Workshops 4.0210 0.06075 0.72645 0.528 80.42 0.00 3 

Interviews 3.7887 0.06766 0.80628 0.650 75.66 0.00 5 

All factors of the set 80.70 

Cost reimbursable contract (CRC): 
Table 4 shown that, P-value = 0.000, which is less than the significance level (α 

= 0.05) for all factor as well as, ‘meeting’ was ranked first, with RII equals (88.41%), 
while “interviews” with RII equal (75.24%) was ranked in the lowest position. 

Table 4. Effective methods to engage stakeholders in CRC. 

Notification Mean Std. error Std. deviation Variance RII % P-value (Sig.) Rank 

Meetings 4.3889 0.05671 0.68051 0.463 87.41 0.00 1 

Social contacts 4.0347 0.06187 0.74245 0.551 80.14 0.00 4 

Negotiations 4.1319 0.06774 0.81289 0.661 82.80 0.00 2 

Workshops 4.0559 0.05936 0.70985 0.504 80.98 0.00 3 

Interviews 3.7958 0.06519 0.77678 0.603 75.24 0.00 5 

All factors of the set 81.31 

It is clear from the above-mentioned tables that outcomes are similar, this means 
that type of contract does not affect engaging stakeholder’s methods. 

Design-build (D-B)/(EPC) project: 
Table 5 shows that the P-value = 0.000, which is less than the significance level 

(α = 0.05) for all factors, as well as ‘meeting’ was ranked first, with RII equals 
(90.07%), but “interviews” with RII equal (78.18%) was ranked in the lowest position. 

Table 5. Effective methods to engage stakeholders in D-B. 

Notification Mean Std. Error Std. deviation Variance RII % P-value (Sig.) Rank

Meetings 4.4653 0.06380 0.76564 0.586 90.07 0.00 1 

Social contacts 4.1111 0.06692 0.80306 0.645 82.66 0.00 3 

Negotiations 4.0903 0.07817 0.93803 0.880 83.64 0.00 2 

Workshops 4.1189 0.06077 0.72665 0.528 82.66 0.00 3 

Interviews 3.9085 0.06772 0.80693 0.651 78.18 0.00 5 

All factors of the set 83.44 
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Where design-build offers owners a single point of responsibility for both the 
design and construction services. The designer-builder is thus responsible for any 
design errors. Design-build offers owners earlier completion of their projects as a 
result of design and construction activities overlapping. 

The previous Tables 2–5 demonstrate that “meeting” was ranked first for all 
contract types, and it is the most common method for ES in the Qatari construction 
projects. While the meeting guarantees that attendees are aware of the subjects and 
information collected from their perspective, it is typically low-cost and simple to 
organise. 

“Negotiations” was ranked in the second position for all types of contracts, and 
it is useful for solving the problems with the stakeholder face-to-face and disagreement 
settlement. 

Although the "workshop" is a perfect way for discussion of the issues and 
analysis of the problems, it was ranked in the third position. This may be related to the 
individual personal skills of the project manager. 

“Social contacts” was ranked in the fourth position for all types of contracts; it 
appears an ineffective and weak method to engage with the stakeholders. 

Although the "interview" is easy to arrange and low cost, it was ranked in 
fifth/last position for all types of contracts. This may be related to the pressure of work 
and the lack of time for the concerned engineers. 

Summary of effective methods to engage stakeholders according to type of 
contract: 

Table 6 demonstrates that for all types of contracts, the “design-build/(EPC) 
contract” was ranked first, as well as being the most common contract type in Qatari 
construction projects. Since, in this project delivery method, the owner enters into one 
contract with a single entity responsible for delivering a complete solution to address 
the owner’s specific needs or problems, i.e., design and construction. 

Table 6. Summary of effective methods to engage stakeholders according to type of contract and procurement. 

Engagement methods Lump sum contract Measurement contract Cost reimbursable contract Design build/(EPC) contract 

RII % RII % RII % RII % 

Meetings 88.11 86.29 87.41 90.07 

Social contacts  80.28 79.72 80.14 82.66 

Negotiations 81.82 81.40 82.80 83.64 

Workshops 81.40 80.42 80.98 82.66 

Interviews 75.80 75.66 75.24 78.18 

All factors of the set 81.48 80.70 81.31 83.44 

“Lump sum contract” was ranked second, “cost reimbursable contract” was 
ranked third, but “measurement contract” was in the last position. 

4.2.3. Engagement methods for the stakeholders according to type of project 

The respondents were questioned about their view concerning the efficient 
methods for ES according to the type of project in Qatar’s construction project. 

Buildings projects: 
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Table 7 shows that the P-value = 0.000, which is less than the significance level 
(α = 0.05), for all factors, “meeting” was ranked first with RII (87.55%), and 
“interviews” with RII (76.76%) was ranked in the lowest position. 

Table 7. Effective methods to engage stakeholders in buildings projects. 

Engagement methods Mean Std. error Std. deviation Variance RII % P-value (Sig.) Rank 

Meetings 4.3241 0.05780 0.69605 0.48448 87.55 0.00 1 

Social contacts 4.0764 0.05753 0.69039 0.47664 81.68 0.00 2 

Negotiations 4.069 0.0628 0.7540 0.56857 81.55 0.00 3 

Workshops 3.9795 0.05870 0.70924 0.50302 80.00 0.00 4 

Interviews 3.7534 0.06488 0.78399 0.61464 76.76 0.00 5 

All factors of the set 81.51 

Infrastructure projects: 
Table 8 shown that, “P-value = 0.000, which is less than the significance level 

(α = 0.05)”, for all factor and that “meeting” was ranked first, with RII (91.80%), and 
“interviews” with RII (77.76%) was ranked in the lowest position. 

Table 8. Effective methods to engage stakeholders in infrastructure projects. 

Engagement methods Mean Std. error Std. deviation Variance RII % P-value (Sig.) Rank 

Meetings 4.5241 0.05714 0.68802 0.47337 91.809 0.00 1 

Social contacts 4.2153 0.05760 0.69124 0.47781 84.34 0.00 2 

Negotiations 4.1250 0.06675 0.80100 0.64161 82.80 0.00 4 

Workshops 4.1575 0.06351 0.76734 0.58880 84.06 0.00 3 

Interviews 3.8493 0.06250 0.75514 0.57024 77.76 0.00 5 

All factors of the set 84.17 

Industrial projects: 
Table 9 shows that the P-value = 0.000, which is less than the significance level 

(α = 0.05), for all factors, and that “meeting” was ranked first with RII (88.67%) and 
“interviews” with RII (76.08%) was ranked in the lowest position. 

Table 9. Effective methods to engage stakeholders in industrial projects. 

Engagement methods Mean Std. error Std. deviation Variance RII % P-value (Sig.) Rank 

Meetings 4.4207 0.05679 0.68383 0.46762 88.67 0.00 1 

Social contacts 4.0764 0.05920 0.71036 0.50461 81.68 0.00 3 

Negotiations 3.9514 0.06708 0.80497 0.64797 79.58 0.00 4 

Workshops 4.0411 0.06365 0.76903 0.59140 81.96 0.00 2 

Interviews 3.7603 0.06247 0.75480 0.56972 76.08 0.00 5 

All factors of the set 81.59 

Others are combinations of two or more types of projects: 
Table 10 shows that the P-value = 0.000, which is less than the significance level 

(α = 0.05), for all factors, and that “meeting” was ranked first with RII (86.62%), and 
“interviews” with RII (76.36%) was ranked in the lowest position. 
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Table 10. Others combination of two or more types projects. 

Engagement methods Mean Std. error Std. deviation Variance RII % P-value (Sig.) Rank 

Meetings 4.2759 0.05911 0.71153 0.507 86.62 0.00 1 

Social contacts 3.9653 0.05697 0.68361 0.467 79.86 0.00 3 

Negotiations 4.0208 0.06498 0.77971 0.608 80.56 0.00 4 

Workshops 3.9795 0.06334 0.76536 0.586 80.56 0.00 2 

Interviews 3.7466 0.06507 0.78619 0.618 76.36 0.00 5 

All factors of the set 80.79 

Tables 7–10 show that for all types of projects, “meeting” was ranked first, and 
it is the most engagement method type in Qatari construction projects. Whereas 
“interview”; although the interview is easy to arrange and low cost, it was ranked in 
the last position. This may be related to the pressure of work and the lack of time for 
the concerned engineers. Moreover, it is clear from the above-mentioned tables that 
outcomes are very closely related; this means that type of project does not affect 
engaging stakeholder’s methods. 

Summary of effective methods to engage stakeholders according to type of 
project: 

Table 11 shows that, for all types of projects, “infrastructure project” was ranked 
first, and it is the most common project type in Qatari construction projects. These 
reflect the construction stage in Qatar to achieve Qatar Vision 2030. 

Table 11. Summary of effective methods to engage stakeholders according to type of project. 

Engagement methods Buildings project Infrastructure project Industrial project Others (combination of two or more types) project 

RII % RII % RII % RII % 

Meetings 87.55 91.89 88.67 86.62 

Social contacts  81.68 84.34 81.68 79.86 

Negotiations 81.55 82.80 79.58 80.56 

Workshops 80.00 84.06 81.96 80.56 

Interviews 76.76 77.76 76.08 76.36 

All factors of the set 81.51 84.17 81.59 80.79 

“Industrial project” was ranked in second. 
“Buildings project” was ranked in third. 
“Combination of two or more types of projects” was ranked in the last position. 

4.2.4. Type of response strategy to deal with the stakeholder claims 

The respondents were questioned about their view concerning the efficient 
response strategy types to deal with the stakeholder claims in the construction project. 

Table 12 shows that “P-value = 0.000, which is less than the significance level 
(α = 0.05)” for all strategies, and “compromising strategy” was ranked in the first 
positions in this set with RII equals (83.92%). The respondents chose a compromise 
strategy to deal with the main stakeholder demands. This is the most preferred strategy 
in the construction project because the project managers use it in negotiating with the 
stakeholders, listening to their claims and requirements, and presenting possibilities 

69



Building Engineering 2024, 2(1), 509. 

and areas for discussion. This strategy can be considered a win-win but is useful when 
finding a middle ground that satisfies all parties to some degree. Also, in this strategy, 
no one is truly happy with the solution; both parties must abandon something that is 
important to them. This is a lose-lose situation. 

Table 12. Effective response strategy to deal with the stakeholder. 

Strategy type Mean Std. error Std. deviation RII % P-value (Sig.) Rank 

Adaptation strategy 3.9510 0.07898 0.94443 79.02 0.000 3 

Avoidance strategy 3.4056 0.09936 1.18819 68.11 0.000 4 

Compromising strategy 4.1958 0.06452 0.77149 83.92 0.000 1 

Dismissal strategy 2.9441 0.11086 1.32567 58.46 0.000 5 

Influence strategy 4.0559 0.06259 0.74848 81.26 0.000 2 

“Influence strategy” was ranked in the second position in this set with RII equals 
(81.26%). This indicates that the project managers can use this type of strategy with 
the key stakeholders to seek to affect their claims in conjunction with the project aim. 
It requires others to undergo the point of view of one side or another. This is not 
recommended unless very necessary. Generally, this technique involves pushing one 
opinion at the expense of another. It is a win-lose situation. 

An “adaptation strategy” was ranked in the third position in this set with RII 
equals (79.02%). This technique emphasizes agreement rather than differences of 
opinion. Whereas the project manager can realize that it is better to accept the demand 
when it is possible and does not have a major change in the project, this will be useful 
for achieving the project’s objectives. 

“Avoidance/withdrawing strategy” was ranked in the fourth position in this set 
with RII equals (68.11%). This strategy type could be adopted when the request of the 
stakeholder claim is above the projectability; furthermore, the project manager is 
seeking to adopt this strategy via preventing and covering himself from the claims and 
shifting the responsibility of the claims to another in the project. Avoiding or 
withdrawing from the conflict or possible conflict and allowing the concerned parties 
to solve the conflict on their own. This strategy is not recommended unless it is a very 
dangerous situation. 

“Dismissal strategy” was ranked in the last position in this set with RII equals 
(58.46%). Most of the respondents disagreed with this strategy. This means that the 
project managers should transact with stakeholder’s matters in a suitable and proper 
way. 

In conclusion, previous tables clarified that the respondents considered these 
approaches were useful, and the project managers prefer to use a compromising 
strategy to deal with the main stakeholder needs. Because they can use this strategy to 
negotiate with the stakeholders, listening to their requirements correlated to the 
project, displaying likelihoods, domain for dialogue, creation satisfaction, and 
awarding reparations. On the other hand, the respondents are not accepting the use of 
the dismissal strategy. 
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5. Research’s contributions

This study is foreseen to have multiple implications and provide a starting point 
for practitioners and academics by investigating and assessing the methods for 
analysing and engaging stakeholders on construction megaprojects. 

This paper has contributed to the existing body of knowledge in SM areas, and 
its findings will create a solid motivation to carry out SM initiatives fully, developing 
more collaboration among the ‘project’s stakeholders and supporting the SM initiative 
in CMPs. 

The findings are foreseen to aid project managers in adjusting their strategies 
when considering future implementation plans via a broad picture and understanding 
of SM and their relationships in CMPs. 

6. Conclusion

This paper seeks to explore, investigate, and assess the methods for analysing and 
engaging stakeholders on construction megaprojects to overcome stakeholder 
management problems and enhance performance. 

This paper provided the outcomes of the gathered quantitative data that have been 
received from responded questionnaires. The questionnaire was distributed to 400 
persons from various firms, and 235 (59%) responded, which is a sufficient response, 
and considered a proper receiving. The survey participants have various professional 
disciplines and organisational backdrops, thus giving creditability to the information 
gathered. As this paper focuses on SM, these outcomes prove that proper people have 
been approached. 

As a result of the study’s outcomes, the conclusions have been described as the 
following: 
 “Type of contract” does not affect engaging stakeholder’s methods.
 Design-build (D & B) is the most effective approach to dealing with the

stakeholder requirements and claims in MCPs. 
 “Meeting” is the most effective method that should be used in engaging the

stakeholders. 
 “Compromising” strategy was ranked in the first position to deal with the

stakeholder needs. 
 Dismissal strategy not accepted.

The paper outcome will assist efficient decision-making in MCPs. Additionally, 
the research conclusions give a roadmap to project stakeholders that enhance SM 
practices. Generally, the study’s outcomes contribute to and develop the goals of SM 
and the construction industry. However, this study provides a unique practical 
approach, considering deeper managing stakeholders. Thus, it results in a clear 
understanding of the stakeholders and their contributions, boosting project value 
creation. 

7. Research limitations

This study, like others, has its limitations. The research was in QATAR. Hence, 
findings are limited to the Qatari construction projects context with an emphasis on 
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CMPs. Nevertheless, this research is still robust and suitable for evaluating SM in 
CMPs. 

8. Recommendations

Based on the study outcomes, the recommendations comprise the following: 
 There is an urgent necessity for crucial stakeholders to focus on staff human

development and to prioritize staff development to enhance current SM practice. 
 Government authority and professional organisations should work together to

provide financial incentives to construction businesses to encourage them to 
implement SM practises. 

 Government authorities and professional bodies should work toward developing
relevant policies and standards within a local context. 

 Organizations’ senior management should prioritize evolving and installing a
reliable working strategy to realize SM practices. 

 Further investigation should be performed on an in-depth case study of diverse
construction before and after using the outcomes of this research to validate it in 
practice and further enhance it to achieve more successful outcomes. 
Moreover, this research recommends that construction key stakeholders adopt 

dynamic and positive attitudes toward SM. Owners, clients, and real estate developers 
are advised to be proactive in adopting efficient SM approaches in their projects to 
ensure project success. 
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Abstract: Earthquakes in some countries worldwide cause loss of lives and properties. In 

Libya, the design of structures to resist earthquake forces was based on a paper published by 

Mallick in 1976. In 1977, and after small changes in the earthquake zoning map of Libya, the 

ministry of housing, at that time, adopted it as a draft code of practice for the design of 

structures to resist earthquake forces. With Benghazi city undergoing significant rehabilitation 

and development programs, including major national projects, there is a pressing need to 

estimate updated probabilistic seismic hazard maps and design response spectra specific to the 

city. This study presented updated probabilistic seismic hazard ground motion for Benghazi 

city, considering different return periods and accounting for peak ground acceleration (PGA) 

values with various soil conditions. Proposed design response spectra for Benghazi City unveil 

substantial PGA amplifications in soft soil areas. 

Keywords: earthquake; response spectra; soil conditions; amplifications; Benghazi; Libya 

1. Introduction

In recent decades, some countries have experienced unexpected earthquakes,
resulting in the loss of lives and properties. Among these countries is Turkey, where 
the code of practice for buildings to resist earthquakes has been developed since 1940 
many times. The latest version of this code was drafted in 2018, which mainly adheres 
to ASCE 7-16 [1]. In light of the preliminary report by Erdik et al. [2] on the February 
2023 Turkey earthquake, it was concluded that the latest version of the Turkish 
earthquake code, based on ASCE 7-16 [1], is considered more reliable compared to 
previous versions. This is attributed to its comprehensive incorporation of ductility, 
detailing, and capacity design principles. It was also observed by Karakale et al. [3] 
that a significant proportion of collapsed buildings, as shown in Figure 1, were 
constructed prior to the year 2000, when the revised earthquake-resistant design code 
and design-construction controls were implemented. Furthermore, in some areas, soft 
soil conditions and a high level of underground water table level cause amplifications 
of the seismic waves and liquefaction problems, as shown in Figure 1. Hence, design 
earthquake loads should take into account local site soil conditions. 
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(a) (b) 

Figure 1. Post-Kahramanmaraş earthquakes’ impact on Pre-2000 constructed buildings. (a) Low quality concrete and 
poor detailing; (b) Soil liquefaction. 

Benghazi, as the second-largest city in Libya, holds significant importance in the 
country’s plans for rehabilitation and development. Its strategic location along the 
coast of the Mediterranean Sea promotes regional growth and economic activities. 
However, the existing seismic design code used for assessing earthquake forces in 
Libya, as outlined by Mallick [4], lacks the incorporation of design requirements for 
the response spectra method in building design. Furthermore, this code has not been 
updated since it was initially proposed as a local standard by the Ministry of Housing 
in 1978, leading to a high level of uncertainty when estimating earthquake forces 
during structural design. This shortfall in the seismic design code is a concern, as it 
can have significant implications for the safety and resilience of buildings and 
infrastructure in Libya. To ensure the country’s preparedness for seismic events, it is 
crucial to update the seismic design code to incorporate the latest advancements in 
earthquake engineering and consider the specific response spectra requirements for 
building design. The results of the commonly developed, fully harmonized newly 
released Libyan seismic hazard model published by Lagesse et al. [5] provide a 
pertinent newly developed reference for seismic hazards at some major cities in Libya, 
including Benghazi City. The published paper showed the acceleration parameters 
required to construct the design spectrum curves required to design structures against 
earthquake forces. These values of horizontal spectra acceleration with 5% damping 
for peak ground acceleration are presented for 475-year and 2475-year return periods. 
This study is to address this issue by presenting an updated seismic design code that 
takes into account local site soil conditions. And developing customized design 
response spectra curves that engineers can utilize when designing reinforced concrete 
buildings in Benghazi city. These response spectra curves will be aligned with the 
more comprehensive ASCE 7-16 [1]. To accomplish this, it is crucial to incorporate 
up-to-date seismological data specific to the study area. By doing so, the study aims 
to enhance the seismic resilience and safety of structures in Benghazi city, considering 
the lessons learned from the Turkey earthquake and the advancements in earthquake-
resistant design principles. Furthermore, engineers and designers in Benghazi will 
have access to more accurate and reliable tools for estimating earthquake forces and 
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designing structures that can withstand seismic events. This will contribute to 
enhancing the safety and resilience of the city’s built environment and supporting its 
ongoing rehabilitation and development efforts. 

Benghazi, the second-largest city in Libya, plays a crucial role in the country’s 
plans for rehabilitation and development, thanks to its strategic location on the 
Mediterranean coast. However, the current seismic design code used in Libya, as 
outlined by Mallick, lacks the necessary provisions for incorporating the response 
spectra method into building design. Moreover, this code has not been updated since 
its initial proposal as a local standard by the Ministry of Housing in 1978, leading to 
significant uncertainties when estimating earthquake forces during structural design. 
This deficiency in the seismic design code poses a considerable risk to the safety and 
resilience of buildings and infrastructure in Libya [6,7]. 

1.1. Unveiling the seismic potential of the study area 

Comprehensive seismic hazard assessments of Libya, as conducted by Kebeasy 
[8], Suleiman and Doser [9], Al-Heety [10], Al-Heety and Eshwehdi [11], provide 
detailed insights into seismicity, seismotectonics, and ground motion. These studies 
benefited from locally obtained ground motion data from the Libyan Digital 
Seismological Network (LDSN). It is worth noting that the seismically active Hün 
Graben may extend further north, raising concerns about the potential occurrence of 
larger earthquakes near densely populated coastal regions. Shaw and Jackson suggest 
a strong correlation between seismicity and mapped faults, indicating the possibility 
of extensions of known or expected faults that are currently unmapped [12]. 

Northeastern Libya has notable seismic potential due to its location near active 
fault lines and regional tectonic activity. The area sits on the northern margin of the 
African Plate, close to the Eurasian Plate boundary, resulting in stress accumulation 
and release along fault lines. The Hellenic Arc is a significant fault system in the 
region. Historical records and geological studies indicate past seismic events causing 
damage [13–15]. Assessing the seismic potential involves considering historical 
seismicity, active fault lines, and seismological data. Probabilistic seismic hazard 
analysis estimates the likelihood and intensity of future earthquakes. Ongoing 
research, monitoring, and updates improve understanding and accuracy to safeguard 
the population and infrastructure. 

1.2. Peak ground motion acceleration in Benghazi city 

Lagesse et al. presented a comprehensive earthquake hazard catalog for various 
locations in Libya, including Benghazi City [5]. Their study aimed to assess the 
potential risks associated with seismic activity by considering factors such as 
earthquake frequency, magnitude, and ground motion characteristics. They utilized 
extensive research, historical data, and geological features to develop probabilistic 
seismic hazard analysis (PSHA) models, which predict future earthquakes and their 
impact. The study also incorporated local geotechnical conditions and site-specific 
factors influencing ground shaking. 

To estimate the ground motion levels, the researchers employed Ground Motion 
Prediction Equations (GMPEs) based on earthquake magnitude, distance from the site, 
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fault type, and ground conditions. Specific GMPEs were selected for each seismic 
source zone, including shallow-crustal, stable continental, and subduction zone 
GMPEs. Seismic hazard curves were calculated for different locations in Libya, 
indicating generally low seismic hazard levels, with slightly higher values near the 
Jabal al Akhdar Uplift and Hellenic Arc Subduction Zone. Interestingly, the hazard 
values in northeast Libya, specifically Benghazi and Derna, were found to be higher 
compared to northwest Libya, contradicting previous findings. 

In their published paper, the authors summarized the spectra ordinates of Peak 
Ground Acceleration (PGA) at 0.2s, 1.0s, and 2.0s for return periods of 475 and 2475 
years; this is equivalent to 10% and 2% of exceedance in 50 years, respectively. These 
values are specifically for sites with bedrock conditions (class B of ASCE 7-16 [1]). 
Table 1 provides a summary of these values for Benghazi City. 

Table 1. Spectral ordinates for PGA at 0.2 s,1.0s and 2.0s for Benghazi City. 

Return period Period (s) and Spectral Acceleration (g) 

0.2 1 2 

475 years 0.16 0.03 0.01 

2475 years 0.39 0.09 0.04 

2. Exploring the soil profile of Benghazi city

A comprehensive data collection process was conducted to assess the soil profile
of Benghazi city. This involved gathering information from 65 strategically executed 
boreholes across the study area. The depths of these boreholes varied from 8 to 20 
meters, with a significant portion reaching an approximate depth of 15 meters below 
ground level. Figure 2 visually depicts the distribution and locations of the boreholes. 
Each borehole was utilized to collect soil properties and classifications from both 
undisturbed and disturbed soil samples, while also determining the groundwater table 
level at each location. 

Figure 2. Borehole quantities and associated depths. 

78



Building Engineering 2024, 2(1), 1190. 

The field investigations revealed diverse soil types across the study area; the 
recorded Standard Penetration Test (SPT) values are corrected for split spoon 
configuration, borehole diameter, rod length, and energy efficiency factors. The 
northeast part of Benghazi city exhibited the lowest SPT blow counts, where in some 
instances, boreholes at a depth of 4 m displayed an overall SPT value less than 10, 
with certain locations even recording values below 5. However, as the depths increased, 
the SPT values generally increased, indicating denser soil or rock conditions. It should 
be noted that SPT testing is most reliable in granular soils, including silt and sand, 
which are prone to liquefaction and typically have lower SPT readings. At greater 
depths, SPT values reached 20 or more. 

As we move from northeast to southwest of the city, the groundwater level 
gradually increases, from less than 1 m to exceeding 80 m. 

The middle region of Benghazi, stretching from the northwestern and 
southeastern parts, comprises predominantly silty sand and marland calcarenite. As we 
move towards the southeast, the soil transitions to strong limestone with some shallow 
pockets of clay. Based on the soil profile data collected in the study area and 
referencing the geological information from the Benghazi sheet in Libya, the study 
area has been divided into different zones according to the site classification conditions 
specified in Table 20.3-1 of ASCE 7-16 [1]. 

These zones are classified from A to F, representing varying site conditions and 
characteristics. Figure 3 illustrates the segmentation of the Benghazi area into these 
different segments, aligning with the ASCE 716 [1] site classification conditions. This 
categorization provides a comprehensive understanding of the site-specific 
considerations necessary for seismic design and assessment in the study area. By 
considering the specific site classification conditions, engineers and designers can 
make informed decisions and implement appropriate design measures to ensure the 
structural integrity and resilience of buildings and infrastructure in Benghazi city. 

Figure 3. Alignment of Benghazi area with ASCE site classification conditions. 
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To gain a comprehensive understanding of the response of soil profiles in regions 
B, C, D, and E under the influence of six distinct earthquake events (Chi Chi, Imperial 
Valley, Kocaeli, Northridge, Loma Gilroy, and Parkfield earthquakes), the authors of 
this paper have utilized the DEEPSOIL software program developed at the University 
of Illinois [16]. This analysis serves the purpose of probing into the nonlinear time 
domain response exhibited by the soil profiles in these regions. 

Additionally, the results obtained from this analysis are compared with the 
findings derived from the response spectra curves developed in this study, contributing 
to a more thorough comprehension of the soil behavior in response to seismic events. 

The shear wave velocity of the soil profiles was determined using empirical 
formulas based on Standard Penetration Test (SPT) values, and the calculated values 
are presented in Table 2. These shear wave velocities were utilized in the DEEPSOIL 
analysis program. 

Table 2. Shear velocity values (m/s) in Benghazi city based on SPT values for various researcher’s models. 

Region SPT Kanai Seed and Idriss Hanumantharao Uma et al Hasançebi and Ulusay 

(Average value) 

A - - - - - - 

B - - - - - - 

C 45 186.50 409.20 425.51 300.79 291.80 

D 25 131.07 305.00 330.48 252.01 243.34 

E 12 84.38 211.31 241.03 202.06 193.96 

F 5 49.90 136.40 165.42 155.25 147.99 

3. Reimagining design response spectra

ASCE 7 uses the two fundamental ground motion parameters: SS and S1. SS

represents the “short period” spectra acceleration (T = 0.2 s), while S1 represents the 
1s (T = 1.0 s) spectra acceleration for sites on firm rock (Site Class B). which are based 
on the maximum considered earthquake (MCER) with a risk-based probability of 
approximately 10% and 2% of being exceeded within a 50-year period. 

