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Abstract

:

Construction accidents occur frequently in China because the supervision of safety standards mandated by the government has not had its intended effect. In this paper, the authors propose a model to incentivize the management of safety during construction that involves the government as well as the owners and contractors in the industry. This study analyzes the principal–agent relationship involving each participant to determine their utility function and the minimum constraints on their participation, and uses this to obtain the optimal parameters to incentivize the management of safety during construction by solving for the ones related to the contractor’s effort and reward for their performance in the proposed model of incentives. Through the design of contractor incentive parameters and owner incentive parameters to further influence the government contractor and owner tripartite safety incentive model to make the model more perfect and in line with the development status of China. This study tested the proposed model using simulations. The results indicated that increasing the cost coefficient and level of the contractor’s effort increases their expected safety-related benefits, and increasing the coefficients of reward and punishment by the government reduces the contractor’s expected safety-related benefits. Moreover, the government can motivate the management of safety during construction by offering appropriate rewards and punishments. In particular, if the government increases incentives for safety, the safety-related benefits for owners and contractors decrease in the short term but increase significantly in the long term.
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1. Introduction


The construction industry in China has made significant contributions to the country’s economy and society. According to the China Statistical Yearbook 2022, the total output of the construction industry increased from 9.6 trillion yuan in 2010 to 29.3 trillion yuan in 2021, a growth rate of 205%. However, the management of safety during construction has not kept pace with this rapid growth. According to the Ministry of Housing and Urban–Rural Development, the number of construction-related accidents in China from 2012 to 2020 increased from 480 to 689, and the number of fatalities due to them increased from 599 to 794.



China has paid greater attention to the management of safety during construction in recent years. The government has issued a number of policies and regulations to ensure safe production practices, but the rate of construction accidents remains high [1]. This shows that mandatory safety supervision for construction has encountered bottlenecks in practice. Such supervisions compel construction companies to passively accept safety standards with limited enthusiasm and incentives, and this limits their effect [2]. Therefore, many researchers have addressed the role of soft constraints/incentive mechanisms in safety supervision [3,4,5].



Past research on the incentives for managing safety during construction has mainly focused on safety management systems and behavioral incentives for construction personnel [6,7,8]. Few scholars have addressed incentives for contractors that are mainly reflected in contracts between them and the owners of construction companies [9,10,11]. Most scholars studied the incentive model between the government and the owner or between the contractor and the construction personnel. The study considers the incentive model between the owner and the contractor, proposes the safety incentive model between the government, the owner, and the contractor, and studies the influence of the incentive parameters of the two on the model. Contractors are the main bearers of the responsibility for safe production on site and are expected to take initiatives to fulfill their production-related responsibilities [12]. They can directly supervise the safety-related behaviors of front-line workers, and the government can participate in safe production and safety supervision along with contractors [13]. In light of the principal–agent relationship between the contractor and the owner in the context of principal–agent theory, whether the contractor operates safely directly influences the safety-related performance of the owner of the construction company [14]. The owner’s goal is to strictly follow the government’s safety standards, urge the contractor to ensure safe production, and thus guarantee the safety and economic benefits of the project [15]. Therefore, this study establishes a model of incentives in light of the roles of the government, owners, and contractors in China’s construction industry for managing safety during construction, with the aim of encouraging enterprises to exert their subjective initiative in management to improve safety.



The significance of this study is as follows: (1) Prevalent research in the area has mainly focused on managing construction safety from the perspective of punishment, but long-term punishments have exhausted room for improvements in safety. It is important to discuss issues concerning safety regulations in China from the perspective of the incentives provided for safe operation. (2) Few studies have examined safety-related incentives for construction companies. According to Chinese law, construction companies bear the main responsibility for safe construction. This study thus sets construction companies as the object of safety-related incentives. (3) The introduction of reputation as an integral part of earnings enriches models that consider only economic returns and is more in line with the current situation in China.




