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A B S T R A C T

The construction of undersea tunnels is an extremely risky endeavor that is vulnerable to water seepage and
gushing due to the high water pressure, complex geological conditions, and pore water trapped in unstable rocks.
This risk can lead to the collapse of tunnels under construction and disastrous consequences of fatalities and
injuries as well as project delays and financial losses. The current risk management practices for tunnel con-
struction projects in China are static and rely on the subjective judgement of experts and practitioners and do not
incorporate real-time monitoring data during the construction process at this time. This paper presents a new
method and system to assess and manage the risks during the construction process by coupling the risk man-
agement system and the quality management system and integrating jobsite monitoring data, design data, and
environmental data. In this new method and system, the risk factors are categorized into (hu)man, material,
machine, method, and environment, or 4M1E, and are quantitatively measured. The Dempster-Shaffer (D-S)
theory was adopted in this method to both fuse the 4M1E data and to compute the aggregate risk index. This new
method and system was tested during the Xiamen Metro Line No. 3 project when a shield machine cutter ac-
cident occurred. The results show that, before the accident, the individual risk measures in all five dimensions
(4M1E) and the aggregate risk index were extremely high, which clearly illustrated the feasibility and capability
of the newly developed method and system.

1. Introduction

Undersea tunneling, an essential component in many metro line
infrastructure projects in coastal areas, is an extremely risky endeavor.
As the shield machine drills through the underground space, the high
water pressure, complex geological conditions, and pore water trapped
in unstable rocks can cause water seepage and gushing that can result in
devastating accidents on a large scale. For example, in China, a total of
246 tunneling accidents were reported between 2012 and March 2016
with an average of 1.44 accidents per week. An accident that occurred
on February 12, 2017 during the tunneling process of an undersea
section of Xiamen Metro Line No. 2 led to three unfortunate deaths as
well as project delays and financial losses. Also, a shield cutter accident
on the Xiamen Metro Line No. 3 caused a six-month delay and led to a
financial loss of nearly 20 million RMB (2.98 million US dollars).
Considering that the total infrastructure investment in subway projects

in China reached nearly 4080 billion RMB (583 billion US dollars) in-
volving at least 18 metro lines involved undersea tunneling in the most
recent ten years, risk management in undersea tunneling has become a
top national priority.

The current practices in risk assessment and management have
three limitations that have become the major barriers to their adoption
in managing the risks in undersea tunneling projects. First, risk as-
sessment typically relies on surveys and expert opinions, which is
subjective in both the identified risks and their quantification [1–3].
Second, risk assessment is typically performed before construction
commences and is a static, one-time effort with no capacity to in-
corporate real-time monitoring data or to update the risks as con-
struction progresses. Third, the existing risk indexing systems are not
unified, which makes it difficult to apply the findings and lessons
learned from one project to another [4–9]. A critical need therefore
exists to develop a method for incorporating construction monitoring
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data and then to be able to assess the risks dynamically and quantita-
tively in a unified format as the project progresses.

This paper introduces a new method and system to dynamically
assess and manage risks in undersea tunneling projects during the
construction process by coupling a project's quality management system
and risk management system and integrating jobsite data, design data,
and environmental data via multi-source information fusion. The ra-
tionale for this new method and system is that quality and risk are two
sides of the same coin: 1) quality is the measure of meeting require-
ments and 2) risk is the deviation from the requirements under adverse
conditions [10]. Therefore, the risk and quality management systems
are intertwined and feature recognition of quality can be used to
identify and quantitatively assess the risks. In the new method and
system, the risk factors are categorized into (hu)man, material, ma-
chine, method, and environment, or 4M1E. The Dempster-Shaffer (D-S)
evidence theory was adopted to fuse the 4M1E data to compute the
uniform aggregate risk indices. Data management and risk visualization
are realized through a building information modeling (BIM) platform
that facilitates communications and holistic risk management. The new
method and system was tested during the Metro Line No. 3 project in
Xiamen, China. Our results confirmed that this system is able to detect
and assess risks as a project progresses to provide early warnings and
prevent accidents during the undersea tunneling process.

2. Background and reviews of related studies

This section provides background information on shield tunneling
construction and reviews the related studies in the areas of integrated
quality and risk management, quantitative assessment of risks, data
fusion through D-S theory, and the use of BIM in data management and
visualization.

2.1. Tunneling construction using shield machine

Modern tunneling construction typically uses a tunnel boring ma-
chine (TBM), which is a shield machine that can achieve a high-level of
mechanized construction to improve productivity and enhance safety. A
shield machine is not affected by landform and weather conditions and
can reach a drilling speed of 600 m per month in medium and hard rock
stratum with little influence from the seabed geological structure. The
two main types of shield machines are the Earth Pressure Balance (EPB)
and the Slurry Shield (SS). Fig. 1 illustrates these two types with EPB on
the left and SS on the right. The EPB shield is generally used in places
where there is a medium water content and a weak consolidation of
sandy soil stratum. The SS type is more often adopted in places where
there is a high-water content and a high or weak consolidation stratum.
Despite the advantages of tunneling machines as far as safety and
productivity, accidents such as collapse, water gushing, and sand
gushing still occur in tunneling projects where a tunnel boring machine
is used, which are later attributed to the (hu)man, materials, and ma-
chine risks [11].

2.2. Quantitative risk assessment based on quality factors

Construction risks are uncertain, and it is therefore very difficult to
determine probability distribution functions for construction risks. The
most commonly used method for risk identification and assessment
utilizes expert opinions and judgments, which is often subjective and
qualitative [4–8,14,15].

On the other hand, most quality factors are quantitative and mea-
surable. From the risk perspective, quality can be viewed as the risk of
failing to meet the needs and expectations of stakeholders and
achieving their values; and potential failure sources can be identified,
processed, and eliminated by using measurements of quality control
variables [16]. Risk and quality are two interrelated tasks with a strong
correlation in project management [17,18]; and quality management
and risk management are complementary to each other and can be
integrated [10,19]. Considering the complementary relationship be-
tween quality management and risk management, a potential solution
for quantitatively assessing risk is to use quantitative quality measures
to discover the uncertainty.

Along this line of thought, Maria [10] suggested that the integration
of quality management and risk management greatly simplifies the
number of structures, processes, resources, and files in an organization
and improves the performance of a holistic management system with a
synergistic effect. The concept of an “integrated management system
(IMS)” was proposed correspondingly [20]. The integration of a quality
management system (QMS) and a risk management system (RMS) ef-
fectively reduces resource waste and contributes to the synergy of the
technology, program, organization, and cultural environment. Katarina
[21] concluded that an IMS that integrates quality management
(ISO9001), environmental management (ISO14000), and health man-
agement (OHSAS18001) can significantly improve the management
efficiency of construction companies and further suggested integrating
additional management systems (such as risk management) to take full
advantage of an IMS.

In the practice of quality management, the factors that are used to
measure the quality levels can be classified into five categories: (hu)
man, material, machine, method, and environment, which are referred
to as 4M1E. This classification of quality factors is a widely accepted
framework in quality management [22–24]. Consequently, the risk
factors in construction also can be classified as 4M1E and identified and
assessed correspondingly. For example, using the environment factor,
the environmental risk can be assessed through the quality of the rock.