The determination of spectra response acceleration parameters for the Risk-
Targeted Maximum Considered Earthquake (MCER), considering Site Class effects, 
is conducted using Equations (1) and (2), as outlined in ASCE 7-16 [1]. 

𝑆ெௌ = 𝐹௔𝑆௦ (1)

𝑆ெଵ = 𝐹௩𝑆ଵ (2)

The site coefficients 𝐹௔  and 𝐹௩  are obtained through interpolation from values 
provided in Tables 11.4-1 and 11.4-2 of ASCE 7-16 [1] respectively. 

Additionally, a multiplier of 2/3 is applied to convert from the MCER basis to a 
slightly lower level of shaking known as the design basis earthquake (DBE).  

𝑆஽ௌ =
2

3
𝑆ெௌ (3)

𝑆஽ଵ =
2

3
𝑆ெଵ (4)

The above design spectra values SDs and SD1 are used to construct the design 
spectra curves for the different site conditions through the following equations: 
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𝑆௔ = 𝑆஽ௌ ቀ0.4 + 0.6
்

೚்
ቁ0<T<T0 (5)

𝑆௔ = 𝑆஽ௌT0<T< Ts 

𝑆௔ =
𝑆஽ଵ
𝑇

(6)

𝑆௔ =
ௌವభ೅ಽ
்మ

T>TL (7)

where: 

T: the fundamental period of the structure, s𝑇௢ = 0.2
ௌವభ

ௌವೞ
𝑇௦ =

ௌವభ

ௌವೞ
, 

TL: long-period transition period (s), Conservatively is taken 2 s. 
The following Figure 4a,b illustrates the design response spectra curves 

corresponding to various sites classified according to ASCE 7-16 [1] from A to E. 
These curves represent the seismic response characteristics of the respective sites. The 
design response spectra curves were generated considering an importance factor (I) of 
1 and a response modification coefficient (R) of 1. 

(a) (b) 

Figure 4. Design spectra curves for Benghazi city. (a) 475-Year Return Period; (b) 2745-Year Return Period. 

These curves provide valuable information for engineers and designers in 
estimating the potential ground motion and designing structures that can effectively 
withstand seismic forces in accordance with ASCE guidelines. The importance factor 
(I) and response modification coefficient (R) are significant parameters in determining
the structural response and level of seismic resistance required for different site
classifications. By referring to these design response spectra curves, appropriate
design measures can be implemented to ensure the safety and integrity of structures in
various site conditions.

For buildings to be constructed on site type F, as defined in the ASCE 7-16 [1], 
several soil conditions are considered vulnerable to potential failure or collapse under 
seismic loading. These conditions include liquefiable soils, quick or highly sensitive 
clays, and collapsible or weakly cemented soils. Additionally, peat and/or highly 
organic clays with a depth (H) greater than 3 meters, very high plasticity clays with a 
depth (H) greater than 8 meters and a plasticity index (PI) greater than 75, and very 
thick soft to medium stiff clays with a depth (H) greater than 37 meters and an 
undrained shear strength (su) lower than 50 kPa fall under site type F. In these 
conditions, it is crucial to consider the interaction between the local site conditions and 
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the earthquake forces. This emphasizes the need for a thorough assessment of the 
specific characteristics of the site to ensure appropriate design considerations and 
measures are implemented to mitigate the effects of seismic activity. 

4. Solution by DEEPSOIL software and comparison with response

spectra curves

To capture the variations in soil shear strength with depth, each soil profile in the 
regions was divided into multiple layers with consistent shear wave velocity but 
varying shear strength. This division accounts for the well-known phenomenon of 
increasing soil shear strength with depth. The thickness of each layer was selected in 
accordance with the DEEPSOIL program’s requirement, Hashash et al. [16], that the 
natural frequency of each layer should exceed 30 Hz. This criterion was essential for 
obtaining accurate results. However, specific layer thicknesses were not specified in 
the given information. 

The analysis results for the Chi Chi earthquake time history shown in Figure 5 
are presented in Figure 6. The figure illustrates the amplification of peak ground 
acceleration (PGA) for each soil profile in response to the Chi Chi earthquake. 

Figure 5. Time history of the chichi earthquake. 

Figure 6. (Continued). 
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Figure 6. Soil peak ground acceleration (PGA) response during the Chi Chi Earthquake. (a) B region response; (b) C 
region response; (c) D region response; (d) E region response.  

Table 3 provides the average PGA amplification factors for all the regions 
analyzed under the different earthquake events. The results indicate that as the shear 
wave velocity decreases, the peak ground acceleration (PGA) increases. Notably, 
regions C, D, and E experienced the most significant amplification, with the PGA 
increasing by more than two times. This implies that design earthquake loads may 
need to be more than doubled in regions with soft soil conditions. Therefore, it is 
crucial to consider soil conditions when designing earthquake loads for the Benghazi 
area. 

Table 3. Amplification factor of all regions under various earthquakes. 

Region Imperial valley Chi Chi Kocaeli Northridge Loma Gilroy Parkfield Amplification factor (root mean square) 

A 1.06 1.02 1.05 1.07 1.06 1.03 1.05 

B 1.30 1.10 1.24 1.23 1.13 1.18 1.19 

C 2.40 1.65 1.62 235 2.26 1.58 2.01 

D 2.85 1.75 1.65 2.5 2.32 1.84 2.20 

E 3.00 2.10 1.70 2.53 2.37 2.23 2.36 

The results obtained from the DEEPSOIL software program align closely with 
the corresponding values derived from the developed response spectra presented in 
this study. This good agreement confirms the reliability of these curves for engineers 
and designers when considering earthquake forces in the structural design of buildings 
in Benghazi city. 

83



Building Engineering 2024, 2(1), 1190. 

Region F was not analyzed due to its low SPT values, indicating a potential risk 
of liquefaction. This exclusion highlights the need for further investigation and careful 
consideration of soil conditions in that particular region. 

5. Conclusion

In light of the extensive rehabilitation and development programs taking place in
Benghazi city, including major national projects, there is an urgent requirement to 
generate updated probabilistic seismic hazard maps and design response spectra 
specifically tailored to the city. This estimation process takes into account recent 
seismic activity and incorporates an enhanced earthquake design code. 

The presence of soft soil conditions in regions D, E, and F within Benghazi city 
may result in earthquake loads that exceed twice the normal levels. 

This study has presented updated probabilistic seismic hazard ground motion 
assessments for Benghazi city, considering different return periods and accounting for 
peak ground acceleration (PGA) values associated with various soil conditions. The 
analysis employed an extensive and current earthquake catalog as well as a customized 
probabilistic seismic hazard assessment (PSHA) methodology tailored to the study 
area. 

The results obtained from the DEEPSOIL software program and the developed 
response spectra in this study demonstrate a strong correlation. This robust agreement 
confirms the reliability of the response spectra curves, providing engineers and 
designers with dependable information to incorporate earthquake forces into the 
structural design of buildings in Benghazi city. 

To ensure the safety and resilience of large-scale structures and critical facilities, 
it is essential to conduct detailed investigations into the local site conditions at their 
respective locations. These investigations should encompass a comprehensive 
understanding of the geological and geotechnical factors that may influence seismic 
response. 

By integrating the findings of this study into the design and construction 
processes, engineers and planners in Benghazi city can make well-informed decisions 
and implement appropriate measures to enhance the seismic performance of structures. 
This will contribute to the overall safety and resilience of the city’s infrastructure, 
supporting its ongoing rehabilitation and development endeavors. 
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Abstract: The paper highlights the performance of the seismic isolation devices installed on 

retrofitted buildings in reducing the seismic response when subjected to earthquakes. Two 

buildings from the beginning of the XXth century in Bucharest are chosen from many more, 

monitored over the city area. We discuss the response of these base-seismic isolated structures, 

relying on good quality data acquired from the recent strong earthquake (3 November 2022, 

MW = 5.0). Elastic response spectra computed from recordings at two levels of each structure 

are used, placed under and right above the isolating layer. At one building, the existence of 

previous recordings and the particularity of the sensors allow a comparison with the other two 

relatively recent medium-intensity earthquakes. The assessment is carried out in terms of 

maximum acceleration amax, measured at certain levels in each structure, spectral acceleration 

amplitude SAmax, and spectral-peak corresponding period. We find that the base-isolation 

methodology is effective in reducing the response of the building right above the isolating 

layer, an observation valid for both structures, all components of the recordings, and spectral 

acceleration values. Moreover, the outcomes from the modal evaluation performed prior to 

rehabilitation and the seismic isolation process are presented by pointing out a higher newly 

acquired fundamental period of the isolated structures. 

Keywords: historical retrofitted buildings; seismic isolation performance; spectral parameters; 

Vrancea earthquakes; medium intensity seismic activity 

1. Introduction

The instrumented buildings performance over the Bucharest area has already
become a continuously undergoing task with valuable results [1–3]. The level of 
performance enhancement and the state of damage for a large variety of structures 
were assessed in terms of years and type of construction, design, usage destination, 
and utility [4–7]. Detailed structural response data provide a potential for adjustments 
in the design process. The present study is focused on two old, seismically base-
isolated buildings and retrofitted buildings located in the Bucharest city area. The 
selected buildings erected at the beginning of the XXth century are hosting 
administrative and educational activities. 

The dynamic behavior during the earthquake of 3 November 2022, MW = 5 [8] is 
analyzed. This is a continuation of a previous work, where the impact analysis of the 
methodology used for near-real-time response was carried out [9]. The monitoring 
system has proved its capabilities to ensure the data flow and make them available in 
a shorter time after the earthquake to the authorities, civil protection, decision makers, 
etc. Basically, near-real-time (i.e., right after a potentially damaging event and/or 
during its aftershock sequence) structure response-based status was assessed. The 
novelty herein consists in an evaluation of the response of a previously seismically 
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isolated building, now endowed with new sensors located above/under the isolating 
layer. A comparison is made with other old buildings’ responses, already having the 
same type of deployment for the isolated device and sensors. The responses under 
another two recent earthquakes are brought into attention for the same structures, and 
a discussion is made from the recorded parameters and spectral-related characteristics 
perspective (maximum acceleration amax considered at certain levels in each structure, 
spectral acceleration amplitude SAmax, spectral-peak corresponding period [3]). 

2. Methodology, procedure, and building characteristics

Isolation devices are capable of sustaining dynamic strength at strong
displacements induced by the ground motions. The soil particularity consisting of soft, 
weak-consolidated, without cohesiveness mechanical characteristics, usually included 
in sedimentary layering or basins, can be an issue in building design. Nonlinear 
phenomena in these cases add weight to the general dynamic behavior. The difficulties 
that have to be surpassed consist in different amplification at the ground level, a high 
oscillating site period, or strong variability of the involved parameters over the interest 
area. Therefore, a thorough seismic hazard, correct site response, and geotechnical 
information knowledge are compulsory for these zones. As regard the concept of 
isolation procedure, it must raise the flexibility and damping and withstand service 
loads. 

The undesired response of the structures may be avoided by taking necessary 
measures in terms of design, as emerged from a thorough understanding of the 
seismicity and ground motion characteristics. The seismic isolating devices can be 
used in order to reduce the structure vulnerability. In this regard, among the techniques 
largely used in some countries, the base isolating method has been proved successful 
(USA, Japan, Italy, and New Zealand) in relation to the seismicity specificity and 
geophysical and geological characteristics of the interest areas [10–19]. In general 
practice of seismic isolation, the main aim is to reduce the seismic demand on the 
structure. The buildings considered in this study were endowed with the above-
mentioned base-isolating systems. The isolation system does not absorb the 
earthquake energy, which is deflected through the dynamics of the system. The 
technique involves a certain level of damping that is helpful to avoid possible 
resonance. By decoupling a structure from the direct action of the horizontal 
components of a ground motion, it acquires a fundamental frequency that is much 
lower than its fixed-base frequency and the usual predominant frequencies of the 
ground motion. Based on the modal evaluation of the fundamental vibration period, 
an insight into the benefits of using base isolators in structures could be gained by 
considering the special case of a two degrees of freedom structure, which is separated 
from the ground by some type of isolating device [20–22]. The study relies either on 
a single degree of freedom model, with possible nonlinearities included, or, more 
exactly, on a system of coupled elastic oscillators [23–28]. 

Some buildings host costly equipment and contents that must be protected against 
earthquakes and be operational after a severe ground shaking; such buildings are those 
designated for research, health care, telecommunication, nuclear power plants, etc. 
Buildings constructed by following old seismic codes with conventional resistant 
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design approaches cannot protect the people or the valuable equipment that is 
contained. The constructions evaluated in this study were not randomly chosen, but 
taking into account their age, importance, and design. One of the chosen buildings is 
an administrative one, hosting the Bucharest City Hall (BCH), the other being the 
“Victor Slavescu” building, belonging to Bucharest University of Economic Studies 
(ES). For both, the isolating devices were implemented at certain elevation points in 
the basement, according to the design and retrofitting specifications (Table 1). By this 
procedure, the suprastructure was decoupled to some extent from its foundation, which 
continues to move rigidly with the soil during an earthquake. 

Table 1. Seismic isolated buildings (general characteristics) [5]. 

No. Name of building/monitored period No. of floors Year of construction Structural system 

1 General City Hall of Bucharest (BCH)/ 
2017–2021, 2022-present 

B + GF + 3F + 
Attic 

1906. The building was consolidated 
after 2010 and was equipped with 
seismic insulators in the basement 

Brick masonry with 
reinforced concrete floors 
with turned caissons 

2 “Victor Slavescu” Building, Academy 
of Economic Sciences (ES) 2011-
present 

B + GF + 2F + 
Attic 

1905, retrofitted in 2009, 2011 (added 
seismic isolators) 

Brick masonry with truss 
roof 

Legend: B–Basement; GF–Ground Floor; F–Floor. 

For the modeling of the isolating system of the BCH building, some types of 
constitutive laws were used, such as those characterizing a linear elastic or biaxial-
hysteretic behavior [29]. The preliminary analysis of the isolated building involved 
dynamic linear and non-linear computation of time-history type. A direct integration 
of the differential equations of motion based on recorded accelerograms for the 1977, 
1986, and 1990 strong earthquakes was employed, imposing the input condition of 
0.24 g for the scaled maximum acceleration at the ground level. The data were taken 
at a location that is the only one where recordings for the 1977 earthquake exist; also, 
it has the advantage of similar local soil features. The results show a reduction of 11–
12 times for the relative displacement values on one horizontal direction and 7–8 times 
on another, of the seismic action at a vibration period of the isolated building of 3.3 s. 
As regards the stress reduction, the values are 4 and 3 times smaller for the two 
horizontal seismic action directions. At the same time, the relative displacements 
distribution at the level of each floor on the vertical shows a general solid-rigid trend 
of displacement, with a general displacement at isolated interface level of 
approximately 20–22 cm and 28–30 cm for horizontal directions of the seismic action, 
under the assumption of peak ground acceleration of 0.24 g, according to P100-1/2006, 
which was the code in force at that time [29,30]. 

For the ES building, the preliminary study [31] employed the same computation 
program (ETABS NON-LINEAR v.8.4.5.), relying on the finite element method. 
Modal analysis for the resistance structure has considered the first six vibration modes, 
as follows: three of one horizontal translational direction, two of the other horizontal 
direction (perpendicular to the former), and one of general torsion. All these vibration 
periods are in the 0.08–0.79 s range. Following the reduction of stress and 
displacement values, stress values diminished by 2.4 and 2.5 times for two horizontal 
seismic action directions, and relative displacements reduced by 3.5 at story levels and 
2.5 at ground level, respectively, for both horizontal seismic action directions. The 
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vibration period of the isolated structure was 2.8 s. At the same time, the relative 
displacement distribution at each level on the vertical shows a general solid-rigid trend 
of displacement, with a general displacement at the isolated interface level of 
approximately 15 cm and 20 cm for the horizontal directions of the seismic action [31]. 

The comparison was made to the performance of the two buildings using the same 
analyses carried out by employing specific design parameters without taking into 
account the isolation device characteristics. 

The BCH building was seismically monitored with 4 sensors located on the 
isolated structure from the year 2017; starting with the year 2022, one sensor was 
deployed above/under the isolator layer. The ES building is permanently monitored 
by the National Institute for Earth’s Physics (NIFP) from the year 2011, with seismic 
accelerometers at two different levels (status at 31 December 2022) [32]. 

The characteristics of the most recent considered earthquake were as follows: 
date and triggered time 3 November 2022, 06:50:25, local time, lat. 45.4895° N, long. 
26.5262° E, focal depth 148.8 km, MW = 4.9, ROMPLUS Catalogue, 2023 [33], 122 
km epicentre distance for Bucharest, and MW = 5 according to the near-real time 
release of the Internal Report [8]. Herein, a magnitude 5 is considered; as for the other 
two earthquakes, the values in ROMPLUS are identical to those in the internal reports 
released in the very short aftermath of the recordings [33–35]. Moreover, the data 
processing and computation of the parameters are based on the mentioned references, 
according to the purpose of the work that involved a near-real-time evaluation of the 
response. 

The earthquake mentioned above belongs to the intermediate-depth Vrancea 
seismic region and was felt with intensities about V on the MSK scale in the epicentre 
area and III-IV in Bucharest. For the other two seismic events, the characteristics are: 
date and triggered time: 28 October 2018, 03:38:11 local time, lat. 45.6079°, long. 
26.4068°, focal depth 148 km, MW = 5.5, and 31 January 2020, 04:26:48 local time, 
lat. 45.6937°, long. 26.6918°, focal depth 118 km, MW = 4.8 (Table 2) [33]. The 
intensity on the Mercalli scale was VI and IV, respectively, in the epicentre zone 
[34,35]. 

Table 2. The characteristics of the three considered earthquakes [33]. 

Date Time [UTC] Depth [km] MW 

28 October 2018 00:38:11 148 5.5 

31 January 2020 01:26:47 118 4.8 

3 November 2022 03:50:25 148.8 5.0 

3. Response analysis

The instrumental data from the two selected structures, subjected to a medium-
intensity earthquake, were processed in terms of peak recorded accelerations and 
spectral accelerations at two levels, below and right above the isolating devices. 
Recordings from three-component accelerometers, installed on these levels, consisting 
of acceleration time histories are pre-processed: baseline corrected and filtered using 
a 4th order Butterworth bandpass (0.2–25 Hz) filter. The limits were set for obtaining 
a good signal-to-noise ratio, and also a taper function was applied to the data to allow 
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the spectral-related calculation. The sensors are of the same types, and the recordings 
and data processing are performed according to the standard procedure by the 
automated Antelope seismological system, developed by Boulder Real Time 
Technologies [36] and installed at the National Data Centre (NDC) of the National 
Institute for Earth’s Physics [32]. It includes program applications and module units 
that are run in order to ensure data acquisition, automatic seismic event detection, 
location, magnitudes, and other parameters computation or evaluation. The ground 
shaking and building seismic response parameters processing (in terms of peak ground 
acceleration, maximum buildings recorded acceleration, spectral acceleration, and 
related fundamental or oscillation period) are the tasks that are accomplished through 
this system. 

The processing of the data releases elastic response spectra in terms of spectral 
pseudo-acceleration with 5% damping (Figures 1 and 2). The information is depicted 
as engineering parameters, that are maximum acceleration amax recorded on three 
directions (two horizontal, NS, EW, and one vertical Z), maximum spectral 
acceleration (SAmax) from elastic response spectra, and corresponding oscillation 
periods TSAmax (Tables 3 and 4). 

9
(a) (b) 

Figure 1. Elastic response spectra for the BCH building above (a) and under (b) isolating layer from recordings of the 
3 November 2022 earthquake MW= 5 [9]. 
Legend: red: N-S, blue: E-W, green: Z (vertical) components of recording. 

(a) (b) 

Figure 2. Elastic response spectra for the ES building above (a) and under (b) isolating layer from recordings of the 3 
November 2022 earthquake MW= 5 [9]. 
Legend: red: N-S, blue: E-W, green: Z (vertical) components of recording. 
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Table 3. Base-isolation performance at BCH and ES buildings for 3 November 2022, MW = 5.0 earthquake [9]. 

Date/ 
Magnitude 
MW/ 
Depth 

Statio
n 

Component 

N-S E-W Z 

amax (cm/s2) SAmax 
(cm/s2) 

TSAmax 
(s) 

amax 
(cm/s2) 

SAmax 
(cm/s2) 

TSAmax 
(s) 

amax 
(cm/s2) 

SAmax 
(cm/s2) 

TSAmax 
(s) 

3 November 
2022 
MW = 5, 
148.8 km 

ES Above 9.83 37.29 0.2 9.48 53.24 0.15 6.04 26.85 0.1 

Under 20.59 74.95 0.09 27.45 130.08 0.21 14.25 58.28 0.22 

BCH Above 1.16 4.35 0.1 1.21 3.72 0.13 1.62 7.28 0.15 

Under 4.32 16.95 0.15 5.33 16.45 0.21 5.54 26.36 0.15 

Table 4. Response spectra parameters at the ES building for three seismic events (MW = 5.5, 5.0, 4.8). 

Station ES Earthquake Component 

N-S E-W Z 

amax 
(cm/s2) 

SAmax 
(cm/s2) 

TSAmax 
(s) 

amax 
(cm/s2) 

SAmax 
(cm/s2) 

TSAmax 
(s) 

amax 
(cm/s2) 

SAmax 
(cm/s2) 

TSAmax 
(s) 

under 28 October 2018 
MW = 5.5 

131.77 347.53 0.14 100.42 416.61 0.15 50.64 228.89 0.13 

above 34.04 108.28 0.16 47.39 196.25 0.16 25.7 133.19 0.12 

under 3 November 2022 
MW = 5.0 

20.59 74.95 0.09 27.45 130.08 0.21 14.25 58.28 0.22 

above 9.83 37.29 0.2 9.48 53.24 0.15 6.04 26.85 0.1 

under 31 January 2020 
MW = 4.8 

11.69 36.02 0.08 13.34 43.81 0.31 6.24 26.49 0.11 

above 5.75 18.42 0.42 5.86 23.43 0.34 4.57 22.27 0.11 

In Table 3, a clear decrease of the peak acceleration recorded by the seismic 
sensors above the isolating device can be seen. This is valid for all components of the 
recordings and at both buildings. Also, the maximum spectral accelerations, as shown 
in Figures 1 and 2 and Table 3, display lower values above the isolator. The 
corresponding oscillation periods are all in a low and narrow range of 0.09–0.22 s, 
excluding the danger of possible resonance effects. Another observation is higher 
values for recordings at the ES building in comparison with the other building (BCH) 
at both instrumented levels. We note that this phenomenon is encountered at the ES 
building for other earthquakes of comparable magnitude in comparison to any other 
instrumented structure in Bucharest city area (Table 4) [2,3]. The higher recorded 
values at the ES building for low and medium magnitudes can be a matter of local soil 
conditions or due to the building dynamic characteristics themselves. 

Moreover, at this building more data of good quality are available, both under 
and above the isolating layer; therefore, one can infer the dependence to the earthquake 
magnitude. From Table 4, it may be seen the increase of the recorded values with the 
earthquake's source level of strength for all measured and processed parameters. 

We can also note the higher values of the oscillation period corresponding to 
spectral amplitude (Figures 1 and 2, Table 4) for the 31 January 2020, MW = 4.8 
earthquake, which is the lower magnitude considered in this study. These higher 
values are encountered for horizontal components and above the isolated layer. The 
other values (i.e., under isolation and both for the vertical Z component) follow the 
general tendency of laying in a rather low and confined range, as it is expected for 
these types of earthquakes. It is worth the focal depth range of ~122–149 km for these 
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three earthquakes, besides sharing the same focal area (Vrancea-intermediate depth) 
and moderate magnitude (Table 2). 

In Table 5, the reduction of the seismic amplitudes is shown in terms of 
maximum recorded accelerations in order to have a quantitative representation for the 
outcome of the employed technique. For this purpose, the ES building is considered, 
for which more recordings exist with this type of isolating device. It is the first building 
to benefit from this technique and a proper sensor deployment, allowing for this type 
of analysis. All three earthquakes are of medium magnitude, originating in the same 
focal area. The reduction coefficient represents the ratio for under/above values, and 
the reduction percentage stands for its corresponding percent in the weight reduction. 
As it may be seen, the average for three relatively recent seismic events is over 50% 
on the two horizontal components and below this value for vertical ones. The 
maximum average reduction is attained for the N-S component, with 59% the higher 
value, corresponding to the strongest earthquake (74%, MW = 5.5). 

Table 5. Base-isolated device performance in terms of reduction coefficient and corresponding reduction percentage 
for the ES building for three seismic events. 

Building ES, 
earthquake/magnitude 

Component N-S Component E-W Component Z 

Reduction 
coefficient 

Reduction 
percentage 

Reduction 
coefficient 

Reduction 
percentage 

Reduction 
coefficient 

Reduction 
percentage 

28 October 2018 
MW = 5.5 

3.87 74% 2.11 52.8% 1.97 41.8% 

3 November 2022 
MW = 5.0 

2.09 52% 2.89 65.5% 2.35 57.9% 

31 January 2020 
MW=4.8 

2.03 51% 2.27 56% 1.37 26.7% 

Average 2.66 59.0% 2.42 58.1% 1.89 42.13% 

The consequence of the base-isolating procedure consists in raising the 
fundamental period for the supra-structure, or the shift of the base-supra-structure 
ensemble, and splitting in two values if they are considered as two coupled oscillators 
[23,37,38]. In some cases, this increase is considered a goal itself. However, the 
benefits of this outcome and its limits of applicability are discussed in correlation to 
various types of parameters, from the source characteristics to local effects and 
specific soil responses [5,37]. The structure design and dynamic features are also taken 
into consideration [6,7,18,19,39,40]. 

According to Iordachescu and Iordachescu [29], Marmureanu et al. [31] previous 
studies a shift towards 2.5–3 s for fundamental periods can be obtained. Given the 
oscillation periods of the strong and damaging earthquakes that hit Bucharest of over 
~1 s, but not exceeding 1.6 s (until now!) [41–44], it can be stated that the technique 
has accomplished this particular point. According to the current Romanian seismic 
design code P100-1/2013 [45], three values of the control period Tc = 0.7, 1.0, and 1.6 
s are considered in the design response spectra provided by this regulation regarding 
the whole Romanian territory. In this respect, for Bucharest city, a control period of 
Tc = 1.6 s and 0.3 g as the value for the design ground acceleration is recommended. 

At the same time, the values for the soil predominant periods accepted for the 
city area [46,47] are in the 0.7–1.9 s domain [48]. In particular, values between 0.08–
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0.79 s for the first six normal modes of vibration are suggested. It follows that the 
value of ~2.8 s for the ES building fulfills the objective of extracting the structure from 
the dangerous range of maximum amplitude of the response spectral at that site 
[29,31]. 

From Table 4, one may see the lower range for this parameter (oscillation period 
for the maximum spectral amplitude) at both buildings for all components (0.09–0.42 
s). Among them, the higher values correspond to the ES building and are encountered 
for the less strong earthquake of 31 January 2020, for the horizontal components. 

Turning back to the BCH structure, one may notice as specificity the higher 
values on vertical component Z in terms of maximum acceleration and spectral 
acceleration, in comparison with the horizontal ones, as long as, usually for this 
component (Z), the values are the lowest at both buildings. This situation corresponds 
to the two strongest earthquakes discussed here (3 November 2022, MW = 5.0 and 28 
October 2018, MW = 5.5). 

