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ABSTRACT OF THE THESIS

AGENT-BASED MODELING OF NEAR MISS INCIDENTS BY INTEGRATING

CONSTRUCTION SITE DYNAMICS WITH ENRICHED WORKER BEHAVIOR

by

M. Ahmed Rusho

Florida International University, 2021

Miami, Florida

Professor Arif Mohaimin Sadri, Major Professor

The construction industry workforce weighs a major percentage of the overall business industry
manpower. Due to the unknowns and uncertainties associated with construction activities, the
construction industry experiences high frequency of accidents every year. Over the years,
researchers have made valiant efforts to address this issue. The existing literature comprises
thorough analyses of behavioral, organizational, and infrastructural modules that have reinforced
the implementation of better construction safety practices. Recent advancements in construction
safety literature imply the application of agent-based models to integrate behavioral attributes into
simulated construction environments. Nevertheless, such studies adopted schematic approaches to
replicate the hazard scenario in construction sites that varies significantly for different construction
activities. Moreover, existing agent-based models have limitations to incorporate minor incidents
occurring frequently in construction sites. Hence, a predictive analysis of near-miss events can
support the decision-makers to adopt proactive construction safety measures. This study aims to
assess the resilience metrics of construction sites in terms of near-miss chances by applying the risk

behavior of agents derived from an extensive survey.
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CHAPTER I: INTRODUCTION
1.1 Motivation
The construction industry workforce weighs a large share in the overall industry workforce. Unlike other
industries, the injury rate in the construction industry is extremely high. Recent statistics reveal that the
industry experiences nearly one-fifth share of the overall workplace fatalities [1]. Hence, ensuring safety in
active construction sites is a major concern all over the world [2]. Construction safety is a complex concept
that involves the integration of uncertainties and unknowns associated with construction activities. The
construction industry requires expertise from multifaceted professionals who differ widely in hazard
identification, risk perception, and situation analysis [3]. To address the problem, valiant efforts have been
made by researchers over the years. The existing literature shows extensive analyses of infrastructural,
behavioral, and organizational modules in construction sites that have contributed to significant changes in
construction safety practice. Many researchers have interpreted construction hazards in terms of site layout
screening, construction stages, and activities [4]-[6]. The recent paradigm for construction safety relies
more on the cognitive models and the behavioral impacts of the construction stakeholders [3], [7], [8].
However, extensive construction safety analyses for active sites call for the integration of construction
stakeholder perception along with the site risk screening approach.
1.2 Research Background
Technological advancement has paved the way for predictive analysis of construction hazards. The array
of research on modeling of near-miss events has progressed from theoretical analysis to visualization with
the help of the Building Information Modeling (BIM) tool [1], [9]. Construction site characteristics vary
widely depending on the size and settings. Nevertheless, the components of the site (i.e. workers, materials,
equipment, etc.) have similarities in features[10]. Therefore, the concept of site hazard modeling follows
the grouping or zoning of the site layout constituents having relevant attributes. Hammad and Zhang have
proposed a Discrete Event Simulation (DES) model for improving construction site safety and productivity

in real-time for static and dynamic site components [11]. Hegazy used various scheduling intervals to



develop cell-based site layout optimization [12]. A cell-based simulation model has also been used to derive
the congestion and productivity of an existing site layout using Agent-based Modeling (ABM) [13]. On the
other hand, Shen and Marks have utilized equipment footprints to determine hazardous zone boundaries in
a construction site [14].

The agent-based modeling (ABM) approach facilitates the inclusion of complex behavior into the model.
Since modeling the construction environment involves construction workers’ attributes, ABM has been
preferred by a wide range of researchers to identify latent contributing variables of construction hazards.
For example, it has been explored to determine the influence of safety behavior of the workers in workplace
productivity [15], [16]. ABM models have also been used to investigate a comparative analysis of the
efficiency of different types of safety investments [17]. On the other hand, some researchers identified the
impact of the worker-management relationship on the overall safety behavior of the workers [18]. While
these studies provide insights on integrating human behavior into the modeling framework and reveal the
potential of ABM, however, in many instances the worker perception is not captured with sufficient details
for which such frameworks are difficult to realize in practice. In addition, the empirical literature is inclusive
of how extreme weather events further escalate these challenges.

1.3 Research Objectives

The objective of this research is to develop an agent-based modeling framework that integrates worker risk
perception on various construction hazards. This research will focus on identifying near-miss events and
site layout optimization incorporating construction site dynamics. However, it will also capture their

changes during extreme event scenarios.



CHAPTER II: LITERATURE REVIEW

2.1 Studies on Identification of Construction Safety Factors

The construction site operation is highly dependent on the active participation of construction workers.
Most of the assigned tasks are laborious and require the high-level engagement of management and
workers. Hence, the interdisciplinary nature of the construction activities induces underlying factors which
contribute to the construction hazards directly or indirectly. Over the years, researchers have conducted
several studies to identify such critical factors that have possibly influenced construction fatalities. Abdel
Hamid has developed a model called the Accident Root Causes Tracing Model (ARCTM) where he has
investigated three real-life road construction accidents [19]. The ARCTM model hinges on two different
domains: (1) Accident Causation Theory, (2) Human Error Theory. Based on the theories and accident
investigative report, the model analyzes the source of the construction accidents due to unsafe work
conditions, reaction of the workers to the unsafe work conditions, and unsafe work maneuvers. The model
also prescribes corrective measures that can help construction practitioners to avoid such unexpected
occurrences. ARCTM model is a predictive method of construction hazard analysis whereas Hamid also
worked on reactive methods. He conducted an extensive survey study in Malaysia over 140 construction
sites to identify the most frequent construction hazard types [20]. The survey covered a wide array of
construction projects such as development projects, high-rise constructions, industrial, and institutional
construction works. The research methodology was designed with 2 criteria: hazard assessment, and hazard
frequency. Based on the scorecards, the study identified 12 types of major construction hazards that cause
physical injury hazards and health hazards (long-term side effects). The study covers the primary work
categories and the hazards associated with them.

