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Abstract

With the continuous expansion of urban rail transit networks, construction safety of con-
necting passages—as critical weak links in underground structural systems—has become
pivotal for project success. Although artificial ground freezing technology effectively ad-
dresses adverse geological conditions (e.g., high permeability and weak self-stability), it is
influenced by multi-field coupling effects (temperature, stress, and seepage fields), which
may trigger chain risks such as freezing pipe fractures and frozen curtain leakage during
construction. This study deconstructed the freezing method workflow (‘drilling pipe-laying
→ active freezing → channel excavation → structural support’) and established a hier-
archical evaluation index system incorporating geological characteristics, technological
parameters, and environmental impacts by considering sandy soil phase-change features
and hydro-thermal coupling effects. For weight calculation, the Analytic Hierarchy Process
(AHP) was innovatively applied to balance subjective-objective assignment deviations,
revealing that the excavation support stage (weight: 52.94%) and thawing-grouting stage
(31.48%) most significantly influenced overall risk. Subsequently, a Bayesian network-based
risk assessment model was constructed, with prior probabilities updated in real-time using
construction monitoring data. Results indicated an overall construction risk probability of
46.3%, with the excavation stage exhibiting the highest sensitivity index (3.97%), identifying
it as the core risk control link. These findings provide a quantitative basis for dynamically
identifying construction risks and optimizing mitigation measures, offering substantial
practical value for enhancing safety in subway connecting passage construction within
water-rich sandy strata.

Keywords: freezing method; risk management; WBS-RBS; Bayesian networks

1. Introduction
With the acceleration of urbanization in China, underground space development

has become an increasingly important approach to addressing urban development chal-
lenges [1,2]. This approach not only alleviates resource constraints and traffic congestion but
also contributes to sustainable development and the establishment of a resource-efficient
society. As of 30 June 2024, 58 cities in mainland China had operational urban rail transit
lines totaling 11,409.79 km. During the first half of 2023, 194.06 km of new lines were
commissioned, with average daily passenger traffic exceeding 80 million [3]. Tunnel and
underground engineering construction frequently encounters complex geological condi-
tions with numerous unpredictable factors [4–6]. Water-rich weak strata, characterized by
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high water tables, elevated moisture content, and low strength, significantly increase con-
struction difficulty and risk [7]. Consequently, artificial ground freezing technology—with
its dual functionality of waterproofing and reinforcement—has emerged as a critical so-
lution [8] and is widely employed in urban railway connecting corridor construction.
Nevertheless, this method still presents risks, including groundwater inrushes, frozen
wall imperfections, tunnel stability issues, and freeze–thaw effects [9]. Therefore, identi-
fying and managing risks during freezing method construction for urban subways and
their connecting passages has become paramount to ensure the successful execution of
subway projects.

Risk identification forms the cornerstone of risk management, requiring in-depth
analysis of potential threats or opportunities to project objectives. Huang Sai et al. [10]
investigated subway construction risk management using the XTC project case study,
establishing Work Breakdown Structures (WBS) for core processes and risk factors before
developing a risk evaluation model through Analytic Hierarchy Process (AHP) and Analytic
Network Process (ANP) methods. Huang Yipeng et al. [11] developed a risk evaluation
index system comprising 8 primary and 59 secondary indicators, calculated weights using
network analytic hierarchy processes, and constructed a cloud theory-based evaluation
model. Lu Xinyue et al. [12] innovatively proposed a dynamic risk assessment model
integrating Dynamic Bayesian Networks (DBN) and Fuzzy Comprehensive Evaluation
Methods (FCEM), enabling real-time risk assessment during tunneling beneath existing
structures and enhancing evaluation timeliness and accuracy. Zhou Zhipeng et al. [5]
established a Bayesian network model for subway risk prevention, while Wang et al. [13]
created a Fuzzy Comprehensive Bayesian Network (FCBN) method combining fuzzy
evaluation with Bayesian networks to analyze safety risks under uncertainty, providing
foundations for dynamic risk early-warning systems.

Regarding freezing method construction risks, Zhai Qiang et al. [14] identified pri-
mary risk factors for subway connecting passages and established an evaluation index
system, proposing an integrated AHP-FCE-BN assessment methodology. Ma Long [15]
categorized risk sources across four freezing method stages and proposed mitigation mea-
sures for preparatory, freezing reinforcement, and excavation phases. Zheng Zhipeng [16]
employed analytic hierarchy processes to identify principal and general construction risks,
formulating corresponding control measures.

