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Abstract

In Indonesia, construction accidents have occurred during the construction of bridges and elevated roads, peaking in 2017.
The lifting of girder beams has failed in several construction projects, and the formwork has failed during pier construction.
The reasons for these work accidents are human and equipment factors, which caused material losses and loss of life. A
risk assessment model for bridge construction work accidents in construction projects is proposed in this paper, with the
work breakdown structure (WBS), risk breakdown structure (RBS), analytic hierarchy process (AHP), and rating being
integrated to assess the risk of bridge construction work accidents. This model is expected to improve safety in bridge
construction by providing effective safety planning, especially in the accident risk assessment process. The study results
indicate that the WBS and RBS can outline and explain the identification of construction safety risks for bridges and
provide insight into the interrelationship of construction phases and the potential risks. The relationship between the WBS
and RBS is created in the form of a coupling matrix, and we identify the potential risky activities at each phase and the
corresponding construction phases. The AHP can be used to calculate the weights and priorities of the WBS and analyze
the magnitude of the risk index for its related risky activities; then, the rating method can be used to analyze the risk index.
Girder and diaphragm installation work involves a high risk of workers falling during the erection of girders.

Keywords: Safety Risk; Bridge Construction; Work Breakdown Structure (WBS); Risk Breakdown Structure (RBS); Analytic Hierarchy
Process (AHP); Rating.

1. Introduction

Accidents at the workplace in road and bridge construction projects in Indonesia are still a major issue that cannot
be overlooked; the Indonesian government has not yet taken serious action to solve the problem. In 2017, the rate of
work-related accidents in bridge construction was the highest, and many projects experienced accidents that killed
materials and humans. In East Indonesia, the construction business is one of the most hazardous businesses in terms of
workplace accidents, causing fatalities every year. Quantitative research using multiple linear analysis has revealed that
31 predictive factors are associated with occupational accidents, and 13 cost factors are derived from them with high
probability factors [1].

The government of Indonesia continues to construct roads and bridges, especially in the eastern part of the country;
management has remained quite ignorant of the negative impact on workplace safety. This, | believe, goes hand in hand
with the notion that developmental activities do not always correspond with the implementation of safety measures at
the occupational level. In addition, it was concluded that the main reason for accidents was the lack of understanding of
the management staff as to the need to implement safety measures, especially in connection with the lifting of objects
to the height of the buildings [2].
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Risk factors in bridge construction are many and require comprehensive risk control measures. Bridge construction
involves various risks that need to be assessed and monitored systematically and rationally as a way of improving
construction safety [3]. Safety issues are affected by a variety of factors, including human errors, equipment failures,
management flaws, and environmental constraints [4]. Scientific and reasonable safety assessment and monitoring
measures of bridge construction to enhance construction safety and reduce construction risks [3]. The bridge
construction safety issues are multidimensional, which include poor working conditions, lack of use of personal
protective equipment (PPE), lack of training and awareness, absence of safety plan, and unsafe practices in different
construction activities [5]. Safety risk assessment is fuzzy and random, which makes it difficult for us to conduct
construction safety assessment with an accurate degree. Bridge construction accidents can be fatal, resulting in serious
property damage and casualties [6]. Construction of a toll road requires a holistic strategy to mitigate safety and security
problems when lifting girders [7]; several safety issues have been developed in relation to these technologies and
strategies.

A tool used for decomposition of a project into low segments of manageable size is the Work Breakdown Structure
(WBS), which helps the identification of risks at the different stages of project development. The Work Breakdown
Structure (WBS) helps projects organize; however, they are not always aligned with risk detection procedures. Work
Breakdown Structure (WBS) can detect risks, but its direct relation with improving safety performance has yet to be
fully studied [8, 9]. Its design is to run (with) WBS, yet at times there is disparity between the two structures. Without
a unified framework that integrates RBS and WBS, the combined effectiveness of the two approaches to mitigate safety
risk broadly [10] is constrained. The preceding is a significant deficiency in the irregular detection and evaluation of
hazardous conditions during construction projects at diverse stages. It is widely believed that hazards should be detected
at a pre-construction or design stage, and yet this is rarely done consistently. It has been suggested that a Work
Breakdown Structure (WBS) can be used to detect risks during the design phase, yet the link between this and improving
performance in safety remains poorly understood [8]. To fill this gap, this study provides a methodology for evaluating
and analyzing the safety risk involved in the concrete bridge building process based on the WBS, RBS, AHP, and rating
methods. To ensure safety compliance in infrastructure projects, this problem demands a huge effort from all
stakeholders [2]. On this basis, the study makes four recommendations based on which tragic occurrences in road and
bridge construction in eastern Indonesia can be prevented and safety standards improved within the construction industry
[1]. Therefore, the more people that are aware, know, and are committed to occupational safety, the fewer accidents in
the Indonesian bridge construction industry.

2. Literature Review

A large percentage of workplace accidents occur in the construction industry. It is reported that this business employs
almost one third of the industrial workforce, and yet it accounts for more than 40% of all workplace fatalities [11]. The
risks associated with work accidents that often occur in construction projects include exposure to falling from a height,
exposure to being hit by materials and equipment falling from above head height, exposure to being pinched in
equipment at the work site, exposure to an electric shock at the work site, and exposure to slipping at the work site [12].
Working at great heights, maneuvering heavy equipment, and working with hazardous substances are all part and parcel
of construction labor, the inherent characteristics of which thus make the accident rates higher [11]. Despite the
awareness of the perilous working conditions within the construction sector, including the risks of falling, electrocution,
being struck by an object, being in accidents related to equipment, and exposure to hazardous chemicals [11, 13], a
number of these hazards Kill or injure a large number of people each year [14, 15]. The proper management of safety in
excavation projects will prevent the environmental impacts and financial loss associated with project delay or failure
[16]. The use of efficient safety measures may drastically decrease the cost of accidents in the workplace, such as costs
related to medical expenses, compensation claims, and legal fees [17]. If accidents happen, they will delay the project,
result in financial losses, or damage the company’s reputation [16].

Safety is widely acknowledged as essential, but there are large discrepancies in its application in different situations.
The formulation and implementation of stringent health and safety (H&S) laws are poor in nations such as Nepal, and
this has adversely affected the efficacy of the overall project [18]. A complete approach is required to achieve effective
safety management in construction. Adherence to laws includes adherence to local safety standards, the provision of
personal protective equipment, regular safety meetings, and elaborate training programs [19]. It is of paramount
importance to develop a safety culture so that there is an atmosphere of supportive risk management [20]. There are
several things that are responsible for accidents that occur in construction projects, such as human factors, equipment,
the environment, and company policies. Over one quarter of accidents (25-38%) are attributed to worker behaviors that
result from both improper equipment usage and the incorrect application of PPE [15, 21]. Errors due to poor training
concerning safety rules and equipment operation rules can lead to accidents. Many employees will not have the requisite
training to recognize hazards or respond appropriately in emergencies [11]. This training can eliminate physical and
mental exhaustion, which lowers judgment and reaction times and thus elevates the risk of accidents. Long, continuous
hours without appropriate breaks make employees tired [21]. Perilous situations can be generated by neglected sites,
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insufficient illumination, and unfavorable weather conditions, which increase the likelihood of accidents. For example,
slips and falls may be caused by wet or muddy circumstances [11, 22].

The failure of machinery or equipment can lead to accidents, mostly due to a lack of maintenance or improper use.
An organization with a weak safety culture can become complacent about safety procedures. A lack of safety
prioritization by management affects how workers respond to safety [11]. Poor communication within the team about
safety practices, such as hazards and emergency procedures, can result in a heap of misunderstandings that can lead to
accidents. Methods of communicating in such environments need to be constructed to keep the construction site safe
[11]. Inspections and maintenance are required to keep the equipment safe [21]. Safety is necessary for protecting
workers from injuries and death. Worker safety is paramount in industries in which hazards are present, such as
construction [23]. A safe working environment helps employees feel mentally healthy and well, decreases stress, and
improves overall job satisfaction [17]. A project with a strong safety culture leads to improved worker morale. When
employees are safe and valued, they are more productive and engaged in their work. Organizations with highly
developed safety programs have lower turnover rates and higher employee satisfaction [10]. Organizations have to make
their workplaces comply with Occupational Safety and Health Administration (OSHA) regulations and local laws [11,
24, 25].