While many researchers focus on discerning the causes of the construction hazards, some studies emphasize
on identifying the impact of the construction hazards, i.e. health effects on construction workers.
Construction workers suffer from musculoskeletal, respiratory, and cardiovascular diseases due to
prolonged exposure to the construction environment [21]. Tunji-Olayeni and Schneider highlighted the
required outlines of construction ergonomics to assess and mitigate the aftereffect of construction injuries
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from a different perspective [5], [21]. Though the spatial and temporal aspects of the studies covered
construction practices from two entirely different countries (e.g. Nigeria, United States), however, the band
of potential hazards contributing to health issues was somewhat similar. Both studies identified the group
of ergonomic hazards related to major construction activities. Schneider’s research provides the safety
threshold parameters to minimize work fatigue [5]. On the other hand, Tunji-Olayeni’s research also
contributes to the effect of occupational health hazards in workplace productivity and enlightens on the role
of management commitment in such occurrences.

Since construction projects involve multiple activities in the execution phase, most of the studies highlight
the construction hazards attributed to overall construction tasks. But, particular tasks require additional
attention while being performed by the workers. Similarly, among different construction hazards, a certain
group of hazards contributes to the major number of construction accidents (e.g. fatal four hazards). For
example, from 1990 to 2005, 22% of construction accidents occur due to struck-by hazards as per OSHA’s
records [22]. Hence, studies on individual hazards or activities with high casualty frequency have unfolded
different dimensions of root cause analysis. Hinze has demonstrated the accident statistics of struck-by
hazards from different categories: age, equipment, human factors, and environmental factors [22].
Similarly, Shapira has assessed the influencing factors in construction tower crane operations with the
support of statistical and expert knowledge sources [23].

The studies mentioned above provide thorough guidance on the key metrics of construction hazards related
to construction activities or workplace layout. Nevertheless, construction site constituents are not the only
contributors to construction hazards. Namian and Sawacha identified such latent variables that influence
the safety functionality of the construction sites [3], [24]. Namian conducted Job Safety Analysis (JSA)
based on historical methods and predictive strategies and identified a set of variables that have direct
correlations to the construction hazard impacts. The final set of variables consist of construction
individuals’ characteristics, socio-demographic aspects, organizational factors, social, and miscellaneous
factors, economic, historical, and psychological factors [3], [24]. Jannadi extended the factor identification
analysis with the use of Spearman rank correlation efficient for 19 different construction factors which not
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only identified the variables but also provided their importance index. The index values were developed
based on the interviews taken for both: construction safety officers and workers of the top 200 construction
contractors in the U.K. Hence, the ranks provided an even picture of the overall construction site scenario.
Carter adopted a similar but more extensive hazard rating system where he used the method of statements
for pre-analysis of the potential hazards [6]. The hazard identification indices paved the way to recognize
unidentified hazards derived from typical behavior-based safety (BBS) techniques.

The enriched literature on the identification of construction hazards has led construction researchers to
explore predictive methods and address the potential hazards from the planning stage. Such a study has
been proposed by Gambatese who has developed a framework to mitigate the hazard potentiality of
construction sites using effective design methods [4]. The details of the progress of such predictive analyses
will be discussed later in this chapter.

2.2 Studies on Construction Hazard Perception

Many studies have inferred personal factors to be one of the major contributors to the hazard recognition
process [3], [24], [25]. Personal factors such as safety knowledge, safety behavior, management influence,
emotional state of the workers influence their decision-making abilities in the construction sites [3]. Hence,
a group of researchers has developed risk modeling frameworks using cognitive analysis. Goldenhar
developed a multi-predictor stress-injury model where he found multiple key predictors to be directly
related to worker behavioral characteristics [9]. In his study, predictors such as safety climate, training, co-
worker/ supervisor support also portray that hazard perception is highly influenced by organizational
management skills. Fang’s research also echoed the effect of safety communication, knowledge, and
management-worker relationship to play significant roles in unsafe acts and behaviors [26].

Recent advancements in perception-oriented construction hazard studies underscore building cognitive
models to incorporate unrecognized potential hazards due to cognitive failure [7], [8]. Fang and Zhang both
adopted staged cognitive models to segregate different levels of cognitive failures [7], [8]. The theory of
Surry’s model helped Zhang to evaluate cognitive failure steps in terms of attitude, subjective norm, and
perceived behavioral control termed as Theory of Planned Behavior (TPB) [8]. The statistical scores of the
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path analysis of TPB support the validity of the model and explain the causes of worker unsafe behaviors
in an innovative fashion. The cognitive analyses on worker risk perception explain the rationale of unsafe
behaviors and acts which can be prescribed for improving the risk apprehension in a construction
environment. However, the roots of workplace safety horms can be further traced back to long-term safety
practices. Some of the studies have explored that the socio-demographic background of workers plays a
vital role in shaping their risk perception. For example, Menzel conducted his research on the Latino worker
community who constitutes nearly 40% of the construction workforce in the U.S. labor industry [27]. His
study shows that disparity in financial security, healthcare insurance, immigration status, etc. varies widely
among different communities, hence workers inheriting different race/ethnicity (e.g. Latino, Hispanic) have
different risk perceptions.

2.3 Studies on Construction Environment Hazard Mapping

The construction environment is occupied with equipment and machinery, temporary facilities, materials
stations, and so on. Depending on the path of worker movement and nature of works, certain areas of the
construction site pose a higher hazard potential. So, zoning of hazardous areas in a construction site can
alert the construction workers and management to avoid potential injuries. Tarek studied the effect of
optimizing site layout plans considering safety parameters [12]. The study proposed a model named
“Dynamic Layout Planning” that reallocates the temporary facilities in a construction site leveraging the
fastest schedule of construction activities. Geographic Information System (GIS) was used to extract the
spatial context of the construction sites in the model. The optimal positions of the temporary facilities were
obtained using closeness relationships of the facilities. Nevertheless, the construction safety zones and
restricted site perimeters were not compromised in attaining the highest efficiency of the site progress.
Another tool for sorting potential hazards in a construction site is Building Information Modeling (BIM).
BIM is traditionally used by construction design professionals for pro-active three-dimensional design and
modeling of construction structures. Shen and Marks used the tool to visualize the near-miss reports within
the site and take administrative controls over them [1]. “Near-miss” is a common concept used by the
Occupational Safety and Health Administration (OSHA). It is defined as an incident where there is no actual
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damage or casualty within the site but given a slight shift in time or space there could have been damage
occurred [1]. The study focuses on safety-leading indicators that are a proactive method of implementing
safety programs. In this study, the manual near-miss inspections are plugged into the BIM for visualization
and the near-misses are filtered based on the management preferences. Therefore, it gives the safety
inspectors a comprehensive picture of the overall site hazard assessment and enables them to take actions
well ahead of the timeframe.