2. Literature Review


2.1. Supervision of Construction Safety


Safety supervision is a special public management activity in which the government supervises and controls the safety of production activities in various sectors of the industry and implements the responsibilities of the relevant actors in accordance with the pertinent laws and standards [16]. Pesek et al. (2019) claimed that a delay in communication between contractors and owners leads to information asymmetry, which reduces the effectiveness of supervision [17]. To solve this problem, some researchers have proposed establishing an information system for safety supervision. Park et al. (2014) developed such an information system for construction based on a network to assess the qualitative risk in construction management [18]. Pi et al. (2019) proposed the concept of a safety information system and a blacklist based on the safety of operations in construction engineering in China to improve safety [19]. Based on the interaction between government supervision departments and contractors, Zhang et al. (2022) proposed an evolutionary game model for the dynamic supervision of construction safety and analyzed the evolutionary strategy of the game [20].



The level of supervision of construction safety is related to the safety of the project in question. Zhang et al. (2018) analyzed the influence of participation by the stakeholders on construction safety, and their results can be used to allocate responsibilities for managing construction safety among them to improve it [21]. Lafuente and Abad (2018) studied how the characteristics of systematic and project-based operational processes influence safety management systems in terms of different performance indicators [22]. Mohammadi et al. (2018b) reviewed and refined the factors influencing the safety of construction projects and established a hierarchical structure framework to explain how the chosen factors influence their safety [23].




2.2. Incentives for Construction Safety


The issue of safety-related incentives in the supervision of construction safety has attracted considerable attention, and the relevant research has mainly focused on the internal safety-related incentives for employees of construction companies [24,25,26]. Ji et al. (2021) considered the workers’ preference for fairness to investigate safety-related incentives based on competition. They found that this increased the workers’ enthusiasm and creativity and reduced unsafe behaviors [27]. Research by Karakhan and Gambatese (2018) showed that motivating employees to operate safely in the workplace can help improve their understanding of hazards and risks in construction and thus improve safety [28]. Chughtai (2015) found that positive leadership also plays a positive role in the construction safety atmosphere, which is conducive to improving the safety performance of employees, while negative safety leadership plays a negative role in the construction safety atmosphere, affecting the safety production of enterprises [29]. Previous studies have not adequately addressed safety-related incentives for construction enterprises, where a system based on this can improve the current state of passivity related to building safety, realize active control, and improve the quality of construction safety [30].



Safety-related incentives have been researched in light of the different stakeholders in the construction industry. By considering the cooperative relationship between owners and contractors in construction, Wu et al. (2017) established a cooperative model of incentives to attain synergistic effects and enhance the overall safety-related benefits of construction projects [31]. Guo et al. (2018) noted that a dynamic mechanism of reward and punishment can improve the stability of the supervision system and optimized the relevant procedures by analyzing the interactions among the project owner, the supervising engineer, and the construction contractor [32]. Feng et al. (2020) formulated dynamic methods of punishments and incentives for government supervisors, upstream participants (UP), and downstream participants (DP) to control the quality of risk in construction projects and improve the efficiency of their supervision in China [33].



Some researchers have claimed that different combinations of incentive-based measures influence safety. Alarcon et al. (2016) showed that in terms of the rate of accidents, choosing an appropriate combination of incentive-based measures is more important than the number of measures implemented [34]. Similarly, Liu et al. (2022) pointed out that when a combination of the mechanisms of reward and punishment and the revenue-sharing mechanism is used, construction safety is better than when only one of these mechanisms is applied [35]. Hasan and Jha (2013) analyzed data from 32 construction projects in India and found that combinations of incentive-based methods as well as appropriate forms of incentives and penalties improved safety [36].



The above literature review shows that few safety-related incentives are available for construction contractors in research on safety management in China, and most of them are based on basic assumptions regarding the economic benefits of projects, to the neglect of such non-economic indicators as reputation. Construction workers are highly mobile and have uneven professional qualities. Accordingly, the management of safety during construction is characterized by randomness and dynamism, making it difficult to assess the competence of safety management by contractors. By considering the state of safety-related incentives in China and drawing lessons from research on the subject in other countries, this study constructs a model of safety-related incentives that can encourage contractors to satisfy the overall interests related to managing safety during construction while maximizing their own interests.





3. Model


Building safety incentives involves a game among multiple stakeholders. Based on the principal-agent relationship between the government-proprietor-contractor and the “economic man” attribute of the principal-agent, a game model among the three is established.