A few studies attempted to adopt the 4M1E framework in risk as-
sessment and management. Yuan [4] described the risk-causing me-
chanism as follows. “A man may have work accidents, materials may
have defects, machines may fail, inappropriate method seriously affects
quality, and environment may cause natural disasters.” Fig. 2 provides
a graphical illustration of the mechanism which connects the risk fac-
tors, risk environment, risks, and risk losses. Liu [5] developed a risk
index system considering the 4M1E risks and constructed a compre-
hensive risk assessment model using a rough set and a neural network.
Wu [6] incorporated 4M1E as an external factor to evaluate the safety

Fig. 1. EPB (left) and SS (right) [12,13].
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damage to a road surface during shield tunneling. Haize [7] built a risk
assessment system for subway shield tunnel seepage based on 4M1E.
Liu [8] developed a questionnaire on the safety risk factors of subway
construction by combining exploratory factor analysis (EFA) and a
structural equation model (SEM), which showed that construction risk
factors can be grouped into 4M1E.

However, it is inappropriate to directly copy the 4M1E framework
from quality management to risk management and use the quality
factors directly for two main reasons. First, direct mapping between risk
factors and quality factors does not exist and second, no unified risk
evaluation index system exists. These two knowledge gaps are ad-
dressed by this new method and system, which establishes a connection
between quality measures and risk factors and developing a corre-
sponding unified risk index system.

2.3. BIM for integrated quality and risk management

Building information modeling (BIM) has emerged as a powerful
platform to integrate quality inspection results into the product model
for quality management. It has been widely used in construction quality
management and has great potential for serving as an advanced plat-
form to integrate quality and risk and improve the efficiency of quality
management and risk management at the same time.

In the field of construction risk management, Ding et al. [25,26]
established a BIM-based risk identification expert system for subway
construction management that integrated BIM, information extraction,
knowledge-based management, and risk identification. Du [27] devel-
oped an early warning and risk management system to dynamically
monitor large and high-risk construction equipment and manage the
risk to surrounding buildings during the subway construction process
by combining a geographical information system (GIS), a global posi-
tioning system (GPS), and a BIM.

In the field of construction quality management, Ding et al. [28]
integrated construction quality, which included product, organization,
and process information, into a BIM and extended the 3D BIM to n-D
BIM to achieve real-time quality management on the jobsite. Wang [29]
established a construction quality control system by integrating a BIM
and light detection and ranging (LiDAR) for real-time collection and
processing of field quality information. Wang's system also can

effectively identify potential construction defects, support real-time
quality control, and overcome the drawbacks (e.g., time-consuming and
inefficient) in current construction quality control practices.

Despite its successes, BIM still lacks the ability to assess construction
activities, use sensor data, and evoke control algorithms in real time to
provide timely solutions to minimize risk while ensuring quality during
construction. A few studies attempted to find a solution to this problem.
Chen [30] developed a computer-based risk assessment system for
standardized quality control and quality defect reduction. However,
Chen's model is static and does not perform well when handling dy-
namic risk problems, which happens often in the construction industry.
Srinivasan [31] proposed a preliminary Dynamic-BIM (D-BIM) ap-
proach for continuous monitoring of construction performance through
a timely feedback system, which has great potential for applying BIM in
dynamic problems.

Motivated by BIM's potential in the area of integrated quality and
risk management, we designed a central BIM platform for the im-
plementation and visualization of risk management in undersea tun-
neling projects. Fig. 3 illustrates the overall structure of the platform,
where the quality measures and risk indices are dynamically updated as
the project progresses and synchronized with the BIM model.

2.4. Dempster-Shaffer (D-S) evidence theory

Synthesizing multi-source information always has been a challenge,
especially in construction risk management where a variety of hetero-
geneous data from multiple sources is involved. Relevant data exist in
many forms, such as textual documents, photos, videos, 3-D models,
and GIS data (for the geospatial surroundings). Adding to the com-
plexity of the challenge, these data may be incomplete, inaccurate, and
uncertain and also may contain noise. How to synthesize multi-source
information that has different levels of uncertainty, fuzziness, contra-
dictions, and errors is a challenging task in complex multi-objective
decision problems. Data fusion has emerged as a promising approach to
combining multi-source data of heterogeneous formats and quality to
obtain accurate estimates of the target information. For example,
Pradhan [32] introduced such a method into construction productivity
analysis, and Pradhan et al. [33] formalized dynamic queries to support
data fusion for monitoring construction productivity. Razavi and Haas

Fig. 2. Mechanism of construction risk based on 4M1E.
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[34] developed a method to fuse multisensory data to track materials
on construction jobsites. Shahandashti summarized some application
examples of data fusion in civil engineering and pointed out a few
advantages of data fusion in civil engineering applications [35].

Among the many methods for information and data fusion, D-S
evidence theory has an adaptive and flexible algorithm that enables
reasoning with uncertainty and fusing heterogeneous data that are full
of randomness, fuzziness, and uncertainties from multiple sources [36].
D-S evidence theory has the capacity to deal with uncertain information
based on the “evidence body” and “fusion” [37]. It has been widely
used in fields such as expert systems where decisions must be made
based on data that might not be complete and accurate [35]. Con-
struction risk management relies on data that requires uncertainty
modeling and information integration in the context of multi-objective
decision-making. This characteristic motivated the adoption of the D-S
evidence theory in the new method and system proposed in this paper.

3. Precise risk assessment and management based on 4M1E multi-
source information fusion

The new precise risk assessment and management method and
system presented in this paper was developed specifically to manage
construction risks in undersea tunneling projects. Fig. 4 illustrates the
overall framework based on the fusion of 4M1E data. The framework is
composed of three modules: 1) the 4M1E-work breakdown structure
(WBS) module, 2) the risk assessment module, and 3) the BIM module
for risk visualization and management. The integration of BIM, D-S
evidence theory, and fuzzy matter element (FME) enables the fusion of
data from multiple sources to precisely assess the risk in tunneling
projects.

3.1. 4M1E-WBS module

The 4M1E-WBS module breaks down the construction tasks into
multiple interconnected sub-units that are aligned with a project's
progress. This decomposition enables the risk and quality assessment at
the individual sub-unit level by considering the five categories of 4M1E.
Since these sub-units are interconnected and aligned with the project's
progress, the resulting risk control is dynamic in that both risk assess-
ment and management are updated as the project progresses and the
status of the sub-units proceeds from planned to ongoing and com-
pleted.

3.2. Risk assessment module

The risk assessment module fuses the multi-source 4M1E quality
factors to assess the risks and thereby avoids the subjective bias in
expert scoring and judgement. This module is the core module of the
newly developed method and system. Its two main compartments are
the risk index system and the data fusion algorithm based on the D-S
evidence theory.

3.2.1. 4M1E risk index system for undersea shield tunneling
The new 4M1E risk index system is composed of the individual risk

factors (grouped under the five categories of 4M1E), the risk indices for
each category, and the overall risk index. A risk factor is assessed using
one or more measures. To identify the risk factors in this study, the data
of 123 subway accidents in 23 cities in China between 2001 and 2018
were acquired and processed through the R language [38]. This effort
resulted in 16 risk factors and 43 measures in the categories of machine,
material, method, and environment. In addition, three risk factors
based on the role of field crew (i.e., worker, technician, and manager)
and five measures were identified for the (hu)man category. Fig. 5 il-
lustrates the individual risk factors and their corresponding categories.
This structure allows the hierarchical computation of risks at the in-
dividual risk factor level, the main category level, and the overall level
for specific WBS sub-units.

