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insurance providers. When making safety policy changes, legislative bodies and construction 7 

stakeholders alike try to successfully predict the impact such reformative actions will have on 8 

emergent safety patterns. Identifying optimal strategies for improving the market’s safety climate 9 

is a difficult task to achieve given the complex interactions between the various parties involved. 10 

An agent-based model is developed and presented in this case study that mimics the interactions 11 

among project stakeholders at the market level within the context of construction safety during 12 

both bidding and construction phases. In addition to incorporating various behavioral patterns 13 

and financial attributes of contractors and owners, the model makes use of insurance premium 14 

models and government fines to simulate safety climate patterns at the project and market levels. 15 

The model is shown capable of realistically depicting emerging safety patterns in a given 16 

environment when reformative actions are initiated by various stakeholders. The model is 17 

promising as a tool for policy makers to identify optimal strategies for improving the market 18 

safety climate. 19 
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Introduction 23 

Construction projects have competing objectives and limited available resources. In many 24 

cases involved parties resort to compromise by investing the available resources to meet one or 25 

more objectives at the expense of others. In such circumstances, lack of a long-term vision can 26 

often lead a project’s stakeholders to overlook the importance of site safety in favor of meeting 27 

other objectives such as cost or schedule (Hakkinen 1995). The underlying belief is that safety is 28 

costly and time consuming, and this is one of the main reasons for the construction industry’s 29 

notorious reputation of poor safety records (Tam et al. 2004). The absence of a well-developed 30 

safety culture leads to unsafe working conditions and practices, and consequently accidents and 31 

injuries. As a result, the project direct and indirect costs, as well as its duration will increase. 32 

Governments around the world are increasingly investing in strategies to improve the overall 33 

safety awareness in the construction industry. While such awareness has been achieved in some 34 

developed countries through full-fledged safety codes, many developing nations are still at the 35 

infancy of similar regulations (Recarte Suazo and Jaselskis 1993; Katram et al. 2000; Tam et al. 36 

2004; Wu and Fang 2012; Wells and Hawkins 2014, Azhar and Choudhry 2016). 37 

Actions taken by contractors at the project and corporate levels are not enough to improve 38 

the safety climate in a particular country (MacCollum 1995). Other key stakeholders such as 39 

owners, insurance providers, and governments must take action as well to promote a positive 40 

safety climate. To date, much of the safety research performed has focused on studying the 41 

impact each stakeholder has on the project safety level, including insurance companies, 42 

governments, project managers, contractors, designers, and owners (Imriyas et al. 2008; Toole 43 

2002). There is a need for research that models the interactions between these key players at the 44 

overall market level, and the influence of such interaction on the safety climate in a given 45 
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environment. This study presents an agent-based model that combines the aforementioned 46 

stakeholders in one market environment, and simulates their interactions during both bidding and 47 

construction phases of a project. By doing this, it becomes possible to observe emerging safety 48 

patterns in a given environment as a consequence of potential reformative actions initiated by 49 

various stakeholders; thus, providing policy makers with the ability to identify optimal strategies 50 

for improving the market safety climate. 51 

 The paper starts by reviewing relevant work in the area and then describes the developed 52 

model including the definition of agents and their attributes, their interaction mechanisms, the 53 

simulated scenarios and the underlying assumptions. Then, the case study of construction safety 54 

in the Lebanese market is explored and studied using the developed model. This section is 55 

followed by a discussion of the obtained results and a summary of the study’s contributions and 56 

limitations. Finally, conclusions and recommendations for future work are presented.  57 

Related Work 58 

Countless occupational health and safety risks are present on construction sites that lack a 59 

comprehensive safety and health plan, and this continues to be a concern for all key stakeholders 60 

in the construction industry (Wu and Fang 2012). In order to better understand the roles played 61 

by each stakeholder in affecting the safety climate in a given market environment, one must 62 

model the characteristics of these entities, as well as their interrelations. Traditionally, safety 63 

research has focused on modelling the individual aspects of these characteristics and 64 

relationships at three discrete levels; namely, project, organization, and market levels. 65 

The first category of existing literature comprises models that emphasize project-specific 66 

safety climate, and hence are of benefit to site safety personnel. Fault-tree models have been 67 
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used to simulate, classify, and diagnose the various types of construction falls and their catalysts 68 

(Hadipriono 1993). Risk management models have been developed that allow the end-user to 69 

enhance the orchestration between the different injury prevention models on large projects  70 

(Spangenberg 2009). The interaction between workers and the impact of their actions on the site 71 

safety climate and productivity was simulated in a spatially limited worksite using an agent-72 

based approach by Palaniappan et al. (2007). A more recent example of project-specific models 73 

is the integrative model that was developed by Shapira et al. (2012) which quantifies the safety 74 

level on a site operating tower cranes based on relative weights applied to each risk factor.  75 

The second category of existing studies models the construction safety climate at the 76 

organization level, and are of interest to corporate-level decision makers. Hallowell and 77 

Gambatese (2009, 2010) proposed an analytical model consisting of two steps: (1) identification 78 

of common safety and health risks, and (2) determination of the essential elements of a safety 79 

program. Their model allows safety managers to evaluate their safety program and its ability to 80 

account for the different risks on a site. By analyzing interactive relationships between 81 

management commitment to safety, development of an adequate project safety plan, and proper 82 

implementation by workers, Choudhry et al. (2007)—and soon after—Järvis and Tint (2009) 83 

presented conceptual models that could be used to evaluate the safety culture of an organization. 84 

The third category of studies in existing literature discusses models that are more relevant to 85 

stakeholders who can influence construction safety at the overall market level. Imriyas et al. 86 