In summary, existing research has employed multiple methodologies—including
Bayesian networks, fuzzy comprehensive evaluation, and analytic hierarchy processes—to
identify, analyze, and evaluate subway construction risks while proposing response mea-
sures. However, these studies often exhibit two main limitations: (1) Conventional static
evaluation methods (e.g., FCE and AHP) are limited in capturing dynamic risk evolution,
with reported response lags exceeding 48 h in freezing projects [5], necessitating real-time
probabilistic modeling. (2) While some research has applied Bayesian networks, a com-
prehensive dynamic framework integrating real-time monitoring data specifically for the
freezing method construction of subway connecting passages remains underdeveloped. To
address these gaps, this study conducts a detailed analysis of freezing method construc-
tion processes, identifies risk factors through WBS-RBS, determines risk weights through
AHP, and constructs a Bayesian theory-based risk assessment model capable of real-time
probability updating. The model’s applicability and accuracy are validated through an
actual engineering case, ultimately establishing a dynamic risk early-warning framework
integrating real-time monitoring data with Bayesian probability updating. The novelty
of this research lies in the integration of WBS-RBS with a dynamically updated BN for
real-time risk warning in freezing method construction, providing a more quantitative and
dynamic approach compared to existing static methods.
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2. Methodology
The overall research workflow, integrating risk identification, model construction, and

application, is illustrated in Figure 1.
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Figure 1. Technology roadmap.

2.1. Identification of Causes of Safety Accidents and WBS-RBS Matrix Construction

The WBS-RBS method [17] integrates the Work Breakdown Structure (WBS) and
Risk Breakdown Structure (RBS) to establish a systematic framework for engineering risk
identification [18]. Through construction of the WBS-RBS matrix, each element is evaluated
to determine risk presence (coded as 1) or absence (coded as 0). Analysis of this matrix
enables identification of risk source typologies and their associated project phases.

Analyzing the main characteristics of freezing method construction, the freezing
method is divided into four main phases: the freezing hole construction phase, the active
freezing construction phase, the excavation and construction phase, and the melting and
sinking grouting construction phase [9,19,20]. The work decomposition structure for
freezing method construction is presented in Figure 2.

Construction risks and quality are predominantly influenced by the integrated effects
of personnel, materials, mechanical equipment, process technology, and environmental
factors (i.e., 4M1E) [21,22]. When the difference between the actual state of 4M1E and the
expected target is smaller, the possibility of construction risk is smaller; on the contrary,
when the intrinsic characteristics of 4M1E cannot meet the specific construction require-
ments, it is more likely to cause engineering accidents and related risks. Firstly, the risk of
accidents that may occur in subway construction is analyzed, and it is found that the risk
sources are mainly concentrated in the personnel and environmental factors in 4M1E, and
the RBS risk decomposition method is used to finally obtain the 4E1M risk decomposition
structure method based on 4E1M, as shown in Figure 3.
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Figure 2. Construction work decomposition structure method of freezing method.

 

Figure 3. Risk decomposition structure method based on 4E1M.
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Combining the work decomposition structure and risk decomposition structure, the
bottom risk factor after decomposition is intersected with the basic work to construct the
WBS-RBS matrix and synthesize the views of the experts of the contact channel freezing
method, the management personnel, the designers, the technicians, and the construction-
experienced workers on the risk of the construction of the contact channel freezing method,
and judge one by one the value of each element C in the WBS-RBS matrix, as shown in
Appendix A. The expert panel was composed of 10 professionals with diverse backgrounds
(2 designers, 2 project managers, 3 senior engineers, and 3 technicians with over 10 years
of experience) to ensure a balanced perspective. All judgments were required to pass
consistency checks (CR < 0.1) before being included in the analysis. The final weights were
determined by calculating the geometric mean of all consistent expert judgments, thereby
mitigating individual subjectivity.

After the WBS-RBS coupling of the above work decomposition structure and risk
decomposition structure, all the risk factors in the construction process of the subway
trench freezing method can be deduced, and the risk events that may occur in each stage of
the construction of the freezing method can be identified as to what causes are formed, as
shown in Table 1.

Table 1. List of risk categories.

