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Abstract. Performance evaluation in construction safety is of great importance to further improve upon safety manage-
ment processes. This paper develops a data envelopment analysis (DEA) based framework to evaluate the construction 
safety performance at the macro level. The core of the method is to compare the output-input ratio of construction safety. 
Using the building practitioner, construction machinery and equipment, and construction area as the inputs, and value 
added of construction and death toll as the outputs, safety performance score is computed for the China’s provincial con-
struction industries from 2009 to 2017. The results show that the number of benchmark provinces every year is between 
five and seven. The gap between the best-performing and underperforming province was relatively small in 2012 and big in 
2014. Beijing, Qinghai, Hainan, Fujian, Chongqing, and Tianjin can be utilized as role models for the provinces that need 
to improve their performance in construction safety. The eastern region has the highest score in construction safety perfor-
mance, followed by the western and central region. This study provides an effective solution to solve performance issue in 
regional construction safety and improves the tradition performance evaluation system to a certain extent.

Keywords: safety performance, performance evaluation, output-input ratio, data envelopment analysis, construction safety.

Introduction 

The construction industry is one of the 20 industrial cat-
egories in China’s economy (General Administration of 
Quality Supervision, Inspection and Quarantine of PRC 
[GAQSIQ], 2017), which plays an important role in the 
economic development. Meanwhile, construction is a 
high-risk industry. The number of deaths in the construc-
tion industry ranking first out of all the industrial produc-
tion sectors in China since 2012 (Zhang et al., 2019a). And 
the construction industry has the highest fatality rates in 
many regions, including Australia, Europe, and North 
America (McCabe et al., 2016; Choudhry, 2017). Safety is 
critical to the construction industry (Nahangi et al., 2019). 
The emphasis on construction safety has increased mainly 
in the aspect of safety performance (Awolusi & Marks, 
2016). Also, the evaluation of safety performance is an 
important guidance to construction safety management 
(Zhang et  al., 2019b; Ji et  al., 2019). Most construction 
safety performance commonly used are OSHA recordable 
incidence rates and experience modification rating (Wan-
berg et al., 2013). These partial-factor indicators have their 
own advantages and disadvantages as academic scholars 
investigate further (Stern, 2012). Many academic schol-

ars found that partial-factor indicators were not appli-
cable and might be misleading (Hu & Wang, 2006; Boyd, 
2008), for example, it is obviously improper to compare 
the safety performance of decision-making units (DMUs) 
by means of only the fatality numbers or rates because 
they ignore the amount of exposure to risk in construc-
tion safety. The total-factor indicators which are based on 
multiple input-output systems, can effectively remedy the 
shortage of partial-factor indicators, and have been ap-
plied for performance evaluation by many scholars (Feng 
& Wang, 2017). 

Data envelopment analysis (DEA) has been recognized 
as an effective method to analyze the safety performance 
by using total-factor indicators (El-Mashaleh et al., 2007). 
Since there is no need to make assumptions about the 
input and output, the DEA model excludes many sub-
jective factors and has good objectivity in practical ap-
plications (Geng et al., 2019). DEA method extensively ap-
plied to solve the performance issue that exist in various 
industries, for example, the construction industry (Feng 
& Wang, 2017), the petrochemical industry (Han et  al., 
2019), and the coal mining industry (Li et al., 2019). Fur-
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thermore, many academic scholars utilize DEA method 
to solve performance problems in safety management 
(Nazarko & Chodakowska, 2017; Tatari et al., 2016), for 
example, the construction safety performance (Nahangi 
et al., 2019), the road safety performance (Ganji & Rassafi, 
2019), and the airlines safety performance (Barak & Da-
hooei, 2018). There are many studies evaluating the road 
safety performance at the macro level. For example, Shen 
et al. (2012) applied DEA model to evaluate road safety 
performance of 27 EU countries, which gives a practical 
yet challenging target for each underperforming country. 
Bastos et al. (2015) applied DEA model to evaluate road 
safety performance of 27 Brazilian states, which indicates 
that creating a trustworthy ranking is valuable for nation-
wide road safety planning. Ganji and Rassafi (2019) ap-
plied DEA model to evaluate road safety performance of 
31 Iranian provinces, and analyze the productivity of safe-
ty programmes in reducing the number of road fatalities.

