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Abstract: China’s urban rail transit (URT) construction is coming into the stage of rapid development
under the guidance of national policies. However, the URT construction projects belong to high-risk
projects and construction safety accidents occur frequently. Presently, safety risk management is in
continuous development. Unfortunately, due to risk data deficiencies and lack of relationship between
participants and safety risk factors, most of the research results cannot be well applied to URT projects.
To overcome the limits, this paper has applied the text mining method into safety risk analysis.
Through word frequency analysis and cluster analysis, 15 safety risk factors and 3 participants are
identified from 156 accident reports. In addition, the accident descriptive model has been established,
which is composed of indirect safety risk factors (management defects), direct safety risk factors and
participants. In this model, each accident is the standardized description of the corresponding accident
information. This is useful for risk data accumulation and analysis. Then the network structure
analysis and risk assessment methods are utilized to make clear 63 relationships among participants,
management defects and direct safety risk factors. Subsequently, the risk value of each relationship is
evaluated. These safety risk information is integrated into the accident descriptive model by using
accident points. Finally, ABC analysis which is a popular and effective method used to classify items
into specific categories that can be managed and controlled separately is used to analyze the safety
risk management’s core process(A), important process(B) and general process(C) in the accident
descriptive model. The research results show that the constructor should pay attention to construction
coordination, safety specifications, safety measures and personnel education, the supervisor should
attach importance to timely communication, the monitoring unit should pay attention to advanced
forecast and dynamic control. The main research contributions are as follows: (1) A method of
obtaining risk data from unstructured content has been provided; (2) The accident descriptive model
could be utilized for risk data continuous accumulation; (3) The emphases of URT construction safety
risk management are made clear.

Keywords: urban rail transit; accident reports; safety risk management; safety risk assessment;
accident descriptive model; text mining; ABC analysis

1. Introduction

In order to solve the problem of urban congestion and drive economic development, China has
put forward to develop URT during the 12th and 13thFive-Year Plan Period. China’s URT operating
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mileage is expected to reach about 7000 km by 2020. The URT construction projects belong to high-risk
projects, so the construction safety deserves the most attention during the rapid development. As in
other countries around the world, China’s URT construction safety accidents occur frequently, causing
a large number of casualties and property damage. The construction workers in this field are more
likely be hurt than workers in other fields [1]. Data from the Ministry of Housing and Urban-Rural
Development show that 442 accidents of municipal engineering occurred in 2015 in China, and a total
of 551 people were killed. 634 accidents of municipal engineering occurred in 2016 and a total of
735 people were killed in 2016. The URT accidents accounted for 30% and occurred frequently [2].
At the same time, the URT accidents will lead to enormous property losses. For example, on November
15 of 2008, a collapse accident occurred in Hangzhou Line 1, and a total of 21 people were killed and
24 people were injured. The direct economic loss caused by the accident was 49.61 million yuan [3].
In order to fulfill 7000 km operating mileage by 2020, the number of China’s URT projects will be
increased year by year in the next few years, which means that more building workers may suffer
casualties and property losses.

Above all, how to improve the construction safety of URT projects becomes a problem to be
solved urgently in China. Domestic and foreign scholars have conducted a lot of research on this issue.
According to Esmaeili and Hallowell [4], the risk was composed of three most basic elements, namely
frequency, severity and exposure. They proposed that risk assessment could be subjective and objective.
The subjective method was based on the expert’s experience and knowledge, while the objective
method required a lot of history data. Khan et al. [5] proposed that dynamic risk assessment was the
key element for continuous improvement of safety performance, and Ahmed et al. [6] put forward a
risk-based failure assessment approach that could avoid repetitive errors and potential failures while
improving safety performance. In addition to safety risk assessment and safety risk management
approaches, Aven et al. [7,8] argued that only the misunderstanding of risk and risk-related concepts
between organizations and scholars was solved, could reduce misused of these concepts used in safety
risk assessment and safety risk management. Presently, safety risk management is in continuous
development. This contributes to the formation of a large number of safety innovations, which the
construction industry utilizes to continuously improve its safety performance.