Due to the complexities of various tunneling environments, the in-
terval identification of various influencing factors can be vague. The
reasonable interval division of each factor is carried out by combining
engineering practice and a large amount of accumulated expert ex-
perience [39]. The measures for individual risk factors are further
classified into five ranges from I to V, and the index classification is
mainly based on the even distribution according to Zhang (2017) [36]
and Wu (2018) [40] in security risk perception. The specific numeric
range of each index grade is divided according to the construction site
specification. Table 1 lists the risk factor measures that do not follow
the even distribution and the references that were consulted to develop
the specific classifications. Risk factors are interactive, and their as-
sessment must consider the influence from each other. For example, the
geological environment affects the blade speed (i.e., a suitable geolo-
gical environment allows higher speeds than a poor geological en-
vironment). As such, in setting the range for the blade speed measure of
the driving parameters of the shield machine risk factor, the difference
between the actual speed and the control speed, which is determined
based on the geological environment and site conditions rather than the
actual speed, is used to incorporate the cross-category influences of the

Fig. 3. A BIM platform for integrated quality and risk management.
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Fig. 4. Construction risk management based on 4M1E and multi-source information fusion.

Fig. 5. Construction risk index system of subsea tunnel.
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risk factors. The measures that take into account the control values are
indicated in Table 2. Also, Table 2 lists the classifications of all the
measures for the individual risk factors, grouped in the five categories
of 4M1E.

The indices of multi-source data need to be normalized to become
dimensionless and comparable. Table 3 illustrates the normalization
results of risk measures. Depending on whether the impact on the risk is
positive or negative, the normalization computation is different. If an
index factor has a negative impact on the tunneling risk, then the
greater its value is and the less the risk there will be. As such, nor-
malization follows Eq. (1).

=c c c c c( )/( )i i i ii max max min (1)

where ci' is the normalized index factor, ci is the measured value and
cimax and cimin are the maximum and minimum value of the index

Table 1
Risk factor measures that do not follow the even distribution.

Indicator Basis of classification

Mean heart rate The relationship between heart rate and
fatigue [41–43]

Related experience (for Worker) Construction hazard identification and risk
assessment [44–46]Related experience (for Technician)

Related experience (for Manager)
Oil injection volume (deviation

from control value)
The effect of oil injection volume control
on leakage slurry in shield tail [47,48]

7 days compressive strength The performance requirements for subsea
tunnel grouting material [49]

Table 2
Risk index classification of sub-sea tunnel shield construction method.

Indicator I II III IV V

(hu)Man factors C1 Worker Mean heart rate 0–81 81–98 98–116 116–128 128–150
C2 Nearest distance from dangerous sources 1.6–2 1.2–1.6 0.8–1.2 0.4–0.8 0–0.4
C3 Related experience 15–20 10–15 5–10 3–5 0–3
C4 Technician Related experience 15–20 10–15 5–10 3–5 0–3
C5 Manager Related experience 15–20 10–15 5–10 3–5 0–3

Machine factors C6 Driving parameters of shield
machine

Driving speed of shield machine 0–10 10–20 20–30 30–40 40–50
C7 Total thrust of lifting jack (deviation from

experience value)
0–1000 1000–2000 2000–3000 3000–4000 4000–5000

C8 Penetration of cutter disc 0–5 5–10 10–15 15–20 20–25
C9 Blade speed (deviation from control value) 0–0.1 0.1–0.2 0.2–0.3 0.3–0.4 0.4–0.5
C10 Cutter disc torque (deviation from experience

value)
0–100 100–200 200–300 300–400 400–500

C11 Shield tail brush protection Oil injection volume (deviation from control
value)

0 0–5 5–10 10–15 15–50

C12 Shield machine tail gap (deviation from control
value)

0–5 5–10 10–15 15–20 20–25

C13 Mud water integrated
Management system

Pressure variation in upper mud water
storehouse

0–0.1 0.1–0.2 0.2–0.3 0.3–0.4 0.4–0.5

C14 Pressure variation in medium mud water
storehouse

0–0.1 0.1–0.2 0.2–0.3 0.3–0.4 0.4–0.5

C15 Air pressure change range of air cushion bin 0–0.1 0.1–0.2 0.2–0.3 0.3–0.4 0.4–0.5
C16 Cutter disc wear Edge hob wear 0–3 3–6 6–9 9–12 12–15
C17 Roll tool ring wear 0–5 5–10 10–15 15–20 20–25
C18 Center hob wear 0–5 5–10 10–15 15–20 20–25
C19 Mechanical failure Early warning system failure 0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1

Material factors C20 Grouting material 7 days Compressive strength 2–3 1–2 0.5–1 0.15–0.5 0–0.15
C21 28 days compressive strength 4–5 3–4 2–3 1–2 0–1
C22 Muddy material Mud weight (deviation from control value) 0 0–0.05 0.05–0.1 0.1–0.15 0.15–0.2
C23 Viscosity of mud water (deviation from control

value)
0 0–1 0–1 2–3 3–4

Method factors C24 Geological prospective Pitch of holes 0–2 2–4 4–6 6–8 8–10
C25 Incisional water pressure Deviation from set value 0–0.02 0.02–0.04 0.04–0.06 0.06–0.08 0.08–0.10
C26 Synchro grouting Grouting volume (deviation from control value) 0 0–0.5 0.5–1 1–1.5 1.5–2
C27 Grouting pressure (deviation from control value) 0 0–0.1 0.1–0.2 0.2–0.3 0.3–0.4
C28 Shield posture Plane deviation of incision 0–20 20–40 40–60 60–80 80–100
C29 Height deviation of incision 0–20 20–40 40–60 60–80 80–100
C30 Shield tail plane deviation 0–20 20–40 40–60 60–80 80–100
C31 Shield tail elevation deviation 0–20 20–40 40–60 60–80 80–100
C32 Shield trend Horizontal trend 0–1 1–2 2–4 4–6 6–8
C33 Vertical trend 0–1 1–2 2–4 4–6 6–8
C34 Tunnel design Buried depth of tunnel 28–40 18–28 12–18 6–12 0–6
C35 Tunnel thickness span ratio 3–5 2–3 1–2 0.5–1 0–0.5
C36 Tunnel span 0–7 7–10 10–12 12–15 15–25
C37 Tunnel height span ratio 0.7–1 0.65–0.7 0.6–0.65 0.5–0.6 0–0.5

Environment factors C38 Sea Depth of sea water 0–5 5–10 10–15 15–20 20–25
C39 Soil Natural water content 0–20 20–40 40–60 60–80 80–100
C40 Natural void ratio 0.6–0.7 0.7–0.8 0.8–0.9 0.9–1.0 1.0–1.1
C41 Liquid limit 75–100 60–75 45–60 30–45 0–30
C42 Liquidity index −0.5–0 0–0.25 0.25–0.75 0.75–1 1–1.5
C43 Compression modulus 30–50 20–30 10–20 5–10 0–5
C44 Poisson ratio 0.4–0.5 0.3–0.4 0.2–0.3 0.1–0.2 0–0.1
C45 Rock Rock integrity index 0.75–1 0.55–0.75 0.35–0.55 0.15–0.35 0–0.15
C46 Uniaxial compressive strength 250–300 100–250 50–100 25–50 0–25
C47 Rock quality designation 90–100 75–90 50–75 25–50 0–25
C48 Permeability coefficient 0–1 1–3 3–5 5–10 10–20
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factor, respectively.
On the other hand, if the index factor has a positive impact on the

tunneling risk, then the greater the value is and the more likely the risk
will be. Eq. (2) illustrates the normalization process for this type of risk
factors.

=c c c c c( )/( )i i i ii min max min (2)

Taking the shield machine as an example, the daily driving distance
(C6) has a positive effect on the tunneling risk, and its normalization
follows Eq. (2). For a value of 3.4 m, it is normalized to be 0.068
(calculated as follows), which belongs to Class I.