However, as opposed to the road safety performance 
evaluation, most of the studies currently on construction 
safety performance are at enterprise micro-level. For in-
stance, El-Mashaleh et al. (2010) utilized DEA method to 
evaluate safety performance of 45 construction contrac-
tors, which provides quantitative guidance on how to min-
imize the number of suffered accidents. Dou and Zheng 
(2011) used DEA method to evaluate safety performance 
of four contractors, which shows that this method is ob-
jective and reasonable for contractor safety performance 
evaluation. Nahangi et al. (2019) developed a DEA-based 
framework to evaluate the safety-based efficiency of con-
struction sites, and the number of incidents is the domi-
nant factor correlating with the efficiency of construction 
sites. In addition, many scholars utilized DEA method to 
measure the productivity, the energy efficiency, and the 
carbon emission efficiency of the regional construction in-
dustry (Xue et al., 2008; Chen et al., 2016; Feng & Wang, 
2017; Zhou et  al., 2019), which provides reference and 
inspiration for conducting the research on construction 
safety performance. Therefore, it is necessary for develop-
ing a DEA-based framework to evaluate the construction 
safety performance at the macro level, which expands the 
boundary of construction safety knowledge into a macro 
level. Also, it requires to identify the input and output 
indicators for regional construction safety performance 
due to a lack of the similar research. Take China as an 
example, this study develops a DEA-based construction 
safety framework, which evaluates provincial construction 
safety performance from 2009 to 2017.

The contributions of this paper are as follows: (i) its 
presentation of a DEA-based framework to evaluate the 
construction safety performance at the macro level, by 
considering both the desirable output and the output-
input ratio, which can improve the tradition perfor-
mance evaluation system to a certain extent. Also, this 
framework have reference values for evaluating the safety 
performance in other countries or regions. (ii) Its analysis 
of safety performance of the China’s provincial construc-
tion industries over the past nine years, which helps the 

international readers understand the safety situation in 
China’s provincial construction industries. (iii) Its discov-
ery of the benchmark provinces, which enables the un-
derperforming provinces to recognize the gap with those 
benchmark ones and further develop their own construc-
tion safety strategy.

1. Methods and data sources

1.1. Research framework

Because the core of this study is to compare the output-
input ratio of the DMUs, it is first necessary to identify 
the inputs and outputs of China’s provincial construction 
safety performance. Traditional partial-factor indicators 
of China’s construction safety performance include death 
toll, injury rate of per one thousand persons, mortality 
rate of per ten thousand persons, mortality rate of per 
ten billion output values, and mortality rate of per one 
hundred thousand square meters (Wang et al., 2012). Fur-
thermore, in the work safety process, people and objects 
interact, which is also expressed in the customary desig-
nation “people-machine-environment” system (Liu et al., 
2016; Kang et al., 2019). The amount of exposure to risk 
are discussed from these three aspects, for example, the 
population size, the number of registered vehicles, and 
the distance travelled are the three most frequently used 
road risk indicators (Shen et al., 2012). Similarity, building 
practitioner (BP), construction machinery and equipment 
(CME), and construction area (CA) are the three used the 
amount of exposure to risk in construction safety. For one 
thing, the raw data of three indicators were obtained from 
the “China Statistical Yearbook”, which ensures the reli-
ability and availability of data. For another, BP, CME, and 
CA represent the key factors of safety management such 
as people, machine, and environment respectively. There-
fore, this paper selects three indicators as inputs, i.e., BP, 
CME, and CA.

Outputs include both the desirable and undesirable 
output in many studies, and desirable output is usually 
economic benefit of the DMUs (Feng & Wang, 2017; Han 
et al., 2018). Similarity, outputs of safety performance are 
discussed from desirable and undesirable output of the 
construction industry. This paper selects two indicators as 
outputs, i.e., death toll (DT), and value added of construc-
tion (VAC). DT, and VAC express the undesirable, and 
desirable output respectively of the construction industry.

Inputs are discussed from BP, CME, CA, and outputs 
are discussed from VAC, DT, as shown in Figure 1. So, the 
research framework may be mathematically presented as:

F (VAC, DT) = f (BP, CME, CA). (1)

The input and output of the research framework are 
explained as follows:

 – BP in this study refers to the number of employees in 
the construction industry. It assumes the all workers 
are exposed to the risk of being killed in a construc-
tion accident. In addition, population has been used 
in the input indicator for road safety performance 
(Bastos et al., 2015; Shen et al., 2012). 
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 – CME in this study refers to the number of machinery 
and equipment in the construction industry. Similar 
to the number of motor vehicles were used as the in-
puts in terms of road safety performance (Bastos et al., 
2015; Shen et al., 2012), it assumes the risk of a con-
struction fatality is related to the number of machinery 
and equipment owned by the construction industry.

 – CA in this study refers to the workload in construc-
tion activity. CA indirectly shows the complex en-
vironment in the construction activity, such as the 
climatic environment (e.g., weather, temperature) 
and the working environment (e.g., edge-near, open-
ing, climbing, hanging, and cross operation) (Min-
istry of Housing and Urban-Rural Development of 
PRC [MOHURD], 2016). It assumes the risk of a 
construction fatality is related to the area of the build-
ing construction.

