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Abstract

[bookmark: _Hlk62540106][bookmark: OLE_LINK8][bookmark: OLE_LINK2][bookmark: _Hlk62540080][bookmark: _Hlk62540415]The rapid development of China’s construction industry has been accompanied by an increase in the number of safety accidents and casualties occurring each year.Thus, a strengthening of the theoretical research on building safety is urgently required in order to ensure the safe development of the industry. Based on the improved analytic hierarchy process (IAHP) and technique for order preference by similarity to ideal solution (TOPSIS) method, a construction project safety evaluation index system is developed, which is used to evaluate the safety management of construction projects that are in the construction stage, control the safety risk of the project, prevent accidents, and improve the level of safety management. Through statistical analysis of recent safety accidents in construction projects in China, we comprehensively consider the human, object, environmental, and managemental factors and establish 12 evaluation indexes for construction project safety management. IAHP is utilized to evaluate the index weights vector, combined with the ideal solutions for the sorting method, and IAHP and TOPSIS methods are presented based on the safety evaluation model. The results demonstrate that the model can accurately predict deficiencies in the safety management of an evaluation object and directly indicate the safety management level of the evaluation object, which can improve safety risk control in construction engineering.





KEYWORDS

[bookmark: OLE_LINK10][bookmark: OLE_LINK11]IAHP method, Risk control, Safety management,TOPSIS method




Introduction
With the evolution of human society and rapid development of science and technology, occupational health and safety have gathered increasing attention [1]. It is crucial to avoid accidents to protect the lives, health, and safety of workers.
The construction industry, which is one among the high-risk industries, is prone to safety accidents in the construction process because of the ambiguous safety concepts, poor self-protection awareness, and poor working environment [2]. Domestic and foreign researchers have conducted several studies on methods to avoid accidents, and have concluded that unsafe behavior of individuals, status of objects, environmental factors, and managemental inefficiency are the primary factors involved in safety accidents, and are often referred to as "4M" elements: the men, machines or matter, medium, and management. The interaction and combination of these factors in a certain period of time lead to the occurrence of safety accidents, which is the key factor in safety accident control. In the construction industry, Wang X F [3], and Jia X et al. [4] stated that effective organizational support from the management toward workers can significantly improve the safety behavior of workers. Zhai R et al. [5] proposed that enforcing safety standards related to people is the premise to ensure construction safety. Du T et al. [6] studied the construction safety evaluation of construction projects using analytic hierarchy process (AHP) and fuzzy comprehensive evaluation method, established a project construction safety evaluation index system, and formulated the specific inspection items and scoring rules of the second-level index for safety evaluation. Wu T Y et al. [7] developed a method to evaluate construction safety management. In 1931, Heinrich, a well-known American safety engineer, completed industrial accident prevention: a scientific approach, a classic work in the history of safety research, and proposed Heinrich's Law in 1941. Through the statistical analysis of 550,000 mechanical accidents, it is believed that the irresponsible behavior of people and the unsafe state of things are the direct causes of accidents. It is proposed that the objective of the safety work is to prevent the irresponsible behavior of people, eliminate the unsafe state of machinery or materials, interrupt the chain of accidents, and avoid the occurrence of accidents [8]. In terms of theoretical research, Dağdeviren et al. [9] proposed a fuzzy AHP (FAHP) to determine the level of error-behavior risk in a working system based on the analysis of factors affecting the construction safety uncertainty. They utilized the data fuzzy processing and AHP to develop the behavior safety management evaluation model for a construction site. Patel et al. [10] used a structural equation model to empirically test the safety climate, hazard management (HM), security budget, safety rules and regulations, and employee safety behavior (WB) influence on the project safety performance (SP), and formulated the safety climate and hazard management to ensure the safety of employees and analyze their working patterns. The project SP had a desirable effect.
The above results are based on the analysis of primary factors of accidents. On this basis, this study reviews the existing research results and conducts a statistical analysis of the safety accidents that have occurred in China's construction projects in recent years. On the basis of existing experiences and methods, the improved analytic hierarchy process (IAHP) - technique for order preference by similarity to ideal solution (TOPSIS) safety evaluation model is designed by applying IAHP and TOPSIS methods to establish a safety production system in construction projects, and to conduct scientific and reasonable evaluations and case analyses to verify the effectiveness.
In this study, we first conducted a statistical analysis of safety accidents in China's construction industry recently, studied the causes of the accidents, and summarized them. We used the IAHP to calculate the weight value of each factor leading to the occurrence of engineering accidents. Combined with the basic principle of TOPSIS method, we established a construction engineering safety accident evaluation model. Finally, the applicability of the model was verified using an example. The results show that the model can clearly show the lack of construction engineering safety management, especially for the evaluation of multiple projects and its usability.

Construction of the safety evaluation index system
Data were obtained using Excel 2010, SPSS 24.0, and yaahp 10.0 line entry, sorting, and analysis. IAHP method is used to decompose the multi-objective decision problem into several criteria levels and indicators. The weight value of each index is calculated by fuzzy quantization of the qualitative index. Subsequently, the TOPSIS method is used to sort the weight values obtained by IAHP. Through the combination of IAHP and TOPSIS methods, the construction engineering safety evaluation model is constructed based on IAHP-TOPSIS to evaluate the safety measures in construction engineering and prevent safety hazards.