(2008) developed a premium-rating model that streamlines the structured analyses of project 87 

hazards, contractors’ safety management systems, market conditions, and insurers’ internal 88 

factors for use by insurance companies in order to calculate optimal premiums to be applied to a 89 

construction project. As such, insurance providers can minimize losses and contractors can be 90 
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motivated to invest in safety. A computable equilibrium model of construction safety that allows 91 

users to identify changes in workplace safety policies that would lead to reducing accident rates 92 

at the lowest cost was presented by Wei et al. (2005). More recently, a system dynamics model, 93 

based on cause-effect loops, was proposed by Zou et al. (2014) to classify the influence of 94 

owners, designers, contractors, supervisors, and government on safety levels in the Chinese 95 

construction market. 96 

While existing models are adequate in modeling certain factors that affect the safety climate 97 

at discrete levels of the market, they fall short of modeling the full interaction between all the 98 

agents whose behaviors and attributes influence the safety climate at all levels of the construction 99 

market. The objective of this work is, therefore, to develop and validate, using an agent-based 100 

approach, a model that is capable of simulating the full interaction between the major 101 

stakeholders that can influence the construction safety climate in a certain environment. Such a 102 

model allows predicting changes in safety program adoption rates among contractors. A user can 103 

study the contractor’s response to a range of possible initiatives or incentives that can be 104 

administered by insurance providers, owners, and governments. 105 

Model Description 106 

Agent-based modeling (ABM) is a powerful tool that allows modeling complex dynamic 107 

systems consisting of autonomous heterogeneous agents with different attributes and behavioral 108 

rules, and captures their interaction and reveals the resulting emergent patterns at the system 109 

level (Bonabeau 2002). A main distinguishing feature of ABM which cannot be captured through 110 

mathematical and analytical approaches is the agents’ ability to learn from their interaction with 111 

other agents in their environment and adapt accordingly (Ren and Anumba 2004; Valluri et al. 112 

2009). Thus, the flexibility, sophistication and high-level nature of the interactions embedded in 113 
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an agent based approach makes it the best fit simulation tool to mimic the safety climate in a 114 

construction market which is an aggregate byproduct of the individual characteristics and 115 

practices of different interacting autonomous stakeholders. Such a model constitutes a scenario 116 

analysis tool for policy makers, which allows them to experiment with different reformative 117 

actions and assess their impact on enhancing the safety awareness of contractors and improving 118 

their adoption of safe work practices. 119 

ABM is relatively a new development that has found extensive use in several domains in the 120 

past two decades including economics, transportation, sociology, biology, marketing, sales, and 121 

others (Sawhney et al. 2003). ABM has recently been used for several applications in the 122 

construction field including infrastructure management (Sanford Bernhardt and McNeil 2008), 123 

construction resource allocation (Watkins et al. 2009), traffic flow of construction equipment 124 

(Kim and Kim 2010), claims and disputes (El-Adaway and Kandil 2010), subcontractor selection 125 

(Unsal and Taylor 2011), sustainable design and management of the built environment (Said et 126 

al. 2013), energy use reduction (Azar et al. 2012, 2014; Chen et al. 2013), analysis of financial 127 

innovation policies (Mostafavi et al. 2014), and competitive construction bidding (Awwad et al. 128 

2014, Asgari et al. 2016). 129 

The market safety behavior model developed and presented in this paper uses the ABM 130 

approach to benefit from its advantages in defining attributes and interactions among different 131 

key players who can impact safety development in the construction industry. Developing an 132 

agent-based model consists of three phases: (1) definition, (2) abstraction, and (3) 133 

implementation (DeLaurentis 2005). The definition phase mainly includes identification of the 134 

domain which is the construction market in this case and the context of modeling which is 135 

evaluating the safety atmosphere within this market. The second phase, abstraction, consists of 136 



 

7 

 

identifying the main classes of players, their behavioral rules and interactions within the 137 

environment. Various stakeholders contribute to establishing the safety culture within a 138 

construction market through their interference at the individual project and organization levels, 139 

or at the overall market level. For this purpose, five main agent classes are defined along with 140 

their behavioral attributes and functions: Contractor, Owner, Insurance Company, Government, 141 

and Project. Each of the first four listed stakeholders is an active agent that can impact the 142 

market safety climate in its own way. For example, contractors are the main constituents of a 143 

safe industry through their concern for and development of full-fledged safety and health 144 

management systems (Choudhry et al. 2007). Owners can also play an important role in this 145 

regard through requiring strict safety measures on their projects, and considering the safety 146 

record of contractors at the time of bid award (Huang and Hinze 2006). In addition, insurance 147 

providers and governmental agencies can significantly enhance the safety maturity of contractors 148 

through amounting premiums based on their safety records and enacting safety legislations along 149 

with proper inspection and enforcement (Zou and Zhang 2009). Such interferences at the global 150 

market level may positively influence the safety awareness of contractors and incentivize them to 151 

develop their own safety policies and programs at the firm level and eventually implement them 152 

at the project level. The Project agent is rather a passive object that is affected by the safety 153 

considerations of the aforementioned stakeholders. Projects in this model do not exhibit any 154 

behavior, but are rather created to ensure the survival of contractors in the market. 155 

The model simulates the construction sector as a complex predator-prey system where 156 

contractors (predators) with different attitudes towards safety are competing against each other 157 

on projects (preys) with various hazard levels under the low bid tendering approach. The owner 158 

interference with the former predator-prey relationship happens during the bidding phase where 159 
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the owner’s commitment to safety or lack thereof will determine whether the contractor’s safety 160 

behavior is taken into consideration at the bid award phase. However, agents representing 161 

insurance companies and the government are more influential during the construction phase 162 

since the contractor’s onsite practices will affect his future insurance premiums and the amount 163 

of paid fines. The following subsections describe the primary attributes and functions defined 164 

under each agent class and explain the interactions between the different agents and the impact 165 

each can have on the other. Conducted experiments and underlying model assumptions are also 166 

presented in this section.  167 

Agents’ Definition and Attributes 168 

ABM is characterized by a bottom-up approach where individual agents’ attributes and 169 

functions are first defined, and emergent properties of the environment and evolving trends of 170 