4. Discussion

During the last decade, certain types of structures were selected, according to
their specificity (old buildings, retrofitted, destination and functionality, etc.), and 
continuously seismic monitored. Several instrumented buildings from Bucharest city 
and one from the epicentre area (city of Focsani, Vrancea region) have provided 
important data about the seismic performance of earthquake protection systems and 
checked out the performance goals and design issues in major earthquakes [3,6]. Out 
of them, two buildings, Bucharest City Hall (BCH) and “Victor Slavescu” (ES), were 
constructed at the beginning of the XXth century under inappropriate seismic design 
regulations. These structures, together with another one, a historical monument (the 
Arch of Triumph), have been retrofitted in order to endure the future strong 
earthquakes. Thereafter, the decision was taken for these buildings to be equipped with 
base-isolating systems (seismic isolators and viscous dampers) for reducing the lateral 
forces induced by strong seismic movement. One of them (BCH) has been recently 
endowed with a pair of seismic sensors at the basement level, above/under the isolating 
system. The response of the two buildings BCH and ES, subjected to medium-intensity 
earthquakes, was analyzed in terms of peak accelerations and spectral accelerations. 
Improvement in seismic response of these isolated buildings in Bucharest was 
evaluated. 

5. Conclusions

According to our analysis, the main objective of the base isolating system is
considered accomplished, as the efficiency of this type of isolation device during 
Vrancea-intermediate depth-originating earthquakes was proved. 

The methodology has proved its aim to reduce the response of the building right 
above the isolating layer in comparison with values under the device. The observation 
is valid for both structures, all components of the recordings, and for the spectral 
acceleration values. 
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These results can be useful for quantifying the benefits and implications of 
seismic isolation subjected to moderate seismic events that occur in the Vrancea 
seismic region in terms of response spectra analysis. 

The seismic monitoring of buildings has proved its capability to give a rapid 
damage assessment after a strong seismic event, based on the level of accelerations 
the buildings experienced, therefore mitigating the seismic risk for densely populated 
areas in Romania. Detailed structural response data provide the potential for 
adjustments to the design process. For the earthquake protection systems, as is the 
seismic base isolation case, the improvements in terms of structural response can be 
quantified, and the performance of the isolator devices can be assessed based on 
measured data. 

For the specific situation of Bucharest city, including geology and corresponding 
site effects, the dynamic parameters must be assessed accordingly in order to estimate 
the proper seismic response. 

The goal pursued was to take advantage of this performance while proving the 
potential benefits of this certain type of anti-seismic isolating technique applied to 
old/historical structures located in the Bucharest city downtown. The practical 
implications of the findings pertain to seismic risk management for this highly 
populated zone. 

Evaluating the performance of the base-isolating technique through comparing 
the responses under and right above isolating devices may be useful for implementing 
this procedure on other structures sharing the same similarities in terms of age or 
design. 

Data from this paper could help future practitioners and policymakers decide if 
using a seismic isolation system for a certain building could mitigate its vulnerability 
to earthquakes. 

Local amplification effects and site effects are important as they determine 
seismic ground motion specificity and dynamic building behavior ultimately. 
Therefore, these retrofitting techniques should be considered and recommended for 
certain urban areas in tight connection to regional seismicity and seismic source 
specificity, considering typical seismic structural response and local effects-related 
parameters. 
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Abstract: The building sector is the predominant consumer of primary energy globally. The 

building sector accounts for around 40% of global energy production. Net Zero Energy 

Buildings (NZEBs) are highly suggested by energy experts as an effective option to alleviate 

the strain on primary energy sources caused by the building sector. The disparity between 

energy performance predictions provided during the design phase and the actual energy 

performance of residential buildings is mostly attributed to a limited comprehension of the 

components that influence energy consumption and the constraints of whole building 

simulation software. The objective of this research was to perform a comparison analysis of 

the expected and actual energy consumption of a prototype net-zero energy house built at the 

University of Technology and Applied Sciences in Muscat. The Hourly Analysis Programme 

(HAP V4.2) was utilised to forecast the energy consumption of a Net Zero Energy Building 

(NZEB) at HCT, taking into account the availability of an Energy Recovery Ventilator (ERV) 

and the absence of an ERV. The newly built house underwent a one-month testing phase to 

fulfil many duties according to competition regulations. One of the main goals was to generate 

on-site energy through photovoltaic panels, producing an amount proportional to the energy 

consumed by the house. Upon comparing the actual energy consumption data with the 

simulated result, it was noticed that the actual energy demand of the house was around 20% 

lower than the prediction made by the simulation tool. 

Keywords: sustainable buildings; energy conservation; ecohouse; energy demand; Net Zero 

energy 

1. Introduction

The building sector is the foremost consumer of primary energy globally. The
International Energy Agency (IEA) estimated in 2023 that the final energy 
consumption of the building industry reached 2794 million tonnes of oil equivalent 
(Mtoe), which is double the amount recorded between 1971 and 2019. The buildings 
sector is expected to increase its demand for primary energy supply by an additional 
838 million tonnes of oil equivalent (Mtoe) by 2035, compared to the demand in 2019. 
This would put significant strain on the primary energy supply. The building sector 
accounts for 40% of global energy production [1]. However, according to the Internal 
Energy Agency [2], residential buildings in Oman consumed 47.5% of the energy 
produced in 2022, which is 7.5% higher than the average global demand for the 
building sector. There are four generally utilised definitions based on site energy, 
source energy, cost, and emission-based criteria. The building designer chooses the 
net-zero site energy option to meet the energy code criteria. A site zero energy building 
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(ZEB) is a building that produces an equal or greater amount of energy than it uses 
over the course of a year, when measured at the building’s location [3]. 

Net Zero Energy Buildings (NZEBs) are highly suggested by energy experts as 
an effective option to alleviate the strain on primary energy sources caused by the 
building sector. The significance of this solution is acknowledged universally by 
governments, NGOs, unions, and agencies. A number of projects and orders 
worldwide are focused on NZEB solutions, which aim to reduce the reliance on 
primary sources of energy. Some notable examples include the ENERPOS French 
national project [4], IEA-SHC task 40 [5], IEA task 25 [6], IEA task 38 [7], IEA-SHC 
task 53 [8], APEC project [9], EPBD recast 2019/31/EU [10], ASHRAE vision 2020 
[11], Executive Order (EO) 135 [12], Zero Energy Ready Home Programme [13], and 
Solar Decathlon competitions worldwide [14]. The design of a Net Zero Energy 
Building involves the combination of renewable energy sources and passive house 
principles to minimise reliance on primary energy sources and decrease CO2 
emissions. The design of Net Zero Energy Buildings consists of two primary parts. 
The first step focuses on enhancing energy efficiency through efficient building 
architecture, systems, appliances, operation, maintenance, and changes in user 
behaviour. The second step entails meeting the remaining energy needs with on-site 
renewable generation [15]. Model simplifications, discrepancies between forecast and 
final construction, occupant behaviour, commissioning, controls, management, and 
maintenance are among the main factors that negatively impact the actual energy 
consumption of residential buildings compared to simulated results. This report 
provides an energy analysis of the Eco home located at HCT in Muscat, Oman. The 
house was specifically built to attain net-zero energy status with the installation of a 
photovoltaic (PV) system on the roof, in the form of a canopy. Section 2 provides an 
introduction to the regulations of the Eco home competition. Section 3 explains the 
research technique used to design the house. Section 4 emphasises the energy efficient 
elements incorporated into the Eco house at HCT in Muscat, Oman, in order to 
decrease the house’s energy use. Section 5 gives the energy analysis results obtained 
using HAP software. It also includes a comparison between the actual energy 
consumption of the Eco house, as recorded by the data acquisition system (DAS), and 
the energy consumption anticipated by the HAP software. 

2. Research methodology

The Eco home team initiated the project by adopting an integrated building
design strategy and examining the international energy conservation guidelines of 
2018. The project was separated into three distinct phases: design, conceptual, and 
development. During the design phase, the building’s conceptual energy analysis is 
conducted using the TAS software ‘Thermal Analysis Simulation’ developed by 
Environmental Design Solutions Limited (EDSL), available at 
http://www.edsl.net/main/. The Green Nest team took into account the following 
recommendations during the conceptual design and development stages for the 
building: The building has a rectangular shape that is expanded on the north-south 
axis. It is a two-story structure with a courtyard. The East and West facades have fewer 
openings. The building has a window-to-wall ratio of 20%, meaning that 20% of the 
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walls are made up of windows. The southern facade and roof are shaded to reduce sun 
exposure. Following the conceptual energy analysis, a comprehensive building energy 
analysis was conducted using HAP software to determine the energy consumption of 
the structure. 

This analysis was based on the architectural building information model (BIM), 
which includes detailed information about the thermal properties of the walls, 
windows, floors, and roof construction. During the final phase of the design process, 
a comprehensive energy analysis of the building was conducted using HAP software. 
This software offered specific information on the annual energy consumption of 
lighting, electrical, and HVAC systems. The Greenest team utilised the PV Watts 
calculator to optimise the energy supply from solar panels and meet the energy demand 
of the house throughout the construction phase. The results of the HAP and PVWatts 
research assisted the team in identifying the most suitable HVAC equipment and 
optimal solar system size. The research methodology chosen for designing a Net Zero 
Energy Building is summarised in Figure 1. 

Figure 1. Research methodology. 

3. Eco house at HCT, UTAS Muscat, Oman

The floor space of the two-story Eco house at Higher College of Technology
(HCT), University of Technology and Applied Sciences (UTAS), Muscat, Oman, is 
230.7 m2. The ground floor of the house comprises a majlis, dining room, living room, 
and kitchen. The first level comprises a master bedroom, a children’s bedroom, and a 
guest bedroom. The house is equipped with a grid-tied solar energy system with a DC 
rating of 22.8 kW. This system is positioned on the top of the house in the form of a 
canopy, facing south at a fixed angle of 5°. It is designed to maintain a temperature 
range of 25 ℃–27 ℃ and a relative humidity range of 50%–70% throughout the year. 

The house is built using insulated concrete forms for the walls, which have a U 
value of 0.233 W/m2K. The roof is made of hollow core slabs with a U value of 0.339 

99



Building Engineering 2024, 2(1), 1231. 

W/m2K, and it is also covered with solar panels. The windows are double-glazed with 
a shading coefficient of 0.48, and their overall U values range from 3.25 to 4.1 W/m2K. 
The certified wooden doors have U values ranging from 3 to 3.5 W/m2K. These 
features help to achieve the desired energy balance during the competition period. 

The house is equipped with energy recovery ventilators, with one unit for each 
story. Additionally, there are variable refrigerant volume heat pumps, with one unit 
for each floor. These systems are designed to maintain comfortable conditions 
throughout the year. A solar hot water system with electric backup, freezer, 
refrigerator, clothes washer, induction oven, dishwashers, home electronics, and 
internal and external lighting were installed in the house to fulfil various tasks as 
advised by the competition organiser. 

Figure 2. Eco house at University of Technology and Applied Sciences, Muscat, 
Oman. 

The house is outfitted with a data acquisition system (DAS) that monitors and 
records performance and administrative measurements for various contests related to 
comfort zone, refrigerator, freezer, hot water, clothes washer, cooking, dishwasher, 
lighting, home electronics, and energy balance. This is illustrated in the accompanying 
Figure 2. The completed Eco house at the University of Technology and Applied 
Sciences in Muscat incorporated several sustainable elements, as outlined in Table 1. 
The Eco house team successfully achieved the goal of creating a Net Zero Energy 
Building for the competition duration, thanks to these groundbreaking innovations. 

Table 1. Sustainable features of the house. 

S/No Sustainable feature description S/No Sustainable feature description 

1 Appropriate sizing/ number of floors 11 Cross flow ventilation 

2 North-South oriented building 12 Certified wood (FSC certified) 

3 
Insulation of wall (NADURA ICF), 
roof and floor 

13 Vertical green wall (west wall) 

4 Double glazed windows 14 LED lighting 

5 External shading 15 5-Star energy efficient appliances

6 Food and low water plants 16 Solar hot water system 

7 Eco friendly refrigerant 17 Energy generation onsite by solar panels 

8 Energy recovery ventilator 18 Solar mobile charging station 

9 Grey water treatment system 19 Real-time energy and water usage display 

10 Rainwater collection 20 Paints with low toxicity 
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4. Energy analysis results

The graphic displays the mean HVAC load on the central cooling coil. The
summer profile was derived using the mean data collected from May to October 2023, 
including the months of July and August 2023. This is illustrated in the accompanying 
Figure 3. The significant surge observed between 8:00 am and 10:00 am can be 
attributed to the arrival of six students who engaged in various activities such as 
cooking, water heating, turning on electric lights, and operating home appliances. 

Figure 3. Hourly air system design day loads for HVAC system. 

Figure 4 displays the simulation results for the zone design load of the building 
envelope, lighting, people, and electric equipment. The findings revealed that electric 
equipment contributed 30% of the overall cooling load, while windows, walls, roofs, 
and the lighting system collectively accounted for 7% to 14% of the load. 

Figure 4. Zone design load summary. 

The data presented in Figure 5 demonstrate the energy requirements of a 
standard-sized house and an eco-friendly dwelling in Muscat. The projected findings 
indicate that the energy consumption of the Eco house is 61.2% lower than that of a 
standard house, mostly due to a reduction of 69.5% in HVAC load and 23.16% in non-
HVAC load. 
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Figure 5. Annual Energy Consumption by Regular and Eco house. 

The Building Energy Index is a metric that quantifies the overall energy use of a 
residential property over the course of one year, divided by the entire floor area of the 
property. In this instance, the analysis solely projected the BEI values for the regular 
house and Eco house while also providing the suggested BEI for green buildings (see 
Figure 6). This was due to the lack of available data on the Eco house’s energy 
consumption for a complete year under the same operating conditions specified in the 
competition criteria in Table 1. The Building Energy Index (BEI) of the Zero Energy 
House at HCT is 87.20 kWh/m2/year, which is significantly lower than the BEI of 225 
kWh/m2/year for a conventional house of the same size in Muscat. This information is 
based on the predictions made by the simulation tool and aligns with the suggested 
BEI for green buildings in Malaysia [15]. 

Figure 6. Building Energy Intensities of different houses. 

The figure displays the energy consumption results of both HVAC and non-
HVAC systems over the competition period, including both the actual and forecasted 
values (see Figure 7). A comparison of the results showed that the energy 
consumption predicted by the HAP software for the HVAC system was only 5% 
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higher than the actual energy consumed during the competition period. However, the 
energy consumption predicted by the HAP software for the non-HVAC system was 
27.56% higher than the actual energy consumed by the house. This difference can be 
attributed to the non-operation of the Energy Recovery Ventilator and Grey Water 
Pump during the competition period. The HVAC system of the house accounted for 
44% of the overall energy consumption during the contest time, while the non-HVAC 
system accounted for the remaining 56%. 

Figure 7. Comparison of energy consumption by HVAC and Non-HVAC system 
during contest period in kWh. 

The graphic displays the real energy consumption of electrical equipment 
throughout the contest period. The energy consumption breakdown is as follows: 
HVAC system accounted for 55.26% of the total energy, lighting system for 14.95%, 
cook top for 6.84%, water heater for 6.31%, fridge-freezer for 3.8%, dishwasher for 
2.68%, clothes washer for 0.95%, home electronics for 1.06%, DAS for 1.08%, and 
unmeasured electrical load for 1.57% (see Figure 8). 

Figure 8. Actual energy consumption by electrical equipment during the contest. 

The PV watt calculator estimated that the solar system installed in the Eco house 
would produce approximately 34,239 kWh of electricity in one year. The PV watts 
calculator forecasted a production of 2183.5 kWh for the competition month, from 18 
September to 16 December 2023. However, the solar system installed on the roof only 
generated 2167.77 kWh during that period, which is a deviation of only 0.73% from 
the expected numbers, as depicted in Figure 9. 
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Figure 9. Predicted and actual PV output and energy consumption of house during 
the contest period. 

The comparison of energy consumption and energy production data, as shown in 
Figure 10, indicates that the Eco house is able to consistently attain a net zero energy 
status on a monthly basis. The findings from Figure 10 indicate that the Eco house is 
capable of generating an additional 32.7% of energy during the peak energy-
demanding month of June and up to 64.5% extra energy during the month of February, 
which has the lowest energy demand. The findings indicated that by implementing a 
safety margin of 10%, a house can attain a net zero energy status on an annual basis 
while requiring a 40% smaller photovoltaic (PV) system for installation. 

Figure 10. Net zero energy status achievement on monthly basis. 

The data acquired from the installed data acquisition system in the Eco house, as 
shown in Figure 11, indicates that the building has successfully achieved the status of 
a Net Zero Energy Building during the contest time. Furthermore, it has exported a 
total of 1221 kWh of energy to the grid. 

Figure 11. Net zero energy building status achievement in contest month. 

104



Building Engineering 2024, 2(1), 1231. 

5. Conclusion

The building sector is characterized by high energy consumption, and the cost of
energy represents a substantial portion of its daily operational expenses. The building 
sector obtains energy from the grid, which is generated by thermal, hydro, nuclear, 
and off-site renewable energy sources, as well as on-site renewable energy sources. 
This study evaluated the energy consumption of a 230 m2 Eco house and found that 
the HVAC system, lights, induction hob, water heater, and freezer are the primary 
energy consumers in the house. Identifying sustainable components in the design of 
an Eco house is considered a valuable strategy to attain a low Building Energy Index 
(BEI) of 87 kWh/m2/year in comparison to a typical house with a BEI greater than 225 
kWh/m2/year. The analysis suggests that the amount of electricity consumed by the 
household was lower than the amount of electricity produced by the grid-tied solar 
system during the competition period. This project stands out as an early and 
successful endeavour to create a net-zero energy building in Muscat. The positive 
outcomes of this project provide strong encouragement to construct several net-zero 
energy buildings in the GCC region. This will help to decrease energy consumption 
and reduce the building sector’s contribution to CO2 emissions. 
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Abstract: Today, grid-interactive, efficient buildings are gaining popularity due to their 

potential sustainability performances through their ability to learn, adapt, and evolve at 

different scales to improve the quality of life of their users while optimizing resource usage 

and service availability. This is realized through various practices such as management and 

control measures enabled by smart grid technologies, interoperability, and human-cyber-

physical security. However, despite their great potential, the research of those technologies still 

faces various challenges. These include a lack of communication and control infrastructure to 

address interpretability, security, cost barriers, and difficulties balancing occupant needs with 

grid benefits. Initially, system modelling and simulation are promising approaches to address 

those challenges ahead of time. It involves consideration of complex systems made up of 

components from various research domains. This paper addresses the above practices, 

highlighting the value of integrating technology and intelligence in the planning and operation 

of buildings, both new and old. It provides a way to educate architects and engineers about this 

emerging field and demonstrates how these practices can help in creating efficient, resilient, 

and secure buildings that contribute to occupant comfort and decarbonization. 

Keywords: grid-interactive efficient building; digital twins; building information modeling; 

human-in-the-loop; human-cyber-physical security 

1. Introduction

Buildings account for 40% of the primary energy consumption, 75% of the
electricity consumption, and 35% of the greenhouse gas (GHG) emissions in the US 
[1], and probably a similar range worldwide. Accordingly, buildings have a major role 
in reducing GHG emissions and quantifying building resources such as energy 
efficiency and demand flexibility, which are vital to defining an optimal 
decarbonization route. This is enabled today by a set of new concepts coming up 
around smart grid technologies, such as microgrids, demand response (DR), load 
scheduling strategies, peer-to-peer electricity trading, energy storage services, energy 
hubs, energy prosumers, distributed energy resources (DER), etc. that make the 
functionality of the building more complex. In this new context, the energy is 
intermittent, distributed, mobile, and can be stored [2]. 

Grid-interactive efficient buildings (GEB) are networked systems consisting of 
hardware and software accompanied by natural, human, and machine intelligence. 
Several major sustainability performances underpin these buildings as a part of the 
urbanization system, including occupant comfort, energy efficiency and sufficiency, 
low carbon, controlled adaptivity, and demand flexibility. This is realized through 
management and control measures enabled by smart grid technologies, 
interoperability, and cyber-physical security [3]. Interoperability is even more 
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significant in the context of GEBs, which rely heavily on communication within a 
building and between buildings and the grid. By embracing intelligent GEBs, it is 
possible to speed up the journey towards a sustainability performance agenda in three 
ways. Firstly, alleviating bottlenecks in the energy distribution network makes the 
smart grid stronger and more resilient. This allows for quicker rollout of renewable 
energy and electric vehicles. Secondly, by enabling energy savings of around 30%–
40% in the buildings themselves. Thirdly, by being part of virtual power plants, which 
contribute directly to DERs. Figure 1 shows an amalgamation of the five major 
sustainability performances and the two technological enablers. 

Figure 1. Sustainability performances and enablers for grid-interactive efficient 
buildings. 

Appropriate energy-efficient design approaches, including insulation, thermal 
mass, orientation, tightness, shading, and space conditioning, decrease the volume of 
energy consumption. These are needed to manage heat loss or gain through the 
building envelope and to control the concentrations of airborne contaminants within 
the building. Controlling outdoor ventilation in buildings is important as it impacts 
indoor air quality (IAQ) and energy. Once building loads are reduced, the next is using 
energy-efficient equipment and on-site DER generation. The gain is especially true 
when energy efficiency and integration of DERs are selected early in the design 
process [4]. Using energy modeling and simulation can help eradicate human error by 
recognizing the least expensive factors for GEBs. 

The less energy the building needs to operate, the less renewable energy it will 
need to produce on-site. This may be achieved by implementing efficient heating, 
ventilation, air conditioning (HVAC), lighting, and smart plug loads other than 
maintaining effective passive design approaches when possible. Energy from on-site 
DERs may be distributed through transmission means other than the electricity grid, 
such as charging electric vehicles [5]. 

This paper addresses several practices in designing and deploying GEBs, both 
new and old. It is organized as follows: Section 2 describes the proposed framework 
of the GEB within a microgrid and smart grid. Section 3 reviews the various system 
modeling and simulation techniques implemented in designing GEBs. Section 4 
describes the concepts of energy efficiency and sufficiency analysis. Section 5 
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presents human-cyber-physical security as a major enabler of GEBs. Section 6 deals 
with conclusions and future directions. 

2. Grid-interactive efficient buildings

The definition of GEB by the U.S. Department of Energy (DOE) Building 
Technologies Office involves using smart technologies that actively employ DERs to 
optimize energy usage for grid service and occupant needs while reducing costs 
consistently [5]. In addition, the American Society of Heating, Refrigerating, and Air-
Conditioning Engineers (ASHRAE) further elaborates that GEBs engage proactively 
with the energy grid by utilizing renewable energy sources, energy storage systems, 
and smart technologies to optimize energy consumption and generation. This enables 
GEBs to respond to grid signals in real-time, lowering overall demand and GHG 
emissions [6]. GEB is a cutting-edge building designed to interact in both directions, 
meaning it can take in and give out energy. It is built or retrofitted in a way that 
seamlessly combines energy efficiency with DR and load flexibility (LF). By 
implementing DR and LF, the GEB can effectively reduce the overall electrical power 
consumption during peak demand periods. This ensures that the utility power grid 
operates stably and cost-effectively. This approach benefits the grid and consumers by 
lowering peak demand charges, resulting in economic advantages. Figure 2 illustrates 
the architecture of a proposed GEB that contributes to the overall grid-level energy 
efficiency. Such a building can decrease the amount of electricity demanded and 
reduce utility costs without compromising the safety and health of its occupants. 

Figure 2. A proposed architecture for a grid-interactive efficient building. 

DR is the modification of consumers’ demand for energy consumption. It 
provides major services, including energy management and storage. Electric utilities 
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use these services to compel their users to reduce or shift energy consumption from 
high-cost hours to low-cost hours of the day [7]. LF, also referred to as demand 
flexibility, is a valuable feature offered by DERs that allows for the manipulation of 
electricity through reduction, shedding, shifting, or generation. This technology not 
only reduces energy consumption but also provides the grid with flexible building 
loads. As the grid becomes increasingly complex, demand flexibility is crucial in 
maintaining reliability, improving energy affordability, and integrating various 
generation sources. Advanced controls can manage electrical loads in buildings, 
allowing them to operate at specific times and varying output levels. For example, 
space conditioning is a particularly significant and distinct load use due to its size, 
dependence on weather, and contribution to peak demand and grid congestion. It also 
affects occupant comfort, productivity, and health and interacts with the building 
envelope [3]. 

Smart metering is a prerequisite and starting point for effectively implementing 
smart grids and GEBs. For electricity providers to deliver intelligent services to 
customers, bidirectional metering interfaces should be used to obtain customers’ 
energy demand information. Data collected from smart meters, building management 
systems, and weather stations can be used by artificial intelligence (AI) techniques and 
machine learning algorithms to infer the complex relationships between energy 
consumption and other variables such as temperature, solar radiation, time of day, and 
occupancy [8]. This intelligent interaction with the grid allows for better management 
of both energy generation and consumption in response to grid conditions. 

Wireless sensor and actuator networks (WSAN) as part of the Internet of Things 
(IoT) represent a rapidly expanding area of research. They can convert analog signals 
into digitally encoded signals for direct communication over a network for onward 
transmission to other intelligent devices for control and measurement purposes. They 
can process, analyze, and transmit this data to locations across a network for use in 
various applications [4]. The function of sensor intelligence can vary between “think 
for itself” or be part of a “think as a group” methodology in which sensors and a central 
data analyzer perform together. The WSAN is a part of the field level of the building 
automation and control system (BACS). The majority of larger (100,000 sq. ft. or 
above) modern buildings today have BACSs that are capable of continuously 
monitoring the status of the building's energy consumption through the WSAN 
connected to the HVAC, lighting, plug loads, ventilation, and other auxiliaries in the 
building like the elevator [9]. With the growing installation of photovoltaics (PV), 
building energy management platforms, and DR-enabled smart devices, traditional 
energy operation is evolving from a unidirectional utility-to-consumer model into a 
more distributed bi-directional power flow paradigm. Each node of the network may 
have several sensing units, which can measure physical variables, such as temperature, 
humidity, and vibration, to record and react to an event or a phenomenon. 

A significant architectural resolution for a GEB is the level at which various 
flexibility modes are combined within a building, both for an individual grid service 
and across services. Devices can directly interact with the grid, market, or any other 
external entity. On the other hand, a building can coordinate with its resident devices 
and interact with the utility smart grid or external entities [3]. Additionally, co-located 
buildings can collaborate and provide services at different levels. 
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3. System modeling and simulation

Building energy estimation can proceed through information gathering, modeling, 
simulation, corrections, and monitoring, as shown in Figure 3. Studying the impact of 
buildings’ energy consumption can be divided into three stages [10]. First, information 
must be gathered or assumed, and a model will be created by referencing either the 
planning process or a simulated building. Second, the energy attributed to the building 
during its construction or calibration must be re-evaluated, using actual energy data if 
available. Third, the actual energy consumption of the building post-construction must 
be evaluated. 

Figure 3. The process of energy estimation in a building. 