Risk Category Sign Reasons for Formation Coupling Factor

A1 Freeze tube offset
a11 1⃝ Incorrect positioning of freeze holes 1⃝ W11—R11/R14

a12 2⃝ Insufficient drilling accuracy 2⃝ W14—R25/R43

A2 Fall of personnel
and equipment

a21 1⃝ Low safety awareness among construction workers 1⃝ R12

a22 2⃝ Lack of construction safety materials 2⃝ R34

a23 3⃝ Poorly designed construction scaffolding 3⃝ W11—R41

A3 Main tunnel tube
sheet damage

a31
1⃝ Drilling holes without avoiding the location of main bars, and

bolts, etc.
1⃝ W12—R11/R14

a32 2⃝ Excessive ground settlement due to drilling 2⃝ W14—R11/R15/R52

A4 Water and sand
gushing occurred
when drilling holes

a41
1⃝ Hole seals are dislodged and failing drill holes lead to excessive

ground settlement
1⃝ W13 R12/R13/R14/R31

a42
2⃝ Excessive ground settlement due to pressurized water being

knocked through the borehole during drilling
2⃝ W14—R52/R13

B1 The overall cooling
effect is not good

b11
1⃝ Insufficient design cooling capacity drilled holes resulting in

excessive ground settlement
1⃝ W21—R21/R22/R44

b12 2⃝ Improper operation of freezing equipment 2⃝ W21—R25/R14

b13 3⃝ Failure of freezing equipment to be detected in a timely manner 3⃝ W24—R26/R14

B2 Freeze curtain
appears weak

b21 1⃝ Loss of brine due to breakage of freezing pipes 1⃝ B3

b22 2⃝ Skewed freezing tube position 2⃝ A1, W25—R46

b23 3⃝ Imbalance of series cooling supply for freezing equipment 3⃝ W25—R23, W15—R44

b24 4⃝ Equipment outage time is too long 4⃝ W21—R15

b25
5⃝ Decrease in strength of rock and soil after many

freeze–thaw cycles
5⃝ W22—R14

B3 Loss of salt water to
the soil

b31 1⃝ Rupture of freezing pipe due to poor quality 1⃝ W21—R31/R33

b32 2⃝ The clogging of freezing pipe leads to swelling and cracking 2⃝ W15—R23

b33
3⃝ Freezing pipe breakage due to different mechanical parameters

of geotechnical soil
3⃝ W22—R51
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Table 1. Cont.

