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Abstract. Safety investment in the construction industry is the fundamental guar-
antee of operation and production. The efficiency is affected by internal and ex-
ternal environmental factors. The measurement of safety efficiency can affect the
safety decision-making of enterprises. The study calculates the safety investment
efficiency of the construction industry in various provinces in 2023 by construct-
ing a three-stage SBM super-efficiency DEA model of undesirable outputs and
uses ArcGIS software to analyze the efficiency of spatial distribution. The results
show that the average efficiency of the first stage of 30 provinces in China is
0.695. After eliminating the effects of external environmental factors, the effi-
ciency has declined; From the perspective of spatial distribution, the overall effi-
ciency shows a gradual downward trend from eastern to western, and the effi-
ciency of some provinces shows a strong correlation, which has a specific ag-
glomeration effect. In this regard, enterprises should emphasize improving safety
technology and management ability in the subsequent development stage. The
government should actively promote the rational flow of high-quality resources
and advocate the regionally balanced development of the construction industry’s
safety situation.

Keywords: Safety investment, Undesirable outputs, Three-stage SBM super-
efficiency DEA, Agglomeration effect, Evaluation system

1 Introduction

The construction industry plays an essential role in China's national economy. The suc-
cessful development of the construction industry can drive the growth of other related
fields such as mechanical equipment and building materials. However, the construction
industry is one of the industries with a high incidence of safety accidents, which has
brought great losses to life and property safety of enterprises and employees [!1. In 2023,
there were 773 safety production accidents in housing and municipal engineering in
China, including 23 major accidents and 107 deaths. Therefore, reasonable safety in-
vestment can timely discover the potential safety hazards in the construction process,
which is beneficial to avoiding accidents and property losses [21.

Safety investment can be regarded as a systematic project, and all resources must be
coordinated to achieve a comprehensive and reasonable allocation effect. Safety invest-
ment in the construction industry can be roughly divided into safety education, labor
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protection, accident investigation and handling, safety policy system, safety rewards
and punishments, safety management, labor supplies and safety inspection investment.
From the management's perspective, prevention is more effective than remediation.
Safety investment has a lagging characteristic. The benefits of investment also include
abstract factors such as the improvement in risk awareness and organizational safety
climate, which are difficult to quantify and often overlooked, reflecting the hidden char-
acteristics of safety investment ). In recent years, a large number of facts have con-
firmed that insufficient safety investment by enterprises is the direct cause of accidents,
such as the 2014 Kunshan explosion and the 2015 Tianjin Port explosion. The pursuit
of maximizing economic profits is the primary goal of enterprises, so it is necessary to
rely on external forces to encourage enterprises to establish mandatory safety standards.
Safety investment aims to prevent or avoid potential accidents, so a good safety invest-
ment strategy is based on predicting the number of accidents that may occur in the
future. Excessive or insufficient investment budget can cause losses to the development
of enterprises, so enterprises should find a balance between safety investment and pro-
duction. In this context, it is particularly necessary to construct a reasonable safety in-
vestment evaluation model.

According to the input-output theory, safety investment efficiency reflects the com-
prehensive value of safety benefits. Safety benefits mainly focus on the accident injury
rate and safety economic benefits [l. The value created by the safety investment of
enterprises is considerable, and a reasonable investment strategy has a significant im-
pact on accident control Pl. Rose!® obtained the relationship curve between safety in-
vestment and benefits through empirical analysis, proved the nonlinear relationship be-
tween them, and gave the best investment point. On this basis, various safety investment
optimization models are derived with accident influencing factors to analyze how the
interaction between safety investment and different parameters affects safety benefits
and provide the best investment strategy for different application scenarios. These mod-
els have been widely applied to specific industriesl’!. Regarding occupational health
and safety, studies have shown that every dollar invested in safety and health funds can
save 4-6 dollars in labor injury and illness costs. Environmental pollution during con-
struction also greatly impacts building production efficiency, and reasonable safety in-
vestment helps improve the quality of building materials and productst®. Safety invest-
ment efficiency evaluation has been widely used in the project risk management of the
whole life cycle. It has become an essential basis for enterprise safety process measure-
ment and resource allocation.