 – DT. Because there are difficulties in collecting the 
number of injuries or occupational diseases in the 
construction industry, only DT is taken as undesirable 
output in the performance evaluation. Also, DT is an 
essential indicator of the performance in construction 
safety (Wang et  al., 2018). The number of fatalities 
has been used in the output indicator for road safety 
performance (Bastos et  al., 2015; Shen et  al., 2012) 
and construction safety performance (El-Mashaleh 
et al., 2010).

 – VAC. In China, the final result of the activities of pro-
duction and management of construction in mon-
etary terms in the reference period is expressed as 
VAC (National Bureau of Statistics of PRC, 2018). 
Economic development is a priority of all levels of 
government, and irrespective of country, constitution 
or system of governance (Pugalis & Tan, 2017). The 
goals for economic growth and accident prevention 
should be put together in order to sustain the long-
term development of the construction industry (Hu 
& Wang, 2006). Due to the uneven development of 
regions, VAC can reflect the frequent degree of con-
struction activities. More construction activities will 
be increasing the number of fatalities in the case of 
the same of casualty rate of DMUs.

1.2. Research methods

DEA became the principal method for measuring efficien-
cy related to multiple inputs and outputs in the construc-
tion industry (Hu & Liu, 2018). DEA is a nonparametric 
linear programming approach, and the set of DMUs under 
study form an envelopment surface. A DMU that lie on 
the surface is termed efficient and do not lie on the surface 
is termed inefficient. DEA is used to evaluate the relative 
effectiveness of DMUs (Geng et al., 2017), and the score 
of a DMU varies between 0 and 1. The score of a DMU 
equal to 1 is capable to convert all its inputs into outputs 
compared to the rest of DMUs, and the DMU lie on the 
envelopment surface.

There are three possible types of returns to scale in 
terms of performance evaluation: increasing returns to 
scale, constant returns to scale, and decreasing returns to 
scale (Kang et al., 2020). The safety performance is evalu-
ated by assuming a constant return to scale (CRS) DEA 
model when taking into consideration of competition 
fairness among all DMUs. Also, the CRS model is widely 
used to construction or road safety performance evalua-
tion in the previous studies (El-Mashaleh et al., 2010; Shen 
et al., 2012; Ganji & Rassafi, 2019; Nahangi et al., 2019). 
It is why rule out the other options such as variable re-
turn to scale (VRS) model and slack based measure (SBM) 
model. In order to promote economic development, espe-
cially the economic development of less developed prov-
inces, it requires that more capital, material, and human 
resources are put into the construction industry. Hence, it 
was evaluated by an output-oriented DEA model, namely 
the maximum increase of output in the same input. How-
ever, DT is undesirable output in this study, less is better, 
which cannot apply to the output principle (i.e., more is 
better) in the DEA model. Hence, the raw data of undesir-
able output need to be preprocessed when using the DEA 
method. In order to compare the percentage change of 
DMUs in terms of the same indicators, the input and de-
sirable output data is also preprocessed.

We consider that we have n DMUs to be evaluated in 
terms of m inputs and s outputs, where Xi are denoted by 
inputs and Yr are denoted by outputs. In addition, Yp are 
denoted by desirable outputs, Yb are denoted by undesir-
able outputs, and the conditions must be satisfied: Yp∈Yr, 
Yb∈Yr. Xi, Yr may be presented as:

Xi = (Xi1, Xi2, …, Xin) (i = 1, 2, …, m); (2)

Yr = (Yr1, Yr2, …, Yrn) (r = 1, 2, …, s). (3)

Preprocessing of input data is mathematically pre-
sented as:
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Figure 1. The input and output of the research framework
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Preprocessing of desirable output data is mathemati-
cally presented as:
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Due to undesirable output data cannot be used in the 
DEA model, the way to address this is to turn undesirable 
output into desirable output by means of data reciprocal 
transformation (Seiford & Zhu, 2002). After the neces-
sary data reciprocal transformation, undesirable output 
data could achieve the goal that more is better, and can 
be used in the DEA model. Data reciprocal transformation 
of undesirable output can be mathematically presented as:
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Raw data were preprocessed to achieve dimensionless 
data, which can be presented as follows:

xi = (xi1, xi2, …, xin) (i = 1, 2, …, m);  (8)

yr = (yr1, yr2, …, yrn) (r = 1, 2, …, s).  (9)

DEA-based construction safety model will automati-
cally choose the best possible input and output weights 
under the imposed restrictions to maximize the perfor-
mance score of a certain DMUs (El-Mashaleh et al., 2010). 
The researcher is no need to assign weights to the different 
inputs and outputs. DMU2 could take DMU1 as a bench-
mark for improving its construction safety performance if 
DMU1 is efficient and DMU2 is inefficient. Construction 
safety performance was evaluated by an output-oriented 
CRS DEA model. Mathematically, safety performance 
score (SPS) can be characterized as: 

SPS = max θ;                                                      (10)
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where θ refers to the measure of efficiency for DMU0 
(the DMU under evaluation) which is a member of the 
set j  = 1, 2, …, n; λj refers to the weight produced by 
DMUj; xi0, yr0 refer to the known ith input and rth output, 
respectively, produced by DMU0; xij, yrj refer to the known 
ith input and rth output respectively produced by DMUj.