Risk Category Sign Reasons for Formation Coupling Factor

B4 Frozen soil cannot
be formed

b41 2⃝ Excessive seepage rate of groundwater flow 1⃝ W26—R52

b42 1⃝ Leakage of salt water 2⃝ B3

b43 3⃝ Strong external heat source exists in the soil layer 3⃝ W22—R54

B5 Deformation of
existing tunnel tube
sheets

b51 1⃝ Discrepancy of geotechnical parameters 1⃝ W23—R51

b52
2⃝ Insufficient number of pressure relief holes, untimely

pressure relief
2⃝ W22—R41

b53 3⃝ Insufficient strength of supporting structure in the tunnel 3⃝ W23—R42

B6 Mechanical and
electrical injuries to
personnel

b61 1⃝ Poor safety awareness of construction personnel 1⃝ W23/W25—R12/R34

b62 2⃝ Equipment aging, faults are not found in time 2⃝ R22

C1 Seepage from palm
face and freezing
curtains

c11 1⃝ Exposure time of excavation surface is too long 1⃝ W33—R11/R14

c12 1⃝ The support is not completed in time 2⃝ W33—R15/R45

C2 Destabilization and
damage of contact
channel

c21
1⃝ The strength of frozen soil is not up to the standard

for construction
1⃝ W32—R13/R26

c22
2⃝ over-excavation of the soil body of the contact channel, support

is not timely
2⃝ W33—R15/R43

c23 3⃝ Insufficient support strength 3⃝ W33—R45/R31

c24 3⃝ Insufficient support strength 4⃝ R14

c25 5⃝ Existence of groundwater flow with excessive seepage rate 5⃝ W32—R52

C3 Deformation and
failure of freezing
curtain

c31 1⃝ Equipment failure not detected in time 1⃝ R26

c32 2⃝ Improper operation of freezing equipment 2⃝ R25

c33 3⃝ The freezing curtain design parameters are wrong 3⃝ R42

c34 4⃝ Exposure time of excavation surface is too long 4⃝ W33—R15/R43

c35 5⃝ Rupture of frozen pipe due to irregular construction 5⃝ W33—R11/R13

c36 6⃝ Rupture of freezing pipe due to unqualified quality 6⃝ R31/R33

C4 Deformation of
existing tunnel tubes

c41 1⃝ The geotechnical parameters are too inconsistent 1⃝ W33—R51

c42 2⃝ Unqualified welding quality of tunnel metal tube sheet 2⃝ R13

c43 3⃝ Insufficient support strength of the existing tunnel 3⃝ W31—R42/R32/R45

C5 Cracking of
concrete

c51 1⃝ Early demolding of soil mix during lining 1⃝ W36—R13/R14

c52 2⃝ Quality defects in construction 2⃝ W36—R47/R13/R31

c53
3⃝ Weakening of freezing curtain strength when strength is

not reached
3⃝ C3

C6 Mechanical
hydroelectricity injury
to personnel

c61 1⃝ Poor safety awareness of construction personnel 1⃝ R12R34

c62 2⃝ Equipment aging, faults are not found in time 2⃝ R22

D1 Damage to
underground
structures and
pipelines

d11 1⃝ The soil freezes and thaws too fast 1⃝ R51/R15/R46

d12 2⃝ Not timely grouting 2⃝ W44—R14/R15

d13 3⃝ Failure of grouting quality control 3⃝ W44—R53

D2 Damage to contact
channel and tunnel
body

d21 1⃝ Soil freezing and thawing too quickly 1⃝ R51/R15/R46

d22 2⃝ Insufficient strength or quality defects of passages and tunnels 2⃝ R13/R45

D3 Leakage from
frozen holes

d31 1⃝ Soil freezing and thawing too quickly 1⃝ R51/R15/R46

d32 2⃝ Failure to cut frozen pipes in time 2⃝ R11/R14/R52

D4 Fire
d41 1⃝ Methane gas in the soil layer 1⃝ R52

d42 2⃝ Lack of construction safety measures 2⃝ R34
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2.2. Establishment of Construction Risk Index of Freezing Method

Based on the above WBS-RBS-based combination of methods for the identification of
risk factors for the construction of the freezing method of the contact channel, the main
influencing factors are classified, screened, summarized, and analyzed in terms of cause
and effect, and the index system for the safety risk assessment of the construction of the
freezing method of the subway contact channel has been established, which is shown in
Table 2, consisting of a total of 20 indexes, with a hierarchical structure as shown in Figure 4.

Table 2. Safety risk assessment indicator system for freezing method construction of liaison corridor.

Serial
No.

Overall Risk
(Target Level)

Construction Phase
(Guideline Level)

Risk Factors
(Program Level)

1

Risks of Freezing
Method Construction

of Subway Liaison
Corridors

Freeze hole construction
phase risk A

A1 Frozen Pipe Offset

2 A2 Fall of Personnel and Machinery

3 A3 Damage to main tunnel tubes

4 A4 Surge of water and sand

5

Active freezing
construction phase risk B

B1 Overall cooling effect is not good

6 B2 Weakness of freezing curtain

7 B3 Freezing pipe breakage leading to saltwater loss

8 B4 Frozen soil could not be formed

9 B5 Damage to existing tunnel structure

10 B6 Injury to personnel by mechanical hydroelectricity

11

Excavation structure
construction risk C

C1 Water seepage from palm face and freezing curtains

12 C2 Destabilization of contact tunnel excavation face

13 C3 Deformation and failure of freezing curtain

14 C4 Deformation of existing tunnel

15 C5 Cracking of concrete

16 C6 Mechanical and hydraulic injuries to personnel

17

Thawing and grouting
construction risk D

D1 Damage to neighboring structures (buildings)

18 D2 Contact channel and tunnel body destabilization

19 D3 Leakage from frozen holes

20 D4 Fire

2.3. Determination of Indicator Weights Using AHP

For the 20 level 2 risks in the four stages listed in Table 3, combined with the hierar-
chical structure in Figure 4, an expert survey was used to score the indicators. Take the
first-level indicator freezing method construction risk judgment matrix as an example, as
shown in Table 3.

The consistency ratio of this judgment matrix is 0.0763 < 0.1, indicating that the
consistency of the matrix is acceptable. The calculation results are shown in Table 4. It
can be found that the maximum impact stage in the freezing method construction is C →
excavation structure stage, followed by D → grouting and melting and sinking stage.
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Figure 4. Security risk assessment indicator system.

Table 3. Tier 1 indicator freeze method construction risk judgment matrix.

Risks of Freeze Hole
Construction

A Freeze Hole
Construction

B Active
Freezing

Construction

C Excavation
Structure

Construction

D Thaw and Sink
Grouting

Construction

A Freeze Hole Construction 1 3 1/3 1/5
B Active Freezing
Construction 1/3 1 1/3 1/5

C Excavation structure
construction 3 3 1 1/3

D Thaw and sink grouting
construction 5 5 3 1

Table 4. Calculation of weights and consistency test.