3.1. Model Description


This study designed the proposed model of safety-related incentives by combining the characteristics of construction and problems related to safety management in China. This study followed the model of incentives for managing safety during construction proposed by Chen et al. (2012) [37] and others [38,39]. According to construction-related laws in China, the contractor bears the main responsibility for safe construction. The owner entrusts them with the supervision of the project. The government’s supervision department bears the responsibility for supervising the safety of construction projects. The proposed model provides a detailed description of the government’s distribution of rewards and punishments in safety management and makes the assumptions below regarding the model of incentives and the parameters of safety management during construction [40,41]. Approval for this study was obtained from the ethics committee of the University of Jinan. Informed consent was obtained from all the subjects who participated in the interviews conducted for this work.



(1) It is assumed that contractors can ensure safety by making the relevant efforts during construction, where the level of their effort to ensure safety is denoted by  e . Their performance in terms of managing safety is given by    μ = ke   . To simply the calculation, this study sets    k = 1   . The main factors here include the safety of the facilities and investment, and the employees’ training in and knowledge of safety.



(2) Because cost does not have a simple linear relationship with the effort invested and most cost functions are squared functions, this study assumes that the cost of the effort to manage safety during construction is      C = ae   2   , where    a   >   0    is the coefficient of this cost. The compensation provided to contractors for safety management is based on their performance. The owner uses a linear mode of incentives for the construction units,      S = S   0   + α μ   , where    S 0    represents the fixed income that must be paid to the contractor and  α  is the compensation that they are due based on their safety-related performance.



(3) Suppose the government’s supervisory department receives either a reward or a penalty according to whether the contractors of the projects under their supervision ensure the target level of safety. Governmental and industrial regulations determine the investment required to maintain the minimum safety standards and ensure that the relevant safety-related performance targets are met [42,43]. Suppose the function of reward and punishment is    Z = b     μ    −      x   0     , in which    b   >   0    is the coefficient of the reward or punishment and    x 0    is the safety-related standard of performance set by the government.



(4) Suppose that the owner is allocated a certain part of the reward or punishment for the safe operation of the project allocated by the government to the contractor. If the contractor performs well and exceeds the requisite standards of safety, the owner is rewarded as well as the contractor. However, if the contractor does not satisfy the requisite safety standards or if accidents occur, the owner is subject to a penalty as well. Thus, the rewards or punishments for owners are based on the safety-related performance of contractors on their projects. At the same time, because the professional reputation is also an important indicator of the bidding of the construction unit, the safety performance can affect the enterprise qualification, and the professional reputation is also a part of the safety reward and punishment. The safety reward or punishment of the contractor is denoted by     m   , which represents the proportion of rewards or punishments that the government encourages owners to supervise safety.




3.2. Incentive-Based Model of Safety Management


This study uses the above assumptions as well as the attribute of the entrusted agent as the “economic man” to calculate the functions of the profits made by the government, owner, and contractor when the safety of the construction project is ensured and uses them in turn to formulate the objective function of managing safety during construction as well as the constraints on the compatibility of the incentives and participation. The model of incentives is solved and analyzed according to these constraints.



(1) The profit functions of the three parties



The compensation due to contractors for managing safety is based on their performance and the rewards or punishments allocated to them by the government.


     S = S   0   + α μ + b     μ    −      x   0     



(1)







The cost of effort by the contractor to manage safety during construction is


     C = ae   2   



(2)







In general, it is assumed that the contractor is risk-neutral and does not give up the profit incurred by risk. Thus, the actual reward (profit) obtained by the contractor when they safely manage construction is


   Ρ s   = S    −      C = S   0   + α μ + b     μ    −      x   0    −      ae   2   



(3)







The benefits obtained by the owner from managing safety during construction consist of the reward or punishment given by the government based on their performance minus the reward or punishment for the contractor. The safety-related benefits obtained by the owner can be written as


   Ρ j   = μ + mb    μ −      x   0    −    S 0   + α μ     



(4)







The government obtains from the task of managing safety the performance generated by the contractor’s completion of the safety goal. If the safety rewards and punishments given to the contractor are removed, the safety benefits the government can get are:


   Ρ z   = μ    −    b     μ    −      x   0     



(5)







(2) Optimal utility functions and control conditions for the three parties



This study denotes the minimum profits for the owner and the contractor of the project by    U 0    and    U 1   , respectively. When accepting the contract, the owner and the contractor need to satisfy their minimum profits for participating in the project and choose the corresponding strategy for incentives to maximize their incomes after having accepted the contract. The principal targets and constraints with which the agents need to comply to participate in the project, in the context of the principal–agent relationship between the government and the owner and between the owner and the contractor, are listed below.