Establishment of a hierarchical structure model
This study uses residential construction engineering as the research object and recent official safety accidents as the basic data. The research applies the decomposition method to analyze the problem structure, divides the influencing factors into levels and structures, and establishes a hierarchical structural model, which is divided into the following layers: A-highest level (target layer), B-intermediate layer (criterion layer), and C-lowest layer (index layer). The upper layer factors dominate all or part of the elements in the adjacent lower layer, forming a hierarchical relationship, as illustrated in Figure 1.
[bookmark: OLE_LINK9]
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Figure 1 Tree hierarchical model
Through the statistical analyses of 100 recent safety accidents in domestic construction projects are conducted, only 29 representative safety accidents are considered to draw a conclusion. The dominant factors that cause safety accidents are generally easy to identify, while the hidden factors must be investigated and studied in detail before drawing a conclusion. In most cases, the superposition and accumulation of recessive factors develop into the cause or inducement of dominant factors, and transform into dominant factors under certain conditions, thereby leading to the occurrence of accidents. Recent safety accident statistics of China are listed in Table 1.
Table 1 Statistical table of safety accidents 
	Time
	Location
	Cause
	Death toll
	Dominant factors
	Recessive factors

	2020.06.27
	Foshan, Guangdong
	Formwork collapse
	3
	B3
	B4

	2020.05.19
	Baotou, Inner Mongolia
	Construction lift failure.
	3
	B2
	B1, B4

	2020.05.16
	Yulin, Guangxi
	Fall of construction lift
	6
	B2
	B3, B4

	2020.04.18
	Yuanyang, Henan
	Soil collapse
	4
	B1
	B4

	2020.01.05
	Wuhan, Hubei
	Collapse of high formwork
	6
	B1
	B4

	2019.11.20
	Qingyang, Gansu
	Tower crane overturning
	3
	B2
	B1, B4

	2019.11.15
	Zhengzhou, Henan
	Foundation pit collapse
	3
	B3
	B1, B4

	2019.10.28
	Guizhou, Guiyang
	Collapse of construction body
	8
	B4
	B1, B2

	2019.09.26
	Chengdu, Sichuan
	Foundation pit collapse
	3
	B3
	B1, B4

	2019.09.01
	Nyingchi, Tibet
	Tower crane overturning
	3
	B2
	B1, B4

	2019.08.28
	Zhengzhou, Henan
	Tower crane collapse
	3
	B2
	B1, B4

	2019.06.16
	Langfang, Hebei
	Foundation pit collapse
	3
	B3
	B1, B4

	2019.04.25
	Hengshui, Hebei
	Fall of construction lift
	11
	B2
	B1, B4

	2019.04.10
	Yangzhou, Jiangsu
	Foundation pit collapse
	5
	B3
	B1, B4

	2019.01.23
	Huarong, Hunan
	Tower crane collapse
	4
	B2
	B1, B4

	2018.12.29
	Minhang, Shanghai
	Foundation pit collapse
	3
	B3
	B1, B4

	2018.12.10
	Hanzhong, Shanxi
	Tower crane collapse
	3
	B2
	B1, B4

	2018.10.15
	Heze, Shandong
	Tower crane collapse
	3
	B2
	B1, B4

	2018.10.04
	Tianmen, Hubei
	Fall of construction lift
	3
	B2
	B1, B4

	2018.09.10
	Pudong, Shanghai
	Poisoning choke
	3
	B3
	B1, B4

	2018.08.31
	Dezhou, Shandong
	Support frame collapse
	6
	B1
	B2, B4

	2018.08.24
	Hefei, Anhui
	Poisoning choke
	3
	B3
	B1, B4

	2018.07.02
	Bijie, Guizhou
	Tower crane collapse
	3
	B2
	B1, B4

	2018.06.29
	Baodi, Tianjin
	Electric shock
	3
	B1
	B3, B4

	2018.05.17
	Wuzhishan, Hainan
	Tower crane collapse
	4
	B2
	B1, B4

	2018.04.09
	Shantou, Guangdong
	Fall of construction lift
	4
	B2
	B1, B4

	2018.02.08
	Hechi, Guangxi
	Tower crane collapse
	3
	B2
	B1, B4

	2018.01.24
	Xuchang, Henan
	Fall of construction lift
	4
	B2
	B1, B4

	2018.01.21
	Fuyang, Anhui
	Fall of construction lift
	3
	B2
	B1, B4


Source: Ministry of housing and urban-rural development of the people’s republic of China (MOHURD)
Using the four dimensions of human, object, environmental, and managemental factors, the influencing factors of construction engineering safety behavior are statistically analyzed, and the causes of accidents are divided based on these factors (Table 2). The data show that human and management factors account for large proportions, and are the main causes of building safety accidents.
Table 2 Statistical table consisting the factors contributing to accidents 
	Accident statistics
	B1
	B2
	B3
	B4