= = =c c c
c c

3.4 0
50 0

0.0686
6 6 min

6 max 6 min

In another case, the nearest distance from dangerous sources (C2)
has a negative effect, so for a value of 0.6 m, it is normalized to be 0.7
(calculated as follows), which belongs to Class I. Note in both cases, the
classification remains the same.

= = =c c c
c c

2 0.6
2 0

0.72
2 max 2

2 max 2 min

3.2.2. Information fusion via D-S evidence theory
Although D-S evidence theory is widely accepted for fusing het-

erogeneous data, it has three limitations that must be addressed.

Table 3
Classification of dimensionless risk indicators.

Indicator I II III IV V

(hu)Man factors C1 Worker Mean heart rate 0–0.540 0.540–0.653 0.653–0.773 0.773–0.853 0.853–1
C2 Nearest distance from dangerous sources 0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1
C3 Related experience 0–0.25 0.25–0.5 0.5–0.75 0.75–0.85 0.85–1
C4 Technician Related experience 0–0.25 0.25–0.5 0.5–0.75 0.75–0.85 0.85–1
C5 Manager Related experience 0–0.25 0.25–0.5 0.5–0.75 0.75–0.85 0.85–1

Machine factors C6 Driving parameters of shield
machine

Driving speed of shield machine 0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1
C7 Total thrust of lifting jack (deviation from

experience value)
0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1

C8 Penetration of cutter disc 0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1
C9 Blade speed (deviation from control value) 0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1
C10 Cutter disc torque (deviation from experience

value)
0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1

C11 Shield tail brush protection Oil injection volume (deviation from control
value)

0 0–0.1 0.1–0.2 0.2–0.3 0.3–1

C12 Shield machine tail gap (and control value
deviation)

0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1

C13 Mud water integrated
management system

Pressure variation in upper mud water
storehouse

0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1

C14 Pressure variation in medium mud water
storehouse

0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1

C15 Air pressure change range of air cushion bin 0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1
C16 Cutter disc wear Edge hob wear 0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1
C17 Roll tool ring wear 0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1
C18 Center hob wear 0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1
C19 Mechanical failure Early warning system failure 0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1

Material factors C20 Grouting material 7 days Compressive strength 0–0.333 0.333–0.666 0.666–0.833 0.833–0.95 0.95–1
C21 28 days compressive strength 0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1
C22 Muddy material Mud weight (deviation from control value) 0 0–0.25 0.25–0.5 0.5–0.75 0.75–1
C23 Viscosity of mud water (deviation from

control value)
0 0–0.25 0.25–0.5 0.5–0.75 0.75–1

Method factors C24 Geological prospective Pitch of holes 0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1
C25 Incisional water pressure Deviation from set value 0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–0.10
C26 Synchro grouting Grouting volume (deviation from control

value)
0 0–0.25 0.25–0.5 0.5–0.75 0.75–1

C27 Grouting pressure (deviation from control
value)

0 0–0.25 0.25–0.5 0.5–0.75 0.75–1

C28 Shield posture Plane deviation of incision 0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1
C29 Height deviation of incision 0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1
C30 Shield tail plane deviation 0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1
C31 Shield tail elevation deviation 0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1
C32 Shield trend Horizontal trend 0–0.125 0.125–0.25 0.25–0.5 0.5–0.75 0.75–1
C33 Vertical trend 0–0.125 0.125–0.25 0.25–0.5 0.5–0.75 0.75–1
C34 Tunnel design Buried depth of tunnel 0–0.3 0.3–0.55 0.55–0.7 0.7–0.85 0.85–1
C35 Tunnel thickness span ratio 0–0.4 0.4–0.6 0.6–0.8 0.8–0.9 0.9–1
C36 Tunnel span 0–0.28 0.28–0.4 0.4–0.48 0.48–0.6 0.6–1
C37 Tunnel height span ratio 0–0.3 0.3–0.35 0.35–0.4 0.4–0.5 0.5–1

Environment factors C38 Sea Depth of sea water 0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1
C39 Soil Natural water content 0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1
C40 Natural void ratio 0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1
C41 Liquid limit 0–0.25 0.25–0.4 0.4–0.55 0.55–0.7 0.7–1
C42 Liquidity index 0–0.25 0.25–0.375 0.375–0.625 0.625–0.75 0.75–1
C43 Compression modulus 0–0.4 0.4–0.6 0.6–0.8 0.8–0.9 0.9–1
C44 Poisson ratio 0–0.4 0.4–0.6 0.6–0.8 0.8–0.9 0.9–1
C45 Rock Rock integrity index 0–0.25 0.25–0.45 0.45–0.65 0.65–0.85 0.85–1
C46 Uniaxial compressive strength 0–0.167 0.167–0.667 0.667–0.833 0.833–0.917 0.917–1
C47 Rock quality designation 0–0.1 0.1–0.25 0.25–0.5 0.5–0.75 0.75–1
C48 Permeability coefficient 0–0.05 0.05–0.15 0.15–0.25 0.25–0.5 0.5–1
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1) Traditional Dempster rules are incapable of handling highly
conflicting evidence and can lead to unexpected and counter-intuitive
results [50].

2) Effective applications of D-S evidence theory depends largely on
generating BPAs, which is essentially a distribution modeling problem
surrounding a random set of variables. The construction of BPAs is often
closely related to their application. Since BPAs determine the fuzziness
and randomness of the process, constructing them is a crucial problem
[51].

3) Due to measurement errors and (hu)man factors, there may be
unavoidable deviations or errors in observed data or evidence from
multiple sources [52].

To address these limitations, this paper proposes a new method and
system that incorporates an improved multivariate data fusion method
and integrates D-S evidence theory, FME, and BIM. Implementation of
the D-S evidence theory algorithm involves two steps: 1) establishment
of the BPAs for the multi-source evidence body based on FME and 2)
application of the evident fusion rules. Fig. 6 illustrates the overall
process.

(1) Fuzzy matter element (FME) method for BPAs
The construction of BPAs is a challenging problem in the application

of D-S evidence theory. There is a fuzzy correlation between the multi-
source heterogeneous risk factor measures involved in the construction
process. For example, the experience and status of different workers
affects the risks of mechanical operation; and different mechanical
operation methods and other factors affect the risks of the construction
process. However, the correlation is uncertain and is difficult to eval-
uate with traditional data analysis methods. In order to solve the in-
compatibility problems with traditional methods, a fuzzy matter ele-
ment method was adopted to construct the BPAs in the new method and
system.

FME is a data processing method based on the fuzzy set theory and
the matter element analysis theory [53]. FME describes the nature of
things objectively and accurately through the correlation function from
both the qualitative and quantitative aspects and explicitly explains the
intrinsic relationship between the matter and the quantity of the
matter, as well as the law of its changes. It shows the fuzziness and
incompatibility during the process of information expression, acquisi-
tion, and reasoning, and has been regarded as an effective method for
multi-factor evaluation. Yin [54] showed that FME was able to solve the
problem of contradictory mathematical functions and constraint con-
ditions and pointed out that by combining qualitative and quantitative
models, the multi-objective negotiation problem can be transformed
into a single-objective consultation problem. Sheng [55] and Qi [56]

discussed the basic principles of using FME to define mass functions in
D-S evidence theory and demonstrated its use for multi-source data
fusion. Scholars have achieved good results applying FME to evaluate
multi-factor indices in fields such as complex project safety assessment
[57,58].