The government tries to encourage the implementation of safety management by setting a coefficient of reward or punishment for safety,  b , and by satisfying the constraints imposed by the owner’s participation in the enterprise. Then, the principal–agent relationship between the government and the owner can be described as


    Max  b   Ρ z   = μ    −    b     μ    −      x   0     



(6)






   Ρ j   = μ + mb     μ    −      x   0    −    S 0   + α μ      ≥      U   0   



(7)







The owner seeks to encourage the implementation of safety management as well by setting a fixed reward,    S 0   , for the contractor based on their performance,  α , and the coefficient of reward or punishment,  b , set by the government. They also need to satisfy constraints on the participation of the contractor. Thus, the principal–agent relationship between the owner and the contractor can be described as


    Max    S 0   , α  , b , m    Ρ j   = μ + mb     μ    −      x   0    −    S 0   + α μ     



(8)






   Ρ s     = S   0   + α μ + b     μ    −      x   0    −      ae   2    ≥      U   1   



(9)







The contractor seeks to maximize their safety-based profit by investing the appropriate level of effort,  e . The incentive compatibility of the contractor is


    Max  e   Ρ s     = S   0   + α μ + b     μ    −      x   0    −      ae   2   



(10)







(3) Model solution



According to the objective function, the constraint on the compatibility of the incentive is Equation (10):


    Max  e   Ρ s     = S   0   + α μ + b     μ    −      x   0    −      ae   2   











Then,


    ∂  Ρ s    ∂ e    =  −  2 ae + α + b   



(11)







When the first derivative is zero and the second derivative is less than zero, the condition yields its maximum value, and this is the first optimal condition of the objective function of the contractor. It can be used to obtain the optimal level of effort from the contractor:


   e ∗   =     α + b     2 a     



(12)







Then, the minimum fixed income obtained by the contractor for managing safety during construction can be written as


   S 0 ∗   =  −        α + b     2    4 a      + bx    0        + U   1   



(13)







The constraint on the compatibility of the incentive for the owner in Equation (8) can be simplified into a first-order optimal condition, and    α ∗    can be obtained by solving it. This study substitutes the minimum fixed income,    S 0 ∗   , and the optimal level of effort,    e ∗   , into Equation (8), takes its first derivative with respect to  α , sets it to zero, and obtains the optimal reward for safety-related performance,    α ∗   :


   Ρ j   =         α + b     2    4 a    +      mb −  α +  1      α + b      2 a   −      U   1  −    b     m +  1    x 0   



(14)






    ∂  Ρ j    ∂ α   =   −  α + mb +  1   2 a    =  0  



(15)






   α ∗   = mb + 1   



(16)







The optimal rewards for safety-related performance    α ∗   , the optimal level of effort    e ∗   , and the lowest fixed income    S 0 ∗    are considered in the constraints on the participation of the owner (Equation (7)), and the coefficient of reward or punishment    b ∗    by the government can be obtained as


   b ∗   =      2   ax  0  − 1    +  2   a     ax  0 2  −      x   0     + U   0     + U   1         m +  1    



(17)







By the above process, the optimal strategies as well as the corresponding optimal coefficients of motivation    e ∗   ,    α ∗   ,    b ∗   , and    S 0 ∗    of the participants for managing safety during construction can be written as follows:


         e ∗   =     α + b     2 a           α ∗   =  m  b + 1         b ∗   =      2   ax  0  − 1    +  2   a     ax  0 2  −  x 0     + U   0     + U   1         m +  1          S 0 ∗   =  −        α + b     2    4 a    +  b  x 0     + U   1         



(18)







(4) Results



According to the solution of the model, the second derivative of the reward function obtained by the contractor in managing safety during construction is less than zero, indicating that the first derivative monotonically decreases and reaches its maximum values at    e =     α + b    2 a    . Therefore, the profit obtained by the contractor at the optimal level of effort is given by


   Ρ s     = S    0     +   α    α + b      2 a    + b       α + b    2 a   −  x 0    −        α + b     2    4 a    



(19)







Let


    ∂  Ρ s    ∂ α    =     α + b    2 a   −  e =  0  



(20)






   α 1 ∗   = 2 ae    −    b   



(21)







After analyzing the model, the following can be concluded:



Conclusion 1: From    α   1     ∗   = 2 ae    − b  , the optimal performance-related reward for the contractor for managing safety during construction is related to the coefficient of punishment or reward set by the government, the coefficient of the cost of effort, and the level of effort invested. The optimal reward for their performance expected by the contractor is an increasing function of the coefficients of cost and level of effort but a decreasing function of the coefficient of reward or punishment set by the government.