Preliminary assessment and flagging risky zones in a construction site provide an initial screening of the
risk factors in the existing context. When the site switches to the operational mode, there is significant
movement of the workers and machinery, and the initial assessment is no longer valid. This is because
hazard proximity zoning is highly dependent on human-equipment interaction [14]. So, to produce a more
efficient way of predictive analysis of near-miss events, multiple researchers have produced heatmaps using
equipment footprints and defining different hazard zonings for different equipment based on their attributes
[10], [14], [28]. Golovina created a hazard index heat map to evaluate the risk potential (i.e. struck-by and
caught in between hazards) of the workers on foot [28]. He assigned weights on the proximity conditions.
The weights are proximity instance and blind-spot dependent. Golovina’s work guided on generating an
overall hazard indexing framework but did not explore the shape of the proximity zones around the
equipment. Shen and Marks incorporated the method of calibrating the proximity zones of the equipment
[14]. The research inspected the equipment footprints to generate individual equipment equations and locate
the hazard strips within the site more precisely.

2.4 Studies on Hazard Identification Using Cell-based Information and Agent-based Modeling
Cell-based models are used for both simulation and agent-based modeling frameworks. In the cell-based
models, the construction site is divided into multiple grids and the progression of the simulation is
dependent on the transition of information through the grid system [29]. Aside from construction safety
analysis, cell-based simulations are popular for improving site operation efficiency too. For instance, A
cell-based simulation system has been used to identify congestion-index and improving earthmoving
operations in construction sites [13], [30]. Hammad used cell-based discrete event systems to simulate the
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construction environment considering the Spatio-temporal requirements [11]. The study covers both
construction safety and productivity by application of conflict rules to control the movement of equipment
and other objects.

Agent-Based Modeling (ABM) is a technique used for micro-scale simulation which takes each agent's
behavior to reflect on the overall analysis of the system. It is a bottom-up approach where the interaction
of the agents and their behavior develops a macro description of the system to provide valuable insight into
the mechanisms and behaviors that result in jamming or casualties. ABM helps scale and tune agent
complexity and behavior and capable of handling modern data with precision and detailing [31]. The
extensive detailing of the ABM frameworks has triggered the widespread use of agent-based modeling.
Since evacuation decision-making prominently relies on the behavioral aspects of the evacuee, several
agent-based models have been developed by researchers over the years. For example, the help-seeking
behavior of communities has been simulated for hurricane scenarios using agent-based modeling [32]. The
recent advancements in safety behavior modeling show significant correlation of behavioral attributes of
the workforce in construction safety management. Therefore, recent studies have explored agent-based
modeling in quantifying safety, productivity, and behavioral parameters. Raoufi integrated fuzzy logic into
agent interaction rules [33]. Watkins used agent-based modeling to establish the relationship between labor
efficiency (i.e. actual work vs scheduled work) and construction site congestion [34]. Lu underscored using
agent-based modeling over equation-based modeling in inspecting the role of safety investment in
improving the safety performance of construction sites [17]. The agent-based model outputs were plugged
into a safety management tool named Proactive Construction Management System (PCMS) which shows
the prospect of agent-based models into real-life construction projects. The model finally measured the
comparative efficacy of PCMS, safety supervisor employment, and influence of co-worker safety
influences. Similar research objectives have been pursued in other agent-based models where different
management decisions (i.e. decision of safety inspection, training, supervisor’s intention, senior
management strategy) have been replicated in terms of safety knowledge, awareness, subjective norm,
safety attitude, and so on, as well as the effect of safety behavior, has also been quantified as near-miss/
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accident events [16], [18]. Binhomaid plotted site obstacles in his agent-based modeling framework to
evaluate site productivity including the safety behavior of the construction workers (i.e aggressive or
avoided) and measured their impact on the site productivity [15]. The study also examined the effects of
changes in construction site policies including safety rewards.

2.5 Knowledge Gap

The advancements in integrating agent-based modeling into the construction arena have unfolded many
possibilities. The empirical studies have highlighted different domains of construction challenges to
mitigate hazards in the construction sites. On the other hand, it is evident from the studies on worker risk
perception that worker behavior is one of the crucial contributing factors in hazard identification. Even
though the existing applications of agent-based modeling in construction safety have guided on modeling
potential hazards in a construction site, a thorough understanding of a construction site hazard scenario is
still missing due to low input of worker risk perception in the modeling framework. Besides, in case of any
extreme weather scenario, there are sudden changes in the construction work plans before the site is
temporarily shut down. During the lead time of a site closure, there might be changes in the worker's
behavior due to the emergency. These changes in the worker’s risk perception due to deviation in the
weather scenario need to be explored. Hence, this study aims to develop a behaviorally enriched framework
for the identification of hazard hotspots and near-miss events that will also capture the impact of behavioral

changes in extreme event scenarios.