In FME, the matter-element model S = (A,C,X) is defined as a
three–element set, where A is the matter element, C is the feature of A,
and X is the value of C. C reflects one specific aspect of a matter element
A, thus A could have multiple features such as C1, C2, …, CN, which
have corresponding values of x1, x2, …, xN, where n is the number of
features. SN is called a N dimension matter element, which is defined as
Eq. (3)

= =S A C X

A C x
C x

C x

[ , , ] : :N

N N

1 1

2 2

(3)

where Ci(i = 1, 2, …, N) is the ith feature of A, and xi(i = 1, 2, …, N) is
the value of Ci, which, in this case, is the index data of the object to be
evaluated.

For specific objects, the matter element A can be further discretized
into different states according to the actual requirements. In risk as-
sessment, particularly, it is very important to define different standards
under different risk conditions. For example, the severity of a risk can
be classified into five grades: I, II, III, IV, and V, from light to heavy. In
this sense, if a matter element A is divided into M discrete states, the
measurement of X in different states becomes a fuzzy problem.
Therefore, SNM is called the fuzzy N-dimensional matter element, as
defined in Eq. (4).
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where SNM is a N-dimensional fuzzy matter element; Ci(i = 1, 2, …, N)
is the ith feature of the matter element, xi(i= 1, 2, …, N) is the value of
the evaluation index Ci, that is, the index data of the object to be
evaluated;Aj is the jth (j=1, 2, …,M) state of the matter-element; fij(xi)
(i = 1, 2, …, N; j = 1, 2, …, M) is the fuzzy membership of the ith
feature Ci in the jth state.

Considering multiple variables Ci(i = 1, 2, …, N) that are involved
during construction, the perception of risk is a multi-objective decision-
making problem with discrete sample spaces and discrete observable

Fig. 6. FME and evidence fusion construction risks.
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random variables. Since index factors are discrete, they can be further
divided into different states {A1,A2,…,AM} by fuzzification, which
converts a brittle value into the membership degree of a fuzzy set. In
this paper, each state Aj(j= 1, 2, …,M) corresponds to a specific closed
interval. The input multi-sensor data are converted into a series of va-
lues between 0 and 1 to represent their membership degrees, calculated
using Eq. (5).

=f x
x a

b
( ) expij i

i ij

ij

2

(5)

where fij(xi) is the fuzzy membership of xi for the ith feature Ci in the jth
state, xi is a specific number of the ith index factor, and aij and bij are
constant values of FEM function, calculated using Eqs. (6) and (7).

=
+

a
x L x R( ) ( )

2ij
ij ij

(6)

=b
x R x L( ) ( )

3ij
ij ij

(7)

where xij(L) and xij(R) are the lower and upper bounds of the ith feature
Ci in the jth state.

Following the calculations through Eqs. (5) through (7), the re-
lationship between xi and Ai is obtained as the fuzzy membership de-
gree and is then used to construct the BPAs of influencing factors Ci. Eq.
(8) illustrates the computation of BPAs.

=

=
=

m A f x

m m A

( ) ( )

( ) 1 ( )

i j ij i

i
j

N

i j
1 (8)

where mi(Aj) is the BPA of Aj, and mi(Θ) is the value of the uncertain
state of Ci, which means no focal element can be determined in this
state and thus all sub-units are included.

(2) Evidence fusion method mixed with FME
The purpose of evidence fusion rules mixed with FME is to discretize

the collection of evidence into non-overlapping sets. The hybrid fusion
rule is adopted to fuse the multi-source evidence body by independent
judgement of the recognition framework of D-S evidence theory. This
framework is as follows.

Viewing any object as a system, if Θ is the recognition framework of
the system, then Θ = {θ1,…,θM}. If set function m : 2θ → [0,1], where
2θ is the power set of Θ, satisfies the following conditions:

(1) =m A( ) 1
A

,

(2) m(∅) = 0, ∅ is an empty set.
then for ∀A ∈ 2Θ, m(A) is called the mass function or BPA of A. m(A)

reflects the extent to which evidence body supports A, but not any
particular subsets of A, and thus indicates the exact reliability of A it-
self. m(Θ) is called the uncertainty of A. Any A ∈ 2Θ that satisfies m
(A) > 0 is called a Focal Element, and the union of all focal elements is
called the core of evidence.

In order to integrate information more effectively, D-S evidence
theory builds up a series of mass functions and fuses multi-source in-
formation through the Dempster rules. The Dempster rules of two evi-
dence bodies are defined as Eq. (9).
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where m1(A) and m2(A) are two mass functions under the same re-
cognition framework, m1, 2(A) is the fusion result of two mass functions,
and K1, 2 is the conflict between two evidence bodies.

Despite the advanced performance in reasoning with uncertainties,

the traditional Dempster rule has inevitable shortcomings in fusing
evidence of high conflict, which are often counterintuitive. To be spe-
cific, the conflict coefficient K from Eq. 9 is a value less than 1; how-
ever, when the conflict coefficient K approaches very close to 1, the
Dempster rule will lead to the anti-intuition problem [59]. When K1,
2 = 1, the evidence bodies have a complete conflict, which means the
failure of Dempster rule.

In order to solve the counter-intuitive problem, the new method and
system in this paper adopted a mixed evidence fusion rule. As shown in
Fig. 4, a threshold ξ is set to detect conflict of evidence. If a high conflict
is detected, a weighted average rule will be implemented to fuse high
conflict evidences, otherwise the Dempster rules will be used for evi-
dence fusion. The weighted average rule is defined as Eq. (10).

= ×
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where ω0 is the weight of the oth evidence body in fusion, and d0 is
the total Euclidian distance between the oth evidence body and the
others.

The value of the threshold ξ depends on the application of practical
projects. Since this new method and system focuses on risk perception
and evaluation during undersea tunneling, considering the fused multi-
source information mainly comes from sensors and 5% is a common
acceptable error rate in practice, the value of ξ is set at 0.95. When K is
less than 0.95, the Dempster rule is used, and when K is greater than or
equal to 0.95, the weighted average rule is used.

3.3. BIM module

As the project progresses, the quality information is collected and
organized through the 4M1E–WBS module and fused through the risk
assessment module to compute the risk indices. The results are sent to
the BIM module for storage, management, and visualization. The BIM
platform also contains a database of risk assessments from previous
projects and a collection of risk solutions. Note that this database of risk
assessment information of previous projects grows continuously (i.e.,
the results of the current project are saved and become a part of the
database for reference on future projects). Each risk index is compared
with previous experiences in the database to determine if an action
needs to be taken to control the risk, and such actions are retrieved
from the database of risk solutions. Fig. 7 illustrates a scenario where
not only the segment where the risk occurs, but also the level of the risk,
the components where the risk exists, and the factors that cause the risk
are displayed. This feature greatly facilitates the retrieval of quality
information for each construction section and enables managers to
perceive risk and then communicate solutions and actions to the whole
team in real-time.

4. Case study and illustration

4.1. Case study background

The shield cutter accident during the Xiamen Metro Line No. 3
project was utilized to test the new method and system due to the
complexity and severity of the accident. Metro Line No. 3 is an undersea
tunnel located between Wuyuan Wan Station and Liuwu Dian Station in
Xiamen, China. The whole line was successively divided into three
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sections: 1) the EPB section, 2) the mining method section, and 3) the
SS section. The EPB section is 871 m long and mainly crossed land. The
SS section is 1419 m long, of which 1159 m crossed the sea with the
remainder crossing land (Fig. 8). The two main challenges in this
construction project were the complexity of the geology and the direct
connection of the underground water to seawater. From the aspect of
geology, the upper layer was relatively soft while the lower layer was
harder and full of bedrock bulges, boulders, weathered slots, and se-
verely mantled rocks, which made the shield machine's work very dif-
ficult. The connection of underground water to seawater made the
construction process extremely vulnerable to collapses.