2.1. Risk Management in Construction Safety

Risk management in construction projects is a vital aspect of the overall management process, focusing on three
primary principles: time, cost, and quality [26]. The process involves the identification, analysis, and implementation of
suitable treatments for risks existing in the complex and dynamic construction industry [27]. The construction risk
management process typically includes planning for, identifying, evaluating, monitoring, and mitigating risks [28]. The
aim is to reduce the chances of adverse events and increase the chances of favourable events [28]. However, the
application of risk management techniques in the Somalian construction industry is greatly different from the use of
these techniques in other countries, and therefore the local context should be considered [29].

Construction businesses can consistently attain exceptional performance while proactively dealing with risk through
an integrated risk management strategy [30]. Risk analysis should be incorporated into project management in the
construction sector, including probability and effect methodologies and more sophisticated methods such as artificial
neural networks [31]. The execution of risk management can improve safety, protect the company’s reputation, and
reduce the costs of workplace incidents [28]. Construction safety risk management requires a multi-faceted approach.
Real-time monitoring and early warning systems, accident and emergency response simulation, safety risk prediction
and assessment, safety risk management decision support, and safety training and education should all be included in
this approach [32].

The construction of bridges involves many different risk variables, and they are all interrelated. Shan et al. [4] found
that there are numerous causes of accidents that occur during the construction of bridges: human factors, equipment
factors, management factors, and environmental factors. Shan et al. [4] found that the combined risks from different risk
variables may be extremely high, especially when it comes to human factors, as many other factors influence them. In
addition, cutting-edge technologies such as three-dimensional laser scanning to monitor the safety of bridge building
have also been utilized [3]. For effective risk management in bridge construction safety, the application of sophisticated
assessment methodologies in the planning and design stages is required. For this approach to be effective, it must be
comprehensive. The use of artificial intelligence algorithms such as random forest has been shown to achieve speedy
and reliable risk assessment [33, 34].

2.2. Risk Identifications on Safety Construction

The WBS and RBS are efficient ways to identify safety hazards in construction projects. As a result, we can develop
a systematic and complete methodology for identifying and assessing risk [35, 36]. In construction projects, a WBS is
used to break the project into smaller units of work, and an RBS is used to classify and analyze potential risks. These
structures are integrated into a WBS-RBS connection matrix [37] to identify WBS-specific risk variables. This has been
successfully applied to a number of construction situations, including electric vehicle production, hydropower projects,
and tunneling projects [35, 38]. The WBS-RBS methodology has many advantages in the identification of safety risks
in construction. It supports a systematic and complete risk assessment, it facilitates risk variable prioritization, and it
describes how to formulate targeted safety measures [35, 39]. This was the first method to identify critical risk elements
in a lifting operation project when safety knowledge is not available: they include unlawful practices and deficient
protective measures [39]. The accuracy of risk assessment in building projects can be improved using fuzzy logic and
Bayesian networks with the WBS-RBS technique [35, 36].

The identification of construction safety concerns is carried out by applying the WBS and RBS, but they suffer from
many difficulties. WBS-RBS is frequently employed for risk identification in building projects, but it may fail to cover
some safety issues. The structures are built largely using the skills and experience of the participants, and the approach
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can result in subjective assessments and fail to properly identify the risk factors [40]. For the individual preferences, the
subjectivity of this method may cause it to either underestimate the significance of some risks or overestimate others.
Specifically, various studies endeavored to diminish this disadvantage by utilizing WBS-RBS with other methodologies.
For example, in Fu et al. [40], the risk level of a building is evaluated on the basis of the matter element extension model
and variable weight theory with risk variables. Chen et al. [35] also used WBS-RBS combined with fuzzy Bayesian
networks to assess the fire risk due to electric vehicles. In these hybrid methodologies, researchers attempt to reduce
subjectivity and increase the thoroughness of risk identification. Some research has developed complete index systems
for risk assessment, such as the WBS-RBS matrix [10, 40, 41]. A matter element extension model is employed to
quantify the identified risks. The variable weight theory is applied to this model, and it is used to assess the significance
of various risk factors in a structured framework for construction risk evaluation [40].

Construction projects have many dangers and risks, which can seriously damage occupational health and safety. The
identified and evaluated risks are needed to manage safety in the construction sector efficiently. Various methods have
been used to identify and assess risks in construction safety. The hazard identification risk assessment and risk control
(HIRARC) and failure mode effect analysis (FMEA) methodologies were used to identify and analyze potential hazards
[42]. Alternative methodologies include the cost of safety (COS) model coupled with the AHP for the prioritization of
safety risks [43] and attribute-based risk assessment models using data mining techniques for the analysis of injury
reports and the correlation between hazardous activities and risks [44, 45]. Classical risk identification involves
structured approaches, expert inputs, and a continuing process. The fuzzy AHP allows project managers to prioritize
risks, which results in smarter decisions, reducing both the cost and time needed to decommission a nuclear power plant
[41].

The application of intelligent construction in bridge engineering safety management is a developing trend. Modern
information technology helps to promote the intelligent safety management of bridge engineering, but there are still
challenges for future development [46]. Solutions have been provided as to how the complex safety risks involved in
bridge construction have been managed. A new early-warning model that integrated a rough set (RS), the sparrow search
algorithm (SSA), and the least squares support vector machine (LSSVM) has improved the accuracy of forecasting
construction safety problems [47]. Another approach is to combine the cloud model with the uncertain AHP to address
the vagueness and randomness of the evaluation of safety hazards in bridge building [48].

2.3. Risk Analysis on Safety Construction

Construction safety risk analysis is an important part of project management that includes many methods and
technologies to identify, assess, and reduce potential risks. Conventional techniques such as job safety analysis (JSA)
are tailored for construction settings [49], and these methodologies provide a sound framework for locating, assessing,
and mitigating safety hazards across different construction projects. Chen et al. [50] suggest a dynamic risk analysis for
behavior-based safety (BBS) management that combines expert experience with objective historical data to produce
more accurate outcomes. Through graph topology analysis, this approach evaluates the risks and consequences of
hazardous activities and improves the grey clustering model of construction site risk. Different methods have been used
for certain construction situations. A bridge construction strategy based on the cloud model and the uncertain analytic
hierarchy method to deal with fuzziness and unpredictability in risk assessment is proposed [48]. Safety in bridge
construction has been assessed using backpropagation neural networks [51]. Additionally, for the transverse construction
of bridges, three-dimensional laser scanning technology is used for point layout measurement, monitoring strategies,
and data analysis [3]. The application of Building Information Modelling (BIM) technology has also been employed to
improve the quality and effectiveness of construction safety management [52].

Machine learning algorithms may successfully be used to help identify safety concerns associated with tunnel
construction through the identification of potential ground settlement and the determination of safety issues [53]. In risk
analysis in utility tunnels, operational maintenance (O&M) is emphasized to lower the occurrence of hazards, e.g., fires
or building failure. Global data integration is utilized to create advanced decision support systems to enhance emergency
response capabilities [54, 55]. Digital twin technology is incorporated in safety analysis, not only to enhance real-time
monitoring and decision-making abilities in complicated systems such as urban infrastructure [25, 56, 57] but also to
improve safety assurance. Building sites can be monitored for environmental conditions and worker safety by means of
the Internet of Things (loT), allowing the real-time delivery of such data and improving decision-making in risk
management [14, 15]. Enhancing project outcomes requires the incorporation of sophisticated technology and
procedures in construction safety risk analysis. The monitoring of bridge building has been done using three-dimensional
laser scanning technology [3].

Several criteria and approaches are involved in bridge construction safety risk analysis. Different methods have been
used in diverse investigations to evaluate and mitigate these risks efficiently. There are many studies that highlight the
use of sophisticated analytical methodologies for risk evaluation. Safety risk variables were assessed with the imprecise
synthetic judgment approach and AHP, and a compilation of risk elements was created [58]. Questionnaire surveys and
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expert grading methodologies were used to examine risk factors with factor analysis, which showed six main risk factors
influencing bridge-building safety [59]. To deal with the ambiguity and unpredictability in safety risk assessment, a
cloud model and an uncertain AHP [48] were introduced. The bridge-building risk was assessed using the random forest
algorithm to determine the importance of indicators and generate benefits, including precise and resilient risk assessment
outcomes that are independent of expert evaluations [33, 34]. The cost and schedule implications of project risks were
assessed through the use of a Monte Carlo simulation [60]. The Monte Carlo simulation was used to evaluate and
mitigate schedule risks in both feasibility studies and construction stages. This approach helped project managers cut
down on potential delays and budget overruns [60].