	Dominant factors
	4
	16
	8
	1

	Recessive factors
	23
	2
	2
	28


The joint action of influencing factors leads to the occurrence of safety accidents, however, the importance of influencing factors must be further studied. Considering the fatal accident caused by the failure and downfall of the construction lift in Hengshui, Hebei as an example, the following conclusion was drawn according to the investigation report: bolts in the standard section of the construction elevator were not installed. Acceptance and commissioning did not satisfy the requirements and standards of industries and were the direct cause of the accident (dominant factor). The indirect causes (recessive factors) included the indifference in relevant units of the work safety, disordered management, non-standard systems, and incomplete systems.
The fishbone analysis of the accident is demonstrated in Figure 2.
[image: 修改2]
Figure 2 Fishbone analysis diagram
The analysis results demonstrated that the managemental factors were crucial factors leading to the occurrence of safety accidents. Ineffective management of mechanical leasing companies directly leads to the occurrence of accidents, and the management factors of other companies indirectly lead to accidents. It is observed that the chain reaction and interaction among the influencing factors, such as the lack of control, accumulation of problems, and insufficient safety redundancy, are the primary reasons for the occurrence of safety accidents.The occurrence of safety accidents is caused by the action of one factor, and is often the result of the chain reaction of two or more factors [11,12]. The direct causes of accidents are relatively clear, while the indirect causes involve a wide range of factors and their causal relationship often appears among various factors, and the weight of each factor varies.
Development of the comparison judgment matrix
[bookmark: OLE_LINK4][bookmark: _Hlk56979794]An effective scaling system must possess suitable application characteristics and internal structures. All types of scaling methods have order-preserving properties. Statistical analysis of safety accidents demonstrates the following: The contribution rate of influence factors of the criterion layer to the target layer does not differ significantly, the strength of the nature is similar, and the 1-9 scale is not conducive in accurately expressing the relative significance of each element. Even though we can use a scale of 1-9, the judgment matrix fails to objectively reflect the judgment of decision makers, resulting in the distortion of decision results and reduced credibility. Guo P et al. [13] proposed another fractional scale method (5 /5, 5. 5 /4. 5, 6 /4, 6. 5 /3. 5, 8. 5 /1. 5, 9 /1) and provided their RI results. Compared with the 1–9 scale, it is more reasonable when the nature and strength of influencing factors are similar. Because the 1–9 scale has an effective uniformity, perceptibility, and memorability, it is advantageous to use the 1–9 scale when there are differences in the properties and intensities of the factors affecting the index layer. Combined with the characteristics of construction projects, the criterion layer adopts the 5/5–9/1 scale method to construct the judgment matrix. The index layer adopts the 1–9 scale method to construct the judgment matrix. The relatively crucial criteria are listed in Tables 3 and 4.
Table 3 Criteria for judging the significance of indicators
	Scale selects
	Equally significant
	Marginally significant
	Least significant
	Moderately significant
	Reasonably Significant
	Significant
	Very significant
	Highly significant
	Most significant

	5/5-9/1
	5/5
	5.5/4.5
	6/4
	6.5/3.5
	7/3
	7.5/2.5
	8/2
	8.5/1.5
	9/1

	1-9
	1
	2
	3
	4
	5
	6
	7
	8
	9


Table 4 R.I. values of random consistency indices
	Matrix dimensions
	1
	2
	3
	4
	5
	6
	7
	8
	9

	5/5-9/1
	0
	0
	0.1690
	0.2598
	0.3287
	0.3694
	0.4007
	0.4167
	0.4370

	1-9
	0
	0
	0.52
	0.89
	1.12
	1.26
	1.36
	1.41
	1.16


Three safety experts and two senior project managers were consulted, and were requested to combine the construction characteristics of the construction project, generate the statistical analysis on influencing factors of safety accidents in recent years without the effect of the force majeure, provide comprehensive assessment comments, and study and compare the significance of the influencing project safety behavior. After several rounds of discussion and analysis, judgment matrices of the target layer, criterion layer, and index layer were obtained, and are listed in Tables 5–9.
Table 5 A - B judgment matrix
A-B
B1
B2
B3
B4
B1
5/5
6/4
7/3
4/6
B2
4/6
5/5
6.5/3.5
3.5/6.5
B3
3/7
3.5/6.5
5/5
2.5/7.5
B4
6/4
6.5/3.5
7.5/2.5
5/5
  

Table 6 B1-Ci (i=1,2,3) judgment matrix
B1-Ci
C1
C2
C3
C1
1
1/3
4
C2
3
1
5
C3
1/4
1/5
1

Table 7 B2-Ci (i=4,5,6) judgment matrix
B2-Ci
C4
C5
C6
C4
1
1/6
3
C5
6
1
7
C6
1/3
1/7
1

Table 9 B4-Ci(i=10,11,12)  judgment matrix
B4-Ci
C10
C11
C12
C10
1
1/3
5
C11
3
1
7
C12
1/5
1/7
1

Table 8 B3-Ci(i=7,8,9)  judgment matrix
B3-Ci
C7
C8
C9
C7
1
1/5
3
C8
5
1
7
C9
1/3
1/7
1