Uncertainty is the essential characteristic of the risk. We can identify the uncertainty through
accident, incident and near-miss analysis, including the risk types and probability of occurrence.
Generally, safety risk analysis is based on the accident causation theory, such as Heinrich’s accident
causation theory and the Cheese Model of Reason, etc. [9,10]. What these theories have in common is
that they are formed by underlying risk factors, indirect risk factors and direct factors. The underlying
risk factors could not be changed in a short time, such as economic environment, secure environment,
legal environment, etc. The indirect risk factors mainly refers to the management defect, and the direct
risk factors usually include unsafe behavior of human and unsafe conditions of object. The risk analysis
aims to identify and quantify various risk factors [11]. Accidents, incidents and near-misses are caused
by similar safety risk factors [12–14]. Therefore, it is clear that identification of those factors can control
incidents and near-misses to some extent so as to control the accidents in advance and reduce accident
losses. Zhou and Irizarry [3] have applied the accident causation theory to analyze the collapse
accident of a foundation pit of Hangzhou Metro No.1 line project. Zhou believes that this accident
is caused by continuous rainfall, damaging foundation pit supporting system and insufficient safety
training. Wen and Xu [15] analyzed the TBM construction accident caused by tunnel deformation
and divided the consequences of the accident into five grades. Based on the grade of consequences
and the probability of an accident, they put forward the deformation risk assessment matrix and risk
probability of the tunnel.

Although achievements have been made during the research of construction safety risk analysis,
they could not be applied and circulated because of restrictions. The lack of safety risk data is one
limiting factor. The theoretical basis of safety risk analysis is the accident causation theory, and most
of data come from similar projects’ accident reports [16]. Rivas et al. [17] have analyzed the contents
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of accident reports in construction industry in most countries around the world and made clear that
the accident report is usually composed of fixed contents and descriptive contents. The fixed contents
include the accident’s time, location, casualty, type, etc. The descriptive contents are more informative,
including the accident’s details, reasons, confirmation of responsibility, etc. Currently, there is a lack of
safety risk data extraction methods from accident reports’ unstructured descriptive contents, so that the
safety risk analysis lacks data supporting [18]. Due to this limitation, most researches on risk analysis
rely on subjective judgments, and thus the reliability of the research results are lowered. The other
limitation lies in the unclear relationship among participants, indirect risk factors (management defects)
and direct risk factors. As mentioned above, the accident is caused by underlying risk factors, indirect
risk factors and direct risk factors. However, the current research mainly focuses on direct risk factor
identification and assessment and often ignore the relationship among participants, management
defects and the direct risk factors [19]. Once the above-mentioned relationship is ignored, each
participant could not link the management work, responsibilities and direct safety risk factors, which
is not helpful to distinguish each participant’s safety risk management responsibilities and improve
the overall management level [16,20]. For example, Zhou has found that the damaging foundation pit
support system is the direct safety risk factor for the collapse accident, but the responsible participant is
not clear and the lessons are unclear for the further projects [3]. Esmaeili and Hallowell [4] found that in
recent years, the application rate of safety innovations in the construction industry has been declining
year by year. The construction industry has reached saturation with respect to safety innovations.
Therefore, the safety performance could be improved only by new methods.

To overcome the limitations of data deficiencies, a few scholars have introduced the text mining
method into the safety risk analysis. The text mining could convert unstructured contents into
structured data and provide plenty of data for safety risk analysis. Esmaeili and Hallowell [4]
have considered that all building construction safety accidents are caused by a common set of
safety risk factors. They have applied text mining to analyze thousands of accident reports
and identified 22 common safety risk factors. Gholizadeh et al. [21] have used the principal
component analysis to restudy the above 22 common safety risk factors and reduced the factors to 5.
Figueres-Esteban et al. [22] used text mining techniques to visualize the documentary records of UK
railway safety risk incidents and successfully identified the safety risk factors from these unstructured
document data. Tixier and Hallowell [23] have combined text mining and natural language processing
and created a way to automatically extract safety risk factors from the accident reports.

Hola [24] used the process research method to identify, analyze, evaluate and adjust the
management of construction enterprises, thereby improving the ability of administrative decisions.
Similarly, this research aims to use text mining to identify safety risk factors and reveal the relationship
among participant, management defects and direct safety risk factors. Only in this way can each
participant make clear their responsibility and management emphases, arrange the works properly,
improve the management level and finally avoid the occurrence of safety accidents.

2. Proposed Methodology

The literature review shows that the existing risk analysis research results could not be widely
applied and popularized due to lack of risk data and unclear relationships among participants,
management defects and direct safety risk factors. This paper has applied the text mining method into
the risk analysis to identify participants and safety risk factors from unstructured contents of accident
reports. The overall research approach and methods are shown in Figure 1. The following sections will
give detailed explanations.
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Figure 1. Research approach and methodology.