Most of the previous research focuses on the rational allocation of safety investment
in specific projects or the analysis of the causal factors of safety benefits, ignoring the
research on the overall safety investment efficiency of the industry from a macro per-
spective. Therefore, this paper takes the construction industry’s safety investment effi-
ciency in 30 provinces in 2023 as the research object and uses the three-stage SBM
super-efficiency DEA model of undesirable outputs to calculate the efficiency. Further,
it analyzes the geographical and spatial distribution characteristics of safety investment
efficiency in China's eastern, central and western regions. The research results can help
scholars and practitioners understand the status of safety investment and provide refer-
ence and decision support for improving the industry's current situation.
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2 Methodology

2.1 DEA Model

Data envelopment analysis (DEA) is a minimum feasible production convex set of pro-
duction states constructed according to multi-objective input and output indicators. This
method has been applied to many fields such as finance, aviation, cultural undertakings
and so on. The traditional DEA model has some shortcomings. It does not consider the
errors caused by the deviation from the economic output and input of the external en-
vironment, non-management factors and random noise, which will have an impact on
the calculation of efficiency, resulting in the lack of hierarchical arrangement ability of
DMU (decision-making unit). Fried”! proposed a three-stage DEA model based on sto-
chastic frontier analysis (SFA). The model can eliminate the effects of environmental
factors and random noise on the calculation results. For multiple DMUs simultaneously
in the effective frontier, the three-stage DEA model cannot further distinguish their
efficiency values. Therefore, Cook et al.['! proposed to combine the three-stage DEA
model with the super-efficiency (SBM-efficiency) model to form a three-stage super-
efficiency DEA model and further analyze the DMU with an efficiency value of 1. The
implementation process of the model is as follows:

The first stage. Using the original input-output data to calculate efficiency, each
DMU has N inputs, M desired outputs and I undesirable outputs elements, then the
mathematical expression is:
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6 is the efficiency value, « ¥X. bF and x}¥ are the values of input, desired output
and undesirable output respectively, s;+ sP and s¥ are the slack variables of input,
desired output and undesirable output respectively, zZ . z¥and Z,f represents the
weight of input and output.



296 W. Zhao et al.

The second stage. The result of subtracting the initial value from the target value of
each input indicator obtained in the first stage is used as the slack variable. The specific
form is as follows:

Sui = F(Z; Br) + Vi + i i = 1,2, ., ;n =12, .., N ©)

f(Zy; Bp)represents the effect of environmental variables on slack variables, v,,; rep-
resents the effect of random noise on slack variables, and u,;represents the effect of
non-management factors on slack variables. Put v,,; and p,; into Equation 3 to obtain
the adjusted input value.

X = Xy + [max (£(Ze; Ba)) = £(Zes Ba)| + [max(®n)) = Pl i = 1,2, in = 1,2, .., N
3

XA represents the adjusted input value. The expression in the first square bracket
indicates that all safety input values are adjusted to the same environmental condition.
The expression in the second square bracket means that all random noises are adjusted
to the same level.

The third stage. Use the adjusted input values obtained in the second stage to im-
prove the efficiency of the adjusted safety investments.

2.2 Selection of Indicators and Data Sources

The input indicators mainly include the investment of human, material and financial
resources, and the output indicators mainly include the occurrence of accidents and the
benefits of the safety investment. In addition, education level, industrial development,
regional economic development and marketization level are considered as environmen-
tal variables.

Safety investment cost includes the safety guarantee cost in the early stage and the
implementation period of the project, such as safety technology investment, safety ed-
ucation investment, civilized construction cost, labor protection cost, and on-site safety
facility investment, etc., while does not include late loss safety costs such as death ben-
efits, project rework costs, etc. In this paper, the formula "total assets of the regional
construction industry *safety investment rate" is used to obtain the amount of safety
investment cost, of which the value of safety investment rate is 2.36% ['!. Previous
studies have shown that the benefits brought by safety investment have a lag ['?. There-
fore, the safety investment cost in this paper is taken as the average value from 2021 to
2023, while the effects of other input or output indicators are immediate.

Number of employees includes the total number of employees in the construction
industry in domestic-funded enterprises (state-owned, collective), Hong Kong, Macao,
Taiwan-invested enterprises and foreign-invested enterprises.

Using the data on production safety accidents of housing and municipal engineering
in 2023 published by MOHURD as the output data.

The safety benefits use the "total output value of construction industry * safety eco-
nomic contribution rate" as the indicator data. The reference value of the contribution
rate of the safety benefit is 3.01% [131.



Analysis on Safety Investment Efficiency of China’s ... 297

This study select the proportion of college education or above, the ratio of the total
output value of the construction industry to local GDP, regional per capita GDP, and
the ratio of total output of non-state-owned construction enterprises to total output of
the construction industry as environmental variables.