Calculation of the comprehensive weight of each influencing factor to the overall objective
The weight calculation methods include the arithmetic average method, geometric average method, and characteristic root method. In this study, the geometric average method is used.
Weight calculation includes the following steps:
1. The elements of the judgment matrix are multiplied by rows.
2. Elevate the result to the Nth power.
3. Normalize the resulting vector and then obtain the weight vector.
The calculation formula is as follows:

    (1)
By substituting the data of judgment matrix A-B of Table 5 into equation (1), the weight vector of the criterion layer can be obtained as follows:

.
Consistency check:
The maximum eigen value is obtained and the calculation formula is

                    (2)
Through calculation, the maximum eigen value of matrix A-B is 4.007.
Consistency test of the judgment matrix. Consistency index calculation formula is

                            (3)
The consistency ratio is calculated using

                           (4)
The R.I. value is found in Table 4, if C.R.<0.1, the judgment matrix satisfies the consistency.
After calculation, the consistency test result is C.R.=0.0089<0.1, which satisfies the test criteria.
Based on the above calculation, the weight value of the criterion layer index is W1=0.2831, W2=0.2070, W3=0.1206,W4=0.3893.
Similarly, the weight value of each index in the index layer can be obtained. After calculation, the Bi-C (i = 1,2,3,4) matrix satisfies the consistency test. The calculation results are presented in Table 10.
Table 10 Weight sequence
	
Target layer
	
Criterion layer
	
Weight value
	
Index layer
	Hierarchical order

	
	
	
	
	Single sort
	Total sort
	Sort

	


Engineering safety accident occurrence
	
Human factor B1
	
0.2831
	Professional quality of operators C1
	0.2797
	0.0792
	6

	
	
	
	Safety awareness of operators C2
	0.6267
	0.1774
	2

	
	
	
	Operator's self-protection ability C3
	0.0936
	0.0265
	9

	
	
Machine or the matter factor B2
	
0.2070
	Degree of perfection of protective facilities C4
	0.1713
	0.0355
	7

	
	
	
	High standards for mechanical installation and removal C5
	0.7504
	0.1553
	3

	
	
	
	Normal machine and tool operation C6
	0.0782
	0.0162
	11

	
	
Medium factor B3
	
0.1206
	Regional natural environment C7
	0.1884
	0.0227
	10

	
	
	
	Normal working environment C8
	0.7306
	0.0881
	5

	
	
	
	Unpredictable environments C9
	0.0810
	0.0098
	12

	
	
Management factor B4
	
0.3893
	Degree of management control C10
	0.2790
	0.1086
	4

	
	
	
	Management system C11
	0.6491
	0.2527
	1

	
	
	
	Management measures C12
	0.0719
	0.0280
	8


Principle of TOPSIS algorithm
The TOPSIS method is a common method in finite scheme multi-objective decision analysis. By calculating the relative closeness between the evaluation scheme and ideal solution, and simultaneously considering the distance between the positive and negative ideal solutions, scientific and reliable conclusions can be obtained.
Construction of the weighted standardized decision matrix





Suppose there are A schemes to form scheme set, each scheme has X attributes. Attribute set  and the corresponding judgment index is denoted as，where  represents the j evaluation index in the i program. Establish initial judgment matrix.

The low priority index of judgment matrix D is homogenized and is dimensionless. Weight vector  determined by the AHP is multiplied by each column element of matrix D to obtain weighted decision matrix V.

       (5)
Determining the positive and negative ideal solutions and distances to calculate the approach degree


The TOPSIS method is an order optimization method based on the similarity of ideal targets in the multi-attribute decision making. Sum of positive and negative ideal solutions and are expressed as follows:

[bookmark: _GoBack]                    (6)

                    (7)
The distance of each scheme is measured using the N-dimensional Euclidean distance, and the distance between each scheme and the positive and negative ideal solutions is calculated using

                             (8)

                              (9)
The degree of closeness with the ideal solution is calculated using 

                     (10)






is the degree of closeness between the evaluation object and positive ideal solution; the larger thevalue, the shorter the distance between the corresponding object and positive ideal solution (when the scheme is optimal, =1). When the scheme is unsuitable (=0), as the distance to the optimal solution decreases, the value tends to reach 1. Conversely, as the distance to the unfavorable solution decreases, the value tends to reach 0. By sorting the value of the closeness degree of the evaluation object, the evaluation of the scheme is realized.
Application 
Prefabricated buildings have the advantages of fast construction speed, minor environmental impact, energy conservation, environmental protection, and so on. In this section, prefabricated building projects are selected for the analysis, and an IAHP-TOPSIS comprehensive judgment model is established for safety evaluation of the prefabricated building construction to provide new solutions to existing problems in the safety management of prefabricated building constructions.
This section considers four prefabricated projects under construction for analysis; the evaluation model is developed based on the aforementioned modeling methods to compare and analyze the comprehensive management level of each project under construction.
Prefabricated building construction safety evaluation system
The factors that influence the safety of prefabricated buildings can be summarized as follows: unsafe human behavior, state of objects, environmental factors, and inefficient management. By studying the domestic safety accident case data and recent relevant literature and combining them with the indicators of the hierarchical structure model, 12 primary indicators that affect the construction safety of prefabricated buildings are designed [14] –[18], as shown in Table 11.
Table 11 Prefabricated construction safety evaluation index system
	Target layer
	Criterion layer
	Index layer
	Attribute