2.1. Data Collection

The accident reports are the most important data source of safety risk analysis. Esmaeili and
Hallowell [25] have acquired accident reports from National Institute for Occupational Safety and
Health. Rodrigues and Balestrassi [26] have obtained the accident report from European Aviation
Safety Agency to analyze the causes of aviation accident. Other academics have also obtained accident
information from official channels to ensure the quality and reliability of the risk data [27–29]. Since the
establishment of Regulations on the Reporting, Investigation and Disposition of Production Safety
Accidents (hereinafter referred to as “the Regulation”) in China, any accident involving casualties
could be recorded and preserved truly and objectively. The Regulation stipulates that the accident
report should be complete, accurate and recorded timely. No unit or individual is allowed to conceal
an accident. The contents of the accident reports shall include the reasons, losses, responsibilities,
rectification measures, etc. Like other countries, China has specialized safety production management
functional departments. As the top safety production management body, the State Administration
of Work Safety will make the accident investigation details and the accident report public to society
in a timely manner. Compared with other data sources, these data will be more representative of the
general situations of China’s safety risk management.

2.2. Text Mining Method

The accident report is mostly composed by unstructured descriptive text and the traditional
statistical approaches are not fitted for text analysis and tend to neglect important information. The text
mining method makes up this disadvantage and makes it available to analyze more contents and
discover more new knowledge [30]. Text mining is a relatively new practice derived from Information
Retrieval [31] and natural language processing [32].The strict definition of text mining includes only
the methods capable of discovering new information that is not obvious or easy to find in a document
collection, i.e., reports, historical documents, e-mails, spreadsheets, papers and others. The text mining
process is generally divided into: text preprocessing, data analysis, result visualization, knowledge
discovery, etc., of which text preprocessing is key to determine the quality of follow-up analysis. In the
process of text preprocessing and natural language processing, there is a big difference between Chinese
and English: (1) English documents usually need to be checked for spelling and syntax errors and
morphological normalization, while Chinese document only needs to be checked for spelling errors,
because there is no change of the Chinese words due to a change in case, singular & plural and tense.
(2) As for word segmentation, as Chinese words are not required to be separated by blank spaces, which
are different from the English words, it is recommended to use the lexicon query method rather than
directly the blank spaces for words segmentation. In this sense, the development of lexicon has become
the most important step in the process of Chinese text mining. The words in the professional lexicon
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used in this paper come from professional dictionaries in the field of safety engineering, construction
engineering, civil engineering, structural engineering, project management, URT construction, etc.
The words in daily expression lexicon such as names, place names, etc., are all from the dictionaries
commonly used in China and self-contained in text input software; at the same time, the Dictionary
of Modern Chinese Function Words is used to build the stop words lexicon, and delete meaningless
function words in the word segmentation results. In order to make the word segmentation more
precise, the lexicon suitable for this study is further developed on the basis of professional lexicon, daily
expression lexicon and stop words lexicon. The specific steps are described in Section 2.2.1. After the
text preprocessing is completed and the unstructured documents are transformed into structured data,
data analysis and visualization can proceed, including keyword recognition, word frequency statistics,
cluster analysis and network structure.

Considering that the accident reports are all written in Chinese, so the text mining software
named ROST supporting Chinese has been chosen for analysis. The advantage of the ROST software
is to customize the lexicon according to different research purposes. During words segmentation of
the unstructured document, the software can automatically compare the keywords in the contents of
the document and the lexicon to identify fixed collocations, synonyms and entities. At the same time,
the software integrates basic functions, such as word frequency statistics, cluster analysis, network
structure, etc., to facilitate text mining.

2.2.1. Lexicon Development and Keywords Identification

To use the text mining method to identify keywords, we need to develop a reliable lexicon. The role
of the lexicon is shown in two aspects: (1) the text mining software will divide the unstructured contents
into single noun, adjective, verb, etc., which is called segmentation. During segmentation operation,
the software will compare the unstructured contents with the words in the lexicon and give preference
to word collocation. It could be seen that the accuracy of segmentation has close relationship with the
lexicon and will directly influence the keyword identification. (2) The Chinese language contains a large
number of synonyms. A reliable lexicon could effectively distinguish these synonyms. This research
uses the lexicon development method proposed by Esmaeili and Hallowell [4], which is shown in
Figure 2. Firstly, 15% of all the accident reports are randomly selected for manual analysis and software
automatic analysis. During the manual analysis, the analyst will carefully read each accident report,
and identify the keywords related to safety risk factors from the paragraphs describing the process
and the cause of the accident. The analyst may make clear whether there is a synonymous relationship
between the keywords and classify the synonymous keywords into a list, such as “drainpipe”, “sewage
pipe”, “gas pipeline”, “power pipeline” and “underground pipeline”. From the liability identification
paragraph, the analyst will analyze keywords and their synonyms related to the participants, and add
those keywords to the keyword list.