agents are subsequently deduced by analyzing the interactions between agents and their 171 

adaptation over time (Axelrod and Tesfatsion 2006). Table 1 describes the agents defined in the 172 

developed model along with their attributes and functions. Each Contractor and Owner agent in 173 

the market is assigned a safety awareness level, dubbed hereafter as CSAL and OSAL, 174 

respectively. These can take several values (poor = 1, medium = 2, or good = 3), and they 175 

indicate the Contractor’s or Owner’s commitment to a safe workplace. A project agent is 176 

assigned a hazard level that reflects its inherent potential safety risks and uncertainties. The 177 

former agents interact together during the bidding phase of a project where owners generate 178 

projects regularly, and eligible contractors submit corresponding tenders. The lowest bidder is 179 

awarded the project which is subject to governmental inspections and insurance premium 180 

adjustments during the construction phase. As shown in Table 1, a sixth agent is defined, the 181 

Environment, which represents the market where all the other agents exist and interact together. 182 
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To be able to monitor the improvement in the overall market safety awareness over time, the 183 

Environment agent is assigned a variable called the Environment Safety Awareness Level 184 

(ESAL) which is equal to the average CSAL across all contractors present in the market at any 185 

given time.   186 

[Table 1] 187 

Agents’ Interaction 188 

A graphical representation of the agents’ interactions framework is shown in Error! 189 

Reference source not found.. Once a project is generated by an owner agent, all contractors in 190 

the market will consider it and evaluate their eligibility to tender. At this stage, each bidding 191 

contractor verifies that its available bonding capacity exceeds the project value, which 192 

constitutes a situation that allows him to bid on this project. Furthermore, a contractor’s CSAL 193 

has to meet or exceed the owner’s safety requirements (expressed as OSAL) in order to receive 194 

an invitation to bid on the project. Likewise, a contractor has to have a safety awareness that is in 195 

accordance with the project hazard level (PHL) in order to be provided with the required 196 

insurance coverage for the project by an insurance company. After awarding the project to the 197 

lowest bidder who meets the aforementioned criteria, the project enters its implementation phase. 198 

During the construction phase, the winning contractor’s cumulative profit is affected by the 199 

number of cited safety violations and resulting fines imposed by the government, which are 200 

generated in the model based on the contractor’s CSAL. Moreover, at the end of each year—201 

throughout the project timeline—the insurance provider computes its loss ratio (ρn) on the project 202 

as expressed in Eq. (1), and adjusts the workers’ compensation premium accordingly.  203 

 𝜌𝑛 =
∇𝑛×𝜀

𝜑𝑛
                   (1) 204 
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where for a particular project: ρn is the loss ratio for year n, ε is the compensation cost per 205 

accident, φn is the workman’s compensation premium cost in year n, and ∇𝑛is the number of 206 

accidents in year n and is a function of CSAL and PHL that is determined using random 207 

sampling from a uniform distribution with different distribution boundaries for the six different 208 

combinations of CSAL and PHL as shown in Table 2. 209 

[Fig. 1] 210 

[Table 2] 211 

If this loss ratio is greater than 1, the insurance company increases the workmen’s 212 

compensation premium for the next year on this project, and in case it is lower than 1, the 213 

premium is slightly decreased. This premium adjustment at the end of each year on a project 214 

alters the contractor’s actual profit earned on the project and consequently affects the 215 

contractor’s overall financial performance. Furthermore, if the safety performance of the 216 

contractor during a project is poor or medium, the insurance provider imposes a premium 217 

increase on the contractor’s next awarded project. 218 

Simulated Scenarios 219 

The main motivation behind the developed agent-based model is to simulate the interaction 220 

between different key players in a construction market and to be ultimately able to observe 221 

emerging safety program adoption patterns among contractors in response to a range of 222 

reformative actions. For this purpose, a function Upgrade Safety Level is defined under the 223 

Contractor class that helps decide whether a safety program upgrade is needed. This decision is 224 

triggered by two factors: (1) an internal evaluation of the contractor’s bidding competitiveness in 225 

the market, and (2) reformative actions imposed by two main construction constituents, namely 226 
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insurance companies and the government. Hence, two simulation scenarios ensued to assess the 227 

impact of the two aforementioned factors on promoting safety awareness among contractors. 228 

 Scenario 1: A contractor regularly evaluates two variables: Lost bid invitations and denied 229 

insurance requests. The first is a ratio that reflects the portion of projects the contractor failed 230 

to bid on due to not meeting owner safety requirements. The second is a ratio that indicates 231 

the subset of projects the contractor lost the chance to bid on due to not qualifying for the 232 

given project’s PHL and consequently was not able to obtain the necessary insurance 233 

coverage. These two ratios are compared against threshold values entered by the end-user 234 

which, if exceeded, the contractor will make the decision to upgrade the CSAL by one level. 235 

For instance, a contractor may decide to upgrade its CSAL from 1 to 2 if the ratio “Lost bid 236 

invitations” exceeds 0.5. 237 

 Scenario 2: When reformative actions such as increased premiums and safety violation fines 238 

are taken by insurance companies and governmental authorities in reaction to poor safety 239 

behavior, contractors risk losing a significant portion of their earned profits and may, as a 240 

result, decide to undertake corrective measures and upgrade their safety programs and 241 

policies. Similar to the first scenario, a contractor with a CSAL = i will upgrade to a CSAL = 242 

j if the imposed premium increase by the insurance provider exceeds the contractor’s critical 243 

imposed premium increase value (CPij) or if the governmental safety violation fine is more 244 

than the contractor’s critical fine (CFij). In some cases, an imposed premium increase alone 245 

or a governmental fine may not be enough to motivate the contractor to upgrade its CSAL; 246 

however, when combined, the two together may have a greater impact on a contractor’s 247 

decision to upgrade. Hence, to account for the simultaneous and combined effect of the two 248 

former actions, Eq. (2) is introduced to the model as function Motivation-to-Upgrade used by 249 
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a contractor to decide on whether or not to upgrade the CSAL. The expression of Eq. (2) is 250 

adopted from what is commonly referred to in the field of structural engineering as an 251 

interaction equation. Thus, the contractor will upgrade its CSAL by one level if the function 252 