The shield cutter accident in question happened on the left 343
rings (K18 + 836.94–K18 + 838.41) during the construction process.
This accident was classified as the highest-grade risk according to the
Code for Risk Management of Underground Works in Urban Rail Transit
[66]. The details of the accident are as follows:

1) At an early stage, the early-warning system of the shield cutter
failed to work and triggered an alarm. On-site repair was not accessible
due to the weathered geologic condition and the project manager
decided to continue the work without repair.

2) Unknown obstacles were encountered at a place which the geo-
logic exploration had reported as a “fully weathered area.” The ob-
stacles caused a sharp wear to the cutter and sent the cutter deep into
the soil.

3) The direct removal or replacement of the cutter on the site was
not feasible due to the loose soil and bubbling sea floor, which posed a
great danger of causing a backwash of the seawater. As a solution, a
freezing method was used to handle the broken cutter and led to a di-
rect economic loss of up to 22 million RMB and a half-year delay in the
project.

This accident was used as the case study to illustrate the function-
ality of the new method and system.

4.2. Case risk assessment calculation

To test the new method and system, the relevant quality data im-
mediately preceding the accident were collected and are summarized in
Table 4. The indicator number (I N) is the same number shown in
Tables 1 and 2.

Fig. 7. Risk visualization in BIM.

Fig. 8. Background Information of the Case Study
(a) Sections of Xiamen Metro Line 3
(b) Shield Machine Disassembly.
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4.2.1. Construction of BPAs
The BPAs were calculated for each index factor using Eqs. 5 through

8, and the results are shown in Table 5.

4.2.2. Fusion results of risk indices
Table 6 illustrates the fusion results for the risk factors under the

(hu)man category and the fused risk classification at the category level.
Tables 7, 8, 9, and 10 illustrate the fusions results for the machine,
material, method, and environment categories, respectively.

4.2.3. Fusion result of the overall risk
Previous studies [61,62] have shown that 80–90% of tunneling

accidents are attributable to unsafe (hu)man behavior, construction
equipment, and the work environment. Therefore, in this study, the
fusion results of the (hu)man, machine, and environment factors were
integrated utilizing D-S theory as well as the material and method fu-
sion results. The weights for the man-machine-environment risks and
the material-method risks were set at 90% and 10%, respectively. The
fusion process is described below, and the fusion results of the overall
risk of the shield cutter accident are shown in Table 12. The results
suggest a Class V risk (the highest risk group), which aligns with the
reality (i.e., an accident actually occurred).

4.3. Analyses of results and observations

The overall risk prior to the occurrence of the accident was assessed
as Class V (the highest risk). For the five main categories, the risk for
the (hu)man category was assessed as Class IV, the machine category
risk was Class V, the method category also was Class V, the method
category was Class I, and the environment category was Class V.

The following observations were made from the data relevant to this
accident. 1) The fourth-level risk (Class IV) of the (hu)man category
was caused by a lack of work and technical experience as well as
management skills in undersea shield tunneling. 2) The fifth-level risk
(Class V) of the machine category occurred for two main reasons: a)
when the alarm system of the shield cutter failed, a timely repair was
not provided; and b) unknown obstacles caused severe damage to the

cutter, which was the direct result of the false geologic report and the
failed alarm system. 3) The fifth-level risk (Class V) of the environment
category was due to the complex geology of the site, which posed
danger to on-site repairs as it could have easily caused a severe salt-
water encroachment. The main causes were traced to the (hu)man ca-
tegory risk factors. If the team had possessed the necessary skills,
knowledge, and experience, they would have made timely decisions
prior to the accident to prevent its occurrence and timely repairs would

Table 4
Quality data at Wuyuan bay construction site.

I Na Measured
value

Normalized
value

C Rb I Na Measured
value

Normalized
value

C Rb

C1 76 0.506 I C25 0.04 0.4 III
C2 0.6 0.7 IV C26 0 0 I
C3 2 0.90 V C27 0 0 I
C4 2 0.90 V C28 10 0.1 I
C5 6 0.70 III C29 −1 0.01 I
C6 3.4 0.068 I C30 26 0.26 II
C7 1405 0.281 II C31 0 0 I
C8 2.80 0.112 I C32 −2 0.25 III
C9 0.19 0.380 II C33 4 0.5 IV
C10 206 0.412 III C34 19.00 0.525 II
C11 0 0 I C35 3.167 0.367 I
C12 8 0.320 II C36 6 0.24 I
C13 0.05 0.10 I C37 1 0 I
C14 0.16 0.32 II C38 5.86 0.234 II
C15 0.04 0.08 I C39 24.3 0.243 II
C16 15 1 V C40 0.769 0.338 II
C17 25 1 V C41 38 0.62 IV
C18 25 1 V C42 −0.07 0.215 I
C19 1 1 V C43 5.84 0.883 IV
C20 2.9 0.033 I C44 0.488 0.104 I
C21 3.7 0.26 II C45 0.108 0.892 V
C22 0 0 I C46 0 1 V
C23 0 0 I C47 12.5 0.875 V
C24 5 0.5 III C48 15 0.75 V

a Indicator number.
b Classification result.

Table 5
Construction of BPAs.

Indicator BPAs

m(A1) m(A2) m(A3) m(A4) m(A5) m(Θ)

(hu)Man C1 0.179 0.003 0.000 0.000 0.000 0.818
C2 0.000 0.000 0.000 1.000 0.000 0.000
C3 0.000 0.000 0.000 0.000 0.779 0.221
C4 0.000 0.000 0.000 0.000 0.779 0.221
C5 0.000 0.000 0.445 0.000 0.000 0.555

Machine C6 0.794 0.000 0.000 0.000 0.000 0.206
C7 0.001 0.992 0.000 0.000 0.000 0.007
C8 0.968 0.000 0.000 0.000 0.000 0.032
C9 0.000 0.237 0.039 0.000 0.000 0.724
C10 0.000 0.060 0.175 0.000 0.000 0.765
C11 1.000 0.000 0.000 0.000 0.000 0.000
C12 0.000 0.914 0.001 0.000 0.000 0.085
C13 1.000 0.000 0.000 0.000 0.000 0.000
C14 0.000 0.914 0.001 0.000 0.000 0.085
C15 1.000 0.000 0.000 0.000 0.000 0.000
C16 0.000 0.000 0.000 0.000 1.000 0.000
C17 0.000 0.000 0.000 0.000 1.000 0.000
C18 0.000 0.000 0.000 0.000 1.000 0.000
C19 0.000 0.000 0.000 0.000 1.000 0.000

Material C20 1.000 0.000 0.000 0.000 0.000 0.000
C21 0.003 0.698 0.000 0.000 0.000 0.299
C22 1.000 0.000 0.000 0.000 0.000 0.000
C23 1.000 0.000 0.000 0.000 0.000 0.000

Method C24 0.000 0.000 1.000 0.000 0.000 0.000
C25 0.000 0.106 0.106 0.000 0.000 0.788
C26 1.000 0.000 0.000 0.000 0.000 0.000
C27 1.000 0.000 0.000 0.000 0.000 0.000
C28 1.000 0.000 0.000 0.000 0.000 0.000
C29 1.000 0.000 0.000 0.000 0.000 0.000
C30 0.003 0.698 0.000 0.000 0.000 0.299
C31 1.000 0.000 0.000 0.000 0.000 0.000
C32 0.000 0.106 0.105 0.000 0.000 0.789
C33 0.000 0.000 0.105 0.105 0.000 0.790
C34 0.000 0.018 0.018 0.000 0.000 0.964
C35 0.208 0.019 0.000 0.000 0.000 0.773
C36 0.317 0.002 0.000 0.000 0.000 0.681
C37 1.000 0.000 0.000 0.000 0.000 0.000