Weighting
Calculation A B C D Eigenvector

(Math.) Weights (N)
Maximum

Characteris-
tic Root

A 0.1071 0.2500 0.0714 0.1154 0.5440 0.1360 4.2045
B 0.0357 0.0833 0.0714 0.1154 0.3059 0.0765 CR = CI/RI
C 0.3214 0.2500 0.2143 0.1923 0.9780 0.2445 0.0763 < 0.1
D 0.5357 0.4167 0.6429 0.5769 2.1722 0.5430



Appl. Sci. 2025, 15, 9959 9 of 20

The analysis of the risk judgment matrix of freezing method construction by a total of
six experts is shown in Table 5. It can be found that the biggest impact stage in the freezing
method construction is C → excavation structure stage, followed by D → grouting and
thawing stage.

Table 5. Calculation of average weights for tier 1 indicators.

Freezing Method
Construction Expert 1 Expert 2 Expert 3 Expert 4 Expert 5 Expert 6 Average

Weights

A Freeze hole construction 0.1360 0.2729 0.0768 0.0768 0.2311 0.1360 0.1549
B Active freezing
construction 0.0765 0.5329 0.5011 0.5011 0.0735 0.0765 0.2936

C Excavation structure
construction 0.2445 0.1276 0.2630 0.2630 0.5430 0.5430 0.3307

D Thawing and sinking
grouting construction 0.5430 0.0667 0.1591 0.1591 0.5382 0.2445 0.2851

Similarly, construct the judgment matrix of the secondary indicators, respectively,
consistency test, correct the data, and take the arithmetic mean of the weighting results for
integration to obtain the contact channel freezing method of construction safety risk loss
weighting results as shown in Table 6.

Table 6. Results of loss weighting calculations.

Class I
Indicators Weights Secondary Indicators

Weights for
Level 1

Indicators

For the Weight
of the Target

Layer

Arrange
in Order

A Freeze-hole
construction
stage

0.1051

A1 Frozen pipe offset 0.1581 0.0166 13

A2 Fall of personnel and machinery 0.0956 0.0100 15

A3 Damage to tube sheet in main tunnel 0.0518 0.0054 17

A4 Surge of water and sand in perforation 0.6944 0.0730 6

B Active
freezing
construction
stage

0.0508

B1 Overall cooling effect is not good 0.0296 0.0015 20

B2 Weakness of freezing curtain 0.2869 0.0146 14

B3 Saltwater loss to soil layer 0.1252 0.0064 16

B4 Frozen soil could not be formed 0.0512 0.0026 19

B5 Deformation of tube sheet of existing tunnel 0.4259 0.0216 10

B6 Injury to personnel by mechanical
hydroelectricity 0.0812 0.0041 18

C Excavation
structure
construction
stage

0.5294

C1 Water seepage from palm face and freezing
curtains 0.0570 0.0302 9

C2 Destabilization and damage of contact
channel 0.3157 0.1671 3

C3 Deformation and failure of freezing curtain 0.1387 0.0734 5

C4 Deformation of existing tunnel tubes 0.4532 0.2399 1

C5 Cracking of concrete 0.0354 0.0187 11

C6 Mechanical hydroelectricity injury to
personnel 0.0869 0.0460 7
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Table 6. Cont.

Class I
Indicators Weights Secondary Indicators

Weights for
Level 1

Indicators

For the Weight
of the Target

Layer

Arrange
in Order

D Thawing and
sinking
grouting
construction
stage

0.3148

D1 Damage to underground structures and
pipelines 0.5579 0.1756 2

D2 Damage to contact channel and tunnel body 0.2633 0.0829 4

D3 Leakage from frozen holes 0.0569 0.0179 12

D4 Fire 0.1219 0.0384 8

2.4. Bayesian Network Based Risk Assessment Model

Constructing the risk network topology diagram of the contact channel freezing
method and the risk network topology diagram of each construction stage from the cause
and effect relationship, the initial Bayesian network structure established by the freezing
method construction risk system is divided into four layers, and the whole of it is a directed
acyclic graph with 59 risk factors as the root nodes, 20 risk categories and 4 risk groups as
the intermediate sub-nodes in order, and the comprehensive dynamic risk of the project
as the target node, characterized by the ability to The hierarchical distribution and logical
relationship of each risk indicator is visualized in the form of a directed acyclic graph.
The structure of the Bayesian network is shown in Figure 5, which provides a simplified
conceptual illustration of the BN architecture for one risk category. The detailed full
network models are provided in Appendix A figures for reference.