Motivation-to-Upgrade exceeds 1, and will maintain its current CSAL otherwise.  253 

𝑀𝑜𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 − 𝑡𝑜 − 𝑈𝑝𝑔𝑟𝑎𝑑𝑒 =  
1+𝐼𝑚𝑝𝑜𝑠𝑒𝑑 𝑝𝑟𝑒𝑚𝑖𝑢𝑚 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒

1+𝐶𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑖𝑚𝑝𝑜𝑠𝑒𝑑 𝑝𝑟𝑒𝑚𝑖𝑢𝑚 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒
+

𝐴𝑐𝑡𝑢𝑎𝑙 𝑓𝑖𝑛𝑒

𝐶𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑓𝑖𝑛𝑒
         (2) 254 

Fig. 2 is a snapshot of the developed model platform where the left window allows the end 255 

user to choose the scenarios to be simulated and the right window includes two output graphs 256 

showing the impact of the tested initiatives on the ESAL improvement over the predetermined 257 

simulation period. Survival rates of contractors with different CSALs are also noted at 5-year 258 

intervals. This is intended to assess whether the increase in ESAL happens as a result of safety 259 

program upgrade by contractors, or as a consequence of contractors with poor CSAL going 260 

bankrupt and exiting the market. Two key variables are monitored throughout any scenario 261 

simulation: (1) the cumulative profit of contractors, and (2) the environment safety awareness 262 

level (ESAL). This allows observing the impact of reformative actions by construction 263 

stakeholders on the contractor’s financial performance and survival, and on the overall market 264 

safety awareness. 265 

[Fig. 2]  266 

Model Assumptions 267 

To complete the developed model description, this section states the underlying assumptions 268 

and initial conditions that were followed in conducting the above simulation scenarios:  269 

 The market initially contains ten owners with different OSAL, five insurance companies, and 270 

fifty contractors with varying CSAL values. It is assumed that every time a contracting firm 271 
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goes bankrupt and exits the market, a new one joins the market with a random CSAL. A 272 

contractor decides to leave the market if it has not won any project or if its cumulative profit 273 

remained negative within a period ranging between one and three years. 274 

 The simulation period is chosen to be ten years. Projects are generated in the market at a rate 275 

of one project every two weeks. A project budget is sampled from the uniform distribution 276 

[1,100] million dollars with a duration ranging between 1 and 5 years. 277 

 A contractor’s upgrade of its CSAL takes one year to be implemented. In other words, a 278 

contractor’s new CSAL will not take effect in ongoing projects, but rather when bidding on 279 

projects one-year from the time the upgrade decision was made. This is to reflect the time 280 

frame that it normally takes companies to develop and implement company-wide safety 281 

programs.     282 

  In the case where an insurance company imposes a premium increase on a contractor’s new 283 

project as a consequence of its prior poor safety performance, the contractor has the choice to 284 

remain with the same insurance provider and pay the premium increase or switch to a new 285 

insurance company that may provide lower premium rates.  286 

 The number of cited violations decreases with every governmental inspection as a result of 287 

the improvement in the contractor safety knowledge. To put the latter assumption into effect, 288 

the model generates a fixed number of violations per year and then determines the amount of 289 

cited violations using the expression of Eq. (3). 290 

     𝑁𝑣 = ∑ 𝐺𝑣 − 𝑘 log(𝑛)𝑛
𝑖=1                        (3) 291 

where: Nv is the number of cited violations per year, n is the number of annual inspections, k is a 292 

user-specified integer, and Gv is the number of annual violations. Gv is generated from a normal 293 

distribution, while n is generated from a discrete distribution using a random number generator. 294 
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The value of k is a function of how much the number of violations committed by a contractor 295 

decreases with every inspection. A higher value is specified by the user to model a contractor 296 

entity whose number of violations decreases fast with each government performed inspection.  297 

Case Study 298 

As stated previously, the developed model can serve as a decision making tool for policy 299 

makers in both developed and developing countries that allows experimenting with different 300 

safety enhancement initiatives and studying their impact on the environment safety awareness. In 301 

developing countries lacking the required knowledge and expertise in construction safety, such a 302 

model is necessary to highlight the key role of each construction constituent and the potential 303 

initiatives they can take to advance the market safety awareness and commitment. Lebanon, a 304 

developing country in the Middle East region, exhibits weak commitment to safe practices across 305 

all construction stakeholders and absence of proper monitoring and enforcement of safety 306 

regulations by governmental authorities (Awwad et al. 2016). This study gathered data about 307 

safety practices in the Lebanese construction sector through conducting semi-structured 308 

interviews with nineteen contractors and five main insurance providers. Survey findings were fed 309 

into the developed agent-based platform in order to simulate safety awareness evolution in the 310 

Lebanese market that may result from potential reformative actions by insurance companies and 311 

governmental agencies.  312 

Contractors’ Questionnaire 313 

The contractors’ questionnaire aimed at exploring the awareness of Lebanese contractors 314 

regarding construction safety and any pertaining practices on their jobsites. In addition, it aimed 315 

at assessing what initiatives taken by other stakeholders would lead contractors to enhance their 316 

work safety measures. Nineteen contracting firms operating across Lebanese territories were 317 
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interviewed, of which 58% were large companies (with more than 250 employees) and the rest 318 

equally divided between medium-sized (51-249 employees) and small-sized companies (˂ 50 319 

employees). The majority of contractors (84%) have been in business for more than ten years. 320 