2.4. Application AHP and Rating on Safety Construction

Numerous research studies have proved that the AHP can be effectively used to evaluate construction safety issues.
The AHP was used to identify and rank risk factors in Metro Manila condominium projects related to the health and
safety risk (19.52%), quality risk (15.97%), and management/supervision risk (15.77%) [35]. To research bridge
construction safety based on critical aspects of occupational safety and hygiene management, such as electrocution,
which was one of the risk factors that might be underreported compared to fall injuries, the AHP was used. Construction
safety risk analysis has been performed using the AHP, and some discrepancies have been found between the AHP and
conventional evaluations. Previous safety evaluations [61] suggested that electrocution was a greater problem than fall
injuries, but the results of the bridge construction investigation indicated otherwise. This suggests that the AHP can
provide novel insights and points of view as to risk components that are likely to be overlooked if standard techniques
are employed. Construction safety risk management has made extensive use of the AHP, but it has been found to be
deficient in interdependencies. The assumption of independence is made in the AHP, which is not always true in building
projects, where most of the risks are interdependent. This constraint will result in the oversimplification of the risk
assessment procedure [62, 63].

The safety assessment of bridge structures using the AHP has been applied extensively to long-span bridges, e.g.,
suspension bridges. As an example, an AHP model was combined with fuzzy logic for decision-making to assess the
safety of single-tower steel box girder suspension bridges over the sea. This method, wherein the weights of various
factors such as the cable tension, the load on the main tower, the wind speed, and ambient conditions were determined
together, gave a complete evaluation of the safety of the bridge [64]. In another study, a combination of the AHP, the
best-worst method (BWM), and data envelopment analysis (DEA) was used to examine the risks faced by tunnel-boring
machine operations during metro construction [65]. In building safety assessment, especially for public-use buildings
susceptible to disasters such as fires and earthquakes, the AHP is also applied. For instance, the AHP was used to derive
an integrative building safety evaluation framework to rank safety categories that included fire safety, electrical systems,
gas systems, and crime prevention categories [66]. An integrated approach using the spherical fuzzy AHP to study
shipyard floating-dock operations assessed occupational hazards through the evaluation of different risk factors
(consequence, frequency, probability, and number of people exposed) [67].

The AHP has been extensively applied in construction safety management to systematically assess and rank safety
concerns. Its application in several areas of construction safety has been demonstrated by several studies. The AHP has
been employed to establish safety risk evaluation systems for manufactured buildings, identifying 17 critical risk
elements across five dimensions: the material, management, human, machine, and environment dimensions [68]. It is a
safety protocol prioritizing strategy because it allows one to concentrate on safety where it matters: site safety personnel,
operator proficiency, and equipment maintenance. The AHP is applied to the safety assessment of emergency training
scenarios involving human, machine, environmental, and managerial aspects related to building collapse [69].

The AHP is widely used in construction management, especially in risk management and sustainable construction,
but unfortunately it has some limitations. The AHP has been shown to be subject to limited sample sizes and the
subjective characteristics of pairwise comparisons [70]. However, it offers adaptability and the potential to be combined
with alternative methodologies [69] to increase its applicability in complex decision-making scenarios. This paper
studies the use of the AHP inrisk evaluation in building projects and the incorporation of other methodologies to improve
the efficacy. A model proposed by Du & Han [71] that combines the AHP with the Technique for Order of Preference
by Similarity to Ideal Solution (TOPSIS) is used to assess safety management in building projects.

Safety evaluation in bridge construction projects is surveyed, and the extensive use of the AHP in systematizing and
ranking a wide range of risk factors is illustrated. Several studies have combined the AHP methodology with other
approaches to refine and reinforce the accuracy and reliability of safety assessments. The AHP analysis of occupational
safety in bridge construction showed that electrocution is more dangerous than fall injuries [61], and several studies
have disclosed unforeseen results. This is a motivation to thoroughly evaluate risk variables to get to the subtle risks.
The use of the AHP to provide safety assessments for bridge building has been demonstrated to be a versatile and easy
method. It includes the study of the effect of road construction on existing bridges [72] and occupational safety [61].

This research integrates the WBS and RBS to comprehensively identify hazards: the WBS is used to construct a
hierarchical breakdown of the safety analysis process, and the RBS is used to establish a comprehensive categorization
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of safety risks. The WBS and RBS are combined to form a systematic risk management methodology that helps project
managers to synchronize the management of strategy with the management of projects. The integration of these two
methodologies enhances the ability to detect, assess, and rank risks and thus provides more efficient risk mitigation and
improved project outcomes [35]. The integration provides a systematic way to identify safety hazards associated with
specified tasks in the WBS. By linking these tasks with resources in the RBS, project managers can better understand
the potential relationship between risks and available resources [73]. By integrating the WBS and RBS, potential hazards
associated with task execution and resource availability are identified. That is, this proactive approach promotes
improved risk assessment and reduction across the entire project life cycle [74]. Working with an RBS allows the
classification of hazards according to historical data, which are linked to certain tasks in the WBS.

The AHP method is used in this research because the AHP in safety applications uses expert knowledge and criterion
weights [75]. Another reason for using it is the possibility of linking it with other tools, which makes it a useful method
to improve safety-related decision-making procedures in different fields of activity [70, 76]. Then, the AHP assists in
determining the weights of the many safety risk factors for construction site safety with more rationality compared to
other approaches [77]. Furthermore, to assess the relative importance of each factor, AHP matrices were created for
each of the categories of factors, where pairwise comparisons were made [78]. The model proposed in this study
integrates the WBS-RBS, AHP, and rating methods, as presented in Figure 1. The advantages of each method are used
to refine the identification and assessment of safety risks in construction projects.

Risk Identification Risk Assesment Risk Analysis
Determine risk index of WBS
and RBS

Developing manageable J,

components (WBS) Coupling matrix WBS-RBS WBS weight analysis with

AHP
Integrated WBS and Information risk priority of
RBS ~|/ RBS on WBS
Develop safety risks Risk assesment (probability Determine the WBS rating
and severity)

(RBS) 1

Calculate prioriry risk of RBS

Figure 1. Proposed model

3. Research Methodology

The first stage determines the types of risks and tasks in bridge construction. Data about types of accidents and work
stages are collected from references, and experts who know how to build bridges are interviewed. Risk types are
identified as an RBS, and work stages are identified as a WBS. The integration of the WBS activity stages and RBS risk
types follows, and an assessment list for probability and severity is compiled. After the completion of the respondents’
probability and severity assessment forms, the following assessment stage is completed. The data were collected through
the stratified random sampling method, where respondents were selected in accordance with the criteria of having
experience in bridge work and working for contractors, consultants, or the government.

The data are then collected and compiled to get the risk index based on the WBS and RBS. The result of this
calculation is a global score of the RBS risk index; then, we use the AHP method to analyze this score to find the
weights of the WBS work stages. AHP analysis is used to calculate WBS weights in the WBS-RBS matrix coupling,
with the resulting matrix corresponding to the number of WBS stages at the lowest level related to the RBS. This
matrix is a pairwise comparison to determine the relative importance of criteria analyzed using the AHP calculation
procedure to obtain priority weights. This priority weight is analyzed using the rating method to obtain a proportional
scale for calculating the RBS risk index. The results of the WBS rating analysis will be multiplied by the RBS risk
index to give the RBS risk index at those WBS stages. These data can reveal the highest RBS accident risk in the
associated WBS work. A flow diagram of the model used to analyze the safety risks of bridge construction is shown
in Figure 2.

Risk identification using the WBS and RBS forms a matrix of the WBS and RBS at the lowest level of the WBS
and RBS. We analyze the formed matrix by arranging it into a paired matrix, which matches the number of identified
risks at the lowest level of the RBS. The WBS is a method of organizing and defining all the project’s working ranges
by arranging project aspects. The WBS sub-grade denotes a more intricate project. As the lowest grade of the WBS,
the work package (WP) provides the rationale for defining the activities and assigning tasks to the individual and the
organization. A hierarchical arrangement of the possible risk sources is known as an RBS. A method for grouping
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project risks facing the project, the RBS organizes and specifies all the project’s risks with reference to the WBS
definition. The RBS sub-grade is a more specific source of the project risk. The fundamental idea behind WBS-RBS
risk identification is that, based on the establishment of a reasonable WBS and RBS, the risk of each WP within the
effective working range specified in the WBS will be determined in accordance with the particular risk factors
specified in the RBS.