Finally, the list of keywords will be compared with the results of software automatic analysis.
The comparison results are usually as follows: (1) The most promising result is that same keywords
are identified by manual analysis and software automatic analysis; (2) Some keywords are identified
by manual analysis while not identified by the software automatic analysis; (3) Some keywords are
identified by software automatic analysis while not identified by manual analysis. When the latter two
errors occur, Formula (1) could be used to calculate the error value. If the error value is less than 0.2,
the lexicon is acceptable. If the error value is more than 0.2, the list of keywords by manual analysis
needs to be added into the lexicon. Because there are keywords and the synonymous relationship
between them in the lexicon, the ROST software can automatically convert synonyms when counting
word frequency to make the statistical data more centralized, which is good for subsequent clustering
and network analysis. For example, when “drainpipe”, “sewage pipe”, “gas pipeline”, “power
pipeline” and “underground pipeline” appear at 2, 3, 4, 6, 2 times respectively, ROST transforms these
terms into their synonyms, and gets the conclusion that “underground pipeline” appears for 17 times.
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Error = Dn/Tn (1)

where Dn refers to the number of discrepancies; Tn refers to the total number of keywords from manual.
The reliable lexicon could be developed by repeating the process in Figure 2. The final keywords

could be obtained by using the updated lexicon into all the accident reports, which is the safety risk
factors and participants to be identified [4,16,19,20,25,33].
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2.2.2. Cluster Analysis

After identifying safety risk factors and participants from accident reports, it is necessary to
classify the factors to determine which are direct safety risk factors and which are management defects.
Cluster analysis can be utilized for safety risk factors classification. Clustering is a process of dividing
a set of given data into classes or clusters, such that all the data in the same group are similar to
each other, while data from different clusters are dissimilar [18,34]. This research adopts K-means
clustering algorithm to classify the safety risk factors. The steps for K-means algorithm are as follows:
(1) finding the center of clustering; (2) calculating the distance from each point to the cluster center and
assigning each point to the nearest cluster; (3) calculating the coordinate mean of all points in each
cluster and taking the average mean as a new cluster center; (4) repeating the operations in (2) and
(3) until the cluster center doesn’t move in a large scale or the clustering meets the requirements [35].
After the cluster analysis, the safety risk factors will have clear categories, on which basis the accident
descriptive model could be established. The idea of the accident descriptive model is that since the
safety risk factors are identified from all accident reported and classified by cluster analysis, then each
accident could be explained by the factors in these categories. Thus the category could be seen as the
coordinate axis, the number of categories could be seen as the dimension and safety risk factors could
be seen as the values of different dimensions, so each accident is a point in the coordinate and could
be called an accident point. For example, if all safety risk factors are divided into two categories, the
accident descriptive model will be made up of two coordinate axes (x-axis and y-axis). The values of
each coordinate axis is the safety risk factor in each category (X1–X10, Y1–Y10). If an accident is caused
by X3 and Y4, this accident could be expressed by the accident point in Figure 3. Subsequently, the
information of participants in the cluster analysis is added to the accident descriptive model, which
can explain which participants contributed to these safety risk factors.
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Hola and Sawicki [36] developed a knowledge map model and used it to successfully and
accumulatively acquire the data, information and knowledge related to the construction enterprises.
In the same way, the accident descriptive model is the standard pattern of accident analysis. It is to use
accident points to record all unstructured accident information, which is helpful for further safety risk
assessment and importance degree determination of management processes.

2.2.3. Network Structure Analysis

Network structural analysis is based on social network theory. Social network is originally used
to study the relations between people, consisting of nodes and lines. The nodes could be people,
organizations, departments and even countries and lines represent the various relationships that exist
between them [37]. Zhou and Irizarry [3] has applied this method to analyze Hangzhou Metro Line 1
accident. He holds that this accident has gone through several stages and multiple risk events hide
in every stage. The network structure of accident could clearly describe the relationships between
these risk events in every stage, which is helpful to fully know the accident. This research also applies
this method to analyze the relationships among participants, management defects and direct safety
risk factors. The nodes in the network structure are previously identified safety risk factors and
participants. Their relationships could be calculated by the co-occurrence matrix. The co-occurring
values are determined by simultaneous occurrence of safety risk factors and participants in accident
reports. As shown in Figure 3, the accident is caused by X3 and Y4, which means that the X3
and Y4 simultaneously occur for once. The network structure analysis could not only specify the
relationship between participants and safety risk factors, but also draw each accident point in the
accident descriptive model for further analysis.