3 Results

3.1 Analysis Based on DEA Model

The input-oriented method is used to calculate the undesirable outputs super-efficiency
value of DMU in the first stage. The results are shown in Table 1. The average com-
prehensive efficiency of all provinces is 0.695, and there are 9 DMUs on the effective
frontier, namely Beijing, Zhejiang, Hubei, Hebei, Fujian, Hunan, Guangxi, Jiangxi and
Shaanxi. About 50% of the provinces have an efficiency value above 0.7, and the over-
all efficiency value is within a reasonable range. However, the efficiency of a few prov-
inces is lower than 0.5, which means that it is necessary to reduce the safety investment
by 50% in order to achieve effective comprehensive technology, and there is a severe
redundancy in resource investment. One-third of the provinces have efficiency values
higher than 0.9, indicating that these provinces have relatively mature safety investment
management and production technology.

Table 1. The efficiency of the first stage

Rank- | v |1 | et |se | R |pmu | TE | PTE | SE
ing ing
1 Beijing | 1.265 | 1.292 | 0.980 | 16 dG;’:;g' 0.535 | 0.536 | 0.998
2 Zhejiang | 1.113 | 1.132 [ 0.983 | 17 Liaoning | 0.532 | 0.794 | 0.670
3 Hubei | 1.065 | 1.080 | 0.986 | 18 Anhui | 0.517 | 0.536 | 0.964
4 Hebei | 1.062 | 1.155 | 0.920 | 19 Sichuan | 0.505 | 0.507 | 0.995
5 Fujian | 1.051 | 1.061 | 0.991 | 20 Yunnan | 0.502 | 0.570 | 0.881
6 Hunan | 1.025 | 1.036 | 0.989 | 21 Xinjiang | 0.478 | 0.702 | 0.682
7 Guangxi | 1.021 | 1.026 | 0.995 | 22 Hainan | 0467 | 2.173 | 0215
8 Jiangxi | 1.005 | 1.009 | 0.997 | 23 Guizhou | 0.450 | 0.622 | 0.724
9 Shaanxi | 1.003 | 1.019 | 0.984 | 24 Tianjin | 0.430 | 0.550 | 0.782
10 Shanxi | 0.895 | 1.298 | 0.689 | 25 Ningxia | 0.416 | 0.650 | 0.640
11 Henan | 0.852 | 0.885 | 0.964 | 26 Qinghai | 0.411 | 0.744 | 0.552
12 Jiangsu | 0.804 | 1.147 [ 0.701 | 27 Jilin 0.398 | 0.496 | 0.802
Inner

Shan-
13 0.757 | 0.768 | 0.986 | 28 Mongo- | 0.365 | 0.548 | 0.666

dong .

lia

Shang-
R 0.718 | 0.787 | 0.912 | 29 Gansu | 0.348 | 0.439 | 0.791
15 Chong- 1 o 545 [ 0558 | 0971 | 30 | Ho" 0.331 | 0.430 | 0.771

qing longjiang
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Note: TE means comprehensive technical efficiency, PTE means pure technical efficiency, SE means scale
efficiency

There are 11 provinces whose pure technical efficiency has reached the frontier.
Some of them are economically developed regions (Beijing, Zhejiang, Jiangsu, etc.),
and some provinces have a high level of the construction industry (Fujian, Hubei, etc.),
with fierce competition among enterprises. Therefore, greater investment will be made
in management and technology R&D. Enterprises in the last five provinces (Qinghai,
Jilin, Inner Mongolia, Gansu and Heilongjiang) should actively introduce advanced
safety management concepts, increase the R&D investment budget, and strive to im-
prove the pure technical efficiency. The average scale efficiency is 0.839, indicating
that the scale of safety investment in all provinces remains a high level. For the prov-
inces with lower scale efficiency (Inner Mongolia, Ningxia and Qinghai), the reason is
that the development speed of safety management has lagged behind the development
speed of the regional construction industry. These provinces should actively explore
the development of supporting facilities for safety investment, improve safety produc-
tion conditions and strive to improve the economies of scale in the safety field in the
construction industry.

In the second stage, the four environmental variables are used as independent varia-
bles to establish the SFA regression model. As shown in Table 2, all variables passed
the significance test (P<0.01), indicating that there is no assumption of management
and technical inefficiency, and it is necessary to use SFA model to separate the effects
of variables.

Table 2. SFA regression estimation results

. investment cost slack coef- | Employment slack coeffi-
Indicator . .
ficient cient

Constant term -215243.07"" -866228.04""
Educational level -289961.73*" -598899.35""
Industrial Development -1499029.60""" 451207.40""
Regional economic devel- | 36074.08* 30627.25™"
opment
Marketization level 419748.84™ 843835.59""

a? 2.4*101 2.6*%10!!