3.1. Energy forecasting 

The building energy model emulates the physical attributes of buildings under a 
given environmental condition [11] and simulates how buildings are operated to 
achieve indoor set points. The implementation of BACS can be explored by using 
models and simulations of buildings and the corresponding grid interfaces, which 
facilitate their potential participation in future market structures through energy 
forecasting. To maximize energy efficiency, accurate and consistent energy forecasts 
are crucial. These forecasts rely on different factors such as historical trends, weather 
patterns, tariff structures, and occupancy schedules. The building’s thermal mass is 
the most promising grid service from an aggregate capacity perspective, which can 
help to shed and shift HVAC load. By optimizing the HVAC and lighting systems, 
energy forecasts can be of great help in achieving this goal. 

There are three broad categories for predicting energy consumption: engineering 
(white-box models), AI-based (black-box models), and hybrid (grey-box models), as 
shown in Figure 4. White-box models use thermodynamic equations to estimate 
energy consumption, while black-box models use historical data and statistical models 
to predict future energy use. Grey-box models use a combination of both physical and 
statistical methods. In recent years, black-box models have gained popularity due to 
their ease of use and ability to provide optimal solutions [12]. 

Figure 4. General categories of building energy forecasting models. 
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EnergyPlus™ is a popular white-box model for developing detailed physical-
based building energy models [13]. Since some advanced control strategies are 
difficult to implement directly in EnergyPlus™, co-simulation provides a solution to 
conduct a two-way input/output data exchange between EnergyPlus™ and other tools 
for controls [14,15]. The time-series control variables are calculated by the 
EnergyPlus™ engine and passed to the external tools at each timestep. Then, the 
external tools calculate the control signal and return this to the EnergyPlus™ engine. 
This signal is used for the next timestep calculation. EnergyPlus™ has been commonly 
used in system modelling for supporting various GEBs [16,17]. 

Resistive-capacitive networks are one of the popular gray-box models that are 
considered simplified physical-based building energy models [18–20]. They may be 
used to model the thermal dynamics in digital twins of GEBs, which have become an 
emerging method for building energy modeling and simulation. In this regard, Mai 
and Chung [21] proposed a modelling framework for economic model predictive 
control that used an RC network model of a building that strongly relates to the power 
consumption of the HVAC system. 

Data-driven models are one of the candidates for the research to support GEBs 
when historical data or measured data are provided using the neural network model 
[22]. Chellaswamy et al. [23] developed a new framework for residential building 
energy management systems with PV. A convolutional neural network was used to 
estimate the relationship between the PV array power and meteorological datasets. 

3.2. Human-in-the-loop (HiL) 

A comfortable indoor environment should be one of the primary services 
buildings provide. Nowadays, all thermal comfort standards include recommendations 
concerning indoor thermal conditions for both the design and operation of buildings. 
At its core, HiL focuses on enabling built environments that can learn, adapt, and 
evolve at different scales to improve the quality of life of its users while optimizing 
resource usage and service availability. Since these aspects are at the core of HiL, it is 
thus imperative to extend existing modelling tools and practices with this new 
emphasis [24]. A paradigm shift from ‘set-point-based’ control to ‘perception-based’ 
HiL control of buildings is necessary to increase comfort, reduce energy consumption, 
and support the transition to clean energy. However, considering these aspects in the 
building design phase would also be beneficial. 

Indoor human comfort has been categorized into thermal, visual, and acoustic 
environments in addition to the IAQ. Although thermal and visual comfort are 
interrelated, these have been evaluated separately. Currently, the most frequently cited 
thermal comfort standards, namely ASHRAE 55:2020 [25], ISO 7730:2005 [26], and 
EN 16798-1:2019 [27], which was formerly EN 15251:2007 [28], propose 
requirements based on the Fanger model [29] (beyond also including other 
approaches), which solves the heat balance equations between the human body and its 
surroundings, represented as a uniform environment. Fanger defined the “predicted 
mean vote” (PMV) as an index that predicts the mean thermal sensation vote on a 
standard scale for a large group of persons exposed to a given combination of 
metabolic activity level, clothing insulation, and thermal environmental variables. 
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Based on the theory of thermal comfort, Segovia et al. [30] presented an outline 
of a temperature controller. It uses fuzzy logic to optimize comfort and reduce energy 
consumption. The controller allows multiple inputs from more than one user to set a 
temperature setpoint. The control logic was developed in MATLAB using the 
Simulink tool in the simulations. Energy use was optimized, resulting in a reduction 
of energy consumption between 22% and 31%. 

3.3. Building Information Modeling (BIM) and digital twins 

In the complex critical construction industry, buildings cannot be designed, built, 
and maintained without creating virtual models. This is comprised of big data, which 
refers to the vast quantities of information that have been stored in the past and 
continue to be obtained continuously. Primary sources of big data in buildings include 
people who are continuously generating and sharing information, information 
technology (IT)—enabled construction devices that gather and store data, and holistic 
systems such as BIM [4]. 

Incorporating digital technologies presents an excellent opportunity to reduce 
energy demand while enhancing comfort. This transformation is in line with the 
continuous progress in communication and information technologies as well as the 
advancement of interconnected and intelligent grids. Moreover, improving the energy 
efficiency in buildings can result in cost savings for owners and occupants and 
potentially better indoor comfort levels [31]. Digital twinning techniques were first 
used in aerospace and manufacturing, but now they are used in various applications 
throughout a building’s life cycle (Figure 5). A digital twin refers to a digital or 
mathematical model of a physical asset that incorporates sensor readings and a data 
exchange mechanism between the digital model and the physical asset [32]. With the 
help of a building WSAN, the BIM models can be extended into digital twins, which 
reflect in a more precise way the behaviour and properties of the modeled building 
during any phase of its life cycle [33]. 

Figure 5. Digital twins for a grid-interactive efficient building. 

4. Energy efficiency and sufficiency

There are two common ways to use self-generated solar energy in GEBs: on-grid 
and off-grid. In the off-grid option, a building has solar panels but isn’t connected to 
the grid. In this case, the building must use all the energy panels produce through direct 
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consumption or storage. On the other hand, in the on-grid option, a building has solar 
panels that can either use or export the produced energy to the grid. This is a common 
option, especially in urban areas [34]. 

Most studies on urban PV's impact on the grid only considered rooftop PV 
systems, mostly because of their maturity, easy integration, and low cost. However, 
the strong decrease in prices of PV systems, which is likely to continue in the coming 
years [35], facilitates the integration of PV on vertical façades as economically viable. 
This opens engaging perspectives in urban environments where the available area on 
façades is sometimes much larger than on roofs [36]. 

PV systems can be distinguished based on their operational and functional 
requirements, their possible configurations, and the nature of equipment connection to 
other power sources and electrical loads [37]. To achieve the desired voltage, a series-
parallel combination of PV panels is used according to the maximum voltage and 
current of the inverter. 

For optimized PV generation, it is essential to quantify the capabilities of the 
GEB. PV electricity estimation helps the GEB operator determine the PV electricity 
that can be generated over different periods of the day. This can be estimated using 
solar irradiance data with PV module parameters, inverter parameters, site location, 
array configuration, and other weather forecast information [9] as shown in Figure 6. 
The performance of PV systems typically decreases when operating conditions deviate 
from the nominal operating cell temperature due to environmental factors, such as 
wind distribution, dust density, temperature, and humidity changes, resulting in 
thermal losses and open-circuit voltage drops. 

Figure 6. Components of a GEB PV electricity generation system. 

Optimizing the performance of PV energy is a crucial task that requires careful 
planning and analysis. Optimal PV configuration is highly dependent on the local 
context. Differences in latitude and longitude significantly impact the integration of 
the façade. Computational resources are valuable assets, providing engineers and 
researchers with tools to model, simulate, dimension, and design PV systems. 

Various tools are developed to help with the design, performance assessment, and 
economics of PV systems. A detailed study is necessary for the general architecture of 
the GEB PV system, maximum power point tracking algorithm, inverter 
synchronization, and grid connection [38,39]. One such tool is PVSYST, which can 
analyze the entire PV system, including stand-alone, grid-connected, pumping, and 
DC-grid PV systems. EnergyPlus™ can simulate PV production and estimate the 
incident solar radiation on each building surface. MATLAB/Simulink is also utilized 
for analyzing the performance of the PV system based on its current-voltage-power 
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characteristics, inverter voltage, gird voltage and current, power factor, and total 
harmonic distortion under different environmental conditions. 

5. Human-cyber-physical security (HCPS)

The HCPS is a seamless integration of human and computational entities with the 
physical world and its processes [40]. This is realized as an efficient embedded 
application that engages physical infrastructure with cyber computation to accomplish 
functional security desires. In this paper, security incorporates cyber and physical real-
world consequences, including safety, real-time surveillance involving structural, 
energy efficiency, and other human-centric values such as health and comfort. The 
above integration is happening within the building through WSAN to environmental 
data and technical services while engaging stakeholders in the process [4]. In the above 
scenario, human roles as a designer, operator, or occupant have changed as knowledge 
has evolved. The role has transformed into a smart and skilled one that leverages 
human skills supported by information and technology to ensure the long-term 
sustainability of operations and promote the occupant’s well-being in various 
situations [41]. 

The rise of the WSAN and other sweeping technology initiatives is creating a 
huge wave of technology adoption at every system architecture level. WSAN devices, 
in particular, are a potential weak point for security because they do not generally have 
the processing power to manage increasingly complex security protocols and 
encryption schemes [42]. They are more vulnerable to attack than computers or mobile 
phones, not only because of the surge in the use of WSAN devices but also on account 
of the complexity, diversity, and inherent mobility of such device application scenarios 
[43]. At the same time, WSAN has developed rapidly but has not yet matured. 
Therefore, there is a need to adopt a standardized approach to IT and architecture that 
leverages the WSAN and enables a future path to data analytics and edge intelligence 
by offering secure mass deployment of WSAN technologies that also allow for 
continuous monitoring and control of user access [44]. 

In general, there are three main issues for GEBs seeking to create a secure 
experience for their occupants: security planning and governance; security practices 
that can be enhanced by embracing some safety principles; and focus on the security 
lessons being learned in the convergence of IT (servers, laptops, and workstations) and 
operational technology (OT) (HVAC, lighting, elevators, fire alarms, etc.). The 
security goals of a GEB, including confidentiality (privacy and authorization of access 
to data or information), integrity (trustworthiness of the data or information storage), 
availability (availability of the systems and associated functions when required), safety, 
and resiliency (predict, absorb, and recover from disturbances), should be grounded 
on both the objectives of IT as well as those of OT. This holistic approach reflects any 
attack on a GEB and probably on a community that can pose impacts and risks to 
human safety. 

The HCPS concept is becoming significant in the security agenda of the GEBs. 
Figure 7 displays a proposed HCPS architecture for a GEB. In-building physical 
components and WSAN devices are located in the field layer. These assets require 
monitoring tasks such as surveillance (to detect physical intrusion), environmental 

115



Building Engineering 2024, 2(1), 1301. 

(such as temperature, humidity, smoke, and fire), structural (vibration and 
deformation), energy efficiency, and other human-centric values. Some WSAN 
devices would be deployed to monitor the environment and structural integrity of the 
building. Other devices monitor the deployment area so that “physical intrusions” are 
detected. It means that the monitors also need to be monitored [45]. The WSAN 
gateway acts as an interface between the in-building and the outer network entities. 
The AI-based intrusion detection and prevention system (IDPS) monitors both ingress 
and egress traffic to detect cyberattacks and to protect the building from cyberattacks. 
At the supervisory level and other levels, there is a human-machine collaboration 
through knowledge and operation to implement security policies, perform 
maintenance, upgrade the system, and facilitate intervention. It also provides a 
reconfigurable interface between the cyber and physical parts of the building. The AI-
based detection and analytics module gathers sensed data from the IoT sensing module 
and performs data preprocessing. It uses AI tools for physical event detection and 
prediction. The controller makes decisions based on the results obtained from the data 
analysis. It may generate control signals for actuators to activate the alarm system. It 
can also communicate with external entities (if policy allows) through the building 
gateway. Such entities include public safety and emergency management authorities. 
The alarm system is responsible for conveying alert messages to in-building 
occupants. The components in this architecture are assumed to be protected by 
standard cryptographic mechanisms [46]. GEBs or smart grid operators may also 
subscribe to cloud services for cyber security, energy management, data storage, and 
analytics [47]. 

Figure 7. A proposed HCPS architecture for a GEB. 
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6. Conclusions: Looking ahead

Electrification provides a significant way to reduce carbon emissions and 
increase energy efficiency in buildings. Implementing the smart utility grid regulations 
and tariffs in GEBs benefits utilities, customers, and the environment. However, 
certain infrastructure challenges exist and must be addressed, particularly on the 
distribution grid. This matter requires a significant amount of funds to mitigate [48]. 
Additionally, new, simpler approaches to managing the proliferation of large numbers 
of GEBs need to be explored. 

GEBs are gaining popularity due to their potential sustainability performances 
through their capability to learn, adapt, and evolve at different scales to improve the 
quality of life of their users while optimizing resource usage and service availability. 
Without new architecture and control techniques that move the distribution system to 
an open-access network, the industry will not progress toward full decarbonization 
quickly enough. This is achieved by implementing management and control measures 
enabled by smart grid technologies, interoperability, and HCPS. However, the 
research of these technological solutions still faces the challenge of maturity and 
availability of some technologies that would optimize GEB implementation. Other 
challenges include a lack of communication and control infrastructure, interpretability, 
security, cost barriers, and difficulties balancing occupant needs with grid benefits. 

Finally, advancing the state of the art in GEBs can be achieved through energy 
efficiency, DERs, and demand flexibility. The resulting GEB developments should 
pave the way for cleaner, more efficient, secure, and healthy buildings. By merging 
grid-interactive approaches into building design and operation, it will be possible to 
establish a sustainable and robust future for the built environment, ensuring a smooth 
transition to zero-carbon buildings. 
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Abstract: To study the variation of environment in the professional classroom during lecture 

hours, multiple field experiments and intervention experiments on indoor and outdoor 

temperatures were conducted in a university professional classroom in Shaoxing during the 

spring. Environmental data, including indoor and outdoor temperatures, relative, and CO2 

concentrations, were recorded every 5 min. Volatile organic compounds (VOC) were sampled, 

and indoor air quality was evaluated repeatedly. Results showed that the classroom’s average 

indoor air temperature ranged from 17.8–29.2 ℃, the average indoor relative humidity from 

34.5%–91.0%, the average CO2 concentrations from 921.6–1805.2 ppmv, and total VOC 

concentrations from 330–682 ppbm. The subjective evaluation conducted during the 

intervention experiments indicated a significant increase in perceived odor intensity upon 

entering the classroom. When the CO2 concentration reached 2000 ppmv, the satisfaction and 

acceptability of the air quality for the subjects and invitees decreased significantly. In the 

temperature range of 17–31 ℃, the CO2 emission rate of the human body was estimated to 

increase by 0.78 L/h for every 1 ℃ increase in temperature. To maintain the indoor CO2

concentration at 1000 ppmv, the required ventilation rate for each person must be increased by 

0.25 ± 0.3 L/s. 

Keywords: classrooms; VOC; CO2 concentration; CO2 emission rate; intervention 

measurements 

1. Introduction

Classrooms are the primary locations where students acquire knowledge, with
students spending more than 40% of their time in these spaces [1,2]. Indoor pollutant 
levels of 2–5 are several times those of outdoor pollutants [3,4]. The reasons behind 
this include crowded classrooms, short break times, low ventilation during breaks, 
inadequacy in providing fresh air, absence of mechanical ventilation, unplanned 
construction of ventilation systems, factors bringing pollutants from the outdoors, and 
the existence of impermeable windows [5,6]. Almost all students are exposed to indoor 
air in school buildings during their educational lives. In these institutions, pollutants 
from several sources have a negative impact on the health, comfort, and performance 
of students and employees, especially affecting memory, concentration, and learning 
abilities. Therefore, the air quality inside the classroom is a key indicator for 
measuring students’ learning comfort and learning efficiency. In schools, it is 
important to create a favorable teaching and learning environment. The air quality 
inside classrooms depends on air temperature, humidity, radiation, internal lighting, 
air flow, activities, clothing, and climate change and has a significant impact on the 
physical and mental health of students. 

The deterioration of indoor air quality is caused by a combination of outdoor 
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pollutants entering classrooms and indoor sources of pollutants [7,8]. In the research 
field of indoor environments, indoor CO2 concentration, content, and concentration of 
volatile organic compounds (VOCs) can be regarded as a measure of indoor air quality 
affected by human pollutants [9]. 

Regarding CO2 concentration studies, previous research has shown that the 
higher the CO2 concentration, the worse the quality of brain work [10,11]. When the 
CO2 concentration reaches 1000–2000 ppmv, people feel cloudy air and have 
difficulty breathing. When it exceeds 2000 ppmv, it may contribute to an increase in 
pulse rate, blood pressure, and skin temperature, causing headaches, drowsiness, 
fatigue, nausea, impaired concentration, and decreased mental and physical working 
capacity [12–14]. It is evident that there is no universally defined standard for indoor 
CO2 concentration limits across countries. The US ASHRAE standard (2016) 
recommends a maximum daily mean indoor CO2 concentration of 1000 ppmv and that 
the indoor-outdoor differential concentration should not exceed 700 ppmv. The UK 
BS EN 15251 standard (2008) stipulates indoor and outdoor CO2 concentration limits 
for different indoor air quality levels. The German VDI 6022 Part 3 standard (2011) 
specifies a maximum CO2 concentration of 1500 ppmv in classrooms. The Chinese 
GB/T18883 standard (2012) refers to the 1000 ppmv CO2 concentration recommended 
by the ASHRAE standard. 

Many previous studies have used ordinary classrooms as settings to illustrate the 
range of changes in indoor CO2 concentrations. These studies encompassed various 
scenarios, including natural ventilation [15–18], mechanical ventilation [12,19], both 
ventilation modes combined [20–22] the utilization of air purifiers [23], and the 
implementation of a human respiratory heat model [24]. 

Most of these studies were conducted in summer or autumn; ordinary classrooms 
were selected as the study sites, and multiple classrooms were monitored 
simultaneously to obtain the maximum and minimum values of CO2 concentration. 
Population density ranged from 0.01–0.59 (person/m2), resulting in a wide range of 
CO2 concentration fluctuations. 

Regarding research on VOCs, numerous studies have shown that indoor exposure 
to VOCs can lead to significant adverse health effects and pathological architectural 
syndrome [25,26]. Particularly, pollutants emitted by building decorations, such as 
volatile benzene gases and aldehydes, can harm the human body for a long time. In 
addition, some buildings are not well ventilated, with limited pollutant dilution 
capacity, and long-term exposure or excessive inhalation of VOC can lead to 
malignant diseases, such as cancer and leukaemia, as well as obvious adverse effects 
on the human respiratory, cardiovascular, and nervous systems, causing irreparable 
damage to the human body. Apart from VOCs usually derived from indoor materials, 
furniture, and permeating air [27], VOCs originating from indoor spaces have also 
attracted new attention, especially in dense spaces, such as classrooms and lecture 
halls in education buildings, where human emissions may be an important source [28]. 
For example, VOC emissions produced by humans (from skin or breath) [29], clothing, 
personal possessions [30], and activities such as smoking and using personal care 
products [31]. In addition, the presence of humans in indoor environments reduces 
ozone concentration, and the reaction between ozone and human skin oil remaining 
on hair and clothing can contribute to indoor VOCs [32]. Many previous studies have 
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analyzed VOC components in ordinary classrooms. For example, in the condition of 
natural ventilation [26,33], in the condition of mechanical ventilation [34,35], in the 
above two ventilation modes [36,37], the utilization of air purifiers [38], and in the 
condition of heating [39]. Most of these studies were mainly conducted in summer or 
winter, and ordinary classrooms were selected as the study site; multiple classrooms 
were monitored simultaneously to obtain the components of VOCs, while the 
detection interval was longer, usually before and after class. 

In the study of indoor ventilation, good and effective ventilation methods can not 
only meet people’s requirements for the indoor environment but also reduce the loss 
of indoor energy. Simultaneously, good ventilation can remove indoor pollutants and 
achieve clean indoor air. Therefore, ventilation is considered an important measure for 
improving indoor air quality. However, there is no standardization of the limit value 
of classroom ventilation rates. The US ASHRAE Standard [40] and Australia [41] 
provide ventilation rates corresponding to different age groups with different 
population densities. The UK BS EN 15251 standard [42] recommends the required 
ventilation rate for each individual at three indoor air quality levels. The German VDI 
6022 Part 3 standard [43] indicates an average ventilation rate of 30 m3/h for each 
person. The Chinese GB 50736 Standard [44] is based on the US ASHRAE standard 
and provides the corresponding value of required ventilation rates for each individual 
based on different population densities. 

Previous studies have examined ventilation rates [6,7,14,15,45,46]. However, 
most of them recommend values of ventilation rates required to eliminate 
anthropogenic pollution in classrooms under a single temperature condition without 
considering the effect of temperature on human biological emissions. This approach 
has some limitations. 

In summary, (1) Most previous studies focused on the measurement method, with 
a few combining it with a questionnaire. Evaluating indoor air quality grade is closely 
related to the impact of environmental pollution on human health, and the influence of 
the environment on the subjective perception of the human body should be considered. 
(2) Most studies represent the internal air quality of classrooms during specific seasons;
based on test results from several classes in a certain season, only a few studies have
conducted continuous monitoring of indoor air quality. To avoid the risk of
environmental pollution, the relevant departments can timely and effectively control
and rectify the unqualified air quality to ensure a safe and healthy environment; the air
quality inside the classroom should be continuously monitored; (3) Previous studies
have focused on ordinary classrooms, whereas there are few studies on professional
classrooms (such as architectural classrooms). The class content in ordinary
classrooms is primarily taught by teachers, whereas that in professional classrooms is
relatively rich (e.g., teacher lectures, group discussions, program reports, drawings,
and models). The different behaviors of indoor personnel have a significant impact on
indoor air quality.

Therefore, the innovative points include 1) the real-world classroom scenarios 
with 100 min, 2) the combination of field and intervention studies; 3) the combination 
of objective measures and subjective surveys; 4) the continuous monitoring for sixteen 
weeks; and 5) the professional classroom with relatively rich classroom content. The 
scientific contributions are mainly reflected in that this study conducted field 
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measurements in professional classrooms to investigate air quality during daily 
classroom lectures. Intervention experiments were also conducted to study the effects 
of temperature on indoor air quality in real-world classroom scenarios. The 
engineering application potential of this study includes: 1) This study aimed to 
supplement information on the environmental characteristics of professional 
classrooms and provide reference data for improving the relevant ventilation standards. 
2) This study has certain reference value for the study of the indoor thermal
environment and air quality of university professional classrooms. 3) This study will
continuously promote the research and development of teaching environments and
improvement countermeasures in university professional classrooms. In summary, this
study’s real-world classroom scenarios and comprehensive measurements will provide
valuable data for improving ventilation standards and promoting research and
development in professional classroom environments.

2. Experimental methodology

The study was conducted in a classroom at a university in Shaoxing, Zhejiang
Province, for 16 consecutive weeks from 28th February to 20th June in 2022 (spring 
and summer). The classroom was naturally ventilated before each test, and all 
windows and doors were closed during the class. There are 16 experiments together, 
and they were completed in the same classroom from 8:00 a.m. to 9:40 a.m. every 
Monday. Indoor temperature, relative humidity, CO2 concentration, and total volatile 
organic compound (TVOC) concentration were measured separately during class. 

The purpose of 12 field measurements was to study the characteristics of the 
classroom’s indoor environment and changes in the indoor air quality. The other 4 
interventions (2 in spring and 2 in summer) were designed to provide a more thorough 
analysis of the impact of indoor air quality and students’ comfort levels in the 
classroom. Therefore, the composition of indoor VOCs was determined, and the 
results of the subjective evaluation of the perceived air quality in the classroom were 
analyzed. 

2.1. Experimental subjects 

2.1.1. Experimental classroom 

The classroom used in the experiment was located on the first floor of a teaching 
building on the Hexi Campus of Shaoxing University. As shown in Figure 1, the 
dimension of the classroom is 9.9 m × 7.2 m × 3.2 m (length × width × height). The 
classroom’s south wall is an external wall, with three external windows of 1.80 m × 
2.56 m, which were all closed during class, and the size of the inter-window wall is 
1.125 m. The windowless north wall is adjacent to the corridor, and there are front and 
back doors with both 1.2 m wide in the north wall. The front and back doors were 
opened randomly during breaks. The corridor is 1.8 m wide, and the dimensions of the 
three windows in the corridor, the state of the window closure, and the size of the inter-
window wall are the same as those on the south wall. The east and west walls are 
windowless interior walls. Floor-type air conditioners were placed in the southwest 
corner of the classroom for indoor temperature control. There were six ceiling fans in 
the classroom that were not opened during class, and there was no mechanical 
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ventilation system. The size of the desk is 0.65 m × 0.4 m × 0.76 m (length × width × 
height); the transverse and longitudinal spacing between the desks is 0.66 m and 0.8 
m, respectively. It should be noted that the four adjacent rooms were all architecture 
classrooms, which were refreshed in January 2022, and furniture such as desks and 
chairs was also replaced in January 2022. 

Figure 1. Classroom plan. 
Note: the temperature, relative humidity and CO2 concentration were measured in number ‘1, 2 and 5’, 
TVOC was measured in number ‘3’ and VOCs was measured in number ‘4’. 

The front and back doors are randomly opened during recess and are all closed 
during class. The front and back doors are randomly opened during recess and are all 
closed during class. The front and back doors are randomly opened during recess and 
are all closed during class. There is a front door and a back door, both 1.2 m wide. 

2.1.2. Characteristics of the subjects 

Each lecture lasted 45 min, with a 10-min break. The classroom was exclusively 
for architectural students, designed specifically for architectural instruction. The 
course content for each class was tailored to meet the requirements of the major, as 
shown in Table 1. 

Table 1. Course content for each week. 

Number of weeks Course content 

0–45 min 55–100 min 

1 TL, GD, RS, SD TL, GD, RS, SD 

2, 3, 5, 6, 7, 9, 10, 11, 13, 14, 15 TL GD, SD 

4, 8, 12, 16 GD, AF RS 

Teacher lecture (TL): When the teacher is lecturing, the teacher utilizes 
multimedia and a laser pointer together for teaching (the classroom is not equipped 
with chalk), walks back and forth at random sometimes, and talks. The students 
remained seated, listened to the lectures, and took notes. Random answers to questions. 

Group discussion (GD): During the group discussion, the teacher walked back 
and forth and answered questions. Students sat in groups of 5–6, maintaining their 
positions while conversing. 
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Report on stage (RS): While reporting on stage, the teacher stood up, listened, 
and asked questions. Students stood on the platform, delivering presentations lasting 
10 min each, with four students presenting each time. The other groups were also able 
to ask questions. 

Student drawing designs (SD): For students drawing designs, the teacher walks 
back and forth randomly to answer questions. Students sit or stand to draw designs, 
and everyone uses a laptop to communicate with each other. 

Analogue formation (AF): When creating the model, the teacher walked back and 
forth randomly to answer questions. Students sat or stood to create models and 
communicate with one another. 

There were 26 students (20 males and 6 females) in this professional class in full 
attendance. The personal information of the 26 students is shown in Table 2. The 
students attending the class were 19 ± 1 year old, with an average skin surface area of 
1.82 ± 0.17 m2 and a body mass index of 20.77 ± 2.60 kg/m2. All the students were in 
good health and did not engage in smoking and other bad habits. Furthermore, there 
was a female teacher and an experimenter in the classroom. Considering the absence 
of any students, the population density in the classroom should be 0.32–0.39 
persons/m2. However, not everyone left the classroom during the 10-minute break, and 
the study did not count how many students stayed in the classroom during the 10-
minute break in the 16 experiments. The number of students in the classroom for each 
experiment is listed in Table 3. 