The model yields SPS that range between 0 and 1.0, 
with more scores improves safety performance. The DMU 
is considered efficient when its SPS is 1.0. The step of 
construction safety performance evaluation based on DEA 
model is described as Figure 2.

1.3. Data sources

Due to the lack of complete data, the industries of Tibet, 
Hong Kong, Macao, and Taiwan were excluded from our 
samples. Thus, the samples in this study consist of 30 
provinces in China from 2009 to 2017, resulting in 270 
observations. There were three inputs, BP, CME, and CA, 
a desirable output of VAC, and an undesirable output of 
DT. The sources of data on inputs and outputs are as fol-
lows:

 (i) Data on BP, CME, CA, and VAC were obtained from 
the “China Statistical Yearbook 2010-2018” issued 
by the National Bureau of Statistics of PRC (2018).

(ii) Data on DT were obtained from the “Annual No-
tification of Construction Accidents between 2009 
and 2017” issued by the Ministry of Housing and 
Urban-Rural development of PRC.

Table 1 shows the data statistics of inputs and outputs 
in China’s provincial construction safety performance 
between 2009 and 2017. To identify the difference of 
construction safety performance among regions, our sam-
ple should be grouped. According to the previous studies, 
30 provinces were divided into three main regions: the 
eastern, central, and western region (Feng et  al., 2017), 
which can be expressed in Table 2.

2. Results and analysis

2.1. Safety performance score

Table 3 summarizes the descriptive statistics of the evalu-
ation results in China’s provincial construction safety 
performance from 2009 to 2017. Out of 30 provinces, only 
7, 6, 6, 7, 6, 5, 5, 6, and 6 provinces are efficient respectively 
in safety performance during 2009 and 2017. These effi-
cient provinces have a SPS = 1.0. The maximum score of 
safety performance is 1.0, and the minimum score is 0.411. 
The gap between the best-performing and underperform-
ing province was relatively small in 2012 and big in 2014.  

Figure 2. The step of construction safety performance evaluation
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The number of benchmark provinces every year is be-
tween five and seven. So, there is much room to improve 
construction safety performance among most provinces. 
In addition, the average of the scores is 0.728, which 
means that the output for an average province could be 
increased by 27.2%. 

Table 4 shows SPS of China’s provincial construction 
industries from 2009 to 2017. The results show how each 
province performs in construction safety compared to 
the rest of the provinces. It can be found that the per-
formance score of construction safety for most provinces 
vary from year to year. Only the performance score of 
two provinces are the same (i.e., all efficient) in terms of 
construction safety over the past nine years. Specifically, 
Beijing and Qinghai were considered to have better safety 
performance in that nine-year period, and they are more 
efficient in converting the input invest of construction ac-
tivity into more economic benefits or less accidents. In 
addition, it can be found that some benchmark DMUs in 
one year may not be the ones in the next year. This find-
ings is similar to road safety evaluation in the previous 
studies (Shen et al., 2013). Specifically, Hainan, Ningxia, 
Tianjin, Fujian, Chongqing, Jilin, Xinjiang, Heilongjiang, 
Shanghai, and Inner Mongolia were benchmark provinces 
over the past eight, six, four, four, four, three, three, two, 
one, and one years respectively.

In Figure 3 we depicted the average of SPS in China’s 
provincial construction industry between 2009 and 2017. 
It can be inferred that Beijing, Qinghai, Hainan, Chongq-
ing, and Fujian ranked the top five, so that they can be 
utilized as role models for the other 25 provinces. In ad-
dition, Guizhou, Gansu, Hunan, Guangxi, and Hebei were 
at the bottom five, so that they need urgently to improve 
the condition of construction safety. Because average score 
may ignore some crucial piece of information, it is very 
necessary to use data analytic method to group the perfor-
mance of China’s provincial construction industries.

2.2. Provinces clustering

Clustering analysis is conducted to group the provinces 
with inherent similarity in their performance. The inten-
tion is to sort the provinces into groups in such a way 
that the degree of “natural association” is high among 
members of the same group and low among members 
from different groups (Bastos et  al., 2015). The advan-
tage of clustering is to offer a more feasible basis for the 
transference of good experiences from best-performing to 
underperforming provinces. The results of cluster analy-
sis on safety performance of China’s provincial construc-
tion industries between 2009 and 2017 show in Figure 4. 