Fig. 3 summarizes the type of work and average annual work volume of the surveyed 321 

contractors.  322 

[Fig. 3] 323 

Based on a thorough literature review, the questionnaire included a comprehensive list of 324 

safety measures that form the main pillars of a complete health and safety management program, 325 

and contractors were asked to indicate which of these measures were implemented on their 326 

jobsites. Fig. 4 reflects the number of contractors applying each of the surveyed safety practices 327 

in their projects. In this study, three levels of CSAL (1, 2, and 3) are considered in order to 328 

classify contractors based on their safety awareness and commitment. A contractor applying all 329 

safety measures indicated in Fig. 4 is assigned a CSAL = 3. A contractor that only demonstrates 330 

basic commitment to safety through providing PPE, posting safety signs and conducting 331 

anonymous accident reporting has a CSAL of 1. A contractor with CSAL 2 exhibits higher safety 332 

awareness where in addition to the latter measures, holds toolbox meetings and mandates 333 

subcontractors to attend them, documents and investigates accidents, and conducts mandatory 334 

safety training for employees. Based on the results shown in Fig. 4, 53% of the surveyed 335 

Lebanese contractors can be attributed a CSAL of 1, 37% of them showed a CSAL of 2, and the 336 

remaining 10% had a CSAL equal to 3. The same CSAL percent distribution was reflected when 337 

setting the model’s initial conditions in order to replicate the case of the Lebanese market. It can 338 

be deduced that the majority of respondents reported applying basic safety considerations; an 339 

observation that affirms the need to improve safety awareness of contracting firms in Lebanon 340 
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and thus further stresses the importance of the developed agent based model in evaluating 341 

potential reformative actions. The survey also revealed that a contracting firm’s CSAL can be 342 

correlated to its size: all small firms indicated a CSAL of 1, medium-size firms a CSAL of 2, and 343 

only some of the large-size companies were classified with a CSAL of 3. 344 

[Fig. 4] 345 

Respondent contractors were also asked about the government role in enhancing their safety 346 

practices and motivating them to adopt full-fledged safety programs. Despite the existence of the 347 

Lebanese labor law and the enactment in 2004 of a specific decree (#11958) pertaining to safety 348 

of construction operations, the findings revealed that most contractors were not aware of its 349 

presence. Contractors also stated that their jobsites were never visited by any government agency 350 

representatives for safety inspection. The contractors were asked about the violation fine level— 351 

if the government implements an inspection program—at which they would upgrade their CSAL 352 

from 1 to 2, or from 2 to 3. This safety upgrade incentive is captured through the variable Critical 353 

Fine (CFij) defined under the Contractor agent in the model. The average values of CF12 and CF23 354 

reported by the interviewees are summarized in Table 3, and used in the model to assess the 355 

impact of such violation fines on the improvement of the Lebanese market safety awareness.  356 

Given the key role insurance companies can have in enhancing the construction safety 357 

climate, survey respondents were also asked to indicate the value of insurance premium increase 358 

that would lead them to upgrade their CSAL. This is referred to as Critical Imposed Premium 359 

Increase (CPij) under the Contractor class in the model for which average reported values by 360 

interviewees are shown in Table 3. In addition, the survey revealed that no common database for 361 

contractors’ safety records exists in Lebanon, where 60% of contractors stated that they would 362 

switch to another insurance company and start at basic premium levels if their current provider 363 
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imposed increased premiums due to their poor safety performance. These findings are fed into 364 

the model in order to evaluate the impact of imposed premium increase by insurance providers 365 

on the adoption of safety measures in the Lebanese market.  366 

[Table 3] 367 

Insurance Companies’ Questionnaire 368 

The interviews with insurance companies aimed at determining the methods used to compute 369 

the contractor’s all risk (CAR) and workmen’s compensation insurance (WCI) premiums, which 370 

are the most common policies in the Lebanese construction sector. The interviews with insurance 371 

companies were conducted to determine if and how those premiums are modified in accordance 372 

with the contractor’s safety performance. Five insurance companies were surveyed—each having 373 

been in the market for over ten years and insuring projects with total contract values exceeding 374 

$250M.  375 

The survey results indicate that insurance providers perceive the most common two causes of 376 

construction workplace accidents to be: (1) poor safety attitude, and (2) lack of enforcement. 377 

Interviewees stated that workers are insured irrespective of their race, documented or unionized 378 

status, and method of wage payment. They also indicated that compensation values are mainly 379 

dependent on the worker’s experience, acquired training and wage. 380 

Despite that respondents reported contractors’ and workers’ poor attitude towards safety to 381 

be the root cause of construction accidents, they all indicated that safety programs of contractors 382 

and safety requirements by designers are not inspected upon determining insurance premiums. 383 

They rather indicated that premiums are affected by the location of projects and their inherent 384 
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hazards. For instance, higher premiums are applied to projects surrounded by other facilities, 385 

which is often the case in large crowded cities. 386 

When asked how CAR and WCI premiums are determined, insurance companies indicated 387 

that blanket insurance policies are not sold in the Lebanese sector and that premiums are rather 388 

computed on a project-by-project basis as shown in Eqs. (4) and (5). 389 

𝐶𝐴𝑅 𝑝𝑟𝑒𝑚𝑖𝑢𝑚 = 𝐶𝐴𝑅 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 × (𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑝𝑟𝑗 𝑐𝑜𝑠𝑡 (1 + 𝑚𝑎𝑟𝑘𝑢𝑝))                                           (4) 390 

𝑊𝐶𝐼 𝑝𝑟𝑒𝑚𝑖𝑢𝑚 =  𝑙𝑎𝑏𝑜𝑟 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 × 𝑊𝐶𝐼 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 (𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑝𝑟𝑗 𝑐𝑜𝑠𝑡 × (1 + 𝑚𝑎𝑟𝑘𝑢𝑝)) (5) 391 

The CAR percentage in Eq. (4) varies between 2.5 and 4 per thousand of the project cost. 392 