Environment C38 0.018 0.376 0.000 0.000 0.000 0.606
C39 0.010 0.482 0.000 0.000 0.000 0.508
C40 0.000 0.723 0.003 0.000 0.000 0.274
C41 1.000 0.000 0.000 0.000 0.000 0.000
C42 0.311 0.004 0.000 0.000 0.000 0.685
C43 0.000 0.000 0.000 0.990 0.000 0.010
C44 0.000 0.000 0.001 0.375 0.018 0.606
C45 0.000 0.000 0.000 0.011 0.647 0.342
C46 0.000 0.000 0.000 0.000 1.000 0.000
C47 0.000 0.000 0.000 0.000 1.000 0.000
C48 0.000 0.000 0.000 0.000 1.000 0.000

Table 6
Information fusion decision results of (hu)man factors.

Category Grade m(Θ) Fusion results

m(A1) m(A2) m(A3) m(A4) m(A5)

Worker 0.000 0.000 0.000 1.000 0.000 0.000 IV
Technician 0.000 0.000 0.000 0.000 0.779 0.221 V
Manager 0.000 0.000 0.445 0.000 0.000 0.555 –
(hu)Man 0.000 0.000 0.000 1.000 0.000 0.000 IV
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have been made when the shield machine was damaged. For that
reason, more attention should be paid to risk control in the (hu)man
category factors.

The new method and system produced the same result as the actual
risk level for the shield cutter accident that occurred during the Xiamen
Metro Line No. 3 project, which proves the feasibility of using improved
D-S evidence fusion theory in risk assessment for undersea tunneling.
The implementation of this new system fills the dynamic risk assess-
ment gap of existing risk management methods and will help practi-
tioners assess their risks in real-time during the construction process
and thereby avoid financial losses as well as project delays caused by
accidents.

5. Discussion

The new method and system presented in this paper could be uni-
versally implemented for undersea tunnel shield construction projects
in different cities and different countries or in different sections of the
same project. Generally, this method and system can be used by adding
or defaulting some factors according to actual situations, and im-
plementation is expected to be easier than for the Xiamen case. For the
default factors, if they will not be in the final fusion, the default values
will not affect the evaluation results. If the default factors are in-
corporated in the final fusion, there are three methods to enable their
use: 1) fill in the predicted value; 2) copy the last valid value; or 3) if 1)
and 2) are not possible, fill in the median value. According to the 4M1E
grading system in this new method and system, the dynamic indices of
(hu)man, machine, materiel, method, and environment for different
projects can be obtained through the 4M1E-WBS module, which serves
as the pre-input parameters of the fusion algorithm whereby accurate
risk assessment of undersea tunnel shield construction in different re-
gions can be achieved.

However, there are two limitations in the proposed method and
system. First, it could not realize real-time data acquisition and risk
dynamic interaction. Risk is by nature dynamic and interdependent
[63]. While in our study we did consider risk influence to a certain
extent, this is an area that would greatly benefit from further efforts to
model and simulate risk interactions to more accurately model the risk
interaction and assess the overall risk at the project level. Second, the
risk response strategy is still a textual database of predesigned strate-
gies. An updated mechanism is lacking that could substantiate the da-
tabase with more versatile strategies as well as lessons learned from
past experience. Efforts in this regard would advance the validity of the
new method's results.

The validity and applicability of the new method and system was
verified by the construction rings overall line 3. Quality measurement
data were obtained from the site for the randomly selected construction
sections of the 827th–834th rings and 907th–912th rings from the
shield section between Wuyuan Wan Station and Liuwu Dian Station.
The overall construction risk index was determined following the fusion
process: fusing risk measures – the third level risk indicators – leads to
the risk indices of the risk factors – the second level risk indicators,
fusing the second level risk indices leads to the risk indices of the risk

Table 7
Information fusion decision results of machine.

Category Grade m(Θ) Fusion results

m(A1) m(A2) m(A3) m(A4) m(A5)

Shield machine parameters 0.459 0.536 0.001 0.000 0.000 0.004 II
Shield tail brush protection 1.000 0.000 0.000 0.000 0.000 0.000 I
Mud water comprehensive management system 1.000 0.000 0.000 0.000 0.000 0.000 I
Tool disk wear 0.000 0.000 0.000 0.000 1.000 0.000 V
Mechanical failure 0.000 0.000 0.000 0.000 1.000 0.000 V
Machine 0.000 0.000 0.000 0.000 1.000 0.000 V

Table 8
Information fusion decision results of material.

Category Grade m(Θ) Fusion
results

m(A1) m(A2) m(A3) m(A4) m(A5)

Grouting material 1.000 0.000 0.000 0.000 0.000 0.000 I
Mud water

material
1.000 0.000 0.000 0.000 0.000 0.000 I

Material 1.000 0.000 0.000 0.000 0.000 0.000 I

Table 9
Information fusion decision results of the method.

Category Grade m(Θ) Fusion
results

m(A1) m(A2) m(A3) m(A4) m(A5)

Geological
exploration

0.000 0.000 1.000 0.000 0.000 0.000 III

Cut water pressure 0.000 0.106 0.106 0.000 0.000 0.788 –
Synchronous

grouting
1.000 0.000 0.000 0.000 0.000 0.000 I

Shield posture 1.000 0.000 0.000 0.000 0.000 0.000 I
Shield trend 0.000 0.087 0.183 0.086 0.000 0.644 –
Tunnel design 1.000 0.000 0.000 0.000 0.000 0.000 I
Method 1.000 0.000 0.000 0.000 0.000 0.000 I

Table 10
Information fusion decision results of the environment.

Category Grade m(Θ) Fusion results

m(A1) m(A2) m(A3) m(A4) m(A5)

Sea water 0.018 0.376 0.000 0.000 0.000 0.606 –
Soil 0.382 0.000 0.000 0.614 0.000 0.004 IV
Rock 0.000 0.000 0.000 0.000 1.000 0.000 V
Environment 0.194 0.001 0.000 0.303 0.500 0.002 V

Table 12
Decision fusion of risk state for cutter head accident of shield machine.

=

=
( )

The accident risk of shield machine cutter

(0.9 0.1) 0.000 0.000 0.000 0.378 0.622 0.000
1.000 0.000 0.000 0.000 0.000 0.000

(0.100 0.000 0.000 0.340 0.560 0.000)

m(A) Grade m(Θ) Fusion
results

m(A1) m(A2) m(A3) m(A4) m(A5)

Man-machine-
environment

0.000 0.000 0.000 0.378 0.622 0.000 V

Material-method 1.000 0.000 0.000 0.000 0.000 0.000 I
4M1E 0.100 0.000 0.000 0.340 0.560 0.000 V
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categories of 4M1E – the first level risk indicators, and finally fusing the
first level risk indices to determine the overall construction risk. Fig. 9
illustrates the risk indices of the second level risk indicators. Attributed
to the variations in the values of third level risk indicators, the fusion
results show fluctuations. For example, the fusion result for the sec-
ondary index of “mud water management system” in the 912th ring is
in the range of grade V, but the fusion results for both the secondary
indices of “cutter disc wear” and “mechanical failure” are in grade I.
Fig. 10 illustrates the risk indices of the first level risk indicators, or the
five categories of 4M1E, and the overall risk. Other than the method
risk index of the 831th ring and the man risk index of the 910th ring
being in grade II, all the first level risk indices and the overall risk index
were in grade I. The calculation results show that the overall risk levels
were all Class I, and no construction accidents occurred at the con-
struction sites from October 2018 to mid-November 2018. The multi-
source information fusion method was consistent with the actual si-
tuation.