Identification types Identification types
of work of risk

) \

Create hierarchy of
work (WBS)

| !
l

Integrated WBS and RBS

l

Create a coupling matrix
WBS-RBS

l

Assessment
probability and severity

l

Determine risk index of
WBS and RBS

l

WBS weight score analysis
with AHP

l

Determine the WBS rating
1

Calculate priority risk RBS

l

RBS risk priorities at each
WBS task

Create RBS

Figure 2. Safety Risk Assessment Model Flowchart

After obtaining the coupling matrix model from the WBS and RBS, respondents conduct a risk assessment,
evaluating the probability and severity that will inform the analysis of the construction safety risk index for bridge
construction (Figure 3). The results of the risk index analysis were then grouped by risk level using the risk matrix
presented in Table 1. For probability, the scale is 1 for rare, 2 for unlikely, 3 for moderate, 4 for likely, and 5 for almost
certain. For severity, the scale is 1 for negligible, 2 for minor, 3 for moderate, 4 for major, and 5 for catastrophic. The
four risk categories are as follows: extreme has a range of 17-25, high has a range of 9-16, moderate has a range of 5—
8, and low has a range of 1-4.

Table 1. Risk Level Matrix

Severity

Negligible Minor Moderate Major Catastrophic

Rare L L L L M

2 Unlikely L L M M H
% Moderate L M M H H
£ Likely L M H H E
Almost certain M H H E E

Note: L low risk, M: moderate risk, H: high risk, E: extremely high risk.
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Figure 3. Model WBS-RBS coupling matrix

The AHP analysis comprises several steps: constructing the pairwise comparison matrix, determining the priority
vector for a criterion such as experience, calculating the consistency ratio, computing Amax, deriving the consistency
index (CI), selecting a random value for the CI from a table, and evaluating the consistency of the pairwise comparison
matrix to ascertain whether the decision-maker’s comparisons were consistent (below 10%). The geometric mean
approach involves the assessment of the priority vector obtained from the root (number of rows) of the product of the
rows of the pairwise matrix (a;) as follows:

GM = n\/ Lr'l:lai (1)

The consistency vector represents a comparison between the weight square matrix and the priority vector. The weight
square matrix (WSM;) is derived by multiplying the pairwise comparison matrix (M;;) with the priority vector matrix
(PV;), as described by the following Equation:

WSM; = Y7L, Xicy Mi;PV; 2)

The consistency index is obtained from the maximum eigenvalue of the paired matrix (Amax) and the dimension of
the paired matrix (n), and the consistency ratio (CR) is the comparison of the consistency index (CI) and the random
index (RI). These values are determined using the following Equations:

rmax-n
cr =2 3
cR=C “)

T ORI
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The AHP is utilised to evaluate the significance of each activity and hazard, improving the assessment of workplace
accident risk within the relevant WBS. Upon normalising the WBS weights, a rating is produced that serves as a
multiplier to determine the RBS distribution; this rating is the ratio of the priority weight (Wi) on each RBS risk to the
maximum value of the priority weight (Wj), and it is computed using the Equation 5:

Idealised = ¥\ —=t— (%)

max Z;-n wj

4. Results and Discussion
4.1. Respondent Description

There were 48 participants overall, 46 men and 2 women. Construction projects in Indonesia are male-dominated,
and hence there is a preponderance of male respondents in the acquired data. The ages of the respondents are mostly in
the range of 37 to 42 years, and the work experience ranges from a minimum of 5 years to a maximum of 34 years. The
education levels range from doctoral to associate degrees, with 31 respondents having a bachelor’s degree and a PhD
degree being the most uncommon. There are 31 contractors, 13 consultants, and 4 government entities employing the
respondents. The role of employment includes the following: 7 project managers, 7 supervisors, 21 project engineers, 3
quality control staff, and 10 Quality, Health, Safety, and Environment (QHSE) professionals. The profiles of the
respondents are presented in Table 2.

Table 2. Description Of Respondents

No. Description Classification
Male Female
1 Gender
46 2
25-30 31-36 37-42 43-48 49-54 55-60
2 Age (year)
8 13 15 5 4 3
. 5-9 10-14 15-19 20-24 25-29 30-34
3 Work experience (year)
17 15 6 8 1 1
. S3 S2 Sl D4 D3
4 Education level
1 7 31 3 6
Contractor Consultant Government
5 Workplace
31 13 4
» J1 J2 J3 J4 J5
6 Job positions
7 60 21 3 10

Notation: D3: associate degree, D4: Bachelor of Applied Science, S1: bachelor, S2: master, S3:
doctoral, J1: Project Manager, J2: Supervisor, J3: Project Engineering, J4: Quality Control, J5: HSE

4.2. Risk ldentification

Risk identification begins by breaking down bridge construction into four levels according to the stages of bridge
construction. The first level is the main work, the second level is the main sub-work, and level 3 contains the details of
the sub-work. The main task is divided into two tasks, namely substructure activities (W1) and superstructure activities
(W?2). The substructure task is broken down at level 3 into earthwork (W1.1), foundation (W1.2), pile cap (W1.3), and
pier (W1.4). The earthwork task is divided at level 4 into soil excavation (W1.1.1), landfill (W1.1.2), hauling (W1.1.3),
and dewatering (W1.1.4). The foundation task is broken down into piling preparation (W1.2.1), pile transportation
(W1.2.2), pile driving (W1.2.3), pile connection (W1.2.4), pile cutting (W1.2.5), pile scrap disposal (W1.2.6), bridge
abutment (W1.2.7), and abutment (W1.2.8). The last substructure task is pile cap, which is broken down into floor work
(W1.3.1), pile cap reinforcement (W1.3.2), pile cap formwork (W1.3.3), and pile cap concrete pouring (W1.3.4).

The superstructure task at level 3 is broken down into girder fabrication (W2.1), girder storage (W2.2), girder and
diaphragm installation (W2.3), bridge main deck (W2.4), and parapets (W2.5). The girder fabrication task is divided
into girder fabrication reinforcement (W2.1.1), girder fabrication formwork (W2.1.2), and girder fabrication concrete
pouring (W2.1.3). The bridge main deck task is broken down into bridge main deck reinforcement (W2.4.1), bridge
main deck formwork (W2.4.2), and bridge main deck concrete pouring (W2.4.3). The last part of the superstructure is
divided into parapet reinforcement (W2.5.1), parapet formwork (W2.5.2), and parapet concrete pouring (W2.5.3).

The RBS identifies the potential risks of bridge construction and identifies various risks that cause accidents from
the substructure stage to the superstructure stage. Data were collected from two sources: journals and staff working on
the bridge project. At level 2, the RBS identified 24 potential risks, which can be classified into human aspects (R1),
such as workers being exposed to welding (R1.1), scalded skin being exposed to concrete (R1.2), workers being stabbed
by sharp objects (R1.3), workers being hit by heavy equipment or trucks (R1.4), workers’ bodies being scratched (R1.5),
workers falling (R1.6), workers being pinched in equipment (R2), equipment falling into a river (R2.1), and heavy
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equipment or trucks overturning (R2.2). The material aspects (R3) include reinforcement collapse (R3.1), formwork
collapse (R3.2), a girder being broken (R3.3), a girder rolling over (R3.4), a girder falling during erection (R3.5), pile
overturning (R3.6), and earth wall collapse (R3.7).

This research involves applying a WBS as the basic tool to organize and manage the project, which decomposes the
project into smaller, more manageable units. The WBS is a hierarchical decomposition of the work that is to be done.
The phases of the project itself are clearly defined. Especially for bridge construction, there are usually many activities,
resources, and risks that it is important to coordinate very carefully. The main goal of the WBS in bridge building is
helping to reveal all of the tasks and their composition in such a way that project planning, execution, monitoring, and
control can be organized. It breaks the project into smaller work packages or deliverables that teams or contractors can
be assigned for implementation. The results of the WBS identification show four levels of the WBS, namely Level 1 -
Overall project (bridge construction); Level 2 - Major phases (substructure and superstructure); Level 3 - Specific tasks
within each phase (for example, foundation, pile cap, girder); and Level 4 - Detailed activities and resources for each
task (concrete pouring, concrete formwork, concrete reinforcement).

This research uses an RBS to develop a hierarchical framework to identify, categorize, and manage risks
systematically in bridge construction projects. The RBS provides the project manager and the stakeholders with an idea
of the risks that could affect different aspects of the project, such as design and materials, environmental conditions, and
human resources. The RBS organizes risks into structured categories and provides a comprehensive overview of
uncertainties in bridge construction that facilitates the development of effective risk mitigation strategies. Bridge
construction risks are normally classified into three categories, namely human aspects, equipment aspects, and material
aspects (see Figure 4).