CHAPTER I1I: METHODOLOGY
3.1 Conceptual Framework
The existing literature guides on capturing the risk perception of the construction practitioners through
different survey methods. Additionally, existing agent-based modeling frameworks reveal the potential of
the approach in replicating real-life construction scenarios. So, the research methodology is designed in two
reciprocal approaches: data-driven and agent-based modeling. The proposed framework consists of three
sections of the construction site: static (i.e. site layout elements), dynamic (i.e. workers, management

officials, equipment, etc.), and virtual components (interaction between different components).
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Figure 1: Conceptual Framework

:

The data for these three components is contingent on the site characteristics and their elements. The scope
of controlling the static components (e.g. size, layout, location, etc.) of a construction site is limited.
Whereas, the user has more control over the dynamic and virtual components of the framework. For this
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study, the data-driven approach contributes to the key elements of interaction and behavior modeling
whereas the site layout modeling is sourced by empirical guidance from a thorough literature review. The
data input of the components is plugged into the agent-based simulator. For this study, NetLogo has been
used to develop the agent-based model. The model inherits various parameters which can be utilized to
generate the construction site environment into five progressive steps: site framework, hazard mapping,
agent set distribution, workflow setup, and safety threshold setup. The output of the model measures the
safety metrics of a construction site in three different aspects. Firstly, the proposed model measures the
near-miss chances in a construction site after analyzing the human-machine close interactions. Secondly, it
weighs the overall site safety functionality based on the given workflow setup. Lastly, it shows the impact
of extreme event scenarios on the first two safety metrics and their relative deviation. The conceptual
framework is represented in Figure 1 with the steps used in the methodology.

3.2 Data Collection

The data collection process involves two steps: (i) Desighing a comprehensive questionnaire survey to glean
the behavioral insights of construction workers, (ii) Conducting the survey.

3.2.1. Designing Questionnaire Survey

The questionnaire includes 47 questions divided into five sections: (1) work information, (2) risk
perception, (3) project information, (4) important project execution variables, and (5) background
information. Each section is designed to comprehend the different attributes of the survey participants.
Goldenhar mentioned a series of organizational factors which are labeled as “work-stressors” and directly
impact the injury and near-miss outcomes such as job control, job certainty, safety climate, training, tenure
of job, and so on [9]. The work information section of the survey is designed to reveal organizational
insights. The questions focus on organization type, the role of the participant in the organization, job control,
and security, work stress, workplace interactions, supervision duties, safety culture of the organization (i.e.
in the form of arranging regular safety training for the employees as per OSHA requirement), safety
behavior (i.e. regular practice of using PPE in the site), emergency management services (existence of
emergency management team in the organization), etc.
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The risk perception section of the survey consists of the man-made and natural potential hazards associated
with different construction activities. Many studies have delineated the major construction hazards, their
relevance to different construction activities (both major and minor activities), and their effects on overall
construction site safety [4], [20]. The risk perception section has been outlined based on the literature to
cover the broad spectrum of the construction arena. The list of man-made hazards includes tipping hazard,
fall hazard, electrocution, struck-by hazard, caught-in-between hazard, pulled-into hazard, equipment
positioning hazard, lifting hazard, work stress, miscommunication, excavation hazard, stacking hazard, and
noise. The list is inclusive of the “fatal-four” hazards (i.e. fall hazard, electrocution, struck-by, and caught-
in-between hazard) which weighs the major portion of the construction injuries. For example, struck-by
hazards comprise nearly one-fifth of the overall construction fatalities as per OSHA’s records [22]. The list
of natural hazards includes heat effect, wind effect, visibility, wildlife, flooding. The list of construction
activities comprises substructural activities (e.g. foundation, piling works, etc.), superstructural works (e.g.
roof works, column and beam works, etc.), plant and machinery (i.e. works requiring heavy machinery
usage such as cranes, excavators, etc.), scaffolding, power access works (i.e. works requiring electrical
connections for execution such as drilling, chipping, etc.), ladder works, manual handling (i.e. works
requiring the use of manual equipment), curing, Haz-Mat (i.e. works that involve use of hazardous
chemicals), and public exposure (i.e. works performed within active public communities or near the areas
where there is public movement such as repair works). Based on the experience of the survey respondents
in the aforementioned construction activities, the individual is directed to the follow-up questions to rate
the risk of each of the listed hazards on a scale of “1” to “5”. Since the survey focuses on the deviation of
the perception due to weather effect, the rating is captured for both “day-to-day” and “extreme” event
scenarios, where “day-to-day” event denotes the execution of construction activities in a regular weather
environment and “extreme” event denotes the workflow during the “lead-time” before the construction site
is closed due to the extreme weather phenomenon (e.g. flooding, hurricane, etc.). Obviously, the
construction sites remain closed when extreme weather events strike the communities. But, before the sites
are shut down, there is a “lead-time” provided to the construction site operation team to wrap up the ongoing
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activities without necessarily changing any major changes in the site layout. The survey aims at
apprehending the deviation in workers’ risk perception due to sudden change in the weather scenario.

The project information section includes questions on project type, area, scope as well as worker,
equipment, and schedule requirement of the project. As the modeling framework requires site layout data
input, the information gathered in this section can be used to generate individual datasets for different
projects.

The important project execution variables section focuses on the indirect factors that can hamper the
productivity and schedule of the project such as quality of material, project location, road connectivity,
climate, etc. In this section, the participant is also asked to rank the impact of different extreme weather
phenomenon on a scale of “1” to “5” in terms of their impact on the construction schedule.

The background information section focuses on covering the socio-demographic details of the construction
workers. Many studies suggest that social and personal factors have latent impacts on workers’ safety
behaviors [3], [25]. Besides, Menzel has observed that socio-demographic features like race, ethnicity, etc.
shape workers’ long-term safety knowledge and perception to contribute to their injury probability (e.g.
high construction injuries observed among Latino workers) [27]. So, the survey questions of the background
information section inquire on the age, gender, race, education, native language, annual income,
professional experience, and safety training experience to sort the high impact attributes of the construction

workers. The highlights of the survey questionnaire are illustrated in Figure 2.
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3.2.2. Conducting the Survey

The questionnaire survey is designed with the Qualtrics Survey Software. Due to the COVID-19
restrictions, the survey was conducted on construction practitioners through their online participation. The
survey was circulated on September 08, 2020, via social media platforms like Linkedin as well as
construction professionals, students were invited to participate in the survey by emails. The survey was
closed in March 2021, for data analysis.

3.3 Data Analysis

The data analysis methodology includes three steps (i) Data Cleaning, (ii) Statistical Modeling, (iii)
Scenario Testing.