2.2.4. Safety Risk Assessment

The estimation of safety risk values is the core of safety risk assessment. This research uses
Formulas (2) and (3) to estimate the safety risk [4,33] to determine each accident point’s safety
risk value.

RVi = RFi × RMi × WH (2)

RFi = mi/n (3)

where RVi refers to the safety risk values; RFi refers to the risk probability; mi refers to the number
of accident reports involving the safety risk factors; n refers to the number of all accident reports;
RMi refers to the risk loss made of casualties and property losses, whose values comply with the
national standards of the Code for Safety Risk Management of Underground Works in URT shown in
Table 1. WH refers to the work duration of building workers. Chinese people usually work 8 h, so all
the estimation of risk values complies with eight-hour work system.

Table 1. Value standard of accident loss.

Level of Risk A B C D E

Deaths >10 3–9 1–2 seriously wounded slight injury
Economic loss(million) >10 5–10 1–5 0.5–1 <0.5

Loss value 100 40 15 7 3

2.3. ABC Analysis Method

ABC analysis is a popular and effective method used to classify items into specific categories that
can be managed and controlled separately. Conventional ABC classification was developed by General
Electric during the 1950s. The classification scheme is based on the Pareto principle, or the 80/20 rule,
which employs the principle of “vital few and trivial many”. The process of ABC analysis classifies
inventory items into A, B or C categories based on so-called annual dollar usage. Annual dollar usage
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is calculated by multiplying the dollar value per unit by the annual usage rate [38]. Inventory items
are then arranged according to the descending order of their annual dollar usage. Class A items are
relatively small in number, but account for the greatest amount of annual dollar usage. In contrast,
class C items are relatively large in number, but make up a rather small amount of annual dollar usage.
Items between classes A and C are categorized as class B. A large number of scholars have applied
ABC analysis method into the field of management to determine the important degree of management
processes. It has also been utilized to classify management defects in the accident descriptive model,
where class A refers to the management defects with accumulative safety risk values between 0% and
70%, class B refers to the defects with safety risk values between 70% and 95% and class C refers to
the defects with safety risk values between 95% and 100% [39,40]. The larger the safety risk value,
the more important the management defect and its corresponding process. So class A is defined as the
core process, class B is the important process and class C is the general process. Thus the importance
degree of processes involving different safety risk factors could be analyzed and made clear.

3. Results

3.1. Safety Risk Factors and Participants Identification in URT Construction

One hundred and fifty-six urban rail transit accident reports collected from the State
Administration of Work Safety and involved 24 cities, as shown in Table 2. In addition, 80% of
the cities with URT have occurred accidents by the end of 2016, and the ratio of the number of accident
reports to the launched lines is 1.51:1. Plenty of data could ensure the reliability of the further analyses.

Table 2. Quantity of accident reports in urban rail transit (URT) construction.

City Quantity City Quantity

Beijing 24 Fuzhou 3
Shanghai 20 Shenyang 3

Guangzhou 22 Chongqing 2
Shenzhen 21 Nanning 2
Nanjing 10 Haerbin 2
Wuhan 6 Ningbo 1

Hangzhou 6 Kunming 1
Tianjin 6 Changchun 1
Xian 5 Changsha 1

Qingdao 5 Dongguan 1
Dalian 4 Chengdu 1

Zhengzhou 3 Xiamen 1

As mentioned above, a lexicon is needed to be developed before using the text mining to identify
safety risk factors and participants, whose development process is shown in Figure 2. The professional
analysts analyze the selected 15% of accident reports and list keywords related to safety risk factors
and participants which will be compared with the automatic analysis results by ROST text mining
software. This work goes through five rounds and the words in the lexicon have been updated for
five times. The final error value is controlled lower than 0.2. Through five rounds of comparison and
analysis, a reliable lexicon has been developed. The corresponding error value after each round of
development could be seen in Table 3.

Table 3. Error values during lexicon development.

Updating Times 1 2 3 4 5

Error values 0.68 0.41 0.29 0.22 0.18
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The URT safety risk factors and participants could be identified automatically by simultaneously
importing the updated lexicon and 156 accident reports into ROST text mining software. Through
ROST analysis, 18keywords have been identified, 15 of which are safety risk factors, and the other 3
are participants. Formula (3) is used to calculate the relative probability of each safety risk factor and
participants, the results are shown in Table 4.

Table 4. Safety risk factors and relative risk probability.