1.1.1. Soil excavation |

1.1.2. Landfill
1.1. Earthwork -
1.1.3. Hauling

1.1.4. Dewatering

— 1.2.1. Piling preparation |

—» 1.2.2. Pile transportation to site \

—» 1.2.3. Pile driving

L2 Foundation L 1:2:4- Pile connection |
> 1.2.5. Pile cutting

—> 1.2.6. Pile scrap disposal |

—» 1.2.7. Oprit bridge

—» 1.2.8. Abutment
1.3.1. Floor work

1.3.2. Pile cap formwork ‘

—ﬁ 1.3. Pilecap

1.3.3. Pile cap reinforcement \

1.3.4. Pile cap pouring concrete

1.4.1. Pier reinforcement
—ﬁ 1.4. Pier 1.4.2. Pier formwork ‘
Bridge 1.4.3. Pier pouring concrete ‘
Construction

2.1.1. Girder reinforcement \

—ﬁ 2.1. Girder Fabrication 2.1.2. Girder formwork \

2.1.3. Girder pouring concrete \

2.2. Girder Storage

—ﬁ 2.3. Girder and diaphragm installation

L—» 2. Super structure 2.4.1. Bridge floor slab reinforcement ‘

—ﬁ 2.4. Bridge main deck 2.4.2. Bridge main deck formwork ‘

2.4.3. Bridge main deck pouring concrete \

2.5.1 Parapet reinforcement \
—ﬁ 2.5. Parapet 2.5.2. Parapet formwork‘

2.5.3. Parapet pouring concrete

Figure 4. Break down WBS in Bridge Construction
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The established WBS and RBS indicate that the lower-level units of both frameworks are interrelated to formulate
the coupling matrix for identifying construction hazards in bridge projects. In this matrix, ‘0’ denotes the absence of risk
from the interconnection, and ‘1’ shows the presence of created risk. In formulating the coupling matrix, we initially
verify that each item (W) and each risk category (R) in the RBS are distinctly recognized. Subsequently, by pairing them
individually, we establish a junction for each pair, W and R, that signifies if W poses a risk during building. The risk
associated with the human element is derived from the convergence of soil excavation (W1.1.1) with worker exposure
to welding (R1.1), potential impacts from heavy equipment or trucks (R1.4), worker slips (R1.9), worker entrapment
(R1.10), the overturning of heavy equipment or trucks (R2.2), and the collapse of reinforcements (R3.1). The outcomes
of the WBS and RBS integration matrix for bridge construction are displayed in Tables 3 and 4.

Table 3. Coupling Matrix of WBS and RBS on Bridge Sub Structure

w1

W11 W1.2 W1.3 W1.4

w111 wil2 w113 Wl1l4 w121 Wi122 Wi123 Wi124 W125 W126 W127 W128 W131 W132 W133 W134 W141 W142 W143

R1

R2

R3

R1.1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
R1.2 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0
R1.3 1 1 1 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0
R1.4 1 1 1 1 0 1 1 0 1 0 0 1 0 0 0 1 1 1
R1.5 0 0 0 0 1 0 0 0 0 0 0 0 1 1 0 1 0 1
R1.6 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1 1
R1.7 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
R1.8 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
R1.9 1 1 1 1 0 0 0 0 0 0 1 1 0 0 0 0 0 0
R1.10 1 1 1 1 0 0 0 0 0 0 0 0 0 0 1 0 1 0
R1.11 0 0 0 0 0 1 1 0 0 1 0 0 1 1 1 0 1 1
R1.12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
R1.13 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
R1.14 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0
R1.15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0
R2.1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
R2.2 1 1 1 0 0 1 1 1 0 1 1 1 0 0 1 1 1 1
R3.1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
R3.2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
R3.3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
R3.4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
R3.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
R3.6 0 0 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0
R3.7 1 1 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0

The WBS and the RBS are two important tools for organizing and managing the project; in this research, the
WBS and RBS are integrated into bridge construction. For comprehensive project planning and risk management,
the mapping of risks to work packages is essential, which means that for every work package (WBS) defined, the
risks from the RBS can be mapped to. By correlating certain project tasks with their related risks, the project manager
can focus on mitigation efforts for high-risk activities. The WBS makes sure that everyone knows what needs to be
done, and the RBS makes sure that everyone is aware of what risks might occur and how they will be managed. The
bridge construction project integration of the WBS and RBS offers a structured approach to manage both work
activities and the associated risks. Additionally, this integration guarantees that risks are constantly addressed at each
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of the phases of the project. Through mapping out specific risks for individual work packages, project teams can
develop specific mitigation strategies, which, when applied, will contribute to the overall project success while
reducing delays and cost overruns.

Table 4. Coupling Matrix of WBS and RBS on Bridge Super Structure

w2
w2.1 W2.4 W2.5
w22 W23
w211 w212 W213 w241 W242 W243 @ W251 W252 W253
R1.1 0 0 0 0 0 0 0 0 0 0 0
R1.2 0 0 1 0 0 0 0 1 0 0 1
R1.3 0 1 1 1 0 0 0 0 1 1 1
R1.4 1 1 1 1 1 1 1 1 1 1 1
R1.5 1 1 1 0 0 1 1 1 1 1 1
R1.6 0 0 0 0 1 1 1 1 1 1 1
R1.7 0 0 0 0 0 0 0 0 0 0 0
R1 R18 0 0 0 0 0 0 0 0 0 0 0
R1.9 0 0 0 0 0 0 0 0 0 0 0
R1.10 0 0 0 0 0 0 0 0 0 0 0
R1.11 0 0 0 0 1 1 1 0 1 1 1
R1.12 0 0 0 1 1 0 0 0 0 0 0
R1.13 0 0 0 0 0 0 0 0 0 0 0
R1.14 0 0 1 0 0 0 0 1 0 0 1
R1.15 1 0 0 0 0 0 0 0 0 0 0
R2.1 0 0 0 0 0 0 0 0 0 0 0
R2
R2.2 1 1 1 1 1 1 1 1 1 1 1
R3.1 0 0 0 0 0 0 0 0 0 0 0
R3.2 0 1 0 0 0 0 1 0 0 1 0
R3.3 0 0 0 1 1 0 0 0 0 0 0
R3 R34 0 0 0 1 1 0 0 0 0 0 0
R3.5 0 0 0 0 1 0 0 0 0 0 0
R3.6 0 0 0 0 0 0 0 0 0 0 0
R3.7 0 0 0 0 0 0 0 0 0 0 0

4.3. Risk Assessment Probability and Severity

Risk assessment is conducted by respondents who have been selected based on their job position, education, and
length of service. Respondents evaluate the probability and severity of risks from the WBS and potential risks (RBS)
that have occurred over the past 6 months. The type of bridge object assessed according to the WBS created is a
bridge with concrete girders and pile foundations. The risks at the construction stage of the bridge are divided
between the substructure and the superstructure, where the superstructure carries a greater risk compared to the
substructure. The highest risk in the substructure is found in the pier work (W1.4), with a risk index of 9.3281,
followed by the foundation (W1.2) at 8.6771, earthwork (W1.1) at 7.6497, and pile cap (W1.3) at 6.9427. The
highest risk stage in earthwork occurs in soil excavation (W1.1.1) at 5.0347, the highest risk in the foundation occurs
in abutment work (W1.2.8) at 6.2708, the highest risk in the pile cap occurs in reinforcement work (W2.3.2), and
the highest risk in pier work also occurs in reinforcement work (W2.3.2). The complete results of the risk index
analysis are presented in Table 5.
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Table 5. Risk index of WBS on bridge sub structure

WBS Description WBS Probability Severity RI
1. Sub Structure 2.3333 3.0833 7.1944
2. Super structure 3.7917 4.2083 15.9566
1. Sub Structure

1.1. Earthwork 2.9375 2.6042 7.6497
1.2. Foundation 2.8333 3.0625 8.6771
13. Pile cap 2.6875 2.5833 6.9427
14. Pier 2.2500 4.1458 9.3281
1.1. Earthwork