Table 2. Personal information of subjects and invitees (mean value ± standard deviation). 

Role Number of persons Height (m) Weight (kg) Age (years) Average skin surface area (m2) Body mass index (kg/m2) 

Subjects 20 males/6 females 1.75 ± 0.16 70.7 ± 20.21 19 ± 1 1.82 ± 0.17 22.77 ± 2.60 

Invitees 13 males/13 females 1.72 ± 0.07 70.1 ± 15.56 23 ± 1 1.76 ± 0.25 22.26 ± 5.50 

Note. Skin surface area = 0.202 × (weight)0.425 × (height)0.725 [47], Body mass index = weight/height2. 

Table 3. Number of students and population density of classrooms during each measurement. 

Number Date Total number of persons Males Females population density (person/m2) 

1 28th, eb. 28 20 8 0.39 

2 7th, Mar. 28 20 8 0.39 

3 14th, ar. 28 20 8 0.39 

4a 21st, ar. 27 20 7 0.38 

5b 28th, Mar. 26 20 6 0.36 

6 4th, Apr. 28 20 8 0.39 

7 11th, pr. 28 20 8 0.39 

8 18th, pr. 28 20 8 0.39 

9 25th, pr. 27 20 7 0.38 

10 9th, May. 25 19 6 0.35 

11 16th, ay. 23 18 5 0.32 

12 23rd, ay. 28 20 8 0.39 

13 30th, ay. 27 20 7 0.38 

14 6th, Jun. 28 20 8 0.39 

15A 13th, un. 26 18 8 0.36 

16B 20th, Jun. 28 20 8 0.39 

Another group of 26 postgraduate students in a professional class were invited 
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for sensory assessment in the intervention measurements. Their personal information 
is shown in Table 3. The invitees were 23 ± 1 years old, with an average skin surface 
area of 1.76 ± 0.25 m2 and a body mass index of 22.26 ± 5.50 kg/m2. All students were 
in good health, and the male-to-female ratio was 1:1. There were no significant 
differences in the anthropometric data. 

2.1.3. Characteristics of the vocational class studied 

The architectural design course of architecture major has the following 
characteristics: the lecture is taught by the teacher in the first 45 min, then the students 
draw with a laptop, and they could communicate with others in the second 45 min. At 
the same time, the teacher could arrange for the students to report the drawing content 
irregularly in the second 45 min. The architectural design courses are taught in this 
form in universities in China. The architectural design is the main course for 
architecture major, consisting of architectural design (1) to (8), with one architectural 
design course per semester. 

2.2. Experimental procedures 

The detailed steps of the basic and interventional measurements are shown in 
Figure 2. Before the basic measurement, the students entered the classroom 
successively, and the environmental measurements began at 8 a.m. (i.e., 0 min for the 
lecture). These measurements included an unceasing monitor of the air temperature, 
relative humidity, and CO2 concentration. The TVOC concentration was recorded 
intermittently every 5 min at 0, 20, 40, 55, 75, and 95 min during class. There was a 
10-minute break between classes from 8:45 a.m. to 8:55 a.m., allowing students to
enter and exit the classroom freely through the front and back doors. At other times,
the classroom doors and windows were closed.

Figure 2. Procedures for basic and intervention measurements. 

The intervention measurements and the basic measurement process were 
essentially the same, but with some differences. (1) For the intervention group (tests 5 
and 16), the indoor temperature was maintained at 25 ± 1.5 ℃ using an air conditioner, 
while for the control group (tests 4 and 15), the indoor temperature changed naturally 
without an air conditioner. (2) Volatile organic compound sampling was conducted 
for 100 min before and during the class in all four intervention measurements. (3) 
Subjective evaluations of classroom air perception quality were collected from the 
subjects and invitees during the class in the four intervention measurements. The 
subjects were in class all the time, and they completed the questionnaires three times 
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at 0, 45, and 100 min; the invitees came in at 0 and 100 min, and they completed the 
questionnaires twice at 0 and 100 min, respectively. 

2.3. Environmental element measurements 

The instruments and parameters used for these 16 measurements are listed in 
Table 4. The indoor CO2 concentration, temperature, and relative humidity were 
continuously recorded using a TR-76 Ui-s instrument at 1-min intervals. Prior to 
formal measurements, all instruments were calibrated by certified quality inspection 
agencies. The TVOC concentration was measured using a portable VOC detector (TSI 
EMV-7) calibrated with isobutylene as the standard gas before using the instrument. 
TVOC concentrations were recorded intermittently every 5 min at 0, 20, 40, 55, 75, 
and 95 min during class with data recording intervals of 1 s. Finally, the average value 
at 5 min was considered the indoor TVOC concentration value of the corresponding 
period. The three measurement points shown in Figure 1 as 1, 2, 3, 4, and 5 were 
arranged on a desk along the room diagonal at equal intervals in the horizontal 
direction. The table is 0.76 m high. Considering that students sit in class, we can avoid 
blocking the sight with instrument shelves. Obtain a more complete representation of 
the temperature, relative humidity, and CO2 concentration distributions in the 
classroom. The TVOC concentration had only one measurement point, located at the 
centre of the student. As shown in Figure 1, the temperature, relative humidity, and 
CO2 concentration were measured in numbers ‘1, 2, and 5’; TVOC was measured in 
number ‘3’; and VOCs were measured in number ‘4’. It should be noted that, owing 
to the needs of the experiment, the three desks were empty; that is, no students were 
sitting there during class. 

Table 4. Instrument specifications. 

Measured parameters Instruments Manufacturers Measurement range Measurement accuracy Recording interval 

Temperature (℃) TR-76 Ui-s T&D 0–55 ± 0.5 1 min 

Relative humidity (%) 10–95 ± 2.5% 1 min 

CO2 (ppmv) 0–9999 ± (50 ppmv + 5% reading) 1 min 

TVOC (ppbm) TSI EMV-7 TSI 0–500000 ± 5% 1 s 

In addition to these parameters, VOCs were also sampled from the intervention 
measurements (Tests 4, 5, 15, and 16). An automatic sampler GSP-400FT (GASTEC) 
and an activated carbon tube 258A-20-20 (GASTE) were selected as the sampling 
devices. Samples were taken before class, when nobody was present, and during that 
class for a duration of 100 min. All samples were stored in a −5 ℃ reservoir and later 
sent to a specialized laboratory for processing and analysis. After pretreatment in the 
laboratory, all samples underwent gas chromatography-mass spectrometry (GC 
Orbitrap, Thermo Fisher Scientific). Full-scan MS acquisition was performed using 
an m/z range of 30–400 with a resolution of 60,000 FWHM. The outlet and inlet 
temperatures were set at 230 ℃ and 280 ℃, respectively, and the shunt samples were 
ionized by EI with a shunt ratio of 10:1. The MS transmission line temperature was 
230 ℃, the temperature of the electronic ionization source was 260 ℃, and the 
obtained data were processed using Trace Finder 5.1 data processing software. Finally, 
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the detected compounds, their corresponding retention times, and chromatographic 
peak intensity values were determined. 

It should be noted that the indoor and outdoor measurements were conducted 
simultaneously, which included outdoor relative humidity, outdoor temperature, and 
outdoor CO2 concentration. The data were collected by the instrument TR-76Ui-s 
placed on the windowsill outside the classroom at a 1-min interval. 

2.4. Questionnaire survey 

In addition to personal information such as sex, age, height, weight, health status, 
and bad habits, the questionnaire survey also included information on the perception 
of air quality in the classroom, such as odor intensity, acceptability, and satisfaction 
with air quality [48]. Odor intensity was assessed using 6 points of consecutive grades, 
namely, no odor (0), slight odor (1), moderate odor (2), strong odor (3), very strong 
odor (4), and overwhelming odor (5). The air quality acceptability was two 
consecutive grades: from obviously unacceptable (−2) to just unacceptable (−1), from 
just acceptable (0) to fully acceptable (1); Air quality satisfaction was assessed by 
consecutive grades with two ends, with dissatisfaction (0) and satisfaction (1). 

2.5. Calculation of the CO2 emission rate of the members in the 
classroom 

As the main source of CO2 in the classroom were the classroom members, the 
mean CO2 emission rate of the members was calculated after measuring the indoor 
CO2 concentration. Each 100-min measurement was divided into two cycles with a 
10-minute break, and the interval in which the concentrations of CO2 increased
steadily in every cycle was truncated for calculating. According to the indoor CO2

mass balance equation in Equation (1), the formula for calculating the personnel CO2

emission rate can be obtained using the integral conversion method of Equation (2).
𝑑(𝐶௜𝑉)

𝑑𝑡
= 𝐺𝑁 + 𝐶௢௨௧𝑄 − 𝐶௜𝑄 (1)

𝐺 = 10ି଺ ×
𝑄

𝑁
× (

𝐶ଵ − 𝐶ଶ

𝑒ି
ொ
௏∆𝑡 − 1

+ 𝐶ଵ − 𝐶௢௨௧) (2)

where Ci is the measured indoor CO2 concentration (C1 is the indoor CO2 concentration 
which is recorded at 10 and 60 min of class, C2 is the CO2 concentration which is 
recorded at 30 and 80 min of class, ppmv), V is the classroom volume (228 m3), t is 
the time of Ci (minute), G is the human CO2 emission rate (L/h per person), N is the 
number of students remaining in the classroom, and Cout is the outdoor CO2 
concentration, with 470 ± 26 ppmv as measured by the TR-76 Ui-s instrument. Q is 
the ventilation rate of the classroom with all the windows and doors closed, and 26.0 
L/s as measured using the tracer gas (CO2) concentration decay method [49]. Δt is the 
time interval (20 min) of the calculation period. 

The uncertainty of the CO2 emission rate Equation (3) was calculated following 
the uncertainty analysis in JJF 1059.1–2012 ‘Evaluation and expression of 
measurement uncertainty’ [48]. 
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where the derivative term 
డ௙

డ௫೔
 is the sensitivity coefficient of the input variable xi, and 

u2 (xi) is the standard uncertainty of the input variable xi. 
The uncertainty in the CO2 emission rate includes the following variables: (1) 

Uncertainty in the measurement of the CO2 concentration due to an indication error, 

calculated as u(x) =  
௔

௞
 where a is the instrument precision specified by the 

manufacturer. That is, the CO2 concentration measured by the TR-76 Ui-s instrument 
is 50 ppmv, and k has a confidence factor of 1.732; (2) The CO2 concentration 
uncertainty is caused by multiple measurements, which are calculated by the range 

method. The expression is u(x) =  
ோ

஼√௡
, where R is the difference range, C is the 

confidence factor equal to 1.64, and n is the number of measurements, which was three 
in this study. (3) Uncertainty in the ventilation rate gained by the CO2 concentration 
decay method and (4) uncertainty in the classroom volume were considered. The 
change in the net classroom volume caused by the number of members in the 
classroom was estimated to be less than 0.12 m3; therefore, the uncertainty caused by 
volume could be ignored. 

3. Results

3.1. Thermal environment in the field measurement 

3.1.1. Temperature 

Figure 3 shows the changes in indoor and outdoor temperatures during the 
measurement process. (1) The change in outdoor temperature: the average outdoor 
temperature gradually increased from 11.4 ℃ to 30.1 ℃ due to seasonal changes from 
spring to summer. Additionally, the outdoor temperatures also increased by 1.5–3.3 ℃ 
during each 100-min measurement, especially in test 16 on 20th June with the fastest 
rise. 

Figure 3. Indoor and outdoor air temperature in 16 tests. 
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(2) The change of indoor temperature: the average indoor temperature showed
an upward trend from February to June, with the lowest being 17.8 ℃ and the highest 
being 29.2 ℃, also influencing seasonal changes. An air conditioner was used to 
control the indoor temperature for the intervention measurements in tests 5 and 16. 
The measurement results indicated that the indoor temperature was 25 ± 1.5 ℃, which 
showed that the indoor temperature was well controlled with the air conditioner in the 
classroom and could meet the conditions of the experiment. At the same time, during 
the 100-minute measurement period, the indoor temperature gradually increased by 
1.0–4.0 ℃ because the doors and windows were closed during the class, and the indoor 
temperature was mainly affected by the various behaviors of the members in the 
classroom. In test 1, the teacher arranged four course contents, and the students were 
very active, resulting in an increase of 3.4 ℃ in the indoor temperature of the 
classroom within 100 min. In tests 2, 3, 5, 6, 7, 9, 10, 11, 13, 14, and 15, the 
intervention measurements were conducted during the 0–45 min and 55–100 min 
intervals. In test 5, which took place in spring, the classroom temperature increased by 
4.0 ℃, the highest among all test groups, due to the air conditioner heating. While 
comparing 0–45 min and 55–100 min, the amplitude of the temperature increases also 
differed from the different behaviors of the members in the classroom. Overall, the 
magnitude of the increase in the indoor temperature within 0–45 min was less than 
that within 55–100 min. In tests 4, 8, 12, and 16, the intervention measurements were 
conducted during 0–45 min and 55–100 min intervals. In test 16, which took place in 
summer with the air conditioner refrigeration, the indoor temperature decreased by 
1.0 ℃ within 100 min. While comparing 0–45 min and 55–100 min, test 16, the 
amplitude of the temperature change was not obvious under the influence of air 
conditioning. For Tests 4, 8, and 12, the magnitude of the indoor temperature increases 
within 0–45 min is greater than that within 55–100 min. In addition, there was a 10-
min break for the 16 test groups; although the front and back doors were randomly 
opened at this time, the indoor temperature was not significantly affected by the short 
opening time. 

(3) Comparison of the indoor and outdoor temperature: the temperature
difference between indoor and outdoor was 0.9–6.4 ℃, which may be due to the 
influence of the building envelope making the indoor temperature higher than that of 
the outdoor temperature. 

It is worth mentioning that the indoor and outdoor temperatures in Test 7 were 
essentially the same before class, and similar conditions were found in Tests 11, 13, 
and 14. This was because the doors and windows of the classroom were open before 
class in these four tests. After confirming with the logistics staff of the teaching 
building, the students who used the classroom the night before forgot to close the doors 
and windows, which led to the above results. 

3.1.2. Relative humidity 

Figure 4 shows the calculation results for the indoor and outdoor relative 
humidity. It can be seen that: (1) The change of outdoor relative humidity: the average 
outdoor relative humidity was 35.7%–93.6%, and the outdoor relative humidity 
increased with the outdoor temperature. In addition to seasonal factors, this could be 
because the experimental classroom is near the Fengze River, and a higher outdoor 
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temperature could lead to more water vapor in the air, which, in turn, increases the 
relative humidity outside. However, regardless of the outdoor temperature, the outdoor 
relative humidity exceeded 80% on rainy days, as shown in Tests 3, 4, 9, 10, 12, 13, 
15, and 16. This shows that the relationship between the outdoor relative humidity and 
temperature on rainy days is not obvious. Meanwhile, the outdoor relative humidity 
remained in a relatively stable state during the 100-minute measurement, ranging from 
0.0–1.5%. This may be because the outdoor temperature increased from 1.5–3.3 ℃, 
but did not increase enough to cause excessive changes in the outdoor relative 
humidity. 

Figure 4. Indoor and outdoor relative humidity in 16 tests. 

(2) Change in the indoor relative humidity: the average indoor relative humidity
ranged from 34.5%–91.0%. Meanwhile, the indoor relative humidity fluctuated 
slightly in the range of 0.0%–1.0% during the 100-minute measurement. The doors 
and windows were closed during class; therefore, the indoor relative humidity was 
mainly affected by the indoor temperature and indoor members’ breathing. However, 
the indoor relative humidity did not change much, which may be due to the following: 
first, the increase in the indoor temperature was not sufficient to cause a change in the 
indoor relative humidity; second, the population density of 0.32–0.39 people/m2 in the 
classroom was too low to affect the indoor relative humidity. Meanwhile, the indoor 
relative humidity increased by 0.5% for intervention measurement 5 and decreased by 
0.8% for intervention measurement 16 within 100 min, indicating that the intervention 
measurement did not have a significant impact on the indoor relative humidity. In 
addition, the indoor relative humidity was not significantly affected by the short door-
opening time during a 10-min break. 

(3) Comparison of indoor and outdoor relative humidity: the relative humidity
difference between indoors and outdoors was 1.1%–26.0%. The indoor and outdoor 
relative humidities in Test 7 were basically the same before class, and similar 
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conditions were found in Tests 11, 13, and 14. 
Except for the mean values, the measured indoor temperature and relative 

humidity uncertainties were calculated in this study, as listed in Table 5. The 
uncertainty for the indoor temperature and indoor relative humidity was 0.5 ± 0.1 ℃ 
and 1.6 ± 0.2%, respectively. The relative errors were below 3% and 4%, respectively. 

Table 5. Uncertainty for the three measurement points: indoor temperature, relative 
humidity and CO2 concentration. 

(Mean value ± standard deviation) Ranges 

Indoor temperature (℃) 0.5 ± 0.1 0.4–0.7 

Indoor relative humidity (%) 1.6 ± 0.2 1.4–2.0 

CO2 concentration (ppmv) 99 ± 7 80–110 

3.2. CO2 concentration measurement 

The indoor CO2 concentration measured in the classroom was shown in Figure 
5 and was 500–887 ppmv at the beginning of the lecture. During class, the indoor CO2 
concentration gradually increased because of the accumulation of CO2 produced by 
classroom members when the doors and windows were closed. The opening of the 
front and back doors during a 10-min break resulted in a transient decrease in the 
indoor CO2 concentration. Subsequently, the CO2 concentration continued to increase, 
reaching 2100–3600 ppmv by the end of the class. The average indoor CO2 
concentration was 1176.9–2031.7 ppmv during the 16 tests, and the real-time CO2 
concentration above 1000 ppmv was about 90% of the class duration. Overall, the 
trend in the CO2 concentration was consistent with that of the indoor temperature. In 
tests 1, 2, 3, 5, 6, 7, 9, 10, 11, 13, 14, and 15, test 5 exhibited the fastest increase in 
CO2 concentration within 100 min. The increase of 0–45 min in the CO2 concentration 
was less than that at 55–100 min CO2 concentration. In tests 4, 8, 12, and 16, there 
was no significant difference in the magnitude of the CO2 concentration rise within 
100 min for test 16. At tests 4, 8, and 12, the 0–45 min CO2 concentration increases 
were greater than the 55–100 min CO2 concentration increases. 

Figure 5. Measured indoor CO2 concentration during 100-min class. 
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The average indoor temperature during the corresponding period was calculated 
in this study. Figure 6 shows the calculated average CO2 emission rates and indoor 
temperatures. The average emission rate of CO2 was 22.76 ± 3.26 L/h for each person, 
with an uncertainty for the average emission rate of CO2 of 2.6 L/h for each person 
approximately. The resulting relative error was less than 7%. It is evident that there is 
a positive correlation between human CO2 emission rate and indoor temperature (p < 
0.05), namely, the increased indoor temperature would cause an increase in human 
CO2 emission rate. Based on the regression analysis, it can be estimated that the human 
CO2 emission rate increases by 0.78 L/h for each person when the temperature 
increases by 1 ℃ with the range of 17 ℃–31 ℃. According to ASHRAE 62.1 [50], 
the CO2 emission rate of adult males in standard sedentary and reading states was 
approximately 15.48 L/h. Therefore, the human CO2 emission rate increased by 
approximately 4.5% for every 1 ℃ increase in temperature. 

Figure 6. The CO2 emission rate at different temperature. 

3.3. TVOC concentration measurement 

Figure 7 shows the results of TVOC concentration measurements conducted in 
the classroom. The mean TVOC concentration varied widely across 16 measurements, 
with the maximum and minimum values being 1026 ± 13 ppbm and 520 ± 7 ppbm, 
respectively. The mean TVOC concentration across the 16 measurements was 706 ± 
276 ppb. Comparatively, TVOC concentrations in Tests 9 and 15 were higher from 0 
min than the other test groups because of the higher indoor temperatures of the two 
groups from the beginning. The TVOC concentration in test 5 showed an obvious 
upward trend with air conditioner heating, and the indoor temperature rose rapidly, 
leading to a rapid rise in the TVOC concentration; however, it remained stable in test 
16, also utilizing an air conditioner, alongside a consistent indoor temperature. 
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Figure 7. Measured indoor TVOC concentration during 100-min class. 

Zheng et al. [51] and Jia et al. [28] showed that the indoor TVOC concentration 
change exhibited a trend similar to that of the CO2 concentration, both rising slowly, 
which is consistent with the results of this study. However, their study also indicated 
that the average indoor TVOC concentration in spring and summer was 400.5 ± 26 
ppbm and 296 ± 30 ppbm, respectively, which was inconsistent with the average 
TVOC concentration (706 ± 276 ppbm) in this study. This may be because, although 
the number of indoor personnel, the typical activity of personnel, the opening or 
closing of doors and windows, and the function of the classroom were different in 
spring and summer, the average indoor TVOC concentration was also different. 
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3.4. Indoor VOCs composition 

Eight air samples were collected before and during the four intervention 
experiments (tests 4, 5, 15, and 16), and 40 common compounds were detected, which 
is shown in Table 6. Most of the VOCs detected were exogenous. 

Table 6. The volatile organic compounds detected in the surveyed classrooms. 

No. Component name CAS No. No. Component name CAS No. 

1 Benzonitrile 100-47-0 21 Benzene, 1,3-dichloro-2-isocyano-(9CI) 6697-95-6 

2 2-Methylthiophene 554-14-3 22 Ethylbenzene 100-41-4 

3 1-Ethyl-3-methylbenzene 620-14-4 23 Naphthalene 91-20-3 

4 Mesitylene 108-67-8 24 Isoprene 78-79-5 

5 Dodecane 112-40-3 25 1,3-Butanediol 107-88-0 

6 Butylated Hydroxytoluene 128-37-0 26 Thiophene 110-02-1 

7 Benzene 71-43-2 27 Heptanal 111-71-7 

8 2,4-Dithiapentane 1618-26-4 28 Benzothiazole 95-16-9 

9 2-methyl-5-(1-methylethyl) bicyclo [3.1.0] hex-2-ene 2867/5/2 29 Styrene 100-42-5 

10 4-Isopropylbiphenyl 7116-95-2 30 p-Xylene 106-42-3

11 o-Xylene 95-47-6 31 1,4-Dichlorobenzene 106-46-7

12 Acetone 67-64-1 32 3,4-Dimethylbenz 5973-71-7 

13 Dimethyldisulfide 624-92-0 33 Formaldehyde 50-00-0 

14 Methyl propyl trisulfide 17619-36-2 34 (1-Butyloctyl) benzene 2719-63-3 

15 (1-Methylethyl) benzene (Cumene) 98-82-8 35 Propylbenzene 103-65-1

16 Methyl propyl disulfide 2179-60-4 36 1-Ethyl-2-methylbenzene 611-14-3 

17 Tetrachloroethylene 127-18-4 37 Toluene 108-88-3

18 1,6-Dimethyl-4-(1-methylethyl) naphthalene 483-78-3 38 Phenol 108-95-2

19 m-Xylene 108-38-3 39 1-Ethyl-4-methylbenzene 622-96-8

20 Isophyllocladene 511-85-3 40 1,1 ′ -Biphenyl, 3,4-diethyl- 61141-66-0 

For a more detailed understanding of the differences in the indoor VOC 
composition at different temperatures before (0 min) and during (100 min) classes, 
two air samples collected in each intervention experiment were analyzed in this study. 
The results of Tests 4 and 16 (Figure 8), and Tests 5 and 15 (Figure 9) were generally 
consistent. The relative concentration difference of the same component was 
qualitatively determined from the chromatogram.  

Figure 8. Chromatography comparison of sampling results before and after Class 
(Test 4 and 16). 
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Figure 9. Chromatography comparison of sampling results before and after class 
(Test 5 and 15). 

In tests 4 and 16, the concentrations of benzene (No. 7), ethylbenzene (No. 22), 
p-xylene (No. 30), formaldehyde (No. 33), and toluene (No. 37) increased
significantly, whereas the levels of the other 35 components remained unchanged. In
tests 5 and 15, the trends were similar, but the five compounds increased less than
those in tests 4 and 16. This difference could possibly be attributed to the fact that in
Tests 4 and 16, the building materials for the models were kept in the classroom with
the doors and windows closed during classes. In Tests 5 and 15, there was no model
in the class; therefore, there were no other building materials in the classroom.

3.5. Air quality assessment in the classroom in the intervention 
experiments 

The subjective perceptions of indoor air quality by subjects experiencing 
adaptation in the classroom and by invitees upon entering the intervention experiment 
are shown in Figure 10. The results demonstrated that the air quality satisfaction and 
acceptability of Tests 5, 15, and 16 were significantly lower than those of Test 4, and 
the odor intensity was significantly stronger than that of Test 4. Furthermore, this 
difference persisted with an increase in stay time. Since the mean indoor temperature 
for tests 4, 5, 15, and 16 was 17.8 ℃, 25.2 ℃, 29.2 ℃ and 27.3 ℃, respectively (seen 
analysis in 3.1 above), it could be concluded that there was a reduced perceived air 
quality along with the increased temperature and stay time. 

Figure 10. (Continued). 
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Figure 10. Air quality assessment performed by subjects and invitees in the 
intervention experiments. 
Note: L represents the CO2 concentration (ppmv) corresponding to the 0, 45 and 100 min of the test 
group. From Figure 5, A-D values were 500, 776, 887, 876, E-H values were 1760, 1380, 1760 and 
1500, and I-L values were 2200, 2595, 3600 and 2430, respectively. 

From the analysis in Section 3.2, the CO2 concentrations in tests 4, 5, 15, and 16 
were 500, 776, 887, and 876 ppmv at 0 min, 1760, 1380, 1760, and 1500 ppmv at 45 
min, and 2200, 2595, 3600, and 2430 ppmv at 100 minutes, respectively. Therefore, 
the premise of the air quality assessment in this study was that the CO2 concentration 
should be 500–3600 ppmv. 

According to the odor intensity results, the evaluation of tests 4, 5, 15, and 16 at 
0, 45, and 100 min was between no odor and a slight odor, and test 4 was closer to no 
odor. For the invitees, the evaluation of the four groups ranged between no odor and 
slight odor at 0 min. There was greater variation at 100 min, with a strong odor in tests 
4, 5, and 16, and a very strong odor in test 15. 

Based on the results of air quality satisfaction and acceptability, the evaluation of 
Test 4 was the highest among the four tests of the corresponding test times for both 
the subjects and invitees. The evaluations of the two groups were very similar at 0 min; 
however, when the CO2 concentration was above 2000 ppmv at 100 minutes, the 
evaluation value of the invitees was lower than that of the subjects. The invitees were 
more dissatisfied with air quality satisfaction on tests 4, 5, 15, and 16. In tests 4, 5, and 
16, the evaluation range of air quality acceptability for the invitees was between just 
unacceptable and just acceptable. In Test 15, the corresponding evaluation results were 
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almost unacceptable. 
The above analysis shows that the subjects had a better perception of air quality 

than the interviewees, with lower perceived odor intensity and higher satisfaction and 
acceptability of air quality. This difference seems reasonable, considering that the 
subjects stayed continuously in the classroom and had strong olfactory adaptation. The 
results of this study were inconsistent with those of Liu et al. [9], who indicated that 
respondents’ acceptance of indoor air quality was mainly influenced by thermal 
sensations, independent of the CO2 concentration. This may be because 1) Liu’s study 
focused on the winter semester, whereas this study focused on spring and summer. 2) 
Liu’s study investigated students’ thermal comfort and perceived air quality in 
naturally ventilated university classrooms while the doors and windows were closed 
during class. 