	



Prefabricated building construction safety evaluation index system
	
Human factor X1
	Operators’ professional level X11
	Quantitative indicators

	
	
	Operators’ safety awareness X12
	Qualitative indicators

	
	
	Operators’ risk aversion ability X13
	Qualitative indicators

	
	
Object factor X2
	Protective equipment and articles X21
	Quantitative indicators

	
	
	Installation, dismantling, and maintenance of large machines and tools X22
	Quantitative indicators

	
	
	Operation of mechanical equipment X23
	Quantitative indicators

	
	
Environmental factors X3
	Natural climatic environment X31
	Qualitative indicators

	
	
	Workplace environment X32
	Qualitative indicators

	
	
	Sudden natural disasters X33
	Quantitative indicators

	
	
Management factors X4
	Intensity control of the project X41
	Qualitative indicators

	
	
	Control and management systems X42
	Qualitative indicators

	
	
	Emergency treatment and measures for accidents X43
	Quantitative indicators


By referring to the existing research results in the field of construction safety of prefabricated buildings, the assessment dimensions and weights are established for the qualitative indicators, which provide the basis for the quantification of qualitative indicators. Based on the investigation reports of recent safety accidents in China and experts' opinions, the safety degree of qualitative indicators can be divided into five grades: Most significant, significant, generally significant, insignificant, and least significant. The evaluation score interval is divided into [(100,80), (80,60), (60,40), (40,20), and (20,0]. The quantitative evaluation index is based on relevant industrial laws and regulations and the relevant production standard requirements, combined with the current development status of China's construction industry. The evaluation index that does not satisfy the requirements is evaluated using the subtraction method with a full score of 100 points and deduction until the end.
4.1.1 Proficiency level of the operator
Three points are deducted for each worker under the age of 18 or over 55. If the education level of operators is lower than junior high school, one point is deducted. Two points are deducted for each worker whose working experience is less than half a year. Four points are deducted for each person whose health condition may affect their work. Five points are deducted for each worker whose professional level does not satisfy the job requirements.
4.1.2 Protective equipment and articles
Five points are deducted for firefighting equipment that is not completely equipped and is damaged. Thirty points are deducted for failing to establish a protective equipment management system. Three points are deducted for ineffective implementation of the system, and three points are deducted for failing to provide warnings in dangerous areas.
4.1.3 Installation, dismantling, and maintenance of large machines and tools
[bookmark: OLE_LINK5]If no installation and removal plan has been made or the plan has not been approved, 20 points are deducted. Special operators who fail to obtain the qualification certificate are penalized with a deduction of five points per item. Ten points are deducted if large machines and tools are utilized without acceptance. Ten points are deducted if daily maintenance is carried out without any special personnel. Five points are deducted for other violations.
4.1.4 The operation of mechanical equipment 
If the installation of construction machines and tools cannot satisfy the standards and requirements of the specification, five points per item are deducted. Five points are deducted for each missing protection device for construction equipment. Five points are deducted for each item if the routine inspection record is not filled or the record is unclear or incorrect. If the equipment is not used as required, five points are deducted for each item.
4.1.5 Sudden natural disasters
Based on the assessment of the project location, ten points are deducted for earthquakes, floods, and hurricanes, which have occurred in the last ten years, and five points are deducted each time for the occurrence of snowstorms, rainstorms, and hailstones.
4.1.6 Emergency treatment and measures for accidents 
   If the emergency plan is not devised or if the emergency plan is incomplete, 20 points are deducted. If the responsibilities of the responsibility group are not clearly divided, five points are deducted for each item. Five points are deducted for each item for incomplete emergency facilities and equipment, and 5 points are deducted for insufficient emergency supplies and special funds.
Sample analysis based on IAHP-TOPSIS
The inspection team consisted of five inspection members who inspected and reviewed the four projects under construction. The project numbers were P1, P2, P3, P4. According to the evaluation index system of the previous section, the score values of the qualitative evaluation indicators were averaged by the inspection team. The quantitative evaluation index was provided by the inspection team after a comprehensive review. The initial score values of each project were obtained, as displayed in Table 12.
Table 12 Initial score values of the project
	Projects
	Initial score

	
	X11
	X12
	X13
	X21
	X22
	X23
	X31
	X32
	X33
	X41
	X42
	X43

	P1
	87
	76.3
	80.2
	78
	85
	80
	79.4
	81.5
	80
	85.4
	87.3
	85

	P2
	82
	74.5
	83.1
	82
	80
	85
	78.2
	77.3
	80
	82.1
	86.1
	85

	P3
	85
	81.2
	76.7
	85
	80
	80
	78.6
	84.9
	80
	83.3
	83.4
	80

	P4
	80
	79.6
	79.3
	87
	85
	80
	79.5
	82.5
	80
	83.7
	85.2
	80


According to Table 12, to establish initial judgment matrix D, the dimension of matrix D must be uniform.