1.1.1. Soil excavation 2.4167 2.0833 5.0347

1.1.2. Landfill 2.1875 1.6458 3.6003

1.13. Hauling 2.1458 1.9792 4.2470

1.1.4. Dewatering 2.3125 1.8750 4.3359

1.2. Foundation

1.2.1. Piling preparation 1.6667 1.6458 2.7431

1.2.2. Pile transportation to site 1.6875 1.7292 2.9180

1.2.3. Pile driving 2.3125 2.2292 5.1549

1.2.4. Pile connection 1.6458 1.2500 2.0573

1.2.5. Pile cutting 1.3750 1.3125 1.8047

1.2.6. Pile scrap disposal 1.2708 1.1667 1.4826

1.2.7. Oprit bridge 2.1875 2.2708 4.9674

1.2.8. Abutment 2.6875 2.3333 6.2708

1.3. Pile cap

1.3.1. Floor work 1.2083 1.2083 1.4601

2.3.2. Pile cap reinforcement 2.2173 2.1398 4.7446

2.33. Pile cap formwork 2.0778 2.1553 4.4782

2.34. Pile cap concrete pouring 2.0623 1.7211 3.5495

14. Pier

24.1. Pier reinforcement 2.9792 2.8750 8.5651

24.2. Pier formwork 2.7917 2.8958 8.0842

24.3. Pier concrete pouring 2.7708 2.3125 6.4076

The superstructure consists of girder fabrication (W2.1), girder storage (W2.2), girder and diaphragm installation
(W2.3), bridge main deck (W2.4), and parapets (W2.5); girder and diaphragm installation (W2.3) is the highest risk
(12.0990) and is in the high-risk category. The medium-risk tasks are girder storage (W2.2), with a risk index of 5.2448;
bridge main deck (W2.4), with a risk index of 6.2344; and parapets (W2.5), with a risk index of 5.9974. The results of
the risk index analysis for the superstructure are presented in Table 6.

A bridge construction risk assessment (RBS) is conducted for the human aspect (R1), equipment aspect (R2), and
material aspect (R3). Risks associated with labor activities during bridge construction are related to the human aspect.
For this aspect, there is one high-risk category, workers falling (R1.6), with a risk index of 11.8403. There are two
medium-risk categories: workers slipping (R1.9) and workers becoming stuck (risk index of 5.0469). The equipment
aspect is related to the work-related risks of the tools used. Regarding the risk, the highest risk is shown by heavy
equipment or a truck overturning (R2.2), with a risk index of 5.0104, in the medium category. The material aspect of
the bridge involves the materials used in the construction of the bridge. None of these risks fall into the low category;
they are all in the medium and high categories. Of all the reviewed aspects, girder falls during erection (R3.6) have a
risk index of 15.8021 (the highest of all reviewed aspects). Other risks, such as reinforcement collapse (R3.1), formwork
collapse (R3.2), earth wall collapse (R3.3), girders breaking (R3.4), girders rolling over (R3.5), girders falling during
erection, and the pile overturning (R3.7), are in the moderate-risk category. The risk index analysis results for the
superstructure are presented in Figure 5.
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Table 6. Risk index of WBS on bridge super structure

WBS Description WBS Probability  Severity RI
2. Super structure
2.1. Girder fabrication 2.2500 2.1875 4.9219
2.2. Girder storage 2.2083 2.3750 5.2448
2.3. Girder and diaphragm installation 2.8750 4.2083  12.0990
2.4. Bridge main deck 2.3750 2.6250 6.2344
2.5. Parapets 2.9375 2.0417 5.9974
2.1. Girder Fabrication
2.1.1. Girder Fabrication reinforcement 1.5719 1.5170 2.3845
2.1.2. Girder Fabrication formwork 1.4730 1.5280 2.2507
2.1.3.  Girder Fabrication concrete pouring 1.4620 1.2202 1.7839
2.4, Bridge main deck
2.4.1. Bridge main deck reinforcement 1.9911 1.9215 3.8259
2.4.2. Bridge main deck formwork 1.8658 1.9354 3.6111
2.4.3.  Bridge main deck concrete pouring 1.8519 1.5455 2.8621
2.5. Parapets
2.5.1. Parapets reinforcement 1.9154 1.8484 3.5405
25.2. Parapets formwork 1.7949 1.8618 3.3417
25.3. Parapets concrete pouring 1.7815 1.4868 2.6487
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Figure 5. Risk index of RBS on bridge construction

The success of a project requires both a detailed WBS and a comprehensive RBS. The WBS organizes tasks into
manageable components with clear resource requirements, and the RBS identifies the risk at each stage of construction
and mitigates it. These two structures can be integrated to better plan for and manage risk and to communicate throughout
the project life cycle. This process of bridge construction risk assessment involves the identification of risks, the
determination of the probability and severity of risks, and the prioritization of risks based on the risk matrix. The method
estimates the probability that a given risk event will occur during project construction, and the severity was used to
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estimate the potential consequences (or severity) of a risk event occurring, which could affect the project costs, schedule,
safety, or structural integrity. The development of these effective mitigation strategies, which improve safety and
manage delays and costs throughout the project life cycle, requires a systematic approach. During construction, new
risks may arise, requiring new risk assessments to be performed periodically.

4.4. WBS Risk Weight Analysis with AHP

AHP analysis is done on the pairwise matrix that is made by comparing the risk indices of the WBS and the RBS.
We use the pairwise matrix of the RBS at level R1.6 as an example. In RBS R1.6, there are 12 related WBS tasks:
driving piles (W1.2.3), building an abutment (W1.2.8), reinforcing piers (W1.4.1), constructing piers (W1.4.2), pouring
concrete into piers (W1.4.3), installing girders and diaphragms (W2.3), reinforcing bridge main decks (W2.4.1),
constructing bridge main decks (W2.4.2), pouring concrete into the bridge main deck (R 2.4.3), reinforcing parapets
(W2.5.1), building parapets (W2.5.2), and pouring concrete into parapets (W2.5.3). We construct the paired matrix by
comparing the risk indices in the WBS, as displayed in Table 7.

Table 7. Pairwise matrix on RBS worker fall (R1.6)

R16 W123 W1.28 W141 W142 W143 W23 W241 W242 W243 W251 W252 W253

W1.2.3 1 0.82 0.60 0.64 0.80 0.43 2.16 2.29 1.80 1.46 1.54 0.80
W1.2.8 1.22 1 0.73 0.78 0.98 0.52 2.63 2.79 2.19 1.77 1.88 0.98
w141 1.66 1.37 1 1.06 134 0.71 3.59 3.81 2.99 2.42 2.56 1.34
W1.4.2 1.57 1.29 0.94 1 1.26 0.67 3.39 3.59 2.82 2.28 2.42 1.26
W1.4.3 1.24 1.02 0.75 0.79 1 0.53 2.69 2.85 2.24 1.81 1.92 1.00
W2.3 2.35 1.93 141 1.50 1.89 1 5.07 5.38 4.23 3.42 3.62 1.89
Ww2.4.1 0.46 0.38 0.28 0.29 0.37 0.20 1 1.06 0.83 0.67 0.71 0.37
W2.4.2 0.44 0.36 0.26 0.28 0.35 0.19 0.94 1 0.79 0.64 0.67 0.35
W2.4.3 0.56 0.46 0.33 0.35 0.45 0.24 1.20 1.27 1 0.81 0.86 0.45
W2.5.1 0.69 0.56 041 0.44 0.55 0.29 1.48 157 1.24 1 1.06 0.55
W2.5.2 0.65 0.53 0.39 041 0.52 0.28 1.40 1.48 117 0.94 1 0.52
W2.5.3 1.24 1.02 0.75 0.79 1.00 0.53 2.69 2.85 2.24 1.81 1.92 1

The AHP analysis is presented in Table 8; the pairwise matrix is analyzed using the geometric mean method to obtain
the weights of each WBS phase and to calculate the consistency ratio. The calculation of the geometric mean uses
formula (2); then, the priority vector from the WBS is calculated by normalising the geometric mean results. The
consistency ratio check is performed by calculating the consistency vector using the weighted squared matrix obtained
with formula (3) divided by the priority vector. The value of Imax is the average of the consistency vector of 12 tasks,
so the resulting consistency index is 0, indicating that the data are consistent. AHP analysis is applied to all RBS risk at
the lowest level to obtain the weight of each stage of the WBS phase, followed by a rating analysis used to derive the
RBS value based on the WBS weight.