Table 1. Data statistics of inputs and outputs 

Variable
Inputs Outputs

BP (104persons) CME (104units) CA (106m2) VAC (108CNY) DT (persons)
Max 792.89 193.66 2320.34 6717.06 118
Min 5.48 0.71 4.91 21.45 3
Median 95.69 19.34 225.81 641.13 20
Mean 150.98 34.84 345.73 980.87 23.47
StDev 166.47 35.56 429.32 1110.81 15.10

Table 2. Three main regions and their provinces

Region Province

Eastern region (11 provinces) Beijing, Tianjin, Hebei, Liaoning, Shanghai, Jiangsu, Zhejiang, Fujian, Shandong, Guangdong, 
Hainan

Central region (8 provinces) Jilin, Heilongjiang, Anhui, Jiangxi, Henan, Hubei, Hunan, Shanxi

Western region (11 provinces) Inner Mongolia, Chongqing, Sichuan, Guizhou, Yunnan, Shaanxi, Gansu, Qinghai, Ningxia, 
Xinjiang, Guangxi

Table 3. Descriptive statistics for evaluation results

Descriptive 2009 2010 2011 2012 2013 2014 2015 2016 2017
Total number of DMUs 30 30 30 30 30 30 30 30 30
Number of efficient DMUs 7 6 6 7 6 5 5 6 6
Number of inefficient DMUs 23 24 24 23 24 25 25 24 24
Scores average 0.743 0.707 0.733 0.773 0.738 0.692 0.711 0.742 0.715 
Scores standard deviation 0.202 0.224 0.188 0.168 0.168 0.177 0.171 0.170 0.175 
Maximum score 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Minimum score 0.49 0.426 0.456 0.506 0.438 0.411 0.447 0.475 0.46
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It can be inferred that the safety performance of China’s 
provincial construction industries over the past nine years 
was divided into four groups from the best-performing 
to underperforming, i.e., Group A, Group B, Group C, 
and Group D, as shown in Table 5. Four groups form a 
stepwise upgrade platform of safety performance, which 
results in provinces that do not show good construction 
safety performance can learn the successful initiatives tak-
en in by those best-performing ones. Specifically, Beijing, 
Qinghai, Hainan, Fujian, Chongqing, and Tianjin had 
a best performing in construction safety over the nine-
year period. Among them, four are located in the eastern 
region, two in the western region. Compared to the rest 
of the provinces, these six provinces were the frontrun-
ners in terms of construction safety performance, which 
can be utilized as role models for the provinces that need 
to improve the condition of construction safety. For those 
underperforming provinces include Jiangsu, Henan, Shan-
dong, Anhui, Gansu, Jiangxi, Yunnan, Hunan, Guangxi, 
Hebei, and Guizhou, they are in urgent need of adjust-
ment in safety practices to reach a better performance.

Table 4. SPS of China’s provincial construction industries from 2009 to 2017

Region Province 2009 2010 2011 2012 2013 2014 2015 2016 2017 Mean

Eastern 
region

Beijing 1 1 1 1 1 1 1 1 1 1
Tianjin 0.938 0.707 1 1 1 1 0.858 0.795 0.721 0.891
Hebei 0.554 0.449 0.517 0.506 0.438 0.411 0.458 0.475 0.46 0.474
Liaoning 0.892 0.741 0.717 0.831 0.763 0.575 0.704 0.672 0.605 0.722
Shanghai 1 0.91 0.867 0.892 0.757 0.713 0.837 0.907 0.785 0.852
Jiangsu 0.667 0.527 0.559 0.664 0.572 0.563 0.627 0.699 0.679 0.617
Zhejiang 0.625 0.643 0.649 0.744 0.686 0.634 0.567 0.608 0.57 0.636
Fujian 0.773 0.824 0.794 1 1 1 0.917 0.919 1 0.914
Shandong 0.591 0.461 0.545 0.588 0.611 0.578 0.604 0.632 0.597 0.579
Guangdong 0.659 0.555 0.652 0.775 0.678 0.682 0.792 0.782 0.741 0.702
Hainan 1 1 1 1 1 1 1 1 0.888 0.988

Central 
region

Jilin 0.984 1 1 1 0.842 0.739 0.724 0.732 0.706 0.859
Heilongjiang 1 1 0.755 0.852 0.698 0.699 0.636 0.716 0.699 0.784
Anhui 0.6 0.478 0.577 0.578 0.593 0.578 0.619 0.646 0.597 0.585
Jiangxi 0.548 0.444 0.515 0.738 0.648 0.666 0.617 0.617 0.583 0.597
Henan 0.601 0.516 0.566 0.577 0.586 0.556 0.582 0.795 0.725 0.612
Hubei 0.621 0.543 0.711 0.725 0.684 0.538 0.646 0.613 0.581 0.629
Hunan 0.501 0.426 0.525 0.548 0.586 0.535 0.537 0.523 0.474 0.517
Shanxi 0.637 0.694 0.722 0.7 0.603 0.638 0.605 0.623 0.564 0.643