3.3.1. Data Cleaning

The survey response was extracted as a CSV file from the Qualtrics server. The unnecessary data columns
were cleaned off the resultant CSV file. The survey received 108 responses out of which 85 respondents

finished the survey questionnaire. The unfinished responses were trimmed for further analysis. Since
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Figure 3: Response of Participant Involvement in Different Construction Activities

15



several participants had prior experience with multiple construction activities, they had answered follow-
up risk rating questions for multiple activities. The construction activities that received the highest number
of responses were public exposure to the construction environment, superstructural works, and
substructural works in descending order. The overview of the responses based on engagement in different
construction activities is illustrated in Figure 3. The objective of the study is attributed to capture the risk
perception of fatal four hazards (i.e. fall, electrocution, struck-by,caught-in-between hazard) for different
construction activities. Hence, the risk ratings for these four types of hazards have been chosen for further
analysis using STATA software.

3.3.2. Statistical Modeling

The risk ratings for the fatal four hazards are dependant on a wide array of contributing factors. The risk
ratings are received in the ordered format (i.e. 1, 2, 3, 4, 5). Multivariate modeling has been one of the
popular approaches to analyze similar datasets. Multivariate modeling can construe the interrelationships
between the contributing factors and the risk ratings and can measure the degree of influence of the
contributing factors on changing the ratings statistically. For example, Sadri used the ordered probit model
to capture the effect of evacuation characteristics, socio-demographic characteristics, and other parameters
on evacuation decision-making [35]. For this study, an ordered probit model has been used to comprehend
the risk perception analysis in the most explanatory manner. The criteria for selecting the ordered probit
model over other models are hinged on a few parameters. For example, the ordered probit model does not
consider the response categories to be in the same intervals. Even though the rank orders in this study are
labeled as “17, <27, “3”, “4”, “5”,_ it only reflects their ordinality. Secondly, some of the statistical models
like the linear regression model consider two respondents to be identical if they have the same response.
Since ordered choices account for a range of answers into individual categories, two respondents with the
same response may have differences in attributes [36]. Therefore, the ordered probit model has been used

here in this study.
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The ordered probit model uses the following function with a basic assumption that Y* varies linearly with
X, where Y* is the dependent variable (i.e. the risk ratings of the hazards with an ordered ranking from “1”
to “5”) and X is the vector of variables that contribute to the explanatory aspects of the risk perception:
Y*=pBX+¢ (@)

B is the vector of the parameters and ¢ is the error term. The error term is assumed to follow a normal
distribution with a cumulative distribution labeled as ®("). For a given set of variables, Y* falls within the
range of Tn.1 < Y* < T, where T is the threshold or cut point and n range from 1 to the number of categorical
choices (i.e. 1, 2, 3, 4, 5 for this study). The probability, P is as follows:

P(y=n)= &(T, - BX) - D(Tn1 - BX) )
Here, Tois equal to zero and Tsis equal to infinity and Ts> T3> T,> Ta.
3.3.3. Scenario Testing
The ordered probit model provides the final set of equations with the deciding vector of parameters and
explanatory variables. Using equation (2), the probability of the risk perceptions can be achieved. In this
study, the probabilities of risk perception for fatal four hazards have been computed. The probabilities have
been assessed for substructural works, superstructural works, and public exposure to construction
environment works and both the weather scenario (“Day-to-Day” and “Extreme” event) have been
considered. This set of calculations has been considered as the “observed” probability. Using Monte-Carlo
simulation eight different scenarios have been created with varying parameters. Monte-Carlo simulation is
a methodical approach of random sampling which ensures the randomness of the scenario [37]. In this
study, 50% of the observed values have been altered to create each of the scenarios, and the probability
computed with the altered set of variables has been considered as the “predicted” probability for the
comparative analysis. Scenarios 1 and 2 are generated by increasing 50% of less experienced workers and
decreasing 50% of less experienced workers in the construction site respectively. In other words, Scenario

1 replaces 50% of the existing experienced workers with inexperienced workers (i.e. experience <= 2 years)
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in a construction site and vice-versa for scenario 2. Scenario 3 and 4 shuffle the workforce based on their
prior safety training. Scenario 3 produces the risk perception probability with 50% more workers having
safety training than the observed condition and vice-versa for scenario 4. Scenario 5 is a combination of
scenarios 1 and 3. Similarly, scenario 6 is a combination of scenarios 2 and 4. Scenario 7 and 8 weighs on
the safety awareness of the employer (i.e. whether safety training sessions are arranged by the employer as
per the OSHA requirements). Scenario 7 produces the predicted probability score for a dataset with a 50%
improvement in the safety culture and vice-versa for scenario 8. An overview of the eight scenarios is

illustrated in Figure 4.
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Figure 4: Different Scenarios for Predicted Probability
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3.4 Agent-based Model

In this study, NetLogo has been used to develop the agent-based modeling framework. NetLogo is used by
researchers from different spectrums to model micro-level simulation results. NetLogo allows independent
user input for numerous “agents” to operate in the simulation environment [38]. The latest versions of
NetLogo include user-friendly interface features (e.g. “input” options, graphical “speed controller”, etc.),
optimized BehavioralSpace tool, execution of actions in desired orders draw interests of many research
enthusiasts to user NetLogo over other agent-based modeling platforms [39]. As shown in Figure 1, the
model layout is generated in five consecutive steps: (i) site framework, (ii) hazard mapping, (iii) agent set
distribution, (iv) workflow setup, (v) safety threshold setup. Figure 5 demonstrates the interface of the

agent-based model with all the action keys, variable inputs, and output plots of the model.
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3.4.1 Site Framework

In this agent-based model, a hypothetical construction site has been designed. For a real-life scenario, the
site layout information should conform to the “project information” section of the questionnaire survey and
the detailing should adhere to the construction worker responses who are the actual focus group of the
survey. In this model, the site is assumed to be 100m*100m and each patch represents 2m*2m. Each tick
resembles 1 second in real life. The dimension and speed of the agents have been scaled accordingly. The
model has one excavator representing “equipment and machinery”. The “operate-eq?” switch allows the
user to choose whether the excavator is in operational mode or not. If the excavator is in operational mode,
its footprints can be set by the users labeled as “point 1” and “point 2” in the graphical interface. The entry
of x-coordinate and y-coordinate of “pointl” and “point2” set the equipment operation boundary for the
model. Similarly, obstacle numbers (i.e. temporary facilities) and their relative coordinates can be entered
from the user interface. If the obstacle number is one, only the first row of the obstacle coordinate is
considered. The workstations control the movement of the workers as their relative origin and destination.
The workstation coordinates can be entered into the model in the same fashion as described above. The
workstations can be set up manually in the construction environment by using the “workstation-setup”
button. In a similar way, the position of the equipment or obstacles can be dragged and shifted using the
“move-obstacles/equipment” button.