Table 8. AHP weight analysis on RBS worker fall (R1.6)

GM PV WSM Ccv
W1.2.3 1.05 0.08 0.92 12.00
W1.2.8 1.27 0.09 112 12.00
W1.4.1 1.74 0.13 1.53 12.00
W1.4.2 1.64 0.12 1.44 12.00
W1.4.3 1.30 0.10 1.14 12.00
W2.3 2.46 0.18 2.16 12.00
w24.1 0.48 0.04 0.42 12.00
W2.4.2 0.46 0.03 0.40 12.00
W2.4.3 0.58 0.04 0.51 12.00
Ww25.1 0.72 0.05 0.63 12.00
W2.5.2 0.68 0.05 0.60 12.00
W2.5.3 1.30 0.10 1.14 12.00
13.69 1.00 12.00
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The WBS and RBS are closely integrated in bridge construction for risk identification, categorization, and
management during different phases of the project. The AHP can be used as a decision-making tool to rate these risks
as to their probability and severity and give each a weight based on the priority of the risk. The AHP is a useful decision-
making tool for assessing and prioritizing safety risks in bridge construction projects. The AHP assigns weights to
different safety factors and risks to assist project managers in making informed decisions to increase safety in the
construction process. Safety-weighted analysis in bridge construction through AHP implementation enables project
managers to systematically evaluate and prioritize safety risks related to different work packages. This approach
integrates expert judgment with quantitative risk assessments to improve decision-making processes and consequently
improve safety in construction practices and project outcomes.

4.5. RBS Risk Index Rating Analysis at WBS Task

Rating analysis using formula (6) is used to determine the priority of the RBS for the related WBS; in this
example, RBS R1.6, worker falling, is used. The risk index rating is the product of the global R1.6 and the rating
value; the result shows that the highest risk of R1.6 occurs in the activity W2.3, girder and diaphragm installation.
The complete risk index rating analysis for RBS worker falling (R1.6) is presented in Figure 6. This stage is carried
out for all RBS risks, and the overall rating analysis results are displayed in the WBS-RBS integration matrix
presented in Tables 9 and 10.
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Figure 6. Risk Index analysis of Rating on RBS worker fall (R1.6)

The integration of the WBS and RBS in the preceding phases demonstrates the subordinate units of both frameworks.
The AHP-rating computations for the corresponding WBS and RBS can produce the risk index for each phase of WBS
or the RBS risk at each WBS phase. The substructure comprises moderate-risk categories: W1.1.1:R3.7, with a risk
index of 5.02; W1.2.3:R1.6, with a risk index of 5.04; W1.2.3:R3.6, with a risk index of 5.97; W1.2.8:R1.6, with a risk
index of 6.14; W1.2.8:R1.9, with a risk index of 5.79; W1.4.1:R1.6, with a risk index of 8.38; W1.4.1:R1.10, with a risk
index of 5.05; W1.4.1:R3.1, with a risk index of 5.22; W1.4.2:R1.6, with a risk index of 7.91; W1.4.2:R3.2, with a risk
index of 7.11; and W1.4.3:R1.6, with arisk index of 6.27. From the RBS perspective, R1.6 presents the most risk relative
to other RBS risks and is anticipated to manifest in W1.2.3, W1.2.8, W1.4.1, W1.4.2, and W1.4.3. Moderate-category
risks are mostly influenced by human factors, comprising three risks from the human aspect index: R1.6, R1.9, and
R1.10. The subsequent material features encompass four risks: R3.1, R3.2, R3.6, and R3.7. The AHP-rating analysis on
the integration of the WBS and RBS is presented in Tables 9 and 10.

176



Civil Engineering Journal Vol. 11, No. 01, January, 2025

Table 9. Analysis AHP-Rating on Risk Index on bridge sub structure

w1

Wwi.1 W1.2 W1.3 W14

w111 Wi12 W113 WI1.14 Wwi21l w122 W123 w124 W125 W126 W1.27 W128 W131 WI132 W133 W134 WI141 W142 W143

RL.1 0 0 0 0 0 0 0 3.06 0 0 0 0 0 0 0 0 0 0 0
R12 0 0 0 0 0 0 0 0 0 0 0 0 0.68 0 0 1.65 0 0 2.98
RL3 231 165 194 0 1.26 0 0 0 0 0 0 0 0 217 0 0 0 0 0
RL4 168 120 142 077 0 097 172 0 0.60 0 0 2.09 0 0 0 118 | 286 270 214
RL5 0 0 0 0 110 0 0 0 0 0 0 0 058  1.89 0 1.42 0 323 256
RL6 0 0 0 0 0 0 5.04 0 0 0 0 6.14 0 0 0 0 838 791 627
RL7 0 0 0 0 0 0 0 0 0 0 317 0 0 0 0 0 0 0 0
RL.8 0 0 0 0 0 0 0 4.16 0 0 0 0 0 0 0 0 0 0 0
RLO 465 332 392 092 0 0 0 0 0 0 458 579 0 0 0 0 0 0 0
RL10 297 212 250 136 0 0 0 0 0 0 0 0 0 0 2.64 0 5.05 0 0
RL1L O 0 0 0 0 120 213 0 0 0.61 0 0 060 196 185 0 353 334 264
RL12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
RL13 0 0 0 0 0 0 0 3.28 0 0 0 0 0 0 0 0 0 0 0
RL14 0 0 0 0 0 0 2.59 0 0 0 0 0 0 0 0 1.78 0 0 3.22
RLIE 0 0 0 0 0 0 0 0 0 0 0 0 0 0 257 0 4.92 0 0
R2.1 0 0 0 0 0 0 0 0 2.26 0 0 0 0 0 0 0 0 0 0
R22 208 149 176 0 0 121 213 085 0 061 206 260 0 0 18 147 & 355 335 265
R3.1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 522 0 0
R3.2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7.11 0
R3.3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
R3.4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
R3.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
R3.6 0 0 0 0 0 338 597 238 0 0 0 0 0 0 0 0 0 0 0
R37 502 359 147 0 0 0 0 0 0 0 4.95 0 0 0 0 0 0 0 0
Table 10. Analysis AHP-Rating on Risk Index on bridge super structure
w2
w2.1 W2.4 W2.5
W22 | w23
W2.11 W212 W213 W2.4.1 W242 W243 W251 W252 W253

R1.1 0 0 0 0 0 0 0 0 0 0 0

R1.2 0 0 0.83 0 0 0 0 1.33 0 0 2.98

R13 0 1.03 0.82 2.40 0 1.09 1.03 0 1.62 1.53 2.93

R1.4 0.80 0.75 0.60 1.75 4.04 0.80 0.75 0.96 1.18 1.12 2.14

R1.5 0.95 0.90 071 0 0 0.95 0.90 114 141 1.33 2.56
R1.6 0 0 0 0 11.84 2.33 2.20 2.80 3.46 3.27 6.27
R1.7 0 0 0 0 0 0 0 0 0 0 0
R1 R1.8 0 0 0 0 0 0 0 0 0 0 0
R1.9 0 0 0 0 0 0 0 0 0 0 0
R1.10 0 0 0 0 0 0 0 0 0 0 0
R1.11 0 0 0 0 4.99 0.98 0.93 0 1.46 1.38 2.64
R1.12 0 0 0 1.90 4.39 0 0 0 0 0 0
R1.13 0 0 0 0 0 0 0 0 0 0 0
R1.14 0 0 0.90 0 0 0 0 144 0 0 3.22
R1.15 1.37 0 0 0 0 0 0 0 0 0 0
R2.1 0 0 0 0 0 0 0 0 0 0 0
R2 R2.2 0.99 0.93 0.74 2.17 5.01 0.99 0.93 1.19 1.47 1.38 2.65
R3.1 0 0 0 0 0 0 0 0 0 0 0
R3.2 0 1.98 0 0 0 0 1.98 0 0 2.94 0
R3.3 0 0 0 2.20 5.09 0 0 0 0 0 0
R3 R3.4 0 0 0 2.21 5.10 0 0 0 0 0 0
R3.5 0 0 0 0 15.80 0 0 0 0 0 0
R3.6 0 0 0 0 0 0 0 0 0 0 0
R3.7 0 0 0 0 0 0 0 0 0 0 0
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The AHP-rating analysis results for the integration of the WBS and RBS for the superstructure indicate that high-
risk activities are located in W2.3:R1.6, with a risk index of 11.84, and W2.3:R3.5, with a risk index of 15.80. Medium-
risk activities are identified in W2.3:R2.2, with a risk index of 5.01; W2.3:R3.3, with a risk index of 5.09; W2.3:R3.4,
with a risk index of 5.10; and W2.5.3:R1.6, with a risk index of 6.27. The highest RBS risk is found in R3.5 in task
WBS2.3, followed by R1.6 in task W2.3. Other risks in the medium category include R1.6 in task W2.3.5, R2.2 in task
W2.3, R3.3 in task W2.3, and R3.4 in task W2.3. Within the RBS risk superstructure, R1.6 is in the high and medium
categories, R2.2 is in the medium category, R3.3 is in the medium category, R3.4 is in the medium category, and R3.5
is in the high category.