To conduct an expert survey, the number of questionnaires issued to the public was
100. A total of 92 questionnaires were considered valid. To achieve the frequency of
occurrence of each risk indicator, we used the calculation of conditional probability, as
shown in Table 7.

 

Figure 5. Total risk Bayesian model.

Netica software (version 5.18; Norsys Software Corp., Vancouver, BC, Canada) was
used to learn the structure and parameters of the Bayesian network to obtain the posterior
probability values of the risk indicators.
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Table 7. Frequency of occurrence of selected risk indicators.

Point Risk Incident Number Nicknames Node Name Number of
Occurrences

Number of
Occurrences

Number of
Accidents

Freeze-hole
construction

phase

A1 Freeze pipe
deflection

1 a11 1⃝ Freeze hole positioning error 31

44

220

2 a12
2⃝ Insufficient accuracy of
freezing hole deflection

measurement
13

A2 Fall of
personnel and

equipment

3 a21
1⃝ Lack of safety awareness of

construction personnel 28

884 a22
2⃝ Lack of construction safety

protection materials 46

5 a23
3⃝ Irrational design of

construction scaffolding 24

A3 Damage to
main tunnel
tube sheet

6 a31
1⃝ Drilling holes without

avoiding the location of main
reinforcement, bolts, etc.

21
30

7 a32
2⃝ Drilling ground settlement is

too large 9

A4 Water and
sand gushing

8 a41
1⃝ Hole sealing device

off, failure 35
58

9 a42
2⃝ Pressurized water is

penetrated during drilling 23

The conditional probability data of this model are derived from accident reports and
questionnaires. Since all the nodes in this model have only two states, “Yes” or “No”, the
following assumptions can be made: 1⃝ When the state of each parent node has a favorable
effect on the “No” of the child node, it can be assumed that its “Yes” or “No” is a favorable
effect on the “No” of the child node. When the state of each parent node has a favorable
impact on the “no” of the child node, it can be assumed that the probability of “yes” is
Pmin, which is generally assumed to be 0; this parameterization is commonly used in BN
studies when data is scarce [13,22]. 2⃝ On the contrary, when the state of each parent node
has a favorable impact on the “yes” of the child node, it can be assumed that the probability
of “yes” is Pmax, which is generally assumed to be 1. Pmax, which is generally assumed
to be 1; 3⃝ In the scenario constituted by other state combinations of the parent node, the
probability of the corresponding child nodes “yes” should be between Pmin and Pmax,
and the specific probability value can be referred to the weight of each parent node as
well as the corresponding weight of the corresponding state. Therefore, on the basis of the
conditional probability table, the corresponding scoring system is added as the basis for
calculating the conditional probability, as shown in Table 8.

Table 8. Conditional probability scale.

Grade Parent
Node B1 B2 . . . Bj . . . Bn

A1 F1 a11 a12 . . . a1j . . . a1n
A2 F2 a21 a13 . . . a2j . . . a2n
. . . . . . . . . . . . . . . . . . . . . . . .
Ai Fi ai1 ai2 . . . aij . . . ain
. . . . . . . . . . . . . . . . . . . . . . . .

Am Fm am1 am2 . . . amj . . . amn
child node no 1—P1 1—P2 . . . 1—Pj . . . 1—Pn
probability yes P1 P2 . . . Pj . . . Pn
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In the above table, aij denotes the weighting coefficient of the corresponding state of
the ith parent node under scenario j. Since all the nodes in the network have only two
states, their values can be set to 0 (no) and 1 (yes). b denotes the score of the corresponding
child node under scenario j, which is calculated as shown in Equation (1). Finally, P denotes
the probability that a child node’s state is “yes” under scenario j, which is calculated as
shown in the following Equation (2):

Bj =
m

∑
i=1

Ai · aij (1)

pj =
Bj

max(B1, B2, . . . , Bn)
(2)

From this, the probability that the child node’s state is “yes” under scenario j is P, and
the probability that its state is “no” is 1 − P, which leads to the conditional probability table.