3.4.2 Hazard Mapping

Various researchers have generated heatmaps and designed hazardous proximity zones for heavy
construction machinery and obstacles to mitigate injuries causing due to close interaction between the
workers and equipment or obstacles [14], [28]. Shen has shown that different construction equipment
follows different shapes of equipment footprint and the hazard zoning is governed by that [14]. Since, in
this study, excavator represents the use of heavy equipment in the site, the hazard zoning is circular.
Golovina has developed hazard heatmaps for excavators assigning weightage to a 12m visibility circle from
the center of the excavator [28]. From the assignment of the weights, it is evident that the weights are
inversely proportional to the center of the equipment and the closest circle has the highest weightage. The
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same concept has been used for hazard mapping in this study. From Golovina’s study, it is also observed
that the zone with a 6m radius from the center of the excavator has the highest hazard indexing when the
equipment should be immediately stopped if encountered with any workers in the site. The same hazard
zoning and stopping interaction rule have been used as one of the attributes of the equipment. The obstacles
in the model represent temporary facilities that contribute to the fall and struck-by near-misses in the
construction sites. A distance of 10ft has been considered around the temporary facilities for the hazard
zoning around the obstacles as per UBC 1985 guidelines [12]. Hegazy has delineated that the closeness

between two temporary components in a construction site can influence the site layout optimization

(a) von Neuman (b) Moore

Figure 6: Von-Neumann and Moore Neighborhood [13]

inversely or proportionally based on their closeness relationship weights [12]. Here it is assumed that the
equipment and obstacles have an inverse closeness relationship among them and hence overlapping of
hazardous zones take the accumulated effect into account. In this model, the Von-Neumann neighborhood
has been assigned for the excavator hazard zoning and the Moore neighborhood has been assigned for
obstacles. The color indexing of the hazardous zone has been assigned according to their index values where
the patch color changes from green to red gradually if the hazard index value rises from low to high.

3.4.3 Agent Set Distribution

The number of agents is equal to the number of workers who participated in the particular risk perception
category questions. By clicking the “Load Worker-Perception Data” button on the interface tab, the workers
are generated at the center of the model with the observed risk perception attributes. The workers are

assigned a normally distributed walking speed of 1.3 m/s with a standard deviation of 0.25 m/s scaled into
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the model [40]. The excavator speed is normally distributed and has an average speed of 5 km/h and is
assumed to be operating at a 30% speed capacity in the site.

3.4.4 Workflow Setup

The workers are given controlled movement activities within the simulation environment. After the workers
are generated, each worker sets one of the workstation points as their targets and forwards towards that
direction. Once the worker reaches the initial target, he sets a new target among the other workstations and
proceeds towards the new target. Before making any movement, the worker agent checks for two
environment-interaction rules. Firstly, the worker checks for avoiding the boundary of the site. Secondly,
the worker checks for avoiding collision possibility with any equipment or obstacles on the site.

3.4.5 Safety Threshold Setup

The safety threshold values are fetched from a CSV file and stored as global variables in the model. The
threshold values are the resultant average predicted probability values for different scenarios in “Day-to-
Day” and “Extreme” event scenario. If a worker agent passes through the hazardous zones, his risk
perception is compared with the threshold values. If the risk perception is lower than the threshold value,

the near-miss predictor value is updated.
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CHAPTER IV: RESULTS AND DISCUSSIONS
4.1 Discussions on the primary analysis of the survey
As mentioned earlier, the survey received 108 total responses where 85 of the respondents finished the
survey. As mentioned in Chapter 3, the intended survey focus group is construction workers. However, due
to the COVID-19 pandemic lockdown, the survey was conducted online among construction management
practitioners. In this section of Chapter 4, the primary findings of the survey based on descriptive statistics
and common trends in responses will be explored.
4.1.1 Socio-Demographic Information
As mentioned earlier, the questionnaire survey was circulated online through social media platforms as well
as by email invitations. The socio-demographic parameters captured in the survey are age, gender, race,
education, native language, experience in the construction industry, income, and previous safety training
experience. Since construction enthusiasts from different countries (e.g. U.S.A., Bangladesh, Singapore,
Qatar) have participated in the survey and the enlisted countries vary largely in terms of gross annual
income, therefore, the income groups do not reflect the actual impacts on the decision making. Hence the
income variable has been discarded from further analysis of the study.
Surprisingly, the survey has attracted the tier of young construction professionals which is evident in the
descriptive statistics shown in Table 1. 28% of the survey participants are aged below 20 years, and 57%
of the participants are aged between 21-30 years which indicates that the major contribution of the survey
responses is captured from the young construction affiliates. The “experience in the construction industry”
parameter echoes the participation of young professionals where 90% of the participants have less than 5
years of experience in the industry. The construction workforce is comprised of male prevalence [41]. The
“gender” attribute of the socio-demographic section also affirms the same concept where 75% of the

participants are male.
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Table 1: Summary of socio-demographic information of survey participants

Socio-Demographic Variables % of Survey Participants
Age
Below 20 years 28%
Between 21-30 years 57%
Above 30 years 15%
Gender
Male 75%
Female 24%
Other 1%
Race
Asian 27%
Black or African American 13%
Hispanic or Latino 37%
White 22%
Other 1%
Education
High School Graduate, Diploma or Equivalent 18%
College Graduate 9%
Trade, Technical, Vocational Training 3%
Associate Degree 36%
Bachelor’s Degree 26%
Master’s Degree 4%
Doctorate Degree 4%
Native Language
English 62%
Others 38%
Experience in the Construction Industry
No Experience 24%
Less than 6 Months 9%
6 Months — 1 Year 17%
1-2Years 14%
3—5 Years 26%
6 — 10 Years 6%
More than 10 Years 4%
Previous Safety Training Experience
Yes 48%
No 52%