Project managers can systematically identify and assess risks by using an idealized WBS-RBS rating system in
bridge construction as the basis for assessing risks. This approach quantifies risks by assigning probability and severity
ratings, which improves project safety and, more importantly, decision-making. The scores of risks can be used to
prioritize risks so that management efforts can be focused on achieving timely project completion and effective resource
allocation. A robust framework for risk management in bridge construction projects is proposed by integrating WBS-
RBS with AHP ratings through an idealized method. With this approach, critical risks are identified early and prioritized
effectively; thus, the project outcomes in terms of safety, cost control, and due dates are increased. When this structured
methodology is applied to all work packages in the RBS, project managers can develop specific mitigation strategies
that will contribute to the overall project success while preventing delays or cost overruns.

4.6. Discussion

Bridge building should include thorough risk identification, so engineers can understand the possible dangers
involved. The WBS organizes the many work stages in bridge construction; the RBS groups potential risks. The
combination of the WBS and RBS helps engineers understand the scope of potential hazards at each work phase and the
magnitude of the risks (risk index). An effective instrument for detecting and analyzing safety concerns in bridge
construction projects is the WBS-RBS method. This method allows a detailed and systematic evaluation of hazards,
addressing the complex and nebulous aspects of bridge building. The WBS-RBS matrix is highly effective in
comprehensively identifying the indicator system for safety risk analysis in urban elevated bridge building [45].

The integration of the WBS and RBS can identify bridge construction safety risks in an effective way. It permits the
systematic analysis of potential hazards at different stages of the construction process. Risks have been identified with
the WBS-RBS method during different phases of large bridge construction. These structures can be coupled to link risks
to specific construction activities and to systematically analyze risks [10, 79]. Similar to Li et al. [79], WBS-RBS can
be used in creating a risk decomposition matrix to identify high-risk activities in bridge construction; it can also be used
for systematic and thorough risk assessment, as it can prioritize the risk variables and provide direction concerning how
to formulate targeted safety measures [35, 39].

The combined use of the WBS and RBS in this work enhances both scope management and risk management. While
the WBS concerns itself with breaking the project into deliverables and tasks that can be managed, the RBS seeks the
categorization of potential risks to correctly identify, assess, and mitigate them. In terms of the levels of the WBS, it is
broken down into three levels, including two tasks on level 1, 8 tasks on level 2, and 30 tasks on level 3, and there are
two potential risks on level 1 and 24 potential risks on level 2 for the RBS. Likewise, Rianty et al. [80] propose a risk-
based WBS for quality planning for building projects by introducing five main hierarchies and two supplementary
hierarchies of 14 dominant risk areas for quality performance. Combining the WBS and RBS offers a defined technique
for risk identification, evaluation, and mitigation in numerous phases of the project. The approach has been used
successfully in various domains, such as dam construction [81], electric vehicle safety [35], and several others.
Moreover, Jeong & Jeong [82] also used the WBS-RBS method to classify hazard hierarchies in the construction
industry, with four levels of the WBS and an RBS up to level 5.

The WBS modelling and RBS modelling are then joined together through a coupling matrix that defines the
relationship between the WBS and RBS. Overall, this research combines the WBS and RBS to provide complete risk
factor identification for the specific work packages. Using the WBS-RBS coupling matrix, Chen et al. [35] were able to
identify the risks, analyze the vehicle fire risk, and obtain 15 risk factors across four vehicle systems. The integrated
WBS and RBS method provides a unique risk identification, analysis, and mitigation framework for construction
projects. Since project managers are breaking down work activities and the associated risks into hierarchical structures,
they can design a better way of developing safety plans and also perform proper project resource allocation, reducing
the occurrence of accidents on the construction site [38, 81].

The bridge construction work is done through a synthesis of the WBS, RBS, and AHP. Safety in bridge building has
been assessed using the AHP. This research applies the AHP to perform the assessment and prioritization of safety
factors in bridge construction projects. The rating method is used to evaluate the WBS weighting and the priorities in
the AHP to rank the risk magnitude at each phase of the WBS. A safety risk evaluation model of bridge construction is
formulated using the AHP in Wu et al. [63], and critical factors affecting bridge-building safety are identified [4, 63].
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The AHP has been found to be a versatile and powerful tool to evaluate bridge-building safety concerns. According to
this qualitative interpretation of decision-making, the complex decision-maker (manager) can assess a portfolio of
actions, the risk occurrence likelihood, the expected outcome, and an expert’s viewpoint [83].

The analysis results show that the risk of girder falls during erection (R3.5) poses the greatest risk in bridge
construction and occurs during the girder and diaphragm installation phase (W2.3). Accidents caused by falling girders
are the main cause of bridge construction accidents in Indonesia. Bridge construction accidents in Indonesia are caused
by a lack of awareness and knowledge of occupational safety. Safety aspects are often not a priority in project
management and are not well understood in terms of why workplace safety regulations are enforced [2]. Unsafe acts
resulting from this account for 61% of construction accidents [84]. Unsafe working conditions contribute to 39% of the
high accident rate [84]. Additionally, construction machinery is the second largest cause of accidents (36% of accidents
are collisions with heavy equipment) [85], specifically in high-risk lifting and moving tasks [85]. In order to reduce
accidents in bridge construction in Indonesia, it is essential to improve the awareness of work safety, enforce strict laws,
and use the correct standard operating procedure (SOP), as well as make sure the vehicle used to construct the bridge is
appropriate [2, 85]. It is also very important to seriously implement occupational safety regulations in an infrastructure
project, and all stakeholders must be committed to this [2].

The analysis results rank the risk of a worker falling (R1.6) during girder and diaphragm installation activities (W2.3)
as high. Falling from a height can be prevented by following safety precautions and programs. Workplace falls from a
height are caused by the height of the workplace, and there are more work accidents in general due to the height of the
workplace. The risk of falling from a height is high [12, 61, 86-88], and unsafe behavior in the workplace is the main
cause of workplace accidents, including workers falling. Noncompliance with the use of PPE [89] is one form of this.
In addition to causing behaviors that are unsafe and increasing the risk of workplace accidents, it can increase the risk
of falling when working at a height if PPE is not used and the worker is not compliant [90, 91]. It is necessary to increase
the awareness of adopting an effective hazard reporting system, such as by completing a hazard observation card [92,
93], and preventing workplace accidents, such as accidents due to workers falling, which can be prevented by using
PPE.

5. Conclusion

This study was conducted to identify and analyze safety in concrete bridge construction. Risk identification was
performed by using the WBS to obtain work stages, and three levels of the WBS for the stages of concrete bridge
construction work were obtained. Bridge construction work is divided into substructure work and superstructure
work, with the substructure consisting of the earthwork, foundation, pile cap, and pier, while the superstructure
consists of girder fabrication, girder storage, the installation of girders and diaphragms, the installation of the bridge
main deck, and the installation of parapets. The last level represents the sub-work from the previous level. The
identified risks consist of 24 activities divided into two levels, where the first level consists of three aspects, namely
the human, equipment, and material aspects. The human aspect consists of 15 risks, the equipment aspect consists of
2 risks, and the material aspect consists of 7 risks. The integration of the WBS and RBS in the form of a dynamic
matrix obtains the relationship between the stages of work in the WBS and the potential risk activities (RBS) at each
stage of the work.

Risk assessment is conducted by competent respondents on the WBS and RBS; then, they are analyzed to obtain a
risk index for each WBS and RBS factor. The index for the WBS is analyzed with the AHP to obtain priorities related
to the risky activities in the RBS. To obtain a comparable numerical scale for the RBS, the WBS is analyzed using the
rating method; this rating scale is used to analyze the magnitude of the RBS risk related to each WBS. The highest
worker fall risk index is at the girder and diaphragm installation activities stage, followed by pier reinforcement and pier
formwork, and in the next sequence, 12 work activities can be seen in the WBS. The risk index for the RBS related to
the WBS is analyzed so that information is obtained on the magnitude of the RBS risk that may occur for the relevant
WABS task. This information on the magnitude of the risk is important for contractors, so that during the implementation
of each stage of work, accurate information can be obtained regarding the potential risks that may occur and an
appropriate response can be planned.
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