The labor and WCI percentages in Eq. (5) range between 12 to 20% and 2.5 to 3.5%, 393 

respectively, and are based on the perceived PHL. The WCI premium is paid over the project 394 

duration of  𝑛 years, with the annual installment calculated using Eq. (6). 395 

Annual installment = WCI premium (
1

n
+ 0.1)            (6) 396 

This annual WCI installment is affected by the contractor’s loss ratio for the prior year, 397 

expressed by Eq. (1). If this ratio is less than 1 for year n, the WCI payment for year (n+1) is 398 

decreased by 5%; and if the ratio exceeds 1, the latter is increased by an average percentage of 399 

10% multiplied by the loss ratio. These insurance computation methods were used to define the 400 

Premium Calculation function under the Insurance company agent in the developed model.  401 

Discussion of Results 402 

When the described model is executed under scenario 1 (no government or insurance 403 

company intervention) with a simulation run time of 10 years, the cumulative profit of all 404 

contractors in the market is shown to be directly related to their respective CSAL. For instance, 405 
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Fig. 5 shows contractors with a CSAL=3 to significantly outperform other contractors in the 406 

market. These contractors also had the highest survival rates at the end of the simulation period, 407 

as shown in Table 4. On the contrary, all contractors but one with a CSAL=1 went bankrupt and 408 

exited the market shortly after three years, and almost two thirds of all contractors with a 409 

CSAL=2 went bankrupt and exited the market after two years. This trend can be explained by the 410 

fact that contractors with higher CSAL are able to bid on more projects, to raise their chances of 411 

working on multiple projects, and eventually to earn more profit. This result shows that adopting 412 

a well-developed safety management program ensures the best financial performance and the 413 

longest survival of a contractor in the Lebanese market. This observation is considered somewhat 414 

intuitive; nonetheless this simulation is presented as a proof of concept test.  415 

[Fig. 5] 416 

[Table 4] 417 

Effect of Government Fines 418 

Enforcement of workplace safety regulations through different violation fine levels can have 419 

varying effects on the safety culture evolution of a contractor, and consequently the market 420 

safety awareness level. A number of simulations using the developed model were performed 421 

under scenario 2 while varying the Fine Amount attribute of the Government agent. Table 5 422 

shows the survival rates of contractors over the simulation time period for various fine levels and 423 

Fig. 6 shows the improvement in ESAL over the simulation period of 10 years for different fine 424 

ranges. It can be seen that with increasing fine levels, higher values of ESAL are achieved. For 425 

the case where no fine is applied, the ESAL improves over time but at a lower rate. This is due to 426 

a combination of two facts: (1) contractors with low CSAL go bankrupt and exit the market; and 427 

(2) surviving contractors decide to upgrade their CSAL as a result of financial losses caused by 428 
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regular inspections and imposed fines by the government. While Fig. 6 clearly shows that higher 429 

fines lead to an earlier improvement in the ESAL, all fine curves converge at the end of 10 years 430 

to an ESAL value between 2.25 and 2.3. This observation combined with the fact that a higher 431 

number of contractors survived after 10 years with a fine level below $5,000 than with a fine 432 

level of $21,000 - $30,000 as shown in Table 5, may imply that higher fine levels are not 433 

necessarily the best way to balance between attaining high ESALs and maintaining the highest 434 

number of surviving contractors in the market. A fine amount up to $5,000 is arguably better at 435 

achieving that balance. It should be noted however that the ESAL values do not reach the 436 

maximum value of 3 due to the fact that most contractors entering the market have lower CSAL. 437 

[Table 5] 438 

[Fig. 6] 439 

Effect of Insurance Premium Increase 440 

Beside government agencies, insurance providers can play a role in improving the ESAL. In 441 

order to test the extent to which insurance providers can influence the ESAL in a certain market, 442 

a function designated as Imposed Premium Increase was added to the attributes of the Insurance 443 

Company agent in the model. Given that a certain percentage of contractors may switch to new 444 

insurance companies at the end of a project rather than incurring the premium increase, the 445 

model was designed to incorporate this decision scheme, as shown in Fig. 7. The model was run 446 

to evaluate how various imposed premium increases would improve the ESAL of the market. 447 

The results shown in Fig. 8 show that with an increasing imposed premium increase a greater 448 

improvement in ESAL is observed at the end of the 10 years. However, beyond a premium 449 

increase of 50% the improvement in ESAL is marginal while the survival rate of contractors in 450 

the market decreases to below 20% as was shown in Table 5. This phenomenon is expected since 451 
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imposing a premium increase of 100% is leading contractors to inflate their bid prices to cover 452 

this additional cost. This reduces the contractors’ bidding competitiveness and consequently 453 

leads to bankruptcy. When such contractors with medium or high CSAL leave the market, the 454 

ESAL goes down. This is due to the fact that newly entering contractors are mostly of lower 455 

CSAL, as per the survey data of existing contractors (53% CSAL=1, 37% CSAL=2, and 10% 456 

CSAL=3). 457 

[Fig. 7] 458 

[Fig. 8] 459 

Simultaneous Effect of Fines and Insurance Premium Increases 460 

Using Eq. (2) in the model to account for the combined effect of fines and premium increases 461 

on the decision making of the Contractor agent to upgrade the CSAL, a number of simulation 462 

runs were performed to study how the ESAL evolves over time. Fig. 9 shows the results for Case 463 