Weight matrix W was established in Table 10, and matrix D was substituted in formula (5) to obtain weighted decision matrix V.


According to formulas (6) and (7), positive and negative ideal solutions were determined as follows: 



The Euclidean distance was calculated according to formulas (8), (9), and (10), and the closeness degree was calculated as shown in Table 13.
Table 13 Calculation results of the relative proximity
	Projects
	

	

	


	P1
	0.9798
	2.5429
	0.7218

	P2
	2.5625
	0.7521
	0.2269

	P3
	2.1587
	1.4481
	0.4015

	P4
	2.2301
	1.4057
	0.3866


The calculation results demonstrated that the relative closeness of the comprehensive index of the P1 project was 0.7218, which was the highest among the four projects. The ranking of the advantages and disadvantages of the four projects was P1>P3>P4>P2. In other words, P1 had the most effective overall control of the project.
Project evaluation
From the above data and evaluation results, it is evident that the safety management of the P1 project is reliable and meticulous; however, there are few potential accidents that exist within the project. This is the result of the project management department's emphasis on safety and management. There is a minor difference between P3 and P4 in their attention to safety production with elevated performances (than P1) in certain elements, however, their overall score is low. This indicates that the two enterprises have certain deficiencies in safety management and must improve the safety management. Project P2 has the weakest security control ability, which indicates that the project is insufficient for safety production management and has sub-standard initiatives.
For a single factor, the projects have the best overall control. However, this does not necessarily mean every control is the best. Consider X2 as an example, where P1, P2, P3, and P4 are calculated as 83.4, 80.7, 80.8, and 84.9, respectively. The results show that although P1 has the highest performance, X2 control must be optimized for enhanced results. Although P4 has effective control in X2, it has insufficient control and management over human factors, which results in a low management level.
Conclusion
Research and analysis demonstrate that the primary factors causing the accident can be attributed to the management failure. Systematization of the management can effectively avoid the occurrence of an accident.
Building safety accidents are rarely inevitable, and can be avoided by implementing an effective management system.
（1） Through the recent statistical analysis on accidents, a safety accident evaluation system for prefabricated buildings was established based on the principles of IAHP and TOPSIS. Based on the four primary aspects, which are human, object, environmental, and managemental factors, that determine the influence of the construction safety production of 12 sub-indicators, the IAHP-TOPSIS safety evaluation model was established to intuitively reflect on the comprehensive level of evaluation objectives. The model can comprehensively indicate the key points of safety management in building constructions and provide technical and theoretical support for safety management.
（2） In this study, the AHP was applied to stratify and divide multiple indexes affecting the project safety production, to avoid subjective judgment caused by several indicators, resulting in distortions.
The example exhibited that the IAHP-TOPSIS safety evaluation model is effective, and is consistent with the actual management of an evaluated project, and has engineering practicability.
IAHP-TOPSIS safety evaluation model is simple, easy to construct, and has a wide range of applications. The building safety evaluation model based on IAHP-TOPSIS is significant for the study of safety risk control in building construction and engineering in China. This evaluation method is applicable to the construction of highways, railways, and municipal engineering. It is significant for similar projects and in obtaining the corresponding reference value in similar projects.
This study has certain limitations. First, the construction of the initial judgment matrix has artificial subjectivity and regional limitations, which cause distortion of the results in the evaluation of architectural projects under different construction backgrounds. Second, the evaluation results assess only the degree of safety control and focus on safety management. However, it is challenging to accurately judge the social harmfulness of safety accidents and the level of accidents. In the future work, the safety evaluation model will be combined with the basic principles of the Delphi method to refine the influencing factors of safety accidents, minimize the influence of human subjective factors on the evaluation model, and improve the reliability and application range of the safety evaluation model. Thus, we hope to expand its application not only in the field of construction but also in the field of manufacturing.


ACKNOWLEDGEMENTS
This study was supported by the Natural Science Foundation of Hebei Province (Grant No. E2019210126),  The Scientific Research Project of Hebei Provincial Department of Education (Grant No. ZD2020336), and the Science and Technology Project of Hebei Province (Grant No. 16215408D).
DATA AVAILABILITY STATEMENT
[bookmark: OLE_LINK15]The data that support the findings of this study are available from cnki. Restrictions apply to the availability of these data, which were used under license for this study. Data are available [https://www.cnki.net/] with the permission of cnki.

CONFLICT OF INTEREST
[bookmark: OLE_LINK17]The authors declare no potential conflict of interest.