No. Safety Risk Factor Report
Amount (mi)

Total Report
Amount (n)

Relative Risk
Probability (RFi)

1 Underground pipeline 36 156 23.08%
2 Hidden danger elimination 69 156 44.23%
3 Enclosure protection 36 156 23.08%
4 Safety consciousness 108 156 69.23%
5 Violation of regulations working 120 156 76.92%
6 Hydrogeologic condition 63 156 40.38%
7 Construction monitoring 48 156 30.77%
8 Advanced forecast 66 156 42.31%
9 Dynamic control 63 156 40.38%

10 Construction coordination 51 156 32.69%
11 Safety specification 96 156 61.54%
12 Communication 51 156 32.69%
13 Safety measures 75 156 48.08%
14 Personnel education 45 156 28.85%
15 Construction management plan 24 156 13.46%

No. Participant Report
Amount (mi)

Total Report
Amount (n)

Relative Risk
Probability (RFi)

1 Constructor 89 156 57.00%
2 Supervisor 36 156 24.00%
3 Monitoring unit 31 156 19.00%

3.2. Safety Accident Descriptive Model of URT

The identified Keywords are classified and used to establish the accident descriptive model.
The K-means algorithm in ROST software is firstly used to classify the Keywords. The clustering
results are shown in Figure 4.
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The figures in Figure 4 are clustering indexes, indicating the distance between different categories.
A smaller clustering index indicates a greater difference between categories and a better classification
effect. However, the final classification is also subject to the previous experience and research purposes.
Usually, 2 to 4 categories are more reasonable. As shown in Figure 4, the clustering results have
18 classes from right to left. When the clustered index reaches 0.133, 18 nodes are divided into three
classes. Class 1 refers to the accident’s responsible participants. Class 2 refers to the management
processes or the indirect safety risk factors. Class 3 refers to direct safety risk factors. On the basis of
clustering results, the accident descriptive model is established as shown in Figure 5.
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Figure 5. Accident descriptive model.

The accident descriptive model is a three-dimensional coordinate system, where X-axis refers
to the constructor (X1), supervisor (X2) and the monitoring unit (X3); Y-axis refers to management
defects with advance forecast (Y1), dynamic control (Y2), construction coordination (Y3), safety
specification (Y4), communication (Y5), safety measures (Y6), personnel education (Y7) and
construction management plan (Y8); and Z-axis refers to direct safety risk factors with underground
pipeline (Z1), hidden danger elimination (Z2), enclosure protection (Z3), safety consciousness (Z4),
Violation of regulations working (Z5), hydrogeologic condition (Z6) and construction monitoring (Z7).

3.3. Network Structure Analysis and Assessment of Safety Risk Factors

The network structure analysis is useful to establish the relationship among participants,
management defects and direct safety risk factors. Based on word-word co-occurrence matrix,
the network structure diagram could be obtained by using the network structure analysis in ROST.
The co-occurrence matrix and the network structure diagram could be seen in Figure 6.

The nodes in the network structure diagram are the obtained safety risk factors and participants.
Different colors refer to different categories. The straight lines are determined by the co-occurrence
matrix. For example, the corresponding number of 6 indicates that X1 and Y1 simultaneously occur
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for 6 times in all accident reports. Considering that there are straight lines connecting three nodes
in the network structure diagram only when the participants, management defects and direct risk
factors co-occur in the same accident report, we can judge whether an accident occurs, by checking
whether there are straight lines among them. Thus, a relationship that leads to the accident is acquired.
According to this thought, the network structure is split and 63 kinds of factors are analyzed to
determine the accident report that those relations correspond.Information 2018, 9, x FOR PEER REVIEW  11 of 17 
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Table 5 includes the report’s number, relationships among participants, management defects and
direct risk factors, risk probability, casualties, loss values and risk values. Report 1 records the accident
caused by damaged underground pipelines by the management defect in constructor’s advanced
forecast (X1-Y1-Z1). The probability of the accident is the joint probability of the simultaneous
occurrence of the three safety risk factors, which could be calculated by multiplying their each
probability in Table 4. Table 1 lists the loss values of different accidents, and the safety risk values
could be obtained by Formula (2). As mentioned above, each accident could be represented by an
accident point, so the corresponding accident descriptive model could be established by drawing 156
accident points in Table 5.

Table 5. Safety risk factor relationships and risk values.