Western 
region

Inner Mongolia 1 0.962 0.958 0.839 0.902 0.753 0.736 0.823 0.783 0.862
Chongqing 0.801 0.96 0.839 0.863 1 0.995 1 1 1 0.940
Sichuan 0.503 0.743 0.706 0.807 0.727 0.551 0.577 0.56 0.485 0.629
Guizhou 0.504 0.447 0.555 0.646 0.651 0.534 0.447 0.516 0.647 0.550
Yunnan 0.49 0.451 0.518 0.583 0.741 0.645 0.671 0.708 0.704 0.612
Shaanxi 0.917 0.811 0.93 0.729 0.798 0.727 0.75 0.792 0.756 0.801
Gansu 0.49 0.544 0.525 0.591 0.552 0.506 0.563 0.589 0.564 0.547
Qinghai 1 1 1 1 1 1 1 1 1 1
Ningxia 1 1 1 1 0.706 0.734 0.745 1 1 0.909
Xinjiang 0.899 0.939 0.823 0.894 0.859 0.699 1 1 1 0.901
Guangxi 0.503 0.431 0.456 0.51 0.473 0.496 0.511 0.524 0.53 0.493

Figure 3. The average of SPS in China’s provincial  
construction industries
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2.3. Region analysis

From Figure 5 we can observe that the average of SPS in 
the eastern region is the highest, followed by the western 
and central region. It will help the scholars have a better 
understanding of the performance in China’s provincial 
construction safety from the perspective of the spatial di-
mension. From Figure 6, the low score of DT is the main 
reason for the reduction of safety performance in the east-
ern region, the high score of CA is the main reason for 
the reduction of safety performance in the central region, 
and the high score of DT is the main reason for the in-
crease of safety performance in the western region. Also, 
the eastern region has a good performance in economic 
benefit and the western region in accident prevention. The 
reasons of the phenomenon are chiefly as follows: (i) The 
eastern coastal region won the priority development of op-
portunity in Chinese gradual reform, and the eastern re-
gion is the most developed area in China (Du et al., 2014).  

Figure 4. Cluster analysis of safety performance in China’s provincial construction industries
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Table 5. The grouping of safety performance in China’s provincial construction industries

Grouping Province
Group A Beijing, Qinghai, Hainan, Fujian, Chongqing, Tianjin
Group B Jilin, Inner Mongolia, Shanghai, Shaanxi, Heilongjiang, Ningxia, Xinjiang
Group C Zhejiang, Shanxi, Hubei, Sichuan, Liaoning, Guangdong
Group D Jiangsu, Henan, Shandong, Anhui, Gansu, Jiangxi, Yunnan, Hunan, Guangxi, Hebei, Guizhou

Figure 5. The average of SPS in three main regions  
from 2009 to 2017
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Also, the construction industry in the eastern region got 
development and generated good economic benefit. Al-
though it did not very well in accident prevention, the 
eastern region still achieved the highest score of safety 
performance which benefited from good performance in 
construction economic development. (ii) The central re-
gion is one of the dynamic economic region in China and 
the construction industry has also made great progresses. 
However, the output-input ratio of the construction safety 
in the central region was low. It had not utilized input 
resources for a long time, leading to the lowest score in 
safety performance. (iii) The economic development is 
chronically in slow condition for the west region, and the 
construction industry was at the early stage. However, it 
achieved the medium score which benefited from good 
performance in accident prevention.

2.4. Case analysis

There are 30 DMUs in this paper. Three DMUs were se-
lected to study case for further analysis, i.e., Jiangsu, He-
bei, and Hainan provinces.

Jiangsu as a developed province in the eastern coastal 
region of China, the construction industry has grown rap-
idly over the past few years. From Table 6, the input of 
Jiangsu such as BP, CME, and CA ranked first or second 
in China. Also, the desirable and undesirable output such 
as VAC and DT ranked first or second. It is not quite ap-
propriate to evaluate the safety performance of Jiangsu 
when undesirable output such as casualty rate is used as 
the main indicator, considering the inputs occupied 15% 
of the national construction industry. It may result in a 
greater number of construction accidents when faced 
more amount of exposure to risk (Shen et  al., 2012). 
Because the good performance of construction economic 
benefit, safety performance of Jiangsu in 2009 ranked 15th 
instead of the last one or two, and have made the top 20 
in four years. From Figure 7, SPS of Jiangsu has decreased 
in 2010. The main reason for this is that the amount of 
exposure to risk such as CME and CA have decreased and 
the percentage of undesirable output has increased, which 
leads to a drop in the ranking of safety performance from 

15 to 21. In addition, the curve of VAC in Jiangsu has a 
trend of increase from 2009 to 2017, and the trend for the 
curves of SPS and DT were on the opposite. It is notewor-
thy that the SPS increased with an increasing undesirable 
output in 2016. The reason of the phenomenon is that its 
economic benefit in the construction industry is signifi-
cantly higher than the other 29 provinces, namely that 
construction activity increased faster than the undesirable 
output. The main challenge of Jiangsu is how to control 
the undesirable output such as injuries and deaths when 
keeping on the economic growth currently. Hence, it is 
important to establish a scientific and effective safety man-
agement system to prevent risk in construction sites.