The majority of the participants are English language speakers (i.e. 62% of the respondents) with a uniform
diversity in the racial background (i.e. 27% Asian, 13% Black or African American, 37% Hispanic or

Latino, 22% White). The educational background of the participants can be fairly divided into three groups
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with 30% of the participants having a low educational background (e.g. high school graduate, college
graduate, etc.), 36% of the participants having associate degrees, and 34% of the participants having
bachelor’s or higher degrees. There is an equal distribution on the “previous safety training experience”

response where 48% have answered “Yes” and 52% have answered “No”. The experience and educational
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Figure 7: Profession of the Survey Participants

background of the participants show the diversity of the survey response group. Insights on their profession
reinforce the diverse reach of the survey. From Figure 7, it can be observed that 18% of the participants are
project management professionals, 12% are general workers, 9% are construction supervision
professionals. This shows that the survey captured the perception of the construction field affiliates as well
as the management professionals. 10% of responses from the faculty/researchers indicate the active
contribution of construction professionals with research expertise.

4.1.2 Discussions on Average Resource Requirements

In the “project information” section of the questionnaire survey, the survey participant is asked to provide
details about the project that he has been most recently engaged in. The project information includes
guestions on average worker and equipment requirements for different construction activities followed by
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the duration required to execute each construction activity. The mean value of the responses reveals that

superstructural works require the highest number of resources (i.e. workforce and equipment) and duration
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in a construction project. substructural works have received the second-highest resource and duration
requirement. Plant and machinery work, public exposure to construction environment works, and manual
handling works require the next largest resource allocations in construction projects. The common pattern
among these responses also indicates the critical construction activities in a construction project.

4.1.3 Discussions on Impact Ratings

Natural disasters impact construction sites directly or indirectly. The level of impact depends on the nature
of the disaster. The “impact of project execution variables” section of the questionnaire survey captures the

impact ratings of different natural disasters to identify the most impactful ones. Figure 9 shows the average

Avalanche I 3,38
Acid Rain I 3,15
Hailstorm . 3.39
Extreme Rainfall . 3.72
Wildfire . 3.69
Snow Storm I 3,53
Extreme Cold N 3,12
Volcanic Eruption I 3.50
Tsunami e 3.83
Earthquake I 3,75
Landslide . 3,65
Extreme Heat I 3.58
Drought I 2.65
Flooding I 4,25
Tornado/Typhoon I 3.90
Hurricane | e 4.59

Figure 9: Average Impact Rating of Extreme Events on Construction Activities

impact rating of natural disasters also known as extreme events. The average ratings show that Hurricane
and Flooding events have the most impact on construction sites (i.e. average rating 4.59 and 4.25
respectively on a scale of 5). A study on Barbados also shows the massive impact of hurricanes and flooding

on construction activities [42]. Besides, Ashraf’s study affirms that hurricanes stir up concerns and
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challenges in the construction industry and hence affect its regular progress to a greater extent [43].
Drought, which is an uncommon natural phenomenon has received the least impact rating of 2.65.

Project execution variables are also important for maintaining project schedules. The survey participants
have rated the impact of project execution variables on the construction schedule on a scale of 1 to 5. Among
different variables procurement of materials has received the highest impact rating of 4.24 followed by

labor availability and equipment and material quality. Ahmadian also delineates the importance of

Changes in Budget [N 4.10
Land Acquisition [N 3,57
Workforce Skills [ . 4.07
Labor Availability . 4.22
Equipment & Material Quality I 4.3
Site Location N 3.82
Road Connectivity with Construction Site [ 3476
Season [T 3.40
Climate e 362
Procurement of Materials I £ 24

000 050 1.00 150 200 250 3.00 350 4.00 4.50
Figure 10: Average Impact Rating of Project Execution Variables on Construction Scheduling

procurement of construction materials in minimizing the risk of any construction delay [44]. Besides, high
impact ratings for variables like workforce skills, labor availability support the importance of labor
productivity in the construction arena which has been echoed in El-Gohary’s research on Egypt's
construction labor industry [45]. Equipment and material quality have received the second-highest impact
rating of 4.13 from the survey participants. Poon has shown that using good quality materials in construction
can reduce building wastes in the Hong Kong construction industry [46] which underpins the necessity of

good quality resources in construction.
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4.1.4 Discussions on Common Trends of Risk Perception Rating

The primary analysis of the survey unfolds some common trends in the risk perception rating of the survey
participants. For instance, in substructural activities, the natural hazard (i.e. wind effect, heat effect,
visibility, etc.) risk rating tends to decrease when the weather scenario changes from regular to extreme.
The trend is opposite for the superstructural and public-exposure construction activities where the average
risk rating is likely to rise for the natural hazards whenever the weather scenario shifts from regular to
extreme. Table 2 shows the details of the rating trend. In the table, R-Event denotes “Regular Event” and
E-Event denotes “Extreme Event”.