Y 0.97 0.99
LR test 10" 8.9

Note: ™ and ™" indicate significance levels of 1% and 5%, respectively.

First, the coefficients of this slack variable on safety investment cost and industry
employment are negative, indicating that education level positively affects safety in-
vestment efficiency and employment. Second, the slack variable has opposite coeffi-
cients on safety investment cost and industry employment, indicating that industrial
development has a positive effect on safety investment and a negative effect on em-
ployment. Next, the coefficients of the slack variables on safety investment cost and
industrial employment are positive, indicating that the more developed the regional
economy is, the more attractive it will be to capital and talents. It may lead to extensive
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utilization of production factors, resulting in increased slack and reduced efficiency.
Finally, the coefficient of this slack variable on safety investment cost and industry
employment is positive, indicating that the marketization level has a negative effect on
safety investment cost and employment. Generally, when a construction enterprise en-
ters the market, it is always accompanied by an increase in safety investment and em-
ployment. In the initial stage, the investment of safety resources produces a scale effect,
and investment redundancy increases slowly. However, with diminishing marginal ef-
fects, investment redundancy increases rapidly, and safety investment efficiency de-
clines.

To sum up, the efficiency is affected by environmental variables. The real efficiency
can be obtained only by eliminating the effects of environmental variables and random
errors.

Put the new input variables into the DEA model in the third stage, and get the ad-
justed efficiency value in the homogeneous environment (Table 3).

Table 3. The efficiency of the third stage

Rank- Rank-
. DMU TE PTE SE . DMU TE PTE SE
ing ing
1 Beijing 1.193 1.244 | 0.959 16 Sichuan 0.520 | 0.529 | 0.984
2 Zhejiang | 1.118 | 1.131 0.989 17 Anhui 0.512 | 0.568 | 0.902
. Chong-
3 Hubei 1.076 | 1.078 | 0.999 18 . 0.500 | 0.558 | 0.897
qing
4 Hebei 1.055 1.160 | 0.909 19 Yunnan 0.485 | 0.620 | 0.782
5 Fujian 1.042 | 1.061 | 0.983 | 20 Liaoning | 0.484 | 0.850 | 0.569
6 Jiangsu 1.026 | 1.147 | 0.895 | 21 Guizhou | 0.394 | 0.645 | 0.610
7 Hunan 1.001 1.026 | 0.975 | 22 Xinjiang | 0.392 | 0.870 | 0.451
8 Shaanxi | 0.891 1.013 | 0.880 | 23 Tianjin 0.376 | 0.588 | 0.639
9 Henan 0.857 | 0.927 | 0.925 | 24 Jilin 0.340 | 0.706 | 0.481
10 Shanxi 0.814 | 1.298 [ 0.627 | 25 Gansu 0.251 0.490 | 0.513
Inner
Shan-
11 0.784 | 0.810 | 0.969 | 26 Mongo- 0.241 0.691 0.348
dong .
lia
. . Hei-
12 Jiangxi 0.769 1.002 | 0.767 | 27 . 0.229 | 0.550 | 0.417
longjiang
Shang- .
13 hai 0.601 | 0.726 | 0.827 | 28 Ningxia 0.160 | 0.646 | 0.248
ai
14 Guangxi | 0.576 | 0.743 | 0.776 | 29 Hainan 0.144 | 2.473 | 0.058
Guang- . .
15 d 0.568 | 0.569 | 0.997 | 30 Qinghai 0.102 | 0.506 | 0.201
ong

The average comprehensive efficiency is 0.617, slightly lower than that in the first
stage, indicating that the safety investment efficiency of some provinces in the first
stage is high due to local environmental factors. There are 20 provinces whose pure
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technical efficiency is greater than the scale efficiency, meaning that the reason for the
low safety investment efficiency in most provinces lies in the large scale of input fac-
tors, the insufficient utilization of safety resources and the waste phenomenon, thus
lowering the overall comprehensive efficiency. In some regions, the construction in-
dustry excessively focuses on economic benefits and neglects safety management,
which further limits the improvement of safety productivity of the industry.