From Table 6, the input of Hebei such as BP and CA 
ranked around 12th in China, especially the input of CME 
was approximately ranked 7th. Meanwhile, the undesirable 
output of DT ranked around 20th. Safety performance of 
Hebei should rank among the top ten when the undesir-
able output such as casualty rate was taken as main indi-
cator. But in reality, its safety performance stayed at the 
bottom between 2009 and 2017. The reason why the low 
output-input ratio of Hebei was discussed here. Taking the 
year 2010 as an example, the scores of inputs such as BP, 
CME, and CA are 2.524, 6.274, and 2.623, respectively, 
and the scores of the output of VAC and DT are 1.963 and 
7.686, respectively. The output-input ratio of Hebei’s con-
struction safety was at the lowest compared to the rest of 
the provinces, which results in a significant drop in terms 
of safety performance ranking. From Figure 8, the curves 
of VAC and SPS share a similar trend. Although it did well 
in accident prevention, the poor economic performance 
of construction is the main reason for the sharp drop in 
safety performance ranking. The main challenge of Hebei 
is how to increase the utilization rate of input resources in 
the case of undesirable output declining. So, the improve-
ment of economic benefit is of special importance to the 
development of Hebei’s construction industry during the 
transitional period.

From Table 6, the input of Hainan such as BP, CME, 
and CA were at the lower end of the ranking, besides, 
its VAC ranked last. However, Hainan achieved the high 
score over the past eight years which benefited from good 

Figure 6. The average score of inputs and outputs in three main regions
Note: The data is pre-processed by Eqns (4)–(7). The higher score of DT, indicating the fewer number of deaths.
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performance in accident prevention. It is noteworthy that 
the SPS has fallen dramatically in 2017. The reason of the 
phenomenon is that the number of deaths in the construc-
tion industry is significantly increasing, with the percent-
age from 0.952 to 1.487 in the year 2016 and 2017. It leads 
to a drop in the ranking of safety performance from 1 
to 7. From Figure 9, the curves of VAC present the un-
dulation type change, with the percentage from 0.114 to 
0.163, which is considerably lower than the average. The 
curve of DT in Hainan has a trend of decrease from 2009 
to 2016, and its SPS is equal to 1.0. It reflects the core 
of the method is to evaluate the relative effectiveness of 
DMUs. The main challenge of Hainan is how to increase 
the construction economic vitality when keeping on cur-
rent performance of accident prevention.

Compared to the partial-factor indicator, the ranking 
of safety performance of Jiangsu and Hainan were raised 
while Hebei dropped. Therefore, using the method to 
measure the safety performance of the construction in-
dustry can improve the performance evaluation system 
based on the partial-factor indicator.

2.5. Research limitations

From the analysis in terms of time dimensions, the DMU 
have two special phenomena in the ranking of safety per-
formance. Firstly, the SPS has increased, but its ranking 
has dropped. Secondly, the SPS has decreased, but its 
ranking has raised. From Figure 10, the change rate of 
total-factor productivity curve generally shows a trend of 
rise-down-rise. The change rate of total-factor productiv-
ity was less than one in 2010, 2013, 2014, and 2017, which 
indicates that there is a decline in the output-input ratio 
for construction safety compared to the previous year.  

Table 6. The ranking of inputs, outputs, and SPS in Jiangsu, Hebei, and Hainan provinces

Province Variable 2009 2010 2011 2012 2013 2014 2015 2016 2017

Jiangsu

SPS 15 21 22 21 27 22 18 17 17
BP 1 1 1 1 1 1 2 2 2

CME 1 1 1 1 1 1 1 1 1
CA 2 2 2 2 1 1 1 1 1

VAC 1 1 1 1 1 1 1 1 1
DT 2 1 1 3 1 1 1 1 1

Hebei

SPS 23 26 28 30 30 30 29 30 30
BP 13 13 12 12 14 14 14 13 14

CME 7 3 7 7 4 6 7 8 6
CA 14 12 12 12 13 13 13 13 13

VAC 16 16 14 14 15 16 17 16 16
DT 12 17 12 20 26 27 13 26 28

Hainan

SPS 1 1 1 1 1 1 1 1 7
BP 28 28 30 30 30 30 30 30 30

CME 30 30 30 30 30 30 30 30 30
CA 29 29 29 29 29 29 29 29 29

VAC 30 30 30 30 30 30 30 30 30
DT 28 27 27 28 29 27 29 27 25

Figure 7. The SPS, inputs, and outputs in Jiangsu province

Figure 8. The SPS, inputs, and outputs in Hebei province
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For example, the change rate of total-factor productivity 
was less than one in the year 2017. The SPS of Jiangsu 
province is 0.679 in 2017, which is lower than 0.699 in 
2016, and their ranking is consistent. The change rate of 
total-factor productivity was more than one in 2011, 2012, 
2015, and 2016, which indicates that there is an improve-
ment in the output-input ratio for construction safety 
compared to the previous year. For example, the change 
rate of total-factor productivity was more than one in 
the year 2011. The SPS of Yunnan province is 0.518 in 
2011, which is higher than 0.451 in 2010, and the rank-
ing dropped by two places. In conclusion, the ranking of 
safety performance among provinces should be limited to 
a certain period of time. 