No. Relationship Risk
probability (RFi)

Casualties Loss
Value (RMi)

Risk Value
(WH=8) (RVi)

Report 1 X1-Y1-Z1 0.05 1 dead 15 6.00

Report 2 X1-Y1-Z2 0.11 2 dead 15 13.20

Report 3 X1-Y1-Z5 0.18 2 dead 15 21.60

Report 4 X1-Y1-Z6 0.09 1dead 1slightly injured 15 10.80

Report 5 X1-Y1-Z6 0.09 1dead 15 10.80

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Report 153 X3-Y5-Z7 0.02 1slightly injured 3 0.48

Report 154 X3-Y5-Z7 0.02 1dead 15 2.40

Report 155 X1-Y6-Z7 0.03 1seriously injured 7 1.68

Report 156 X1-Y7-Z7 0.02 1dead 15 0.30
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Distributed in 168 three-dimensional space composed by three coordinates, each accident point
represents a URT construction accident, shown in Figure 7. For example, X1-Y1-Z1 are distributed in 111
three-dimensional space and have safety risk values. If two points are in the same three-dimensional
space, such as report 4 and report 5 in space 116, the safety risk value of space 116 is the accumulated
value of each point’s safety risk value. The safety risk value in each three-dimensional space could
indicate the risk of simultaneous occurrence of safety risk factors in this space.Information 2018, 9, x FOR PEER REVIEW  12 of 17 
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3.4. Importance Degree of Safety Risk Management Processes

ABC analysis method is applied to analyze the importance degree of each management process.
The three-dimensional space with the accumulative safety risk value between 0–70%, 70–95% and
95–100% are defined as the core process, important process and general business, respectively. The final
analysis of important degree of safety risk management processes could be seen in Figure 8.
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In Figure 8, X-axis refers to the number of the three-dimensional space and Y-axis refers to safety
risk value and cumulative proportion. The three-dimensional spaces from 145–244 are defined as the
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core processes with the cumulative proportion between 0–71.25%. The three-dimensional spaces from
252–235 are defined as the important processes with the cumulative proportion between 71.25–95.88%.
The left spaces are defined as the general processes. To visualize the results of ABC analysis, the results
in Figure 8 are drawn to the accident descriptive model and divided according to the participants,
where the core processes are marked in red and the important processes are marked in yellow, as shown
in Figure 9.
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4. Discussion

The accident reports are vital basis for safety risk analysis and importance degree research of
safety risk management processes. 24 cities are involved in these accident reports, and the accident
rates are the highest and account for over 50% in Beijing, Shanghai, Guangzhou and Shenzhen. This is
because these cities have more developed URT networks and much longer operation mileage and
have higher accident rates during the construction. In fact, the number of accidents per kilometer is
basically same in URT projects. Using the method of text mining to analyze unstructured texts in these
accident reports, we identified 18 keywords related to the accident. As shown in Table 4, the safety
risk probabilities of violation of regulations working, safety consciousness and safety specification
are the largest, which is related to the current situations of URT projects and the whole building
industry in China. The URT project is part of municipal engineering, whose significance is that the
government offers paid or free public goods and service for citizens based on the obligations and
responsibilities. Compared to other engineering projects, the URT project is more concerned about the
schedule objective. Sometimes, the constructor is asked to deliver the project at a specific time such as
some festivals or by the end of the year. Such unreasonable schedule will make the constructor choose
time-saving construction methods and the operations against rules and safety specification could often
be found. The vast majority of Chinese construction workers are migrant workers with poor safety
consciousness and low professional quality and without professional training. They usually accept
short training before the construction, which could not improve their safety consciousness. Among
various participants, the constructor is the direct implementer of the project, so the constructor should
assume the main responsibility for the accident.
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The URT project is complicated with various construction safety risk management processes.
If the differences between primary and secondary management processes could not be distinguished,
the resources could be easily wasted and the management performance could not be improved.
Figure 9 clearly shows the importance degree of management processes by constructor, supervisor
and the monitoring unit. Due to the lack or only amount of information about the owner, designer and
surveyor, their management behaviors could not be analyzed. The occurrence of an accident has a
close relationship with each participant’s management defects. On the whole, the constructor has more
red and yellow three-dimensional spaces than the supervisor and the monitoring unit, indicating that
the constructor’s management defects are more easily to cause accidents. Meanwhile, the constructor
should focus on construction coordination (Y3), safety specification (Y4), safety measures (Y6) and
personnel education (Y7). Without direct involvement in the construction, the supervisor conducts the
supervision of construction quality, safety and other fields according to national laws, regulations and
the corresponding technical specifications. On behalf of the owner’s interests, the supervisor should
pay the most attention to timely communication (Y5). Each participant in URT has different views on
safety risks. The owner is concerned about the project’s overall safety risks. The constructor focuses on
the specific sub-projects’ safety risks during construction. As a crucial link of information transmission
between the owner and the constructor, the supervisor should be aware of the differences between their
understandings and views, such that the information transmission can be ensured and contrasting
feelings can be reduced, and all members could participate in safety risk management processes.
The monitoring unit is to use various technical means to monitor key parts of the construction to ensure
the safety of construction process. The advanced forecast could be applied to identify the hydrological
and geological conditions and reduce the probability of accidents and the extent of damage. Although
the advanced forecast (Y1) and dynamic control (Y2) are made of yellow three-dimensional spaces,
they should get the most attention compared with the monitoring unit’s other management processes.
The essence of management is the optimal allocation of resources. Generally, the resources in the
projects such as funds and labors are limited, so how to scientifically and selectively allocate resources
are the key to improving safety management performance. The research results could provide a
reference for resource input strategy formulation. For example, if the current resources could improve
one defect in management process, Y4 with the most red three-dimensional space should be selected
for maximum safety management performance. By optimizing resource allocation and arranging the
order of resource input, the safety risk management level of URT could be improved, with a maximum
avoidance of accidents.