Conclusion 2: The compensation due to the contractor for meeting the minimum constraints of safety to maximize their benefit is    α   1     ∗   = 2 ae    −    b   , while the compensation due to the owner in this case is    α ∗   = bm + 1   . A comparison between them shows that the effects of governmental incentives (coefficients of reward or punishment) are greater for contractors than for owners because the former bear the main responsibility for safety during construction. Governmental punishment for accidents in the construction industry is much more severe at present than the reward offered for safe construction in the current Chinese system of safety supervision.





4. Discussions of Model Analysis Results


4.1. Design of Incentives Offered by the Government


The government’s incentive-based measures for contractors and owners are mainly realized through the coefficient of reward or punishment    b ∗   . The specific allocation of this coefficient is analyzed below.



According to    e ∗   =       α + b    2 a     in the design and solution of the model, the level of effort of the contractor,    e ∗   , is an increasing function of the government’s coefficient of reward or punishment,  b . If the other conditions remain unchanged, the government will encourage the contractor to improve their level of effort in managing safety during construction. According to    b ∗   =      2   ax  0  − 1    +  2   a     ax  0 2  −  x 0     + U   0     + U   1         m +  1    , the government’s coefficient of reward or punishment is related to the value of the safety target set by it, the coefficient of the cost of effort of the contractor, the degree of the reward or punishment accepted by the owner, and the minimum utilities of the owner and the contractor.



Therefore, when formulating the coefficient of reward or punishment, the government should consider the safety target, the coefficient of the cost of effort by the contractor, and the reward or punishment for the owner.    U 0    and    U 1    can be obtained according to the total investment in the project and its cost by referring to industry standards and productivity. The target value,    x 0   , of performance in terms of managing safety during construction should be dynamically adjusted according to the contractor’s productivity, the management of safety, society’s tolerance for building safety, and national and industrial safety management standards.



Differentiate    α ∗    on the proportion of the owner’s safety rewards or punishments  m :


    ∂  α ∗    ∂ m    = b   >   0   



(22)







The reward for ensuring safety during construction is an increasing function of the ratio of the owner’s reward or punishment. If the ratio of this reward or punishment is high, the owner may obtain higher safety-related incentives. Regardless of the attraction of the reward or the desire to avoid punishment, if this ratio is high, the owner strengthens safety to improve their remuneration. The government can thus improve safety during construction by setting a higher ratio of reward or punishment for the owner.




4.2. Incentives for the Owner


Differentiate    e ∗    on the safety management performance reward  α :


    ∂  e ∗    ∂ α    =   1  2 a    



(23)







The level of effort invested by the contractor in managing safety during construction is an increasing function of their remuneration for it. The higher their reward for ensuring safety, the greater the effort that they invest. The contractor estimates their compensation according to the measures of safety supervision set by the owner. The greater the expected payment, the greater their enthusiasm for ensuring safety. This indicates that the owner should make accurate and reasonable judgments regarding supervision according to the competence of the contractor and compensate them appropriately for their job.



Differentiate    e ∗    on the coefficient of the cost of effort of the contractor in safety management  a :


    ∂  e ∗    ∂ a    =  −    α + b    2  a 2     



(24)







   e ∗    is the subtractive function of the coefficient of the cost of effort  a . The higher the coefficient of the cost of effort of the contractor, the lower their level of effort in managing safety during construction. This coefficient measures the cost of the contractor’s effort and determines its rate of growth. It thus significantly influences the enthusiasm of contractors. Therefore, the owners should try their best to accurately represent the costs of safety management and reduce the correlation among the factors influencing cost to ensure that contractors adequately manage safety.





5. System Dynamics Simulation


5.1. Model


According to Equation (1), the contractor’s profit for ensuring safety is determined by their reward, their fixed payment, and the governmental reward or punishment. According to Equation (4), the owner’s profit is determined by their safety-related performance, the governmental reward or punishment, and the reputational reward or punishment. According to Equation (5), the government’s profit is determined by the reward or punishment for the two stakeholders’ safety-related performance. This study used Vensim software to simulate the above relationship, as shown in Figure 1. The model had three level variables, three flow rate-related variables, seven external variables, and eight intermediate variables.