1, which used a premium increase of 35% (a medium increase), and an imposed fine of $3,500 (a 464 

medium fine level). The effect on the ESAL resulting from the actions taken by insurance 465 

companies is shown to start earlier in time but is smaller in the long run compared to the effect 466 

on the ESAL resulting from the actions taken by the government. Having both government and 467 

insurance companies working together and enforcing measures to promote safety in the market is 468 

shown to result in a greater change in ESAL over time. 469 

Two additional simulations were performed: 1) with a high fine and a low imposed premium 470 

increase (Case 2), and 2) with a low fine with a high imposed premium increase (Case 3). The 471 

results for Cases 2 and 3 are shown in Figs. 10 and 11, respectively. The same conclusion arrived 472 

at in Case 1 can be deduced for the different combinations of fines and imposed premium 473 

increases: simultaneous actions from government and insurance companies will instantiate a 474 
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direct improvement in ESAL that increases with time. Figs. 9, 10, and 11 show that with all 475 

value combinations of fine and imposed premium increase, the ESAL improvement starts by the 476 

end of the first year. While this change in ESAL is not the same for the three cases during the 477 

early stages of the simulation period, they are approximately the same by the end of 10 years 478 

when Eq. (2) is used as the decision making function of the Contractor agent. 479 

[Fig. 9] 480 

[Fig. 10] 481 

[Fig. 11] 482 

Contributions and Limitations 483 

While the subject of modeling the safety characteristics of various involved entities, as well 484 

as their interrelations and relationships has been studied in the literature, this study presents 485 

several contributions to this topic: 486 

1. The model presented here provides a significant improvement over existing models that 487 

typically tackle the individual aspects of various construction stakeholders at the project, 488 

organization, or market levels. Such models fail to combine all stakeholders in one market 489 

environment, and simulate their interactions during both bidding and construction phases of a 490 

project. The developed ABM provides a powerful tool that allows users to model the 491 

complex and dynamic construction environment consisting of autonomous heterogeneous 492 

entities with different behavioral rules. It allows the user to capture their interaction and 493 

observe emergent patterns at the market level. 494 

2. A main distinguishing feature of this model over other existing models is the entities’ ability 495 

to learn from their interaction with other entities in the market environment and adapt 496 

accordingly. This makes it an excellent simulation tool to mimic the safety climate in a 497 
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construction market which is an aggregate byproduct of the individual characteristics and 498 

practices of different interacting autonomous stakeholders. 499 

3. The developed model constitutes a scenario analysis tool for policy makers, which allows 500 

them to experiment with different reformative actions and assess their impact on enhancing 501 

the safety awareness of contractors and improving their adoption of safe work practices. 502 

The model is not however without limitations. The model does not account for the cost of 503 

injuries to the contractor beyond fines and workman’s compensation premiums. Other costs such 504 

as loss of employee morale, loss of productivity and schedule delays, employee turnover have 505 

not been included in the model due to the difficulty of putting monetary values to such intangible 506 

costs. Furthermore, model validation is an important milestone in the development of simulation 507 

models which has not been tackled yet in this study. This consists of comparing the emergent 508 

market patterns in an agent-based environment to actual market trends in similar real-life 509 

scenarios. This is a challenging step for the complex problem of safety awareness development 510 

since it requires observing the evolution of safety commitment of all contractors before and after 511 

a reformative action has been taken in the market. 512 

Conclusions and Future Work 513 

An agent-based model was developed and presented that mimics the interactions among 514 

project stakeholders at the market level within the context of construction safety during both 515 

bidding and construction phases. The model was tested on the Lebanese construction market as a 516 

proof of concept case study. The roles of both government and insurance companies in 517 

improving the environmental safety awareness level were studied over a simulation time period 518 

of 10 years using an interaction decision making function by the Contractor agent. It was found 519 

that lower fine levels between $ 1,000 and $ 5,000 are ideal for improving the ESAL while 520 
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allowing the largest number of contractors to remain in the market. Insurance premium increases 521 

over 50% on new projects were found to result in only marginal improvement in the market’s 522 

ESAL at the expense of a lower market survivability rate for contractors. When using an 523 

interaction function to account for the combined effect of fines and premium increases on the 524 

decision making of the Contractor agent to upgrade the CSAL, it is shown that a greater change 525 

in ESAL over time can be achieved. 526 

 While the model developed and presented here is shown to adequately simulate the complex 527 

interactions between the various stakeholders in a construction market and predict the evolution 528 

of the safety awareness level of the environment, additional components to the model can prove 529 

to be crucial. Future research should investigate how adding a national database for the 530 

contractors’ safety records can effect decisions made by insurance providers, insurance premium 531 

increases, contractors’ decisions to upgrade their CSAL, and the overall ESAL of the market. 532 

Moreover, other construction stakeholders who may have an influence on the market safety 533 

awareness such as designers, consultants, and subcontractors need to be added as agents into the 534 

developed model and their adequate interactions with the environment need to be defined. 535 

Finally, the model should be validated through collecting data about contractors’ safety 536 

awareness evolution in a developed market that has undergone recent reformative actions. Data 537 

prior to and after the changes’ implementation need to be gathered and fed to the developed 538 

agent-based platform in order to check whether emergent model patterns or findings converge 539 

with real-life safety enhancement observations. Besides, the model will be presented to 540 

professionals and experts in the construction industry to collect their feedback about its 541 

authenticity and credibility.   542 

 543 
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Table 1. Definition of Model Agents and Description of their Attributes 664 

Agent Attribute/ Function Description 
Owner Owner safety awareness 

level (OSAL)  

 

Extent to which an owner is committed to safety. An owner with OSAL 1 

does not require safety measures, whereas an owner with OSAL 2 demands 

basic safety guidelines. An OSAL of 3 indicates an owner who requires a 

well-developed safety program from contractors as a bidding qualification. 

Contractor Contractor safety 

awareness level (CSAL) 

Reflects the safety measures adopted by a contracting company on its 

projects. CSAL=1 represents basic commitment to safety (provision of 

PPE, safety signage, and anonymous accident reporting). CSAL=2 exhibits 

higher safety awareness: in addition to CSAL 1, holds toolbox meetings 

and mandates subcontractors to attend them, documents and investigates 

accidents, and trains employees. A CSAL 3 contractor adopts a full-fledged 

safety program, including all the measures of CSAL 1 and 2, as well as 

substance abuse testing, a site safety written plan for accident prevention, 

dedicated site-safety personnel and a company-wide safety coordinator. 