This method is suitable for the case that the child nodes will be completely affected
by all the corresponding parent nodes, that is, Pmim = 0 and Pmax = 1, but there are also
cases that are not completely affected. For example, many factors can cause grounding or
collision accidents. This model reflects the direct factors that can mainly cause accidents
that is, 0 < Pmin < Pmax < 1 should be satisfied at this time. The other parent nodes are
used as a coefficient for the average distribution of scores. Considering that there are
only two kinds of weighting coefficients, 0 and 1, in order to facilitate the calculation, the
score of the child nodes under each scenario can be replaced by the score of each parent
node to meet the requirements of less than 1; the numerator needs to be smaller than the
denominator and can be used to increase the average distribution of scoring coefficients.
Therefore, Equation (3) is derived. Based on Equation (3), one can derive a probability
Equation (4) that is consistent with 0 < P<1.

∑n
j=1 Bj

mn
>

min(A1, A2, . . . , Am)

m
>

min(A1, A2, . . . , Am)

m + 1
(3)

Pj =
Bj +

1
m+1 min(A1, A2, . . . , Am)

max(B1, B2, . . . , Bn) +
1
m min(A1, A2, . . . , Am)

(4)

Equation (1) is used in conjunction with Equation (4) to obtain the probability of a
sub-node’s state being “yes” under scenario j, P, and the probability of its state being “no”,
1 − P. Next, the conditional probability of a sub-node’s weakness in the freezing curtain
during the active freezing phase is used as a demonstration of the calculation process. Next,
the conditional probability of a weak frozen curtain in the active freezing construction
phase of the child node is used as a demonstration to show the calculation process. The
node has five parent nodes, with the help of two intermediate nodes, each corresponding
to four and eight scenarios. The five parent nodes are the brine loss to the soil layer due
to the fracture of the freezing pipe, the excessive deflection of the freezing pipe position,
the imbalance of the cooling supply of the freezing equipment in series, the excessive
equipment outage time, and the decrease in the strength of the geotechnical soil after many
freeze–thaw cycles, which correspond to the frequency numbers of 43, 25, 12, 23, and 11 in
the questionnaire, respectively (see Table 8), i.e., corresponding to A1 = 15, A2 = 29, A3 = 28,
A4 = 31, A5 = 43, and the state weighting coefficients a under the corresponding scenario j
are taken as 0 (no) and 1 (yes), then the sub-node scores B and corresponding probabilities
under the corresponding scenario j can be calculated according to Formulas (1) and (2) as
shown in Tables 9 and 10, and the model diagram is shown in Appendix A figures.
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Table 9. The conditional probability table of child node EB3.

Grade Root
Node 0 28 29 57 15 43 44 72

15 b21 0 0 0 0 1 1 1 1
29 b22 0 0 1 1 0 0 1 1
28 b23 0 1 0 1 0 1 0 1

B2
No (0) 1.000 0.611 0.597 0.208 0.792 0.403 0.389 0.000
Yes (1) 0.000 0.389 0.403 0.792 0.208 0.597 0.611 1.000

Table 10. Table of conditional probabilities for EB4.

Grade Parent
Node 0 43 31 74

31 b24 0 0 1 1
43 b25 0 1 0 1

B2
No (0) 1.000 0.419 0.581 0.000
Yes (1) 0.000 0.581 0.419 1.000

The conditional probability table of all intermediate nodes can be obtained through
the above method to obtain the conditional probability of nodes in the Bayesian network,
and the calculation process of each node will not be repeated here. After inputting the
data into the Bayesian network, the probability distribution of the corresponding nodes
can be obtained through the calculation of Netica software, and the Bayesian network
model is obtained as shown in Figures 6 and 7 is the network model of the construction
stage of the freezing hole. The network models for each construction stage are provided in
Appendix A figures.

Figure 6. Construction risk topology of the freezing method for the liaison.
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Figure 7. Risk topology of frozen hole construction.

3. Case Study and Results
3.1. Case Background

This paper relies on the Nanchang Metro Line 2 Hu Fang Station—Nanchang East
Station interval, tunnel length of 834 m. Therefore, according to the specification, in the
interval, need to establish a contact channel used to connect the tunnel, drainage, personnel
evacuation, and the role of fire lamps, using the freezing method plus the concealed
excavation method of construction technology, as shown in Figure 8.

  
(a) Engineering geological conditions (b) Freezing method construction details 

Figure 8. Schematic diagram of the freezing method for dependent projects.

3.2. Risk Probability and Sensitivity Analysis

As can be seen from Figure A2, the probability of occurrence of safety risk in freezing
method construction is 45.9%. This value represents the probability of the top event (“Risk”)
being active, which aggregates all underlying risks in the project. While this may seem high,
it is consistent with the complex, high-risk nature of underground construction in water-rich
strata [5,13]. It indicates that the construction has a high level of safety risk, and reasonable
preventive and control measures need to be taken to reduce the construction risk.