REFERENCES
[1] B. Pang, “Direction and Countermeasures of modern Occupational Safety and Health Regulation Reform - Comment on “Research on Occupational Safety and Health Regulation in China under the New Normal”,” China Safety Science Journal (CSSJ), vol. 28, no. 12, p. 168, 2018. DOI: https://doi.org/CNKI:SUN:ZAQK.0.2018-12-030.
[2] D. P. Fang and H.J. Wu, “Development of a Safety Culture Interaction (SCI) model for construction projects,” Safety Science, vol. 57, pp. 138-149, 2013. DOI: https://doi.org/10.1016/j.ssci.2013.02.003.
[3] X. F. Wang, “Research on complex Network Model and Accident Prevention of Construction Accidents,” Fuzhou University, 2017.
[4] X. Jia, F. M. Fan and D. P. Fang, “Influence of organizational support factors in building safety management,” Construction Safety, vol. 29, no. 06, pp. 27-30, 2014. DOI: https://doi.org/10.3969/j.issn.1004-552X.2014.06.009.
[5] R. Zhai, Y. N. Zhang, and R. Zhong, “Based on AHP and VPRS construction safety risk assessment system and its weight,” Journal of Civil Engineering and Management, vol. 33, no. 06, pp. 109-114 , 2016. DOI: https://doi.org/10.13579/j.cnki.2095-0985.2016.06.020.
[6] T. Du, Y. H. Song, Z. Y. Li, J.L.Zhang,“Construction safety evaluation of building project based on fuzzy comprehensive evaluation method,” Journal of Civil Engineering and Management, vol. 36, no. 06, pp. 61-66 , 2019. DOI: https://doi.org/10.13579/j.cnki.2095-0985.2019.06.010.
[7] T. Y. Wu, Q. Wang, S. X. Mao, C.L.Tang,F.Gao,“A method and system for evaluating the performance of construction safety management,” Shanghai: CN108764687A, 2018-11-06.
[8] J. Li and W. J. Chen, “The academic impact analysis of Heinrich’s Safety theory,” China Safety Science Journal, vol. 27, no. 09, pp. 1-7, 2017. DOI: https://doi.org/10.16265/j.cnki.issn1003-3033.2017.09.001.
[9] M. Dağdeviren and İ. Yüksel, “Developing a fuzzy analytic hierarchy process (AHP) model for behavior-based safety management,” Information Sciences, vol. 178, no. 6, 1717-1733, 2008. DOI: https://doi.org/10.1016/j.ins.2007.10.016.
[10] D. A. Patel and K. N. Jha, “Structural equation modeling for relationship-based determinants of safety performance in construction projects,” Journal of Management in Engineering, vol. 32, no. 6, 05016017:1-05016017.12, 2016. DOI: https://doi.org/10.1061/(ASCE)ME.1943-5479.0000457.
[11] S. Wang, “Formal description of emergence and transmission of risk in accident system,” China Safety Science Journal, vol. 26, no. 06, pp. 25-29, 2016. DOI: https://doi.org/10.16265/j.cnki.issn1003-3033.2016.06.005.
[12] L. Li, K. D. Zhao and Y. Sun, “Study on influencing factors of unsafe behavior intention of construction workers,” Intelligent Building & Smart City, vol. 06, pp. 83-84 + 91, 2019. DOI: https://doi.org/10.13655/j.cnki.ibci.2019.06.031.
[13] P. Guo, W. W. Zheng, “Some improvements to the AHP application,” Systems Engineering, vol. 01, pp. 28-31, 1995. DOI: https://doi.org/CNKI:SUN:GCXT.0.1995-01-006.
[14] G. Raviv, B. Fishbain and A. Shapira, “Analyzing risk factors in crane-related near-miss and accident reports,” Safety Science, vol. 91, pp. 192-205, 2016. DOI: https://doi.org/10.1016/j.ssci.2016.08.022.
[15] L. Chang, G. Z. Ge, T. Wang,G.S.Yang, “Analysis of unsafe behavior of construction workers and control measures,” Construction Economy, vol. 41, no. S 1, pp. 144-148, 2020. DOI: https://doi.org/10.14181/j.cnki.1002-851x.2020S1144.
[16] X. Y. Chen, S. L. Shi, R. Q. Li,Y.Li,B.You,“Human factor analysis of building construction safety based on modified HFACS and SPA,” Journal of Hunan University of Science and Technology (Natural Science Edition), vol. 35, no. 03, pp. 63-69, 2020. DOI: https://doi.org/10.13582/j.cnki.1672-9102.2020.03.010.
[17] J. G. Lin, “Research on building safety accident control Measures based on ontology technology,” Scientific and Technological Innovation, vol. 22, pp. 95-96, 2019.
[18] R. Wei, C. Li, W. G. Jiang, et al., “Design of safety management system for admittance to construction operation area,” Journal of Civil Engineering and Management, vol. 37, no. 02, pp. 136-141, 2020. DOI: https://doi.org/CNKI:SUN:WHCJ.0.2020-02-022.

2

image3.wmf
n

，

，

1,2,3

i

，

a

/

a

w

1/n

n

1

j

kj

n

1

k

1/n

n

1

j

ij

i

¼

=

÷

ø

ö

ç

è

æ

Õ

å

÷

ø

ö

ç

è

æ

Õ

=

=

=

=


oleObject2.bin

image4.wmf
0.3893)

 

0.1206,

 

0.2070,

 

(0.2831,

=

w


oleObject3.bin

image5.wmf
(

)

i

i

n

1

i

max

nw

Aw

λ

å

=

=


oleObject4.bin

image6.wmf
1

max

-n

C.I.=

n-

l


oleObject5.bin

image7.wmf
R.I.