4. Discussion

4.1. Influence of indoor temperature on the CO2 emission rate of the 
human body 

The average CO2 emission rate ranged from 19.5–26.02 L/h per person, which 
was higher than that reported in previous studies. Qi et al. [52] showed experimentally 
that the CO2 emission rate in sedentary was 13.57 L/h for Chinese males and 11.13 
L/h for females at 22–24 ℃, respectively. Similarly, Wang [53] explained that the CO2 
emission rate for Chinese males and females in the sitting reading state was 16.2 L/h 
and 13.2 L/h, respectively, at a temperature of 26 ℃. This may be because in the 16 
tests, the status of the subjects pointed out in previous studies was sedentary, whereas 
the status of the subjects in this study had many changes. Therefore, the average CO2 
emission rate obtained in this study was high. 

Previous studies have suggested that the CO2 emission rate depends mainly on 
the metabolic rate [54], which is determined by temperature [55]. Thus, an increase in 
temperature leads to a higher metabolic rate, subsequently resulting in higher CO2 
emission rates. Based on the results of the present study, it could be concluded that the 
human CO2 emission rate increases by 0.78 L/h for each person when the temperature 
increases by 1 ℃ within the range of 17–31 ℃. This result is similar with that of 
Zhang [54], where the human thermal sensation ranged from neutral to warm between 
the temperatures at 26 ℃–32 ℃, resulting in a significant increase in CO2 emissions. 
These results suggest that, compared to thermal neutrality, people emit more CO2 
when they feel thermal warmth. Similar findings have also been reported by Liu et al. 
[9], Luo et al. [56], and Kuga et al. [11], indicating a higher CO2 emission rate occurred 
at higher temperatures when subjects were warm. 

4.2. Modified ventilation rate corresponding to the human CO2 emission 
rate 

In this study, the trace gas (CO2) concentration is used to measure the ventilation 
capacity in the classroom Equation (4). The trace gas method follows the principle of 
mass conservation and is calculated as follows: 
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where 
ௗ஼

ௗ௫
 is the outdoor airflow rate for each person (L/s); V is the classroom volume 

(228 m3); Cx is the indoor CO2 concentration (ppmv); Cout is the outdoor CO2 
concentration (470 ppmv); Q is the ventilation rate (L/S); and Vco2 is the human 
emission rate (L/s). To maintain the indoor CO2 concentration at 1000 ppmv, the 
required ventilation rate per person was 6.75 L/s according to Equation (3). This result 
is largely consistent with ASHRAE 62.1 criteria [40]. In general, to maintain 1000 
ppmv of indoor CO2 concentration, the calculated ventilation rate for each person 
needs to increase by 0.25 ± 0.3 L/s to account for the increased human CO2 emission 
because of the temperature rise. 

4.3. Characteristics of the VOCs in the classroom 

This study points out that the substances with the highest detection frequency 
were benzene, formaldehyde, toluene, p-xylene, and ethylbenzene. This result is 
similar to those of previous studies [15,57], which also identified benzene, p-xylene, 
ethylbenzene, and toluene as the most frequently detected in experimental classrooms. 
Benzene primarily originates from paint, adhesives, plates, foam plastics, etc.; 
formaldehyde from wood, glass glue, latex paint, paint, etc.; toluene and p-xylene from 
paint, plywood, foam filler, etc.; and ethylbenzene from paint, spray paint, adhesives, 
etc. Indoor concentrations of these substances are related to fatigue values [15], and 
excessive exposure to these substances increases the risk of cancer [57]. In conclusion, 
related research should focus on the pollutants released by various indoor building 
materials. 

However, the VOC components detected in this study differed from those 
detected by Fu et al. [26], Kang et al. [58], and Liu et al. [59]. This may be because of 
different factors, including occupied conditions, season and function, classroom type, 
types of items inside the classroom, quality of furniture, and possible factors correlated 
with human-related items. 

Furthermore, this study is inconsistent with the Zhang et al. [22] study, which 
indicated that the real-time difference of indoor VOC composition is more obvious 
when the indoor temperature is between 16 ℃ and 24 ℃, and there is basically no 
difference in real-time of indoor VOC components when the indoor temperature is 
between 24 ℃ and 30 ℃. Several factors contribute to these differences. First, 
regarding objective factors, the architecture classroom was renovated in January 2022, 
and furniture such as desks and chairs were also replaced. The renovations were 
completed in February 2022, but the windows were kept open for extended periods to 
ensure ventilation. Since it was winter, the effect of scattered taste was not the best. 
Second refers to subjective factors, that is, the content of the classroom is different. In 
tests 4 and 16, model-making activities were arranged, and the students brought a large 
quantity of building materials into the classroom; therefore, the concentration of some 
VOCs increased significantly over 100 min. Hence, it can be seen that the 
concentration of indoor VOCs is not only related to temperature but also to the above 
objective and subjective factors. 
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4.4. Deficiencies 

The results of the current study contribute to the field of indoor air quality, but 
some shortcomings still remain. First, this experiment only covered spring and 
summer, and the data obtained did not reflect the actual conditions in autumn and 
winter. Therefore, future experiments should include at least two semesters covering 
all four seasons. Second, this study only performed a simple correlation analysis 
between the indoor air temperature and CO2 emission rate. To further elucidate the 
association mechanism between air temperature and CO2 emission rates, a wider 
temperature range should be investigated. Third, the experiment was conducted in a 
single classroom setting. If the experimental conditions permit, multiple classrooms 
with different orientations should be selected to conduct future experiments. Fourth, 
the current participants and invitees were only students from one class, and the number 
of students could be expanded in the future. Fifth, to ensure environmental safety, it is 
necessary to predict the long-term concentrations of VOCs, taking into account the 
effects of temperature changes. Simultaneously, source apportionment can be 
conducted to quantify the contribution rates of various sources of these targeted VOCs 
under actual conditions. Sixth, there are some difficulties encountered during data 
collection; a few subjects and invitees would be late. In several experiments, the 
teacher also delayed sometimes. As a result, the questionnaire may not be completed 
at a very precise time. Moreover, in the 16 experiments, students were absent some 
times, which cannot ensure the same number of students in each experiment. 

5. Conclusion

In the spring semester of university, the average outdoor temperature ranged from
11.4 ℃–30.1 ℃, and the average outdoor relative humidity was 35.7%–93.6%. The 
average indoor temperature ranged from 17.8 ℃–29.2 ℃ and the average indoor 
relative humidity was 34.5%–91.0%. In the 100-minute period, the indoor temperature 
generally increased by 1.0 ℃–4.0 ℃, and the indoor relative humidity fluctuated 
slightly in the range of 0.0%–1.0%. 

Before and after the class, the average indoor CO2 concentration was 500–887 
ppmv and 2100–3600 ppmv, respectively. Across 16 tests, the average indoor CO2 
concentration was 1176.9–2031.7 ppmv. The average minimum and maximum 
concentrations of indoor TVOC were 520 ± 7 ppbm and 1026 ± 13 ppbm, respectively, 
and the average indoor TVOC concentration across the 16 tests was 706 ± 276 ppbm. 
The environmental results indicated that the thermal conditions in the surveyed 
classrooms were acceptable, but indoor air quality required improvement. 

An increase in the indoor temperature has a negative effect on the perception of 
air quality. When the average classroom temperature increased from 17.8 ℃ to 26.3 ℃, 
the subjects reported that the intensity of odors they experienced ranged between no 
odors and slight odors, while the invitees indicated a strong intensity. When the CO2 
concentration reached 2000 ppmv at 100 min, the air quality satisfaction and 
acceptability of the participants and invitees decreased significantly, and the 
evaluation value of the invitees was lower than that of the participants. 

There was a significant positive correlation between the human CO2 emission 
rate and indoor temperature. The human CO2 emission rate was estimated to increase 
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by 0.78 L/h for every 1 ℃ increase in temperature in the range of 17 ℃–31 ℃. To 
maintain an indoor CO2 concentration of 1000 ppmv, the required ventilation rate per 
person must be increased by 0.25 ± 0.3 L/s. 

A total of 16 universities in China offer architecture majors; the architectural 
design courses are taught in this form in universities in China. The architectural design 
is the main course for architecture major, consisting of architectural design (1) to (8), 
with one architectural design course per semester. Therefore, the results can be 
applicable to the same vocational classes in other universities. 

Future research directions should include the following aspects, for example: 
further exploration of VOC sources, long-term monitoring in four seasons, expanded 
sample size and settings, recommendations for mitigation strategies, and educational 
outreach and policy implications. The above research content could help advance our 
understanding of IAQ management. 
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Abstract: In this research, low-value plastic waste (LVPW) is used in concrete as a potential 

solution for sustainable waste management in the construction industry. In concrete, LVPW is 

utilized to produce Eco-Ring (Eco-conscious Latrine Ring). The use of a mix ratio of 1:2:3 and 

1:2:4 in concrete mixes is studied. The impact of the percentage of recycled plastic on the 

mechanical properties of the final product is analyzed. The results show that the use of LVPW 

reduces both strength and unit weight but ensures its solidification. Sufficient strength for 

latrine rings is maintained, ensuring a balance between structural integrity and waste reduction. 

LVPW incorporation offers cost savings, with reductions of aggregate use up to 10%–15% in 

the present analysis. Justified consideration of the impact on mechanical properties, along with 

potential adjustments to optimize compatibility and address workability/aesthetics, can help 

maximize the benefits of this technology. 

Keywords: concrete; latrine ring; mix ratio; solidification; waste management 

1. Introduction

Plastics are synthetic organic polymers that are widely used in different
applications ranging from water bottles, clothing, food packaging, medical supplies, 
electronic goods, construction materials, etc. [1]. In the last six decades, plastics have 
become an indispensable and versatile product with a wide range of properties, 
chemical compositions, and applications. Environmental pollution by plastic wastes is 
now recognized widely to be a major environmental burden [2], especially in the 
aquatic environment where there is prolonged biophysical breakdown of plastics [3], 
detrimental negative effects on wildlife [4], and limited plastic removal options [5]. 

Generally, waste plastic has a ‘recycle’ value. A good number of business 
policies are carried out in the total recycling process (Figure 1). For example, plastic 
waste from polyethylene terephthalate (PET) bottles, High-Density Polyethylene 
(HDPE) containers, Polypropylene (PP) packaging, including yogurt containers and 
food containers, Low-Density Polyethylene (LDPE) films, Flexible plastic packaging, 
including wraps and pouches, Expanded Polystyrene (EPS) foam, electronic devices 
with plastic components, end-of-life automotive plastics, including bumpers and 
interior components, etc. have certain economical values. A scenario of plastic reuse 
in Sylhet City, Bangladesh, is shown in Figure 2 [6]. Since these plastics have 
economic value, they are not included as components of the research. 
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(a) (b) (c) (d) 

Figure 1. Wastes from (a) PET bottles; (b) HDPE waste; (c) expanded Polystyrene (EPS) foam; (d) electronic devices 
with plastic components. 

Figure 2. Present recycled plastic composition in Sylhet. 

But some plastics have very low value for recycling or even have no value. These 
are termed as Low-Value Plastic Waste (LVPW). LVPW (Figure 3) has limited 
economic value in the recycling market due to various factors, like difficulties in 
collecting and processing, difficulties in recycling due to its low-grade or complex 
compositions, low demand for the recycled products, contamination probabilities etc. 
These are the plastics where the costs of collecting and processing are higher than the 
revenue generated from sales of the recovered plastic. Here are some examples of 
LVPW: 

Figure 3. Some examples of low-value plastic wastes. 
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1) Mixed Plastic Waste: Plastic waste that is mixed with various materials, making
it difficult to separate and recycle efficiently, may have little to no economic
value.

2) Single-Use, Multi-Layered Packaging: Single-use packaging, especially those
with multiple layers of different materials (e.g., Tetra Packs), can be challenging
to recycle economically. Separating and processing the layers can be technically
demanding and expensive.

3) Small Plastic Items and Fragments: These are microplastics, bottle caps, and
plastic film scraps, which may have limited economic value.

4) Contaminated Plastics: Plastic waste contaminated with non-recyclable materials,
such as food residues, oils, or hazardous substances, may have little to no
economic value.

5) Low-grade Plastics or Plastics with Complex Compositions: Some specific types
of plastics may be challenging to recycle economically due to their chemical
composition or lack of demand in the recycling market.

6) Low-Quality Plastic Films: Thin, low-quality plastic films, such as those used in
packaging for single-use items, may have limited economic value in recycling.
These are often difficult to process due to their lightweight nature and do not
meet the standards for recycling.
However, mismanagement of LVPW can cause water clogging in drains and

canals, odor problems, land-water-air pollution, human-wildlife hazards, visual 
discomfort, lowering of soil fertility and so on. Since LVPW has little or no economic 
value, solidification in a concrete environment can ensure a management strategy for 
this issue. By this, not only the consumption of natural resources i.e., sand, brick and 
stone can be reduced but also environmental protection can be enhanced. Therefore, 
in this study, such an attempt is taken where use of Low-Value Plastic Waste in 
Concrete is going to be studied to produce Eco-Ring (Eco-conscious Latrine Ring), 
where very high strength of concrete may not be an issue. 

2. Existing scientific knowledge on the subject

From 1964 to 2014, plastics production increased from 15 million metric tons to
311 million metric tons [7]. If this trend continues, it is expected that plastic production 
will double in 20 years and almost quadruple by 2050. In landfills, between 22% and 
43% of plastics are disposed of, and at least 8 million tons of plastics are disposed of 
in the ocean [8]. Dhaka, the capital of Bangladesh—among the total solid waste, 
plastic was 4.15% in 2005 and 5.46% in 2014 [9]. Waste plastic can turn into a 
potential resource if it can be used in concrete, which can solidify this waste. Several 
studies have been conducted to evaluate the applicability of different types of plastics 
for such purposes. Hasan et al. [9] evaluated the properties of concrete with recycled 
plastic as coarse aggregate by 5%, 10%, 15%, and 20% replacement of stone. They 
used HDPE plastic and prepared a total of 90 cylinders and 5 beams. The maximum 
reduction in compressive strength was 44% for the 20% replacement of stone by 
recycled plastic. They concluded that up to 15% replacement of stone by recycled 
plastic is applicable for structural application. Another experiment was conducted by 
Subramani and Pugal [10] on partial replacement of coarse aggregate with 
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polyhydroxybutyrate (PHB). 5% to 15% of coarse aggregate was replaced by plastic. 
It was observed that 20% of aggregate can be replaced with acceptable strength. 
Ghernouti et al. [11] studied the applicability of plastic bags as fine aggregate in 
concrete. 10%, 20%, 30%, and 40% fine aggregate was replaced with plastic fine 
aggregate. The conclusion was drawn by remarking that plastic bags can be used 
successfully to replace conventional fine aggregates in concrete. In another study, after 
thorough mixing, the hot molten paste was poured with standard brick dimensions. 
The brick was subjected to compressive and water absorption tests. The results showed 
that the plastic composite brick was more efficient than the clay brick and cement 
brick [12]. Similar results were achieved by Singhal and Netula [13] and Shah et al. 
[14]. Merbouh et al. [15] used low-density polyethylene (LDPE) to replace aggregate. 
They replaced 0% to 1.0% of the aggregate by LDPE. Noticeable ductility in fracture 
was recorded with a significant reduction in density. It was proposed to use LDPE in 
concrete where less compressive strength and tensile strength are required. In a few 
other studies, nine technologies [16,17] were assessed for processing low-value plastic 
(LVP) waste (recycling, plastic to product, plastic to lumber, pyrolysis, solvolysis, 
mixing with asphalt, mixing with construction materials, waste processing, and 
technology ranking). 

In a couple of studies [18,19], compressive strength and unit weight of concrete 
were sorted out where plastic was used as a partial replacement (25% and 50%) of 
coarse aggregate. It was tried to find out the mix ratios that can be used as per the 
Local Government of Engineering Department of Bangladesh (LGED) and 
Bangladesh Standard (BDS) 208:2002 [20,21]. As the addition of plastic decreases the 
unit weight of concrete, it can be used to produce lightweight concrete. However, the 
strength of concrete using 25% and 50% plastic as coarse aggregate is not sufficient 
for structural purposes. So, this concrete can be used for non-load-bearing purposes as 
per LGED and BDS. Hasan [22,23] found that 25%–50% replacement of plastic waste 
with coarse aggregate in the concrete of the different mix ratios (1:3:6, 1:3:4, and 
1:3:2) can ensure a compressive strength of solid concrete blocks 5.0 MPa (IS 2185-
1) [24].

3. Relevance of the study to national or regional priorities

From the above-mentioned review of scientific findings, it can be concluded that
the use of plastic waste reduces compressive strength and unit weight but ensures its 
solidification, thus protecting the environment from harmful effects. Also, it can be 
concluded that it is better to use such concrete for non-load-bearing structures only. In 
most of the studies, plastic wastes are replaced with coarse aggregates with a 
replacement from 5%–75%, while the best result is achieved between 5%–25%. 

A “latrine ring” typically refers to a concrete ring used in the construction of 
latrines or pit toilets (Figure 4). In the context of sanitation and the construction of 
basic toilet facilities, these rings play a crucial role. Latrine rings are commonly made 
of concrete but can also be manufactured from other durable materials. They are 
designed to fit together, forming a circular structure that is placed over the pit or 
excavation. The rings provide structural support for the superstructure of the latrine, 
which includes the seat and any covering structure. They also help prevent the collapse 
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of the pit walls. Therefore, the strength of the rings should be such that they will be 
able to withstand the side-soil pressure and overburden pressure. It is important to note 
that the specific design and use of latrine rings may vary based on local construction 
practices, available materials, and the type of sanitation facility being built. In regions 
without access to advanced sanitation infrastructure, these simple yet effective 
structures contribute significantly to public health and hygiene. 

Figure 4. Typical latrine ring (diameter 30″, thickness 1.5″, height 12″). 

Based on this logical reason in this study, LVPW is going to be used in concrete 
targeting the strength of latrine rings, and if plastic waste can be used here successfully, 
then let’s also designate them as ‘Eco-rings.’. If the expected outcome of the research 
is achieved, and if it is then practiced in construction, it will certainly reduce the 
present concerns about plastic waste in a quantified manner and will save the natural 
resources of Bangladesh. 

4. Objectives of the study

1) To evaluate the effects on concrete if the aggregate is partially replaced by LVWP.
2) To identify its optimum percentage of replacement for the production of latrine

rings.
3) To compare the cost of latrine rings with the traditional rings available in the

market.

5. Materials and methodology

This experimental study approaches the utilization of Low-Value Plastic Waste
in constructing Eco-conscious Latrine Ring. The required methodology is presented 
in Figure 5. Also, the properties of materials used are described in the following 
sections.  
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Figure 5. Experimental procedure. 

In this study, cement (as a binding material), river sand (as fine aggregate), brick 
chips (as coarse aggregate), and LVPW (as fine and coarse aggregate) were used as 
the ingredients of concrete. Several tests were conducted to identify their properties 
and perform efficient mix proportions for concrete. 

5.1. Experimental setups 

The cement used in this study, Supercrete, is Portland Limestone Cement (PLC) 
and complies with BDS EN 197-1:2003, CEM II/ B-L, 42.5N standard. It has a 
composition of clinker 65% to 79%, limestone 21% to 35%, and slag/fly ash/gypsum 
0% to 5%. For normal consistency of cement, ASTM designation C187 and for initial 
and final setting times of cement, ASTM designation C191 were followed. All data 
are presented in Table 1. 

Table 1. Physical properties of cement. 

Normal consistency 28% 

Initial setting time 115 min 

Final setting time 300 min 

5.2. Low-value plastic waste (LVPW) 

Low-value plastic waste (LVPW) refers to a mixture of different wastes (such as 
Styrofoam, PET, Polyethene bags, multilayer packaging, rubber, electronic, and 
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medical waste, etc.). Here it is used as the replacement of both fine and coarse 
aggregate in concrete. Few studies [25, 26] have shown improved sorting of low-value 
recyclable waste, but in current studies LVPW is sorted manually from dumping sites. 
The particle size range varies from 0.075 mm to 12.5 mm. The shredded plastic waste 
was collected from a nearby recycling plant. Previously, they were collected from 
different sources and shredded into sizes in that plant. Examining the physical 
properties of the LVPW that were used was a challenge as it had a mixture of different 
types of plastics, each having different properties. Still, sieve analysis and tests for 
unit weight calculation were conducted on them. In sieve analysis, for proper sieving, 
both mechanical and manual sieving were done (Figure 6). The unit weight was 
obtained by compacting the wastes using a piston that was self-constructed, as shown 
in Figure 7. It was done by rodding procedure and followed by ASTM standard C29. 
Having a mixture of different types of plastic, including Styrofoam and polyethylene 
bags, made it unsuitable for oven drying. Furthermore, for this very reason, it was 
floating in water (Figure 8), which means it has less unit weight. The gradation curve 
for LVPW is presented in Figure 9a, and the physical properties results are 
summarized in Table 2. 

(a) (b) (c) 

Figure 6. Sieving (a) Mechanically (b) and (c) Manually. 

Figure 7. Compaction of LVPW. 
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Figure 8. LVPW, sand & brick chips placed in water tank. 

(a) 

(b) 

(c) 

Figure 9. Particle size distribution of (a) LVPW; (b) sand; (c) brick chips. 
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Table 2. Physical properties of fine and coarse aggregates. 

Properties Standard LVPW Sand Brick Chips 

Maximum aggregate size (mm) ASTM C136 12.5 4.75 14 

Fineness modulus ASTM C136 5.02 2.48 6.56 

Unit weight (kg/m3) ASTM C29 473 1603.51 1007.65 

Specific gravity (OD) ASTM C128 & ASTM C127 - 2.59 1.92 

Specific gravity (SSD) ASTM C128 & ASTM C127 - 2.63 2.13 

Water absorption capacity (%) ASTM C128 & ASTM C127 - 1.63 10.93 

5.3. Fine aggregate 

The reddish-brown river sand collected from the local source was used as the fine 
aggregate in concrete. Gradation of sand was performed as per the ASTM standard 
requirements of specification C136. The particle size distribution of fine aggregate is 
presented in Figure 9b. Unit weight determination was done by rodding procedure 
that conformed to the ASTM standard requirements of specification C29. Water 
absorption capacity and specific gravity of the sand were measured following the 
ASTM standard requirements of specification C128. All the physical properties of 
sand are summarized in Table 2. 

5.4. Coarse aggregates 

As the latrine ring doesn’t require higher strength, brick chips were used as coarse 
aggregate. It was collected from the local market and then crushed into the required 
size. The compressive strength of the bricks was 13.7 MPa. The thickness of the ring 
generally is very low (40–80 mm), so the highest size of brick chips is chosen between 
14 and 12.5 mm. Gradation of brick chips was performed as per the ASTM standard 
requirements of specification C136, presented in Figure 9c. Also, unit weight 
determination was done by rodding procedure that conformed to the ASTM standard 
requirements of specification C29. Water absorption capacity and specific gravity of 
the sand were measured following the ASTM standard requirements of specification 
C127. All the physical properties of brick chips are summarized in Table 2. 

5.5. Concrete mix proportions 

During the test, two different mix ratios were used, which are 1:2:3 and 1:2:4. 
Here LVPW was replaced by the total aggregate in five different percentages (0%, 5%, 
10%, 15%, 20%). All the aggregates, coarse and fine, used in the concrete mixture 
were in saturated surface dry (SSD) condition. No water-reducing admixture was used 
here. The mix proportion of various ingredients required for the 1:2:3 ratio was 
calculated and presented in Table 3, and for the 1:2:4 ratio, the same was calculated 
and presented in Table 4. Each mix design is designated with a unique name for ease 
in referencing within the text. As the ratio of coarse aggregate is the only variable here, 
for 1:2:3 it was named prototype 3P and for 1:2:4 named 4P. Then the said percentages 
of LVPW are added. For example, 3P10 means the prototype has a mix ratio of 1:2:3, 
where 10% total aggregate is replaced by LVPW. And the w/c ratio is fixed at 0.60 by 
the trial-and-error method, considering the convenient slump value. 
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Table 3. Materials quantities for 1:2:3 mix ratio. 

Prototype Sample ID Percent of LVPW Cement (kg) Sand (kg) Brick chips (kg) LVPW (kg) 
3P00 0% 9.403 20.941 19.739 0.000 

3P05 5% 9.403 19.894 18.752 0.772 

3P10 10% 9.403 18.847 17.765 1.544 

3P15 15% 9.403 17.800 16.778 2.316 

3P20 20% 9.403 16.753 15.791 3.089 

Table 4. Materials quantities for 1:2:4 mix ratio. 

Prototype Sample ID Percent of LVPW Cement (kg) Sand (kg) Brick chips (kg) LVPW (kg) 
3P00 0% 8.060 17.949 22.559 0.000 

3P05 5% 8.060 17.052 21.431 0.794 

3P10 10% 8.060 16.155 20.303 1.588 

3P15 15% 8.060 15.257 19.175 2.383 

3P20 20% 8.060 14.360 18.047 3.177 

5.6. Preparation of concrete specimens 

Total 90 concrete cylinders were prepared in two different sizes following ASTM 
C 192-15 at room temperature of 25 ℃. For each prototype, 6 cylinders were prepared 
for the compression and tensile strength tests, having a 100 mm inner diameter and a 
200 mm height, and 3 cylinders for the permeability test, having an inner diameter of 
175 mm and a height of 175 mm. So, for 5 different prototypes, 45 cylindrical molds 
at each mix ratio were prepared. Specimens were placed in a curing tank for 28 days, 
as shown in Figure 10. Figure 11 shows the major tests of eco-ring concrete through 
a flowchart. 

Figure 10. Concrete setup for curing. 
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Figure 11. Tests of eco-ring concrete. 

A process of testing the tensile strength of concrete involves splitting a cylinder 
across its vertical diameter. It is a method of evaluating the tensile strength of concrete 
that is done in an indirect manner. The splitting tensile strength of the concrete samples 
was determined using ASTM 496-17 after 28 days of curing. 

According to ASTM, the splitting tensile strength is 
ଶ௉

గ௅஽
, where P = Applied 

highest load; D = Diameter of the specimen = 100 mm; L = Length of the specimen = 
200 mm. 

Latrine ring concrete is required to possess a good degree of impermeability to 
prevent subsoil water pressure. That’s why the permeability of the LVPW concrete at 
28 days was tested in this study. The relative permeability coefficient (Kr) of the 

concrete can be determined 𝐾௥ = 𝑎 ×
஽೘

మ

ଶ்ு
, where, 𝐾௥  is the relative permeability

coefficient, mm/s; a is the absorption ratio of the concrete, which was at a constant 

value of 0.03; T is the duration of the permeability test; 𝐷௠ is the water-seepage height, 
which was 177.8 mm in this study; H is the water head (mm) of corresponding constant 

pressure ቀ𝐻 =
୔୰ୣୱୱ୳୰ୣ (୑୔ୟ)×ଵ଴ల

ଽ.଼ଵ
ቁ. 

6. Results and discussions

Based on Tables 5 and 6 as well as Figures 12 and 13, the results are consistent
with the expectation. As the amount of LVPW increases, a decrease in: 

Table 5. Mechanical properties for mix ratio 1:2:3. 