The new method and system were found to be practical for under-
ground tunnel risk management. At present, a Xiamen Metro Line 3
construction risk management system is being developed and the core
algorithm has been tested. The results are in good agreement with the
actual situation, which greatly assists the subway construction risk
management team. This new multi-source integrated assessment
method and system for undersea tunnel construction risk is a universal
method integrating data collection, risk assessment, and BIM risk
management. This system can store multiple engineering sections by
setting index system parameters according to the actual situation of
projects in different regions and calculating the risk level, can provide
real-time visualization of construction risks, and can quickly locate the

sections, processes, and positions where construction risks occur that
are needed to carry out unified management and avoid construction
risks to the greatest extent. Therefore, this new method and system can
be used for other underground tunnel construction technologies and
building construction types, with the only additional work needed
being determination of the appropriate evaluation factor for the project
according to the 4M1E framework and building the BIM models.

6. Summary and conclusions

A new construction risk assessment method and system based on
4M1E multi-source information fusion was presented in this paper to
solve the problems of subjectivity and static evaluation in risk assess-
ment and management in undersea tunneling projects. First, the re-
lationship between the quality and the risk was established using the
4M1E categories as the bridge to integrate the quality and risk measures
so that risk could be better quantified by deterministic quality mea-
sures. Using D-S evidence theory and FME, the quality data were stra-
tified and fused to avoid the subjectivity in the current expert scoring
practices to assess risk. The new method and system were implemented
on a BIM platform for integrated quality and risk management to take
advantage of the merits of BIM in information modeling, data man-
agement, and visualization. The resulting BIM database collects not
only the risk information of a specific project but also retains the risk
information from past projects and potential solutions. As such, it not
only visualizes where the risks are, but also provides guidance on ac-
tions to take when encountering risks as a project progresses. The new
method and system was tested and validated using a construction safety
case study of a shield cutter accident that occurred during the Xiamen
Metro Line No. 3 project. An empirical analysis was conducted to verify
the effectiveness of the method; and the results show that the overall
risk was at the highest level (i.e., Class V) prior to the accident.

Future work will focus on four main avenues of research. 1) Sensing
tools for real-time data acquisition. We will pursue sensors that not only
use radio frequency identification (RFID), LiDAR, cameras and cam-
corders, and fiber bragg grating (FBG), but also innovative new sensors
that can sense factors which heretofore were either ineffectively per-
ceived or not at all. 2) Real-time monitoring and control. Multi-sensor
systems and leveraging advances in cyber-physical systems (CPS) and
the Internet of Things (IoT) will be pursued to provide dynamic re-
sponse and automatic control. 3) Mechanisms for updating the stra-
tagem database. We are working on “lessons learned” from past ex-
perience, which will be published in future papers. 4) Finally, we fully
realize that the interactions between risk factors is a puzzle problem,
and it will take a long time to develop an algorithm that is better than
the D-S theory algorithm for precise evaluation of construction risk.
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Appendix A. Appendix

Our detailed procedures for calculating the risk level of undersea tunnel construction using improved D-S evidence theory are listed here, taking
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Fig. 9. Grade change of secondary index.

1

2

3

4

5

827th ring828th ring 831th ring834th ring907th ring910th ring911th ring912th ring

Man Machine Material

Method Environment 4M1E

Fig. 10. Grade change of categories.

H. Zhou, et al. Automation in Construction 111 (2020) 103050

13



the case study in this paper as an example.

1) Risk index classification of undersea tunnel shield construction method
2) Normalized measured multi-source data

The above steps are elaborated in Tables 2 and 3 in the text, and the normalized value of the relevant quality data immediately preceding the
accident are listed in Table 4 in the text.

3) Construction of BPAs

Eqs. 5 through 8 in the text are used to calculate the BPAs of each index factor, BPA construction process of C1 (average heart rate of workers)
indicator is as follows:

According to formula 6 and 7, constants a and bof FEM function are calculated:

= + = + =a x L x R( ) ( )
2

0 0.54
2

0.2711
11 11

= = =b x R x L( ) ( )
3

0.54 0
3

0.1811
11 11

According to Eq. (5), the membership function of FME is:

= = =f x a
b

exp exp 0.506 0.27
0.18

0.17911
1 11

11

2 2

According to Eq. (8), the BPAs of A can express as mi(Aj) = fij(xi), then

= =m A f x( ) ( ) 0.1791 1 11 11

Similarly, the BPAs of A in C1 index are calculated as follows:
m1(A2) = 0.003 m1(A3) = 0.000
m1(A4) = 0.000 m1(A5) = 0.000
According to Eq. (8), BPA value with uncertain size of C1 index is

= =
=

m m A( ) 1 ( ) 0.818
j

j1
1

5

1

In particular, if the measured value is less than the median of the first interval or greater than the median of the fifth interval, BPA is assigned a
value of 1 at the corresponding interval and 0 at the other intervals. Similarly, BPAs were constructed for other indices and the results are shown in
Table 5 in the text.

4) Index factors fusion

Taking information fusion decision of (hu)man as an example:
The BPAs of C1, C2 and C3 can be obtained from Table 13 as follows:

Table 13
The BPAs of indicators C1, C2 and C3.

Indicator BPAs

m(A1) m(A2) m(A3) m(A4) m(A5) m(Θ)

C1 0.179 0.003 0.000 0.000 0.000 0.818
C2 0.000 0.000 0.000 1.000 0.000 0.000
C3 0.000 0.000 0.000 0.000 0.779 0.221

The fusion process of mean heart rate (C1) and the nearest position to the hazard source (C2) is as follows:
According to Eq. (9):

= = <
=

K m A m A( ) ( ) 0.182 0.95
A A

i j1,2 1 2
i j

Complied with the D-S rule, then

=

= × + × + × =

=
m A

K
m A m A A A( ) 1

1
( ) ( ), ,

0.179 0.000 0.179 0.000 0.000 0.818
1 0.182

0

A A A
i j1,2 1

1,2
1 2

i j

Similarly, m1, 2(A2) = 0, m1, 2(A3) = 0, m1, 2(A4) = 1, m1, 2(A5) = 0, continue to fuse fusion results of C1 and C2 indicators with C3 indicators,
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= = <
=

K m A m A( ) ( ) 0.779 0.95
A A

i j1,2,3 1,2 3
i j

=

= × + × + × =

=
m A

K
m A m A A A( ) 1

1
( ) ( ), ,

0.000 0.000 0.000 0.221 0.000 0.000
1 0.779

0

A A A
i j1,2,3 1

1,2,3
1,2 3

i j

Similarly,m1, 2, 3(A2) = 0, m1, 2, 3(A3) = 0, m1, 2, 3(A4) = 1, m1, 2, 3(A5) = 0.
That is, the fusion results of the worker indicator. Fuse the third grade indices in turn, and then getting the risk results of the worker, the

technician, and the manager, and then fusing the three second-level indices to get the (hu)man risk level. The result of the fusion decision of (hu)man
factor is shown in Table 6 in the text. Similarly, the fusion results of other first-level indicators are obtained, shown in Tables 7 through 10 in the text.
The overall risk level calculation method is shown in Section 4.2 in the text.
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