5. Conclusions and Limits

Currently, the safety risk managers could not effectively determine the management focuses due to
the limitations of data deficiencies and unclear relationships among participants, management defects
and direct safety risk factors. To overcome the limitations, this research has applied the text mining
method for the safety risk analysis. Fifteen safety risk factors and 3 participants of URT construction
have been identified from 156 accident reports, which respectively are underground pipeline, hidden
danger elimination, enclosure protection, safety consciousness, violation of regulations working,
hydrogeologic condition, construction monitoring, advanced forecast, dynamic control, construction
coordination, safety specification, timely communication, safety measures, personnel education,
construction management plan, constructor, supervisor and monitoring unit. Then calculation by
formula 3, the relative probabilities of these safety risk factors and participants are 23.08%, 44.23%,
23.08%, 69.23%, 76.92%, 40.38%, 30.77%, 42.31%, 40.38%, 32.69%, 61.54%, 32.69%, 48.08%, 28.85%,
13.46%, 57.00%, 24.00% and 19.00%. Moreover, the accident descriptive model has been established
by clustering algorithm provided by the text mining software, including management defects, direct
safety risk factors and participants. The model is to extract structured knowledge from a large amount
of unstructured data. The construction accidents of follow-up projects could also refer to the model for
analysis and statistics to continuously accumulate safety risk data. Then through network structure
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analysis of safety risk factors and risk assessment, 63 kinds of relationships and corresponding safety
risk values are determined among participants, management defects and direct safety risk factors.
At the same time, it is found that the safety risk value of the relationship among the constructor,
the safety specification and the regulations working is the largest, which means that the relationship
is the most likely to cause an accident. The visualization of the risk values has been realized on
the basis of the accident descriptive model and ABC analysis, and the core processes, important
processes and general processes of safety risk management are made clear. The constructor should
focus on the construction coordination, safety specification, safety measures, personnel education,
etc. The supervisor should pay attention to timely communication. The monitoring unit should
emphasis on advanced forecast and dynamic control. To sum up, the safety risk management of URT
construction could be ultimately improved by paying great attention to the planning, strengthening
process monitoring and coordination on the basis of full communication and enhancing the knowledge
level within the organization. The essence of management is to allocate limited resources into different
processes to achieve the organization’s target. The management performance and economic benefit
could also be improved by clearing the importance degree of safety risk management processes and
reasonably arranging and using the limited resources. At present, China is at a rapid development
stage. As the trend shows that number of construction projects increase year to year, countless of
unstructured Chinese documents will be produced, where manual analysis is not economically feasible
by project management. Therefore, a rapid extraction of useful knowledge and information from
these Chinese documents to support management decision-making and improvement of management
has become a pressing issue. Although this paper chooses only one type of accident reports, and the
problem about importance degree of safety risk management is only solved according to the research
results, other scholars can also refer to the method proposed in the paper to deal with other documents
from the safety risk management process and solve other problems. They even can apply this method to
quality management, cost management and schedule management. Having rich historical experience,
lessons, knowledge and information which is hidden in uncountable unstructured documents are the
preconditions to solve the problem correctly and reasonably.

This research also has limitations. The data are from the State Administration of Work Safety
and its subordinate departments. These national safety management departments usually release
accidents involving death or serious economic losses, while a large number of accidents without
serious losses are not released. In addition, some safety risk factors is described by a sentence or
a paragraph. However, the text mining method cannot understand the semantics of sentences and
paragraphs, which can leave out useful knowledge and information. In the future research, we need to
deeply analyze the characteristics of Chinese grammar, and consider how to combine ontology and text
mining, how to design text mining algorithms using R language or python language. Through such
research and analysis, the text mining method has the ability of semantic analysis to find more useful
knowledge from unstructured documents.
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