Accurate values of parameters are difficult to obtain in many cases. However, this is not a major concern because a system dynamics model in the context considered is concerned with the overall behavioral trend and the influence of changes in policy and thus does not demand accurate results. It has been noted in past work that the structure of the system dynamics model is more important than the values of its parameters [44]. The values of the external variables of our model were obtained from the empirical situation of a target enterprise. The initial values of the parameters were set as shown in Table 1, and the other parameters were calculated using the above formulas. The initial conditions were set as follows: initial time = 0, final time = 100 (month), and time step = 1.



The benefits of safety are important for contractors because accidents incur large fines for them and make owners less likely to hire them in the future. The rate of profits and the accumulated safety-related profits of the contractors are shown in Figure 2 and Figure 3. The rate of profit (Figure 2) showed a trend of increasing in the first few decades and then declining. Contractors need to pay a certain construction safety cost in the early stages, and it will take some time to obtain safety benefits, so the benefits to contractors for ensuring safety (Figure 3) exhibited a trend of decline in the short term and an increase in the medium term. As the cost of ensuring safety increased, it eventually exhibited a trend of decline.



The owner’s income from ensuring safety (Figure 4) showed a trend of decline followed by an increase. Because the owner needed to issue part of the reward to the contractor, their safety-related income decreased in the short term and even became negative. Improvements in the level of effort by contractors to ensure safety showed a trend toward an increase in the long run.



The goal of the government is supervision and regulation. Figure 5 shows that as the level of effort to ensure safety increased, the government’s expenditure increased because its rewards to the owners and contractors increased. Thus, the government’s safety-related income declined when safety was ensured. The higher its rewards and punishments were, the more prominent the downward trend.




5.2. Analysis of Results


Because the entire supervision process is dynamic, contractors are motivated by the government’s supervision to ensure safety. This study proposes two strategies to analyze the influence of the government’s coefficient of reward or punishment on the benefits of safety through simulations. Strategy 1: This study sets the government’s coefficient of reward or punishment  b  at four. Strategy 2: This study sets the government’s coefficient of reward or punishment  b  at six. This study substituted the values of the parameters of these strategies into the model to obtain the results.



Figure 6 shows that in the first 10 months, the contractors’ income from ensuring safety by adopting strategy 1 was slightly higher than that obtained from strategy 2, and both strategies showed a trend of decline over time. For a long period in the middle, the rate of growth of income from ensuring safety obtained by adopting strategy 2 was higher than that from strategy 1. After 75 months, the benefit for contractors began to decline sharply under strategy 1, but continued to rise under strategy 2. The latter exhibited a downward trend after 85 months, but the overall benefits of strategy 2 were still far higher than those of strategy 1. Increasing the government’s coefficient of reward or punishment led to a decrease in the contractor’s income from safety in the first 41 months, but it subsequently increased.



Figure 7 shows that in the first 30 months, the benefits for the owner under strategy 1 were slightly higher than those under strategy 2, but both showed a downward trend over time. The owner’s benefits subsequently began to rise under strategy 2, but continued to decline under strategy 1, finally rising after 41 months. The rate of growth of benefits was slower than that under strategy 2. An increase in the government’s coefficient of reward or punishment in the first 41 months led to a decrease in the owner’s income, which then increased.



Figure 8 shows that in the first 25 months, the benefits for the government of supervising safety under strategy 2 were slightly higher than those under strategy 1, but both showed a trend of increasing. These benefits then began to decline under strategy 2, but continued to increase under strategy 1, eventually declining. The final profit from ensuring safety under strategy 2 was much lower than that under strategy 1. An increase in the government’s coefficient of reward or punishment in the first 41 months led to an increase in the benefits for it, which then declined.



In the short term, increasing the government’s coefficient of reward or punishment led to lower benefits for contractors and owners for ensuring safety during construction but higher benefits for the government. In the long run, the benefits for contractors and owners increased significantly, while the government had to provide significant incentives to them for their good performance. Increasing the coefficient of reward or punishment thus motivates enterprises to ensure safety but increases the cost to the government. Increasing the government’s coefficient of reward or punishment over different periods did not lead to an increase in benefits for all three parties. Therefore, the government should formulate a reasonable coefficient of reward or punishment to ensure safe construction, and owners play the most important role in this context.