3.2 Spatial Region Analysis and Discussion

From the perspective of the spatial area, the 30 provinces are divided into eastern, cen-
tral and western regions. The east part includes 11 provinces (Guangdong, Beijing,
Tianjin, Liaoning, Hebei, Jiangsu, Shanghai, Fujian, Zhejiang, Shandong and Hainan).
The central part includes nine provinces (Heilongjiang, Jilin, Inner Mongolia, Shanxi,
Jiangxi, Anhui, Hubei, Henan and Hunan). The west part includes ten provinces (Si-
chuan, Chongqing, Guangxi, Guizhou, Yunnan, Gansu, Qinghai, Ningxia, Shaanxi and
Xinjiang). The Theil index analyzes the intra-regional and inter-regional differences
among the three regions. The overall Theil index value of the country is 0.147, and the
inter-regional and intra-regional Theil index values are 0.028 and 0.118, respectively.
It can be seen that the difference in safety investment efficiency mainly comes from
intra-region. Some eastern coastal areas have developed economies, which can attract
high-quality enterprises to settle. These enterprises also bring advanced safety manage-
ment concepts and technical means, forming a virtuous circle for the development of
the construction industry in local areas. The concentration of high-quality enterprises
will also promote cooperation and resource sharing among enterprises to achieve the
advantage of industrial agglomeration. The gap of the extreme differences in efficiency
between the eastern, central and western regions has gradually widened, indicating that
the development of enterprises in various regions is extremely uneven.

As shown in Figure 1, the Moran index of safety investment efficiency of the con-
struction industry is 0.195 and passes the significance test (P<0.01). There is a signifi-
cant spatial agglomeration effect between the safety investment efficiency of each prov-
ince. The spatial relationship of safety investment is further analyzed by using the LISA
agglomeration diagram (Figure 2). The low-low agglomeration areas are mainly the
economically underdeveloped provinces in the central and western regions, indicating
a spatial convergence in the efficiency of safety investment. The low-high agglomera-
tion areas are primarily represented by Tianjin and Anhui, indicating that these two
provinces have evident spatial heterogeneity. Most high-high agglomeration areas are
provinces with developed economies or rich construction resources. The efficiency of
Beijing is particularly prominent, which shows that Beijing is in a leading position in
terms of safety benefits due to geographical and economic factors. At the same time, it
can drive the neighboring provinces to jointly improve efficiency, reflecting a strong
spillover effect. The neighboring provinces will further feedback capital, technology
and talents to Beijing. The flow of these resources will also promote the development
of Beijing's construction industry.
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lagged efficiency

Figure 1. Moran's index in the third stage
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I high-high(9)
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low-high(2)

high-low(0)

Figure 2. Local spatial autocorrelation LISA clustering diagram

4 Conclusion

This paper constructs an evaluation system for the safety investment efficiency of the
construction industry in 2023 by using the three-stage SBM super-efficiency DEA
method of undesirable outputs. The results show that different provinces have different
policies, economics, humanities and social environments, which will affect the safety
investment efficiency of construction enterprises. Moreover, the comprehensive tech-
nical efficiency of Beijing, Zhejiang, Hubei and the other 7 provinces have reached the
effective frontier. The provinces with the lower ranking are primarily concentrated in
areas with underdeveloped economies, especially Heilongjiang, Ningxia and Qinghai.
From the perspective of regional division, the overall safety investment efficiency pre-
sents a pattern of high in the eastern and low in the western. The interval distribution
of efficiency is relatively concentrated, which is in line with the mechanism of spatial
convergence.
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The construction industry has gradually entered a period of refinement and intensi-
fication of industrial resources after the barbaric growth stage in the early stage of de-
velopment. The supervision department should value the publicity of construction
safety production and prioritize the safety of life and property of the enterprise while
completing the work with high quality. Enterprises attempt to coordinate the allocation
of production resources to improve their safety technology, and regularly provide train-
ing on safety production and emergency management knowledge to employees. In ad-
dition, enterprises should actively provide new ideas for safety management, including
collaborating with research institutions, conducting academic seminars, and transform-
ing research achievements.Finally, considering the unbalanced development of safety
investment efficiency in the eastern, central and western regions, the government
should guide the rational flow of resources to strengthen support for the central and
western regions. Efficient regions can leverage their radiation effects to ensure talent
exchange and information sharing, achieving a new situation of mutual promotion
among different regions.

At last, there are still limitations in the research. Firstly, the reasons for the safety
investment efficiency of the construction industry are complex, such as workforce, cap-
ital, materials, policies and so on. The weight analysis of each factor will be the next
research direction. Secondly, this research evaluates the safety investment efficiency
from a macro perspective. In the future, it is necessary to analyze the implementation
of specific projects to evaluate the effectiveness of the model and expand the applica-
tion accordingly. Finally, further improvement suggestions can be proposed according
to the slack variables of the DEA model. Subsequently, feasible solutions can be for-
mulated to improve the safety investment efficiency.
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