Table 2: Average Risk Rating for Natural Hazards

Activity — Substructural Activity Superstructural Activity Public Exposure to

Construction Environment
Hazard | R-Event E-Event R-Event E-Event R-Event E-Event
Wind Effect 4.45 3.87 3.27 4.54 3.51 4.44
Heat Effect 4.26 3.91 2.88 3.81 3 3.69
Visibility 457 3.82 2.68 3.88 3.11 3.92
Wildlife 3.95 3.61 1.92 2.69 2.42 3.04
Flooding 3.7 2.77 2.62 3.92 3.07 4.08
Noise 4.3 3.22 2.72 3.42 3.52 4

Effective communication is essential for the transmission of potential hazards in the construction site.
Tiezer describes that native language is a prominent factor in the safety education and training of
construction workers. Workers who inherit a native language that is different from the country they work
in are more vulnerable to workplace hazards [47]. Besides, the discrepancy in workplace communication
mechanisms abates the efficiency of safety training. In Table 3, the influence of native language in deciding
the risk rating trends among different groups of participants has been explored. The findings are based on
fatal-four risk perception for substructural activities. In Table 3 Headings, R denotes regular events and E

denotes extreme events.
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Table 3: Influence of Native Language in Setting Risk Rating Trends

3.1 Risk Rating Trend for English Speakers (Co-worker VS Supervisor)

English Fall | Fall | Electrocution | Electrocution | Struck | Struck | Caught- Caught-
Speaker (R) (E) (R) (E) -by -by in/between | in/between
(R) (E) (R) (E)
Co-worker | 1..67 | 3.00 1.67 3.00 2.67 5.00 3.33 5.00
Supervisor | 3.00 | 3.50 3.25 4.13 3.38 4.00 3.88 4.00
3.2 Risk Rating Trend Based on Experience and Native Language (English VS Non-English Speakers)
Experience | Fall | Fall | Electrocution | Electrocution | Struck | Struck | Caught- Caught-
(<=1lyear) | (R) (E) (R) (E) -by -by in/between | in/between
(R) (E) (R) (E)
English 2.00 | 3.00 2.00 3.00 2.75 5.00 3.50 5.00
Speaker
Non-English | 5.00 | 5.00 5.00 5.00 3.00 4.00 3.00 3.00
Speaker
Experience | Fall | Fall | Electrocution | Electrocution | Struck | Struck | Caught- Caught-
(> 1 year) (R) (E) (R) (E) -by -by in/between | in/between
(R) (E) (R) (E)
English 3.00 | 3.50 3.29 4.13 3.43 4.00 3.86 4.00
Speaker
Non-English | 2.91 | 3.64 2.45 3.27 2.55 3.45 291 3.90
Speaker

The observations from Table 3 are described below:

e Insection 3.1 of Table 3, a pattern in risk rating has been observed between the English-speaking co-

workers and supervisors. For the English-speaking co-workers, there is a likelihood of abrupt rise in

hazard risk ratings whenever the weather scenario changes. For the supervisors, the trend of change in

the ratings due to the change in weather scenario is quite low. For example, the change in risk rating

for struck-by hazards is 2.33 (i.e. 5.0 for extreme events and 2.67 for regular events) for the co-workers.

For the supervisors, the value rises from 3.38 to 4.00 denoting a 0.62 rise in the value. This indicates

that construction management professionals with higher job responsibilities tend to perceive the effect

of weather change lightly.

e In section 3.2 of Table 3, the risk rating pattern function vertically. For less experienced (<=1 year)

professionals, there is a different trend between the English and Non-English speakers in perceiving
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the hazard risks. For more experienced professionals the trend of change in hazard rating among
different language speaking people is insignificant. For instance, among less experienced professionals,
English speakers tend to perceive low risk for fall and electrocution hazard (i.e. Rating “2” on a scale
of “5””) whereas Non-English speakers tend to perceive the same hazards with the highest risk threshold
(i.e. Rating “5” on a scale of “5”). This suggests that young non-English speaking construction
professionals are more likely to be cautious in perceiving construction hazards compared to English-
speaking professionals. However, with experience, the barrier in risk rating perishes between English
and Non-English speakers.

e Section 3.2 of Table 3 also represents those changes in weather scenarios trigger higher changes in
perceptions of the less experienced English-speaking professionals. It also suggests that such changes
barely affect the perception of the less experience non-English speaking professionals.

o Finally, from section 3.2 of Table 3, it is evident that less experienced non-English professionals tend
to rate hazards higher which is the opposite for experienced professionals.

Menzel studied the risk perception of Latino construction workers [27]. He derived that race-dependent

variables like trade skill deficiency, traditional Latino values, health literacy, language/communication

skills, etc. can contribute to shaping a worker’s safety awareness and perception.

Table 4: Risk Rating Trends in Terms of Race

4.1 Risk Rating Trend among Non-Hispanic/Latinos (Less Experienced VS More Experienced Professionals)
Non- Fall | Fall | Electrocution | Electrocution | Struck | Struck | Caught- Caught-
Hispanic/ R) | (B) (R) (E) -by -by in/between | in/between
Latinos (R) (E) (R) (E)
Exp<=1lyr | 4.00 | 5.00 4.00 5.00 3.00 4.00 35 3.00
Exp>1yr | 3.08 | 3.85 2.58 3.54 2.75 3.69 3.08 4.08
4.2 Risk Rating Trend Based on Experience and Race (Hispanic/Latino VS Others)
Experience | Fall | Fall | Electrocution | Electrocution | Struck | Struck | Caught- Caught-
(<=1year) | (R) | (E) (R) (E) -by -by in/between | in/between
(R) (E) (R) (E)
Hispanicor | 1.67 | 3.00 1.67 3.00 2.67 5.00 3.33 5.00
Latino
Others 4.00 | 5.00 4.00 5.00 3.00 4.00 3.50 3.00
Experience | Fall | Fall | Electrocution | Electrocution | Struck | Struck | Caught- Caught-
(> 1year) (R) (E) (R) (E) -by -by in/between | in/between
(R) (E) (R) (E)
Hispanic or | 2.67 | 3.00 3.17 3.83 3.17 3.60 3.67 3.67
Latino
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Others \3.08 \ 3.85\ 2.58 3.54 \ 2.75 \ 3.69 \ 3.08 4.08

In Table 4, the trends in risk rating have been observed in terms of racial background. The observations are
listed below:
e Section 4.1 in Table 4 shows that Non-Hispanic or Latino professionals with more experience (>1 year)
are more likely to rate the fatal-four hazards lower than the less-experienced professionals (<=1 year).
e Section 4.2 in Table 4 suggests that Hispanic or Latinos with less experience tend to recognize the risks
to elevate whenever there is a change in the weather scenarios. Less experienced professionals with
different racial backgrounds are likely to perceive the changes in hazard due to weather change with
little consideration.
4.2 Discussions on the secondary analysis of the survey
The seconda