Conclusions and future research

This paper develops a DEA-based framework to evaluate 
the construction safety performance at the macro level, 
combining with both the desirable output and the output-

input ratio. BP, CME, and CA are used as the input, and 
VAC and DT are used as the output. This study is a sig-
nificant attempt to use the five indicators for providing 
an overall perspective on China’s provincial construction 
safety situation compared to the previous research. The 
core of this study is to compare the output-input ratio of 
the construction safety, which have reference values for 
evaluating the safety performance in other countries or 
regions. This paper evaluates China’s provincial construc-
tion safety performance over the past nine years, and the 
key findings are listed as follows:

  (i) The gap between the best-performing and under-
performing province was relatively small in 2012 
and big in 2014. The performance score of con-
struction safety for most provinces vary from year 
to year. Only the performance score of Beijing and 
Qinghai are the same (i.e., all efficient) in terms of 
construction safety over the past nine years. Due 
to the number of efficient provinces every year is 
between five and seven, there is much room to 
improve construction safety performance among 
most provinces. Some benchmark provinces in 
one year may not be the ones in the next year. In 
order to resolve this problem, China’s provincial 
construction safety performance over the past nine 
years can be divided into four groups from the best-
performing to underperforming. Provinces can 
further improve their safety performance by learn 
from the safety practice of those provinces with 
better performance. Among them, six provinces 
such as Beijing, Qinghai, Hainan, Fujian, Chongq-
ing, and Tianjin can be utilized as role models for 
performance improvement of the rest provinces.

 (ii) To identify the difference of construction safety 
performance among regions, 30 provinces were 
divided into three main regions according to the 
previous research. The eastern region had the high-
est score in safety performance, followed by the 
western and central region. DT, CA, and DT were 
the main reasons which affect the performance 
of construction safety in the eastern, central, and 
western region respectively. Three regions should 
adopt different countermeasures according to 
their own situation. Specifically, the eastern region 
should strengthen construction risk prevention to 
reduce the number of injuries and deaths, which 
promotes a more sustainable and healthy devel-
opment of the construction industry. The central 
region need strengthen safety management and 
technology renewal on the basis of existing input 
resources, then increase the output-input ratio of 
construction safety. The western region should seize 
the opportunities such as the western development 
strategy to extract the management experience 
from the eastern region success and to bring in 
talents, which improves the vigor of the economy.

(iii) In order to compare the difference between partial-
factor indicators and total-factor indicators, Jiangsu, 

Figure 9. The SPS, inputs, and outputs in Hainan province

Figure 10. The change rate of total-factor productivity in 
China’s provincial construction industries from 2009 to 2017
Note: Ignoring technical change of the construction industry.
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Hebei, and Hainan provinces were separately ana-
lyzed. The ranking of construction safety perfor-
mance in Jiangsu and Hainan were raised while He-
bei dropped, which indicates that this approach can 
improve the tradition performance evaluation sys-
tem to a certain extent. Due to the change rate of to-
tal-factor productivity shows a trend of rise-down-
rise, the ranking of safety performance among prov-
inces should be limited to a certain period of time. 
In other words, the score of construction safety 
performance in different year cannot be compared.

This paper is considered three risk indicators from the 
perspective of “people-machine-environment” system, but 
the other factors such as safety measures, safety policies, 
and safety culture are not introduced as the input. Due to 
these factors are difficult to quantify at the macro level, 
it is an urgent problem of the future research. It is note-
worthy that other countries or regions may need to make 
dynamic adjust the input and output indicators based 
on their own situations, which causes the performance 
evaluation result to be more accuracy. Combining with 
the Heinrich’s Law (i.e., the 300:29:1 theory), serious or 
minor injuries as well as the accidents with greater influ-
ence in public opinion can be introduced as the unde-
sirable output. However, it requires more greater detailed 
and an increased abundance of the construction acci-
dent information. Moreover, researchers evaluate safety 
performance by taking into consideration of the theory 
of scale economies effect. It may provide a more extensive 
insight related to construction safety for the policymakers. 
This study could also be further analyzed, for example, 
it analyzes the impact of technical change on construc-
tion safety performance by using the method such as 
Malmquist productivity index.
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