LVPW Slump Value (mm) Splitting Tensile Strength (MPa) Compressive Strength (MPa) Unit Weight (Kg/m3) 

0% 57.2 2.99 20.25 22.47 

5% 45.2 2.49 15.53 21.58 

10% 30.2 2.27 13.97 21.35 

15% 27.4 2.18 11.43 20.77 

20% 21.6 1.74 8.64 20.46 
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Table 6. Mechanical properties for mix ratio 1:2:4. 

LVPW Slump Value (mm) Splitting Tensile Strength (MPa) Compressive Strength (MPa) Unit Weight (Kg/m3) 

0% 25.4 2.37 14.90 22.52 

5% 12.7 2.15 14.15 21.62 

10% 9.5 1.22 10.25 21.14 

15% 7.9 1.17 7.68 20.90 

20% 9.5 1.14 6.39 20.44 

Figure 12. Impact of LVPW on split tensile strength. 

Figure 13. Impact of LVPW on compressive strength. 

 Compressive strength: Similar to tensile strength, the concrete seems less
resistant to compression with higher LVPW content. For instance, at 0% LVPW
for a concrete mix ratio of 1:2:3, the compressive strength is 20.25 MPa, whereas
at 20% LVPW, the compressive strength is 8.64 MPa.

 Tensile strength: The table shows that concrete specimens tend to withstand less
tension before breaking as the LVPW content goes up. As per ACI code, the

range of tensile strengths of normal weight concrete is 6ඥ𝑓௖
ᇱ − 8ඥ𝑓௖

ᇱ whereas

4ඥ𝑓௖
ᇱ − 6ඥ𝑓௖

ᇱ for lightweight concrete. For instance, at 0% LVPW for a concrete

mix ratio of 1:2:3, the tensile strength is 2.99 MPa which is greater than both 2.98
MPa and 2.25 MPa determined from the above formulas. Again, at 20% LVPW,
the tensile strength is 1.74 MPa which is greater than both 1.95 MPa and 1.46
MPa obtained from the above formulas. This indicates that the tensile strength of
this concrete is in between an acceptable range.

 Unit weight: As LVPW is a lightweight material added to the concrete mix, it
would naturally bring down the overall weight per unit volume of the concrete.
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For instance, at 0% LVPW for concrete mix ratio 1:2:3, the unit weight is 22.47 
Kg/m3, whereas at 20% LVPW, the unit weight is 20.46 Kg/m3. 
The incorporation of LVPW into concrete mixes presents a potential solution for 

waste management, but it can have a significant impact on the mechanical properties 
of the final product. This phenomenon can be attributed to several factors related to 
the inherent properties of LVPW and its interaction with the concrete matrix. Here is 
a breakdown of the potential mechanisms: 
a) Unlike traditional aggregates, LVPW particles, due to their smooth and often

hydrophobic (water-repelling) nature, struggle to form strong bonds with the
cement paste that binds the concrete together. This weak interface between plastic
and cement hinders the effective transfer of stress throughout the concrete
structure, leading to reduced overall strength.

b) The presence of LVPW particles within the concrete matrix can act as internal
voids, separators, or points of weakness. These microscopic cracks can initiate
and propagate under stress, compromising the structural integrity of the concrete
and ultimately reducing its ability to withstand compressive and tensile forces.

c) LVPW is typically less dense than the natural aggregates it replaces. This lowers
the overall density of the concrete, which can indirectly impact its strength.
Denser concrete generally exhibits higher compressive and tensile strengths.
While LVPW offers a potential avenue for sustainable waste management in the

construction industry, its inclusion requires careful consideration of its impact on the 
mechanical properties of concrete. Addressing the issues of weak bonding and internal 
cracking through surface treatment or compatible additives might be necessary to 
achieve a balance between waste reduction and structural performance. 

However, the reduced density of LVPW concrete presents a significant advantage 
for low-cost toilet rings, slabs, and pillar projects for the following reasons:  
1) Lighter weight, easier handling: LVPW concrete’s lighter weight makes it easier

to transport and maneuver during construction, reducing labor costs associated
with handling heavier traditional concrete materials for these non-load-bearing
applications.

2) Cost-effective alternative: LVPW can potentially offer a more cost-effective
solution compared to virgin materials for toilet rings, slabs, and pillars. This
aligns well with keeping costs low in these projects.

6.1. Selecting minimum compressive strength requirements 

When constructing a latrine ring, selecting the appropriate concrete compressive 
strength is crucial for ensuring its durability and functionality. Standard codes provide 
guidelines for minimum compressive strength based on the intended use of the 
concrete. However, in the case of latrine rings, the specific application falls outside 
the typical categories. Considerations and the rationale for choosing a suitable strength 
can be as follows: 
1) Minimum compressive strength for non-structural use: Indian code IS 2185-1

(2005) specifies a minimum compressive strength of 5 MPa for non-structural
applications. Minimum compressive strength for structural use: The American
Concrete Institute (ACI-318) code sets a range of 10–15 MPa.
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2) Latrine Ring Classification: While a latrine ring experiences some load, it
wouldn’t be categorized as purely structural. It primarily supports the user’s
weight, a little lateral earth pressure, and doesn’t carry significant building loads.
On the other hand, it’s not entirely non-structural, like decorative elements.

3) Earth Pressure Impact: Since the latrine ring’s depth is limited to a maximum of
7 ft (approximately 2.1 meters) from the ground surface, the maximum potential
earth pressure it encounters is estimated to be around 3 MPa.

4) Wired Reinforcement: The inclusion of minimal wired reinforcement in the
latrine ring can further enhance its load-bearing capacity and provide additional
crack resistance.
By considering standard building codes and the unique application, a benchmark

of 10 MPa for compressive strength is a reasonable compromise, meaning it can 
withstand more pressure than it’s likely to experience in this application. This falls 
between the minimums for non-structural and structural uses. 

At 0% LVPW, the compressive strength is highest, and it declines steadily as the 
LVPW content goes up to 20%. However, Figure 13 suggests that a maximum of 17.5% 
LVPW can be incorporated into a 1:2:3 concrete mix, while a maximum of 11% 
LVPW can be incorporated into a 1:2:4 concrete mix and still achieve a compressive 
strength above 10 MPa. Finally, maintaining a safe range, 15% LVPW can be 
recommended for a 1:2:3 mix ratio, and 10% LVPW can be recommended for a 1:2:4 
mix ratio. 

6.2. Water permeability test results 

The permeability test results at 28 days, including the water head (H) 
corresponding to constant water pressure, the duration of water penetration into the 
concrete until creating a visible droplet on the surface, and the relative permeability 
coefficient (Kr), are presented in Figure 14. From Figure 14, it can be seen that the 
LVPW mixing percentage had a significant influence on the permeability of the 
concrete. As % of LVPW increases, permeability of concrete also increases. 1:2:4 mix 
concrete is more permeable than 1:2:3 mix concrete. For 1:2:4, permeability is high 
when LVPW is greater than 10%, which may not be acceptable for latrine rings. 

Figure 14. Impact of LVPW on permeability. 

6.3. Comparative analysis for non-mechanical properties of LVPW in 
concrete mixes 

The workability, appearance, and surface smoothness decrease with the addition 
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of LVPW, whereas permeability increases (Table 7). With a water-cement ratio of 
0.6, for sample 3P15 (15% LVPW), workability is rated as “Medium”. This might 
require moderate effort to achieve proper handling and pouring during construction 
compared to mixes with higher workability. But, for sample 3P10, workability is rated 
as “Good” which implies that it requires much less effort. On the other hand, for 
sample 4P10 (10% LVPW), workability is rated as “Fair”. This might require much 
more effort than normal concrete. But, in comparison to other percentages of LVPW 
for the same mixing ratio, it has a better form of workability. Surface smoothness and 
appearance are described as “LVPW is slightly/moderately/clearly visible on the 
surface” for both samples (Table 7). This might affect the aesthetic appeal of exposed 
concrete elements. Although surface roughness for 4P10 and 3P15 is comparatively 
much higher than the control mix (LVPW is moderately visible on the surface), it can 
be acceptable by giving a finishing with extra mortar. As the percentage of LVPW 
increases, the permeability increases as it produces smaller micro-cracks inside and 
makes paths for water seepage. However, medium permeability may be accepted for 
proposed eco-rings. 

Table 7. Qualitative result of prototyping phase. 

Prototype 
Sample ID 

Mix 
Ratio 

LVPW 
Is Strength within 
Permissible Limit? 

Workability Appearance & Surface Smoothness Permeability Remarks 

3P00 

1:2:3 

0% Yes Very Good Smooth finish Very Low Passed 

3P05 5% Yes Very Good Smooth finish Low Passed 

3P10 10% Yes Good LVPW is slightly visible on the surface Low Passed 

3P15 15% Yes Average 
LVPW is moderately visible on the 
surface 

Medium Passed 

3P20 20% No Fair 
LVPW is clearly visible on the surface, 
rough finish 

Medium Failed 

4P00 

1:2:4 

0% Yes Average Smooth finish Very Low Passed 

4P05 5% Yes Fair LVPW is slightly visible on the surface Low Passed 

4P10 10% Yes Fair 
LVPW is moderately visible on the 
surface, slightly rough finish 

Medium Passed 

4P15 15% No Poor 
LVPW is clearly visible on the surface, 
rough finish 

High Failed 

4P20 20% No Poor 
LVPW is clearly visible on the surface, 
rough finish 

Very High Failed 

Appearance & Surface Smoothness Classification 

Smooth finish 
LVPW is slightly visible on the 
surface 

LVPW is moderately visible on 
surface 

LVPW is clearly visible on 
surface, rough finish 
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Containing LVPW of a maximum of 15% for 1:2:3 and 10% for 1:2:4 mix ratio, 
both samples achieve a compressive strength exceeding the 10 MPa benchmark 
required for non-load-bearing applications like latrine rings, slabs, and pillars. This 
translates to a certain amount of cost savings compared to conventional concrete. 
While both offer a balance between maximizing LVPW for environmental and 
economic benefits and maintaining sufficient strength and workability, the slightly 
rough surface texture might be acceptable for unexposed elements or those receiving 
a thin grout finish. 

6.4. Comparative analysis for cost-effectiveness of LVPW in concrete 
mixes 

Few insightful studies [27–30] are made for in-depth management of the cost of 
the recycling sector for plastic packaging in a developing country context. In the 
current study, it can be seen from Figure 15, Tables 8 and 9, that the case for 
incorporating LVPW into concrete mixes is a highly cost-effective and sustainable 
solution. For the 1:2:3 mix with 15% LVPW (Sample ID: 3P15), the cost reduction is 
3.37% for one latrine ring compared to the control mix (3P00). For the 1:2:4 mix with 
10% LVPW (Sample ID: 4P10), the cost reduction is 2.74% for one latrine ring 
compared to the control mix (4P00). Both samples demonstrate cost savings when 
using LVPW. The minimal acquisition cost of LVPW further amplifies the cost-
effectiveness of LVPW concrete. In most cases, the savings on aggregate costs are 
likely to outweigh any minor expenses associated with LVPW collection or 
processing. Beyond cost savings, LVPW utilization offers a significant environmental 
benefit. It provides a sustainable solution for managing low-value plastic waste by 
diverting it from landfills and promoting circular economy practices in the 
construction industry. 

Table 8. Cost comparison (for mix ratio 1:2:3, per Latrine ring, height—12″, Dia—30″, Thickness—1.5″). 

Raw materials Cost/unit With 0% LVPW (3P00) With 15% LVPW (3P15) Saving (%) Per Latrine ring 

Cost (TK) 

Cement 550 TK/bag 110 110 3.37* 

Sand 40 TK/cft 20 17 

Bricks chips 160 TK/cft 120 102 

LVPW 5 TK/Kg 0 13 

Total cost 249 241 

*In cost calculation the cost of GI wire is not considered since it is common in all cases.

Table 9. Cost comparison (for mix ratio 1:2:3, per Latrine ring, height—12″, Dia—30″, Thickness—1.5″). 

Raw materials Cost/unit With 0% LVPW (4P00) With 10% LVPW (4P10) Saving (%) Per Latrine ring 

Cost (TK) 

Cement 550 TK/bag 94 94 2.74* 

Sand 40 TK/cft 17 15 

Bricks chips 160 TK/cft 137 123 

LVPW 5 TK/Kg 0 9 

Total cost 248 241 

*In cost calculation the cost of GI wire is not considered since it is common in all cases.
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Figure 15. Cost comparison for one latrine ring (height—12″, Dia—30″, 
Thickness—1.5″). 

7. Conclusion

Considering all tests done in this study, i.e., strength, appearance, cost, and
seepage, the 1:2:3 ratio of concrete with 10% LVPW (3P10) can be considered the 
optimum choice. However, from an economic point of view, both 1:2:3 ratio concrete 
with 15% LVPW (3P15) and 1:2:4 ratio concrete with 10% LVPW (4P10) are good 
options. But, comparing these two cost-effective options, 1:2:3 ratio concrete with 
15% LVPW (3P15) is a better option as it gives more strength and consumes more 
plastic waste. In conclusion it can be said that: 
1) Increasing LVPW content leads to a decrease in tensile strength, compressive

strength, and unit weight of concrete. This is weak bonding between LVPW and
cement, internal cracking, and the lower density of LVPW compared to natural
aggregates. Despite strength reductions, LVPW concrete remains a viable option
for specific applications.

2) For non-load-bearing elements like latrine rings, the reduced weight of LVPW
concrete offers advantages in handling and potentially lower labor costs
associated with transporting and maneuvring the material during construction.
This translates to cost savings alongside the reduced material costs of LVPW
itself.

3) While the study suggests maximum LVPW contents for achieving 10 MPa
strength (15% for 1:2:3 mix and 10% for 1:2:4 mix), further research might
explore methods to improve the compatibility of LVPW with concrete,
potentially allowing for higher LVPW incorporation rates.

4) LVPW concrete offers cost savings compared to conventional concrete, with a
reduction of aggregate use of 15% for the 1:2:3 mix and 10% for the 1:2:4 mix.
The minimal acquisition cost of LVPW further strengthens its economic
advantage. From the optimized point of view, 1:2:3 ratio concrete with 15%
LVPW is a better option as it gives more strength and consumes more plastic
waste.

5) While workability is slightly reduced with LVPW, it remains within acceptable
limits for construction. The slight decrease in surface smoothness might be
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mitigated by using grouting or other finishing techniques. 
In a nutshell, LVPW concrete presents a compelling solution for sustainable and 

potentially cost-effective construction in specific applications. Careful consideration 
of the impact on mechanical properties, along with potential adjustments to optimize 
LVPW compatibility and address workability/aesthetics, can help maximize the 
benefits of this promising technology. This solidification ensures waste management 
is expected to contribute significantly to the environment as well as to society. 
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Abstract: Machine learning, a key thruster of Construction 4.0, has seen exponential 

publication growth in the last ten years. Many studies have identified ML as the future, but few 

have critically examined the applications and limitations of various algorithms in construction 

management. Therefore, this article comprehensively reviewed the top 100 articles from 2018 

to 2023 about ML algorithms applied in construction risk management, provided their strengths 

and limitations, and identified areas for improvement. The study found that integrating various 

data sources, including historical project data, environmental factors, and stakeholder 

information, has become a common trend in construction risk. However, the challenges 

associated with the need for extensive and high-quality datasets, models’ interpretability, and 

construction projects’ dynamic nature pose significant barriers. The recommendations 

presented in this paper can facilitate interdisciplinary collaboration between traditional 

construction and machine learning, thereby enhancing the development of specialized 

algorithms for real-world projects. 

Keywords: machine learning (ML); construction; risk management; critical review; Litmaps®; 

Open knowledge maps® 

1. Introduction

Occupational safety has always been a headache for many workers in high-risk 
industries, such as high-voltage electricians, tower crane drivers, and deep-well 
miners, to name a few [1,2]. Accidents, whether artificial or not, can cause significant 
loss of life and property, as well as immense psychological grief for families. 
According to the latest data (11 January 2024) from the International Labor 
Organization (ILO), many countries such as Costa Rica, Argentina, Chile, France, and 
Denmark had at least 9421, 3587, 3142, 3043, and 2814 injuries per 100,000 workers, 
respectively [3]. This has also led to a focus on research around risk. Construction risk 
is complex and dynamic, arising from inherent uncertainties and variability [4]. Given 
the involvement of many stakeholders in large construction projects, including 
owners, financial institutions, project managers, designers, construction crews, 
manufacturers, suppliers, labor, insurance agencies, legal counsel, and public and 
regulatory agencies [5,6]. Effective risk management is crucial for their successful 
execution. Risk assessment is a cornerstone of construction management, involving 
identifying, analyzing, and mitigating potential risks that may arise during various 
project phases [7,8]. Historically, construction risk management was regarded as a 
static process at the project initiation stage [9,10]. However, constant changes in 
construction methods, coupled with a growing recognition of risk volatility, have led 
to a paradigm shift in risk management approaches [11]. The contemporary 
perspective acknowledges that risks are not fixed but evolve over the project lifecycle 
[12]. Therefore, it is imperative to adopt a dynamic and proactive approach to risk 
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management that accounts for the evolving nature of risks and adapts to changing 
project circumstances. 

Fuzzy set theory (FST) was introduced by scholars in 1989 as a means of 
linguistic risk assessment for construction [13,14]. This approach enabled analysts to 
communicate the level of risk associated with individual project elements to 
stakeholders in easily understandable linguistic terms [15]. On the other hand, OSHA 
employs the risk matrix, a standard methodology for risk assessment. However, 
subjective approaches to risk assessment, such as those based on historical accidents, 
rely heavily on personal knowledge, experience, intuitive judgment, and rules of 
thumb. Many risk models are still based on expert opinion and emphasize linear 
causality, making it challenging to incorporate non-linear relationships such as 
security commitments and organizational culture [16,17]. Recent studies have 
highlighted the power of ML. As shown in Figure 1, according to the most recent data 
from the Scopus database, articles on ML grew exponentially from 2014 to 2023, 
reaching 131,489 from 11,264. Many scholars have also recognized that the rapidly 
changing algorithms have led to the need to regularly review research about the 
application of ML in construction risk. However, few studies critically examined the 
ML algorithm in this niche. The collective wisdom of the domain should be 
continuously constructed and updated, as knowledge is dynamically changing and 
growing and is contributed by multiple domain experts [18]. 

Figure 1. Machine learning annual publications (2014–2023). 

Therefore, this article enriches the knowledge system in the following ways: 1) 
provides scientific and researched empirical evidence for engineers in chaotic working 
environments by reviewing existing algorithms’ purpose, background, and limitations; 
2) promotes the iteration of machine learning knowledge in construction risk by
critically reviewing previous research; and 3) helps practitioners choose appropriate 
computational methods to formalize complex engineering knowledge. This study 
sheds light on the current main ML algorithms in construction risk by selecting 100 
powerfully relevant and high-level research articles published between 2018 and 2023. 
The rest of the paper is structured as follows: Section 2 provides an overview of 
machine learning. Section 3 introduces the research methodology, and Section 4 
introduces each algorithm’s application, advantages, and disadvantages in 
construction risk assessment. Section 5 discusses future improvements in ML. Section 
6 summarizes the research findings of this article and gives recommendations. 
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2. Background

Machine learning (ML) intersects several disciplines, including computer 
science, statistics, and artificial intelligence developments [19]. It addresses the 
problem of constructing computer algorithms and models that enable computer 
systems to improve automatically based on experience and increase performance on 
specific tasks [20,21]. Fundamentally, the beauty of ML is the ability to analyze, 
predict, and make decisions based on known data with increasing accuracy if the data 
sample expands [22]. As a result, it is popular in many data-intensive industries, such 
as the chemical industry, where active ML has been used to optimize the performance 
of CO2 electrocatalysts [23]. In the medical field, Warnat-Herresthal et al. [24] used 
ML to identify patients with leukemia based on their blood transcriptome. 

ML encompasses three fundamental types: supervised, unsupervised, and 
reinforcement learning [25]. One of the significant challenges that ML models face is 
overfitting and underfitting. Overfitting occurs when a model matches too closely to 
the training data, leading to inadequate performance on new and unseen data. On the 
other hand, underfitting occurs when a model is too simple to capture the underlying 
data patterns [26]. Supervised learning algorithms are designed to learn from labeled 
datasets, where each input data point is associated with a corresponding label [27]. 
The algorithm then learns to map input data to the correct output by adjusting its 
parameters based on the error between the prediction and the actual label [28]. Where 
features are the input variables, and labels are the outputs or predictions that the model 
is trying to learn. For example, algorithms make decisions based on historical data on 
contractor bidding opportunities, and the individual representations of project 
characteristics that enable the system to make decisions are called features. 
Unsupervised learning involves training on unlabeled datasets where the system 
automatically explores patterns in the data without guidance, such as clustering and 
lowering dimensionality. Reinforcement learning, on the other hand, trains a model 
and makes it make decisions by interacting in a scenario. The model is continually 
modified based on feedback from decisions such as rewards and penalties, aiming to 
maximize cumulative rewards over time. 

3. Methods and materials

Compared to the traditional retrieval methods (from Scopus or WoS), we try to 
adopt a two-stage meta-analytic paper retrieval method to provide a new reference for 
future literature retrieval. In the first step, our approach used Open knowledge maps® 
to sift through the top hundred papers on “construction risk management” and 
“machine learning” efficiently [29]. By grouping these documents based on their 
metadata, including title, abstract, author, journal, and subject keywords, we can create 
a word co-occurrence matrix to determine the relevance of each article. As shown in 
Figure 2, the resulting map represents the textual similarity between each article and 
the search query. The proximity of circular regions on the map indicates how closely 
related their subjects are, with more central areas indicating more remarkable 
similarity to the overall topic. Using this method, we can effectively manage the 
number of documents to review while exploring a wide range of content. 
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Figure 2. Top 100 Strong-related articles about ML in construction risk. 

In the second step, Figure 3 comprehensively showed the top 20 citations and 
references associated with the subject matter using Litmaps®. The inner circle of the 
map represents the input, namely “Construction Risk Assessment” and “Machine 
Learning,” and its corresponding combination of citations and references. The outer 
circle demonstrates the articles’ findings that are most pertinent to the domain. After 
completing the literature search, we collected data from the selected literature, 
including key findings, methods, applications of ML techniques, challenges 
addressed, and innovations introduced [30]. This information was then systematically 
organized and cataloged for analysis. Identify patterns, trends, and common themes in 
the selected literature by analyzing the collected data. Finally, we will compare ML 
algorithms and their effectiveness in construction risk management. 

Figure 3. Top 20 high-cited articles about ML in construction risk. 
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4. Results

The keyword cloud in Figure 4 is generated based on the frequency statistics of 
documents. It is intended to facilitate the reader’s understanding of the current state of 
ML in the field. Standard algorithms include SVM, logistic regression, and ANN. 
They are utilized in almost every risk management process, including risk 
identification, classification, assessment, diagnosis, and prevention. The study 
summarizes the main ML algorithms in construction risk, as illustrated in Table 1. 
Since the author’s past research has discussed artificial neural networks and Bayesian 
networks, this article will not discuss them. 

Table 1. ML in construction risk management. 

Algorithm Application Source 

Regression 

Mapping landslide sensitivity; project delay risk prediction; predicting construction duration; 
Credit risk assessment models for financial institutions; Analysis of ground settlement during 
tunnel construction; Predicting variance in construction productivity; Determination of poor 
compliance with OSH rules of construction workers; long-term probabilistic prediction of rock 
burst hazard. 

Tessema et al. [31]; Zhu et al. 
[32]; Gariazzo et al. [33]; 
Hemasinghe et al. [34]; Li and 
Jimenez [35]. 

RF 

Integrated land carrying capacity assessment; multi-objective optimization of shield construction 
parameters; Constructing a monitoring model for dam safety; Predicting BIM labor cost; 
Detecting corporate misconduct; Activity recognition of construction equipment; concrete dam 
deformation monitoring; Analyzing and adjusting EPB shield steering in real-time; hybrid 
optimization of seismic performance of mountain buildings. 

Xie et al. [36]; Hu et al. [37]; 
Wang et al. [38]; Wu et al. 
[39]; Wen et al. [40]. 

SVM 

Predicting project outcomes; Rapid building fire risk assessment; projects delay risk prediction; 
Hypertension risk assessment for steelworkers in deep foundation pits; Estimation of 
construction waste generation; Seismic hazard safety evaluation of existing buildings; Early cost 
estimates of bridges; Estimation of construction waste generation. 

Hu et al. [41]; Chen and Lin 
[42]; Tserng et al. [43]; Fan 
and Sharma [44]; Fu et al. [45]. 

GCN 

Boring machinery load prediction in tunnel excavation; Interaction Behaviors Identification of 
Construction Workers; Identification of accident-injury type and body part factors; Action 
recognition of construction workers under occlusion; Determining construction method patterns 
to automate and optimize scheduling; Monitoring and prediction of landslide-related 
deformation. 

Mostofi et al. [46]; Khalili et 
al. [47]; Mostofi et al. [48]; Fu 
et al. [49]; Li et al. [50]; Zhang 
et al. [51] 

KNN 

Projects delay risk prediction; Safety risk evaluations of deep foundation construction schemes; 
Estimation of management reserve; Assessing worker perceived risk; Analysis of factors 
influencing rockfall runout distance; Short-term rockburst risk prediction for profound 
underground works;  

Chen et al. [52]; Pandey and 
Bandhu [53]; Jaber et al. [54]; 
Lee et al. [55]. 

Apriori 
Analysis of deformation response to landslide disaster; Mining geological disaster sensitivity 
evaluation indicators; Mining Construction Cross-Operation Risk Association Rules. 

Linwei et al. [56]; Chen et al. 
[57]; Chen et al. [58] 

PCA 
Extraction of construction accident characteristics; Analysis of crucial behavioral risk factors for 
construction practitioners; Explore construction settlement data; Identify and remove outliers. 

Shao et al. [59]; Xiang et al. 
[60]; Siddiqui et al. [61] 

XGBoost 
Handling large datasets; Predicting enterprise financial management risks; Investment Estimates 
for Assembled Concrete Buildings; Predict construction cost overruns; Investment estimation of 
prefabricated concrete buildings. 

Yan et al. [62]; Cherif and 
Kortebi [63]; Coffie and 
Cudjoe [64]; Liu et al. [65] 

K-Means

Identifying clusters of projects with similar risk profiles; Early warning of risks in government 
investment and construction projects; Supplier risk assessment; Risk assessment of integrated 
pipeline corridor construction projects; BIM performance assessment system; Identifying high 
frequency-low severity construction safety risks. 

Liu and Li [66]; Wang et al. 
[67]; Ayhan and Tokdemir [68] 

ARIMA 
Predicting construction cost index; Predicting construction material prices; Forecasting the ratio 
of a low bid to owner’s estimate for highway construction; Effect of dam construction on the 
lake; Structural health monitoring and identification; Predicting perceived fatigue levels. 

Kim et al. [69]; Moon et al. 
[70]; Ghashghaie and Nozari 
[71]; Kaloop et al. [72]; Hajifar 
et al. [73] 
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Figure 4. Keyword cloud of the documents. 

4.1. Linear and logistic regression 

Linear regression (LiR) is a statistical technique that models the connection 
between a dependent variable and one or more independent variables [74]. It aims to 
create a linear equation that predicts the dependent variable based on the independent 
variable values [75]. Equation (1) shows that multiple regression analysis integrates 
numerous independent variables throughout the dataset without considering shared 
variance, and R2 assesses reliability. LiR helps analyze the impact of various factors 
(independent variables) on a specific risk outcome (dependent variable). Huang & 
Hsieh [76] employed LiR to forecast BIM labor costs. It produces a simple and 
understandable model that explains each independent variable’s influence on 
predicting risk outcomes. Secondly, LiR is computationally efficient and 
straightforward, suitable for swift analysis and evaluation. Thirdly, LiR equation 
coefficients measure the strength and direction of the relationship between the 
independent and dependent variables. Still, it is unsuitable for capturing complex, 
variable relationships or interactions. Additionally, linear regression is sensitive to 
outliers, which can significantly affect model parameters and predictions [77]. 
Therefore, LiR is not ideal for nonlinear relationships. 