6. Conclusions and Suggestions


This study proposed a model of incentives for managing safety during construction involving the government, owners of construction companies, and contractors by analyzing the current mode of safety supervision, past research, incentive theory, and principal–agent theory. This study used it to analyze the relationships among the three parties under the optimal strategy through simulations in Vensim. The following conclusions can be drawn:




	(1)

	
When the contractor invests more effort to ensure safety, their benefits are higher. If the expected benefit is not achieved, the contractor becomes lax regarding safety and invests less effort in it. The government’s safety-related incentives increase the expected benefits for the contractors.




	(2)

	
The government motivates the management of safety during construction through rewards and punishments, and owners motivate contractors to ensure safety through appropriate remuneration.




	(3)

	
When the government increases its safety-related incentives, this prompts contractors to invest more effort and the owners to invest more human, financial, and material resources for safety supervision. This, in turn, reduces the income of contractors and owners in the short term but increases their benefits in the long run.









The following suggestions for the government can be made:




	(1)

	
It is important for the government to establish a system of accountability and strengthen rewards and punishments to ensure safety during construction. The government can improve the bidding mechanism for construction, introduce a safety credit rating for contractors, determine the maximum safety standards that the contractors can achieve, estimate the performance of construction companies in terms of ensuring safety, and formulate a feasible and efficient coefficient of reward or punishment.




	(2)

	
The government should adjust the tax rate according to the management of safety by contractors to encourage them to improve their performance. In this way, contractors can improve safety during construction while maximizing their own benefits.




	(3)

	
The government should formulate a policy of subsidies for construction safety to incentivize contractors with good safety-related performance to reduce accidents.




	(4)

	
The contractor’s safety-related performance is linked to their economic interests, which can reduce the insurance rate for contractors with good safety production, thereby reducing the investment cost of enterprises and effectively encouraging contractors to improve their safety management level and safety performance.




	(5)

	
The government can reward the owners according to whether the safety production of the construction project is good under the supervision of the owners, so as to encourage the owners to actively strengthen the safety supervision of the contractors, implement the safety supervision responsibilities, and improve the safety performance.









The following suggestions for the owners can be made:




	(1)

	
The owners of construction companies should use the qualifications of different contractors and their past safety-related performance to ensure that they choose competent professionals.




	(2)

	
The management of safety during construction runs through the entire project, which spans a long period, and contractors are often reluctant to take the relevant measures out of a preference for the pursuit of immediate benefits. It can increase the net benefits of contractors by taking safety measures and promoting and helping contractors control the occurrence of safety accidents by establishing a self-restraining management mechanism so as to realize the self-regulation of contractors’ safety control behaviors.










7. Limitations and Future Research


This study explored the objective indicators influencing the management of safety during construction. Future research in the area should also consider subjective factors, such as overconfidence among workers and a preference for fairness, to diversify the proposed model.
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Figure 1. Flowchart of the proposed model. 
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Figure 2. The instantaneous profits for contractors. 
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Figure 3. The safety-related profits for contractors. 
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Figure 4. The safety-related profits of the owner. 
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Figure 5. The profits from ensuring the safety of the government. 
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Figure 6. Comparison of the trends in changes to the contractor’s income from ensuring safety under the two strategies. 






Figure 6. Comparison of the trends in changes to the contractor’s income from ensuring safety under the two strategies.



[image: Buildings 13 01446 g006]







[image: Buildings 13 01446 g007 550] 





Figure 7. Comparison of the trends in changes to the owner’s income from ensuring safety under the two strategies. 
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Figure 8. Comparison of the trends in changes in the government’s benefits from ensuring safety under the two strategies. 
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Table 1. Initial values of the parameters.






Table 1. Initial values of the parameters.





	Parameters
	Implication
	Value





	  α  
	Safety reward
	4



	    S 0    
	Fixed reward for safety task
	2000



	  e  
	Effort invested for safety
	RAMP (100, 0, 10,000)



	    x 0    
	Target value of safety-related performance
	2000



	  a  
	Coefficient of the cost of effort
	0.001



	  b  
	Government’s coefficient of reward or punishment
	4



	  m  
	Ratio of reward or punishment
	2
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