C.R.

C.R.

=


oleObject6.bin

image8.wmf
{

}

m

,

,

2

,

1

A

A

A

A

L

=


oleObject7.bin

image9.wmf
{

}

n

,

,

2

,

1

X

X

X

X

L

=


oleObject8.bin

image10.wmf
(

)

n

j

m

i

X

,

,

2

,

1

;

,

,

2

,

1

ij

L

L

=

=


oleObject9.bin

image11.wmf
ij

X


oleObject10.bin

image12.wmf
(

)

 n

m 

ij

X

D

´

=


oleObject11.bin

image13.wmf
）

,

（

2

n

1

w

w

w

w

¼

=


oleObject12.bin

image14.wmf
ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

=

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

=

mn

n

m2

2

m1

1

2n

n

22

2

21

1

1n

n

12

2

11

1

mn

m2

m1

2n

22

21

1n

12

11

x

w

x

w

x

w

x

w

x

w

x

w

x

w

x

w

x

w

v

v

v

v

v

v

v

v

v

V

L

M

M

M

M

L

L

L

M

M

M

M

L

L


oleObject13.bin

image15.wmf
+

V


oleObject14.bin

image16.wmf
-

V


oleObject15.bin

image17.wmf
}

{max

n

1,2,3

，

|j

V

V

ij

¼

=

=

+


oleObject16.bin

image18.wmf
}

{min

n

1,2,3

，

|j

V

V

ij

¼

=

=

-


oleObject17.bin

image19.wmf
(

)

å

=

+

+

-

=

n

1

j

2

j

ij

i

v

v

S


oleObject18.bin

image20.wmf
(

)

å

=

-

=

n

1

j

2

-

j

ij

-

i

v

v

S


oleObject19.bin

image21.wmf
m

i

1

，

L

0

，

S

S

S

L

i

-

i

i

-

i

i

Î

£

£

+

=

+

+

+


oleObject20.bin

image22.wmf
+

i

L


oleObject21.bin

image23.wmf
+

i

L


oleObject22.bin

image24.wmf
+

i

L


oleObject23.bin

image25.wmf
+

i

L


oleObject24.bin

image26.wmf
+

i

L


oleObject25.bin

oleObject26.bin

image27.wmf
ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

=

80

2

.

85

7

.

83

80

5

.

82

5

.

79

80

85

87

3

.

79

6

.

79

80

80

4

.

83

3

.

83

80

9

.

84

6

.

78

80

80

85

7

.

76

2

.

81

85

85

1

.

86

1

.

82

80

3

.

77

2

.

78

85

80

82

1

.

83

5

.

74

82

85

3

.

87

4

.

85

80

5

.

81

4

.

79

80

85

78

2

.

80

3

.

76

87

D


image1.tiff
Engineering Reports





oleObject27.bin

image28.wmf
ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

=

24

.

2

53

.

21

0898

.

9

784

.

0

2683

.

7

8047

.

1

296

.

1

2005

.

13

0885

.

3

1015

.

2

121

.

14

336

.

6

24

.

2

0752

.

21

0464

.

9

784

.

0

4797

.

7

7842

.

1

296

.

1

424

.

12

0175

.

3

0326

.

2

4049

.

14

732

.

6

38

.

2

7575

.

21

9161

.

8

784

.

0

8101

.

6

7751

.

1

377

.

1

424

.

12

911

.

2

2022

.

2

2163

.

13

4944

.

6

38

.

2

0607

.

22

2744

.

9

784

.

0

1802

.

7

8024

.

1

296

.

1

2005

.

13

769

.

2

1253

.

2

5356

.

13

4564

.

8

V


oleObject28.bin

image29.wmf
]

38

.

2

0607

.

22

2744

.

9

784

.

0

4797

.

7

8047

.

1

377

.

1

2005

.

13

0885

.

3

2022

.

2

4049

.

14

4564

.

8

[

=

+

V


oleObject29.bin

image30.wmf
]

24

.

2

0752

.

21

9161

.

8

784

.

0

8101

.

6

7751

.

1

296

.

1

424

.

12

769

.

2

0326

.

2

2163

.

13

336

.

6

[

=

-

V


oleObject30.bin

image31.wmf
+

i

S


oleObject31.bin

image32.wmf
-

i

S


image1.png
| Engincering safety accident A I

|
v v v

Human B1 | Machine or Matter B2 | Environment B3 |
Professional quality C1 | Protection facilities C4 | Natural environment C7 | Management efforts C10 ‘
Safety awareness C2 | Mechanical removal C5 | Work environment C8 | Management regime C11 ‘

Protective equipment C3 | Mechanical operation C6 | Mutation environment C9 I Management measures ('12‘





oleObject32.bin

image33.wmf
+

i

L


image2.png
Machinery leasing Construction company Project Management Company

Lack of measures Lack of measures
<

Tllegal operation

Management confusion Loose management Neglected management

>

Lack of management system Lack of measures Illegal operation Poor regulation

- Cause the

accident

Installation and
acceptance

Poor regulation

Management confusion Low attention

ing management Improper deployment

Development Company Government regulator




oleObject1.bin