𝑌 = 𝑎 + 𝑏ଵ𝑥ଵ + 𝑏ଶ𝑥ଶ + ⋯ + 𝑏௡𝑥௡ ± 𝑒 (1)

here 𝑌 could be the risk factor variable, a is a constant, 𝑏ଵ through 𝑏௡ are estimated 

regression coefficients, 𝑥ଵ through 𝑥௡  are predictor or independent variable values, 

and e is the closure error. 
Logistic regression (LoR) is a statistical technique that predicts the probability of 

a binary outcome (0 or 1) based on one or more predictor variables, as demonstrated 
in Equation (2). LoR can be utilized to model and predict the probability of a specific 
risk event happening or not [78]. Levy and Baha [79] employed LoR models to 
anticipate borrower solvency. Akboğa and Baradan [80] employed LoR modeling to 
identify factors contributing to construction injury severity. Bhattacharjee et al. [81] 
used an interval based LoR and FMEA to assess potential failures. Both regression 
coefficients are interpretable, making it easy to understand how each predictor variable 
impacts the probability of a risk event occurring. LoR is restricted to binary outcomes, 
designed for binary outcomes, and needs to be modified or expanded for multi-
category outcomes [82]. 
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𝑦 =
1

1 + 𝑒ି௭
=

1

1 + 𝑒ି(௪೅௫ା௕)
(2)

where 𝑧 is a real number, 𝑤 is a column vector, 𝑥 is a row vector, and 𝑏 is a real 

number. 𝑤்𝑥  denotes the inner product of 𝑤  and 𝑥 . 𝑒  is the base of the natural 

logarithm. The function 𝑦 has a range of (0,1). When 𝑦 is greater than 0.5, we consider 
the input data belong to the positive category; otherwise, we consider the input data to 
belong to the negative category. In addition, the loss function of logistic regression is 
the cross-entropy loss function. 

4.2. Principal component analysis 

Principal Component Analysis (PCA) is a statistical technique used for 
dimensionality reduction in multivariate data analysis. Its primary purpose is to 
transform the original variables into a new set of uncorrelated variables, known as 
principal components, which capture the maximum variance in the data. PCA can 
identify the data set’s most influential patterns or features by arranging these 
components in descending order of variance. This dimensionality reduction method 
simplifies the data while preserving its essential features, making it valuable in various 
fields such as image processing, pattern recognition, and data compression. The 
specific formula is as follows: 

𝑥 =
1

𝑛
෍  

ே

௜ୀଵ

𝑥௜ (3)

𝑆ଶ =
1

𝑛 − 1
෍  

௡

௜ୀଵ

(𝑥௜ − 𝑥̅)ଶ (4)

Cov(𝑋, 𝑌) =
1

𝑛 − 1
෍  

௡

௜ୀଵ

(𝑥௜ − 𝑥)(𝑦௜ − 𝑦) (5)

here, 𝑥 is mean, 𝑆ଶ isvariance, Cov(𝑋, 𝑌) is covariance. 
Zhang et al. [83] proposed the weight calculation method of Group Analytic 

Hierarchy Process-Principal Component Analysis to rank the critical construction risk 
factors. Most studies use PCA as a data preprocessing tool [84,85]. Nevertheless, it 
also has some disadvantages. First, it is often difficult to directly interpret the specific 
meaning of the principal components obtained by PCA. Although it can map high-
dimensional data to a low-dimensional space, the meaning of the comprehensive 
evaluation function is unclear when the sign of the factor loading of each principal 
component is positive or negative. Secondly, PCA is sensitive to outliers, which may 
cause the extracted principal components to deviate from the actual situation. Finally, 
PCA assumes that the data follows a Gaussian distribution. If the data distribution does 
not conform to this assumption, it may result in inaccurate analysis. 

4.3. Support vector machines 

The Support Vector Machine (SVM) is a powerful binary classification model 
that utilizes a linear classifier to optimize the feature space [86]. SVM’s primary 
learning strategy involves interval maximization, which can be formulated as a convex 
quadratic programming problem [87]. This is also equivalent to minimizing a 
regularized hinge loss function. It is also an optimization algorithm used to solve 

171



Building Engineering 2024, 2(1), 544. 

convex quadratic programming. The fundamental idea behind SVM is to locate a 
separating hyperplane that accurately separates the training dataset while maximizing 
the geometric intervals [88]. The basic idea is to solve for a separating hyperplane that 
correctly divides the training dataset and maximizes the geometric separation [89]. As 

shown in Equation (6), w ⋅ x୧ + b = 0 is the separating hyperplane, and there are 
infinitely many such hyperplanes (i.e., perceptual machines) for a linearly divisible 
dataset. Still, the geometrically maximally spaced separating hyperplane is unique. 
The algorithmic formulation of the SVM is as follows [90]: 

minw, b
1

2
∥ w ∥ଶ

s.t. y୧(w ⋅ x୧ + b) ≥ 1, i = 1,2, … , n
(6)

here xi is the feature vector of the ith sample; y୍ is the category labeling of the ith 
sample, taking the value of +1 or −1. 

It can be applied to classify risks such as credit into different categories based on 
input features [91,92]. Gong et al. [93] used a binary particle swarm optimization 
algorithm to reduce the redundancy of information in the dataset. Then, they modified 
the classification algorithm using an Adaboost-enhanced support vector machine 
classifier, which overcame the difficulties of correctly classifying a small number of 
samples in an unbalanced dataset. SVM has gained popularity in recent years due to 
its effectiveness in high-dimensional feature space and its ability to handle complex 
patterns in data. It is well-suited for scenarios where a clear margin of separation exists 
between different classes or categories, making it a valuable tool for risk classification 
tasks such as credit risk assessment. 

Several studies have explored the use of SVM in various risk assessment 
applications. For example, Liu et al. [94] developed an SVM model based on particle 
swarm optimization to predict the safety risk of metro construction, achieving an 
average accuracy of 85.26%. Wei et al. [95] proposed a new rapid-fire risk assessment 
method based on fuzzy mathematics and an SVM algorithm. Additionally, researchers 
have attempted to enhance the performance of SVM by integrating it with other 
algorithms, such as the firefly algorithm and Gradient Boosting Decision Tree [96–
98]. While SVM has several advantages, it also has some limitations that should be 
carefully considered. For instance, SVM is computationally intensive, especially for 
large data sets or complex kernel functions, which may affect scalability. It is also 
sensitive to noisy data, outliers, and mislabeled instances, which can significantly 
impact model performance and generalization [99]. Finding the optimal set of 
hyperparameters for SVM requires careful tuning, which can be challenging. 

4.4. Random forest 

Random Forest (RF) is an ensemble ML algorithm that has become increasingly 
popular in various ML applications, including classification and regression tasks [100]. 
As shown in Figure 5, the algorithm constructs many decision trees during training 
and outputs pattern (classification) or mean (regression) predictions for individual 
decision trees [101]. In construction risk, RF has been used to predict and classify 
different types of risks based on relevant input features, such as falls from heights 
[102,103]. Studies have shown that RF models can effectively estimate the 
relationship between monitoring values and pit safety risk and predict and prevent 
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occupational accidents [104,105]. RF has also been used to develop risk indicators 
with high accuracy in various fields, such as supply chain finance risk [106], flood risk 
[107], and landslide risk assessment [108]. These studies have demonstrated that RF 
is a robust algorithm that can handle missing data efficiently, including incomplete 
data sets in the assessment process [109–111]. Scholars have also proposed a fractional 
RF method with low dependency on a comprehensive training dataset that can predict 
extensive device activities using a small amount of training data [112,113]. 

Figure 5. Random forest model. 

Furthermore, RF provides a measure of feature importance that can help identify 
the most influential risk factors [114]. It is also robust to noisy data and outliers, and 
aggregating predictions from multiple trees eliminates individual errors and outliers 
[115]. Additionally, training individual trees in an RF can be done in parallel, making 
it computationally more efficient, especially for large data sets [116]. However, it is 
essential to note that RF may be biased toward the dominant class in the training data, 
leading to imbalanced predictions if the class distribution is imbalanced [117]. 
Moreover, while individual trees can be trained in parallel, the overall construction of 
an RF can be computationally expensive, particularly for large numbers of trees [118]. 
The diversity measure between the decision trees improves the model’s generalization, 
but it is still necessary to minimize the number of trees to find the optimal subset [119]. 

4.5. K-nearest neighbor 

The K-nearest neighbor (KNN) algorithm is a powerful instance-based learning 
method that can be utilized for both classification and regression problems. The 
fundamental concept behind the KNN algorithm is to locate the k closest instances to 
a new input instance in the training set and subsequently predict the instance’s class 
based on the classes of these k instances. The Equation (4) of the KNN algorithm is as 
follows [120]: 

y = argmax
ୡౠ

෍  

୩

୧ୀଵ

w(i) ⋅ I൫y୧ = c୨൯ (7)

here y denotes the predicted category, c୨ denotes the jth category, w(i) denotes the 

weight of the distance d(x, 𝐼) from the input instance x, and I൫y୧ = c୨൯ is the indicator 

function, when y୧ = c୨, I൫y୧ = c୨൯ = 1, otherwise I൫y୧ = c୨൯ = 0. 

In KNN, an object is classified by the majority class of its k nearest neighbors, 
where “k” is a user-defined parameter. Construction risk can be applied to categorize 
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risks or predict risk outcomes based on the characteristics of similar historical cases. 
Lee et al. [121] used it to retrieve similar projects and a genetic algorithm to optimize 
the retrieved cases with an error rate of less than 5%. Kamran et al. [122] reduced the 
magnification of the original database using the state-of-the-art method of the 
Isometric Mapping (ISOMAP) algorithm; it then used the Fuzzy c-Mean (FCM) 
algorithm to classify the datasets obtained from ISOMAP, and thirdly, employed it to 
predict the short-term rock burst datasets at different levels of accuracy, with an 
accuracy of 96%. Liu et al. [123] constructed an improved fusion KNN model to 
evaluate the posture state of workers. 

KNN is a straightforward and practical method for quickly assessing risk, mainly 
when interpretability is crucial. Moreover, it is suitable for analyzing data with an 
unknown or complicated distribution since it does not rely on making assumptions 
about the underlying data [124]. KNN can also detect local patterns, making it an 
effective tool for identifying risks with spatial or temporal clustering. However, it is 
computationally demanding, mainly when applied to large datasets, as it requires 
computing the distance between the query and all training instances. KNN is also 
sensitive to outliers, as extreme values in the dataset can affect the nearest neighbors. 
In addition, irrelevant or redundant features can introduce noise into distance 
calculations and compromise the performance of KNN [125,126]. In high-dimensional 
space, the distance between instances tends to become more uniform, which may 
reduce the effectiveness of KNN. Finally, the choice of parameter “k” (number of 
neighbors) can impact KNN’s performance and may need to be adjusted based on the 
data’s specific characteristics [127]. For instance, Zhang et al. [128] used a weighted 
k-value to plan deep foundation pits.

4.6. XGBoost 

XGBoost is a refined algorithm rooted in GBDT. While sharing the basic concept 
of GBDT, it incorporates several enhancements, including second-order derivatives 
for greater loss function accuracy, regularization terms to address tree overfitting, and 
block storage for parallel computation [129]. Its objective function comprises a loss 
function and a regularization term. The loss function can be the mean square error 
(MSE) for regression problems or cross-entropy for classification problems. Qin [130] 
predicted corporate financial risk and found that the model’s errors were all within 3%, 
with the maximum prediction error of only 2.68%. In another study, Liu et al. [131] 
assessed pipeline safety using it and achieved an accuracy of 91.8%. The algorithm 
analyzes the feature’s importance, which helps prioritize risk factors in decision-
making. Including regularization terms in the objective function helps prevent 
overfitting and improves the model’s generalization [132]. It is designed for parallel 
and distributed computing, efficiently handling large building datasets [133]. However, 
it faces the challenge of interpretability, and data preprocessing is necessary to handle 
missing values and outliers for optimal performance. 

In the future, it may be possible to use more superficial ensemble structures to 
enhance the interpretability of XGBoost models. The development of automatic 
hyperparameter tuning methods can simplify the model development process and 
improve the algorithm’s ease of use [134]. Construction projects involve data that 
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changes over time, and improving XGBoost’s ability to process time series data 
directly could enhance its applicability to construction risk management. However, 
the complexity and dynamic interrelationships of the studied attributes make it 
difficult for the XGBoost model to predict residual values [135]. 

4.7. K-means 

The k-means algorithm is a distance-based clustering algorithm. Its steps include 
[136]: 1) randomly initialize k centers of mass, i.e., the centroids of the k clusters; 2) 
for each sample, calculate its distance from the k centers of mass and assign it to the 
cluster with the closest distance; 3) for each cluster, recalculate its center of mass; 4) 
repeat steps 2 and 3 until the center of mass no longer changes or a preset number of 
iterations is reached. Distance can be used as Euclidean distance, Manhattan distance, 
etc. K-means can group construction projects based on shared risk characteristics, 
which allows risk profiles to be created for different projects and can also help identify 
geographic or project-specific “hot spots” where specific risks are more prevalent 
[137]. This information is valuable for resource allocation. Many academics use K-
mean clustering to identify similarities between different construction projects based 
on risk factors, which can help with benchmarking. Evolving risk patterns are 
uncovered by regularly updating clusters and reassessing risks. 

K-means is computationally efficient and relatively simple to implement, making
it suitable for quick analyses and real-time applications. The algorithm scales to large 
datasets, making it ideal for large-scale complex projects [138]. Being an unsupervised 
learning algorithm means it does not require labeled data, making it adaptable to 
situations where comprehensive risk labeling is not readily available. Each item is 
assigned to a cluster, providing precise categorization and simplifying the 
interpretation of results. However, the results of K-means are sensitive to the initial 
position of the centroids. Different initializations may lead to other solutions and 
finding the optimal centroids can be challenging. The algorithm assumes that the 
clusters are spherical and of equal size, making it difficult to identify irregularly 
shaped clusters or clusters with different densities, which are common in construction 
risk datasets [139]. Improvements have also been made to the K-means method to deal 
with non-spherical or irregularly shaped clusters, improving its applicability in various 
construction risk situations. For example, developing strategies to automatically 
determine the optimal number of clusters (K) could alleviate the sensitivity to the 
initial choice of centroids and improve the usability of the algorithm. 

4.8. ARIMA 

ARIMA (Autoregressive Integrated Moving Average) is a time-series forecasting 
algorithm that can make time-series forecasts of construction-related variables such as 
project cost, completion time, or other performance indicators [140]. Equation (8) of 
the ARIMA model is given below: 

𝑌௧ = 𝑐 + 𝜙ଵ𝑌௧ିଵ + ⋯ + 𝜙௣𝑌௧ି௣ + 𝜃ଵ𝜖௧ିଵ + ⋯ + 𝜃௤𝜖௧ି௤ + 𝜖௧ (8)

here, 𝑌௧  denotes the observed value at time t and c is a constant; 𝜙ଵ, ⋯ , 𝜙௣  is the 

autoregressive coefficient; 𝜖௧  is white noise; 𝜃ଵ, ⋯ , 𝜃௤  is the moving average 
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coefficient. The parameters 𝑝, 𝑑, 𝑞  of the ARIMA model denote the number of 
autoregressive terms, difference order and moving average terms, respectively. 

ARIMA provides a quantitative basis for assessing the likelihood of delays, cost 
overruns, or other adverse events. It can assist in resource planning by predicting the 
demand for construction materials, labor, and equipment based on historical usage 
patterns [141]. ARIMA explicitly accounts for the time dependence of the data and is, 
therefore, well-suited to modeling construction-related variables that evolve [142]. 
Secondly, ARIMA is very robust when dealing with noisy time series data and is, 
therefore, suitable for situations where construction project data may be subject to 
variability and uncertainty [143]. The parameters and results of the model can usually 
be interpreted to give an understanding of the impact of past observations on future 
projections. It is very effective for univariate time series data, which is common in 
construction risk analysis, where univariate variables (e.g., project duration or cost) 
are often the focus of the study. However, ARIMA assumes that the underlying data 
patterns are linear and require the time series data to be static, which is challenging in 
dynamic yet complex construction systems. In addition, because it focuses primarily 
on internal time-series patterns, it is easy to overlook external factors or unexpected 
shocks to a construction project. Therefore, incorporating suitable exogenous 
variables is a topic worth considering. 

4.9. Graph convolutional network 

Graph Convolutional Network (GCN) is a deep learning algorithm that operates 
on graph-structured data. Equation (9) demonstrates the algorithm of GCN [144]: 

𝐻(௟ାଵ) = 𝜎 ൬𝐷෩ି
ଵ
ଶ𝐴ሚ𝐷෩ି

ଵ
ଶ𝐻(௟)𝑊(௟)൰ (9)

here 𝐻(୪) is the node feature matrix of the lth layer, W(୪) is the weight matrix of the lth 

layer, 𝐴ሚ = 𝐴 + I, I is the unit matrix, and D෩ is the degree matrix of A෩. 
It can model the complex relationships and dependencies between various risk 

factors in a construction project and represent them as a graph [145]. Nodes can 
represent project risk components, while edges represent their relationships [146]. It 
can help identify critical nodes in a construction project, such as unsafe interactions 
between people, machines, and materials [147]. Temporal information can be 
integrated to enable dynamic risk assessment by considering the evolution of risk 
factors at different stages in the construction. Mostofi and Toğan [148] combined a 
GCN to account for the dependency information between accidents and predicted the 
severity outcome of each construction activity with 94% accuracy. 

GCN can improve the efficiency of risk assessment by using transfer learning to 
train models on one construction project that apply to new projects with similar risk 
structures. However, GCNs require large amounts of labeled data to learn effectively, 
which may not always be readily available. The raw recorded data may contain noise, 
which reduces the prediction accuracy of the GCN deep learning model [149]. 
Integrating external data sources such as weather patterns, economic indicators, or 
regulatory changes into GCN can enhance its ability to capture external influences on 
building risk [150]. 
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4.10. Apriori 

Apriori algorithm is a classical association rule mining technique used in data 
mining and machine learning. It aims to discover frequent item sets in transaction 
databases and extract meaningful associations between items. The algorithm uses a 
bottom-up approach, starting with a single item and progressively identifying larger 
item sets through iterative concatenation and pruning based on a predefined support 
threshold. Support measures how often the itemset appears in the dataset. The strength 
of association rules can be measured by their support and confidence, as shown in 
Equations (10) and (11). 

Support(𝑋, 𝑌) =
num(𝑋𝑌)

num(allsamples)
(10)

Confidence(𝑋𝑌) =
𝑃( 𝑋 ∣ 𝑌 )

𝑃(𝑌)
 (11)

Xie et al. [151] used it to mine disaster information and prevent incorrect 
reference management. Deng et al. [152] analyzed subway operation accident cause 
association rules based on the Apriori algorithm and network method. This algorithm 
needs to scan the data set multiple times and calculate frequent item sets, so the 
calculation complexity is high and the speed is slow. On large data sets, the efficiency 
may not be high enough. Secondly, it must store many intermediate results, requiring 
ample memory space. Finally, it can only handle discrete data and is powerless for 
continuous data. 

5. Discussion

Construction projects often involve heterogeneous and incomplete data, leading 
to inaccurate model predictions. Much of the quantitative data is difficult to collect 
without the full assistance of site managers and workers, especially in China, where 
disruptions to the construction schedule can hinder researchers [153]. It has become 
the norm to model multiple ML tools simultaneously, compare their associated fit 
parameters, such as F1 and RSMEA, recall rate, and then select the “best performing” 
tool [154]. Accurately capturing and modeling this complexity is a significant 
challenge for traditional algorithms. Taking safety risks as an example, the 
construction industry lacks standardized incident text data formats and reporting 
practices [155]. Different data sources and formats make integrating information 
effectively difficult for many ML models. Construction projects change over time, 
with changing conditions, requirements, and stakeholders, and the many human 
decisions involved are not so easily quantifiable [156]. However, computer vision 
attempts to understand human behavior and incorporate it into ML models. Many 
state-of-the-art ML algorithms lack transparency, interpretability, and complex deep 
learning models. In risk management, stakeholders often require explanations of 
predictions, which can hinder adopting specific algorithms. In addition, limited 
computer literacy and a lack of awareness of potential advantages among construction 
industry practitioners in most developing countries can similarly hinder the 
widespread adoption of ML technologies. Data for many projects is subject to 
confidential contractual terms and regulatory norms, and complying with these 
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regulations while implementing ML models can be challenging, especially if the 
models are seen as “black box” systems [157]. 

Improving the use of ML in construction risk management requires a 
combination of data-driven approaches, advanced algorithms, and integration with 
existing processes. First, there is data collection and integration. Consider collecting 
comprehensive, high-quality data from various sources, including project management 
systems, sensor data, historical project data, weather conditions, etc. Then, data from 
different departments and systems will be integrated to create a holistic view of the 
project and its associated risks. Next, fostering collaboration between building 
technicians and machine learning experts requires promoting mutual understanding of 
expertise and goals. Launching an interdisciplinary training program can help bridge 
the knowledge gap, enabling building technicians to grasp basic machine learning 
concepts and machine learning experts to understand the intricacies of building 
processes. In addition, joint project planning sessions and interdisciplinary teams can 
facilitate a holistic approach, allowing building technicians to provide real-world 
insights and machine learning experts to deliver tailored solutions. Construction 
companies need to adjust their corporate structure and set up AI represented by ML as 
a specialized function, which not only creates sustainable returns for the company but 
is also an inevitable choice not to be eliminated by the times. Besides ML, other 
methods also made sustained contributions, as shown in Table 2. It is also an excellent 
option to integrate ML with these techniques to form a new approach. 

Table 2. Other methods in construction risk evaluation. 

Source Method Contribution 
Zhu et al. [158] 4D simulation The methodology provides a 4D simulation environment for modeling drone 

interactions on a dynamic construction site. 
Zhong et al. [159] Finite Element Model (FEM) The methodology can assess the seismic risk of bridges throughout their life cycle, 

including construction and use. 
Nguyen et al. [160] Hierarchical regression The methodology provides a comprehensive list of GB risks, categorized and 

assessed according to the project life cycle. 
Sohrabi and Noorzai 
[161] 

PLS-SEM The methodology is based on a project life-cycle perspective that considers the 
link between the risks leading to claims and the main parties involved. 

Hatamleh et al. [162] Factor analysis The methodology identifies the risks developing countries face and emphasizes 
how risks can benefit industry practitioners. 

Al-Mhdawi et al. 
[163] 

Deductive and inductive reasoning The methodology proposes new risk models for analyzing the risks associated 
with extreme situations such as pandemics. 

Gashaw and Jilcha 
[164] 

Fuzzy Synthesis Evaluation (FSE) 
and System Dynamics (SD) 

The methodology considers the overall dynamics, interrelationships, and 
uncertainties of risks to inform the assessment of the impact of project objectives. 

Do et al. [165] Expert scoring The methodology simultaneously examines the chain of risk factors, the sources 
of risk, and the scope of influence of risk factors. 

He et al. [166] AHP and Fuzzy Comprehensive 
Evaluation (FCE) 

The method quantitatively evaluates the risk level of pyrotechnic operations and 
rationally ranks the importance of various risk factors. 

Mohandes et al. [167] AHP The methodology is based on a fuzzy hybrid multidimensional model that 
considers the context of construction-related activities that lead to accidents and 
provides a comprehensive ranking system for project risk. 

Badi et al. [168] Grey Theory The methodology identifies the risks of construction projects through preliminary 
research, extensive interviews with construction experts, and site visits. 

Zhang and Li [169] Projection Pursuit Method and 
Improved Set Pair Analysis 

The method is based on the risk decomposition structure matrix, which considers 
the risk dynamics and establishes the deep foundation pit risk evaluation index 
system. 

Ju et al. [170] Best worst method (BWM) and 
game theory and extension cloud 

The methodology considers disaster-causing factors when assessing building 
safety risks. 

Sadeghi et al. [171] Trapezoidal fuzzy ordinal priority 
approach (OPA-F) 

The methodology constructs a new OPA-F using trapezoidal fuzzy numbers, 
assesses the blockchain risks faced by construction organizations, and develops a 
framework. 
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6. Conclusion

The number of machine learning papers is growing exponentially, and regular 
review is essential to promote the dissemination of interdisciplinary knowledge in the 
industry. This study’s significance is critically reviewing ten machine learning 
algorithms that have been popular in construction risk over the last five years to inform 
new researchers. Machine learning has great potential in construction risk 
management but requires combining technology, data, and domain knowledge to 
achieve better results. Linear regression is suitable for predicting continuous numerical 
outcomes, such as project cost or completion time. However, it is assumed that there 
is a linear relationship between the variables, which may not always be accurate in 
complex construction projects. Logistic regression is suitable for binary classification 
problems, such as predicting whether a project will be completed on time or delayed. 
However, assuming linear decision boundaries may not capture more complex 
relationships in the data. SVMs are adequate for regression and classification tasks, 
especially when working with nonlinear and high-dimensional data. However, the 
choice of kernel and parameters can be sensitive, and different kernel functions, such 
as the triangular kernel function and the Gaussian kernel function, may perform 
differently or poorly on large data sets. RF is suitable for classification and regression 
tasks, robust enough to overfit, and can handle large datasets with many features. 
However, it lacks interpretability, and the training time for extensive forests can be 
extended. KNN is simple and effective for classification and regression tasks, 
especially when dealing with localized patterns. However, it is sensitive to irrelevant 
or redundant features and computationally expensive to predict for large datasets. PCA 
in construction risk analysis offers the advantage of reducing dimensionality and 
aiding in identifying key risk factors and patterns; however, it may oversimplify 
complex interactions and might not capture non-linear relationships in the data. On the 
other hand, the Apriori algorithm enables the discovery of association rules among 
construction risk factors, enhancing understanding; nevertheless, it may face 
challenges with large datasets and requires careful parameter tuning. XGBoost is very 
effective for classification and regression tasks and is often used in competitions due 
to its high predictive performance. However, it is computationally expensive and is 
easy to overfit if not correctly adjusted. K-Means is suitable for clustering similar 
construction projects based on characteristics such as project size, location, or 
complexity. However, it must be assumed that the clusters are spherical, sensitive to 
the initial cluster center, and may not work well for clusters of uneven size. ARIMA 
is suitable for time series forecasting in construction risk analysis, such as predicting 
future project delays or cost overruns. However, it requires assumptions of linearity 
and stationarity and may not capture complex nonlinear trends in time series data.  

The study recommends using a combination of these algorithms to address 
construction risks. The choice of algorithm should depend on the specific 
characteristics of the data and the nature of the risk being analyzed. Proper data 
preprocessing, feature engineering, and hyperparameter tuning are critical to achieving 
optimal model performance. In addition, there is a distinct lack of standardization 
across the industry, leading to challenges in actual data collection. Therefore, future 

179



Building Engineering 2024, 2(1), 544. 

research should prioritize standardization efforts and seek consensus on best practices 
to meet project-specific needs, such as tight deadlines and confidentiality agreements. 
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