 Cumulative profit Profit a contractor accumulates over the simulation time. Initially set at zero 

and updated continuously using percentage completion of ongoing projects. 

 Available bonding 

capacity 

Maximum value of projects that a contracting company can bid on at any 

time. Whenever a contractor wins a project, its available bonding capacity 

is decreased by an amount equal to the project bid price. Once project is 

completed, the bonding capacity is increased by the value of the work. 

 Bidding eligibility This function evaluates a contractor’s eligibility to bid on a given project. 

Three conditions need to be satisfied to establish eligibility: CSAL ˃ 

OSAL, CSAL > PHL, and available bonding capacity ˃ project budget.   

 Upgrade safety level Function used by contractor to decide on CSAL upgrade. Decision may 

come as a reaction to two possible scenarios: 1) contractor not able to to bid 

on several projects because CSAL<OSAL, or for not being able to obtain 

insurances because CSAL<PHL, or 2) reformative actions imposed by key 

stakeholders as a response to contractor’s poor safety performance such as 

insurance premiums increase and violation fines by governmental agencies. 

 Lost bid invitations It is the ratio of projects the contractor lost the chance to bid on due to not 

meeting the owner safety requirements (i.e., CSAL ˂ OSAL), divided by 

the total number of projects he was not qualified to bid on.  

 Denied insurance 

requests 

It is the ratio of projects the contractor could not bid on due to not being 

able to obtain insurance (i.e., CSAL ˂ PHL), divided by the total number of 

projects he/she was not qualified to bid on. 

 Critical imposed 

premium increase (CPij) 

Imposed premium increase by an insurance company that would motivate a 

contractor to upgrade his safety awareness level (CSAL) from i to j.  

 Critical fine (CFij) It is the governmental violation fine threshold at which a contractor would 

be motivated to upgrade his CSAL from i to j. 

Project Project hazard level 

(PHL) 

Reflects overall risks and uncertainty associated with the project activities. 

PHL is a discrete value ranging from 1 to 3 where 1 indicates a low hazard 

project and 3 corresponds to a project with many potential safety risks. 

 Number of Indicates the number of accidents that occur on the project site during a 

given year. This value is dependent on two parameters: the project hazard 
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accidents/year level and the contractor safety awareness level.  

 Number of  

violations/year 
Indicates the number of safety violations that were fined during a given 

year through government-performed inspections. This value is mainly 

dependent on the CSAL of the winning contractor. 

Insurance 

Company 
Premiums calculation 

method 
This function allows the calculation of the contractor’s all risk and worker’s 

compensation premiums for a given project. 

 Loss ratio for each 

insured contractor 
Project specific. The ratio of the compensation paid by the insurance 

company to the premium paid by the contractor. Calculated every year and 

influences any premium change for the next year. To simplify this ratio, the 

compensation per accident is assumed fixed, irrespective of accident type. 

 Imposed premium 

increase 
Indicates the percentage premium increase imposed by an insurance 

company on a new project for a contractor with poor safety performance. 

Government Fine amount Fine level imposed on every violation cited during an inspection. It is 

assumed that violations are of one type and thus fined similarly. 

 Frequency of inspections The number of yearly inspections performed by the government. It is 

assumed that the number of fined violations decreases with every 

inspection to reflect increase in the contractor safety knowledge. 

Environment Environment safety 

awareness level (ESAL) 
The average CSAL of all contractors in the market at any given time. 

Ranges between 1 and 3. ESAL=1 represents a market with a poor safety 

culture while ESAL=3 reflects an environment with high safety maturity. 

 665 

Table 2. ∇n Distribution Boundaries 666 

 PHL = 1 PHL = 2 PHL = 3 

CSAL = 1 [0,5] [0,10] [0,15] 

CSAL = 2 [0,3] [0,6]  [0,10] 

CSAL = 3 [0,1] [0,3] [0,5] 

 667 

Table 3. Fines and Insurance Premium Increases Leading to CSAL Upgrade 668 

Values that would cause a 

contractor to upgrade his 

CSAL: 

Critical Governmental 

Fine (USD) 

Critical Imposed Premium 

Increase (%) 

Mean 
Standard 

Deviation 
Mean 

Standard 

Deviation 

From 1 to 2 1,600 400 28 5 

From 2 to 3 2,800 500 45 5 

 669 

 670 

 671 
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Table 4. Time of Bankruptcy According to CSAL 672 

Time of 

Bankruptcy 

(weeks) 

Number of Contractors 

CSAL 

1 

CSAL 

2 

CSAL 

3 

52 8 3  

104 9 9  

156 7   

333  1  

376  1  

415  1  

Surviving 1 4 6 

 673 

Table 5. Contractors Survival Rates 674 

Fine Range 

(USD) 

Contractors 

Survival Rate (%) 

Imposed Premium 

Increase (%) 

Contractors 

Survival Rate (%) 

1,000 – 5,000 23% 30 24% 

6,000 – 10,000 22% 50 20% 

11,000 – 20,000 18% 70 14% 

21,000 – 30,000 15% 100 12% 

 675 



 

Fig. 1. Interaction framework between agents 
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Fig. 2. Model platform 
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(a) Contractors' Main Work            (b) Contractor's Annual Work Volume 

Fig. 3. Surveyed contractors’ type of work and work volume 
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Fig. 4. Safety measures implemented by interviewed contractors 
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Fig. 5. Cumulative profit of all contractors according to CSAL 
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Fig. 6. Evolution of ESAL over Time for Different Fine Levels 
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Fig. 7. Contractor Decision Scheme 
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Fig. 8. Evolution of ESAL for Different Imposed Premium Increases 
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Fig. 9. Evolution of ESAL Using Eq. (2) for Case 1 
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Fig. 10. Evolution of ESAL Using Eq. (2) for Case 2 
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Fig. 11. Evolution of ESAL Using Eq. (2) for Case 3 
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