Setting the top event as an evidence node, the a posteriori probability of each factor
can be evaluated by backward reasoning in the case where the risk of lane change is known
to occur (P(RISK = YES) = 100%). When the above conditions are entered into the model,
the posteriori probabilities of the remaining nodes are calculated and displayed, as shown
in Figure A3. By comparing the a priori probability of each node with the a posteriori
probability, the a posteriori probabilities of the remaining nodes are increased in case that
the total risk node status is YES. Among them, the a posteriori probability of the excavation
structure construction phase (node C) increased most significantly by 12.1%. In addition,
by analyzing the changes in the a priori and a posteriori probability of the root node, it
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can be found that the risk factor that has a greater impact on the topping event is the
stage of brine loss due to the breakage of the freezing pipe (node b21). To demonstrate the
cascading effects quantitatively, when evidence of ‘Freezing Pipe Fracture (B3)’ is set to
100%, the probability of a ‘Weakened Freezing Curtain (B2)’ increases from 24.5% to 78.3%.
Consequently, the probability of ‘Excavation Instability (C2)’ rises from 16.7% to 42.9%.

The reliability of the Bayesian network model for the construction risk of the freezing
method was analyzed using sensitivity analysis. Sensitivity analysis with RISK as the target
variable: the higher sensitivity of a risk factor indicates that the factor has a greater impact
on the occurrence of the risk, and the size of the sensitivity index of all the factors was
calculated and ranked, as shown in Table 11.

Table 11. Sensitivity indices with total risk as the target variable.

Arrange in
Order Risk Factor Percentage

(%)
Arrange in

Order Risk Factor Percentage

1 C 3.97 7 C4 0.0672
2 B 3.62 8 B2 0.207
3 D 0.714 9 D1 0.049
4 A 0.953 10 A1 0.0144
5 C2 0.103 11 B1 0.0175
6 C3 0.195 12 B4 0.00125

The sensitivity analysis shows that the excavation phase of building C has the largest
sensitivity index of 3.97%, which has the strongest correlation to the occurrence of risk,
followed by the active freezing construction phase of B, which has a greater impact on the
results of the risk evaluation of the freezing method of construction.

4. Discussion
4.1. Key Risk Factors and Comparative Analysis

By integrating WBS-RBS risk decomposition with Bayesian network dynamic mod-
eling, this study systematically elucidates the core risk mechanism in freezing method
construction of subway connecting passages. Analysis reveals that the excavation stage
(weight: 52.94%; sensitivity: 3.97%) constitutes the absolute core of risk prevention, with
risk contribution substantially exceeding other phases. This finding aligns with real-world
accident statistics in subway construction [15,16] and industry reports that identify exca-
vation as the most hazardous phase in tunneling projects. The predominance stems from
multi-field coupling complexity (temperature-stress-seepage fields): when the freezing
curtain interfaces with water-rich sand layers, risk factors including insufficient support
strength (C3/C4), groundwater seepage (R52), and freezing pipe fracture (B3) initiate
cascading failures that amplify accident probability by 46.3%. These findings align with
Zhai et al.’s [14] freezing pipe fracture warnings and Zheng’s [16] support failure case
study in aquiferous strata. Crucially, this work provides the first quantitative dynamic
pathway analysis via Bayesian networks. For instance, freezing pipe fracture (B3) → brine
leakage → weakened freezing curtain (B2) increases excavation instability risk by 12.1%,
demonstrating the critical failure chain: equipment failure → structural compromise →
stratum deformation.

4.2. Methodological Advantages and Comparisons

The Bayesian network approach developed in this study offers significant advan-
tages over traditional risk assessment methods. Compared to static methods like Fuzzy
Comprehensive Evaluation (FCE) [11] or Analytic Hierarchy Process (AHP) alone, our BN
model provides dynamic updating capabilities that allow for real-time risk assessment



Appl. Sci. 2025, 15, 9959 16 of 20

as new information becomes available. Unlike machine learning approaches that often
function as “black boxes,” our BN model offers transparent, explainable reasoning through
its network structure and conditional probability tables, which is crucial for engineering
decision-making. While some studies have combined FCE with BN [13], our work advances
the field by integrating WBS-RBS for systematic risk identification with AHP for weighted
prioritization, creating a more comprehensive framework specifically tailored for freezing
method construction risks.

Sensitivity analysis further identifies human management factors (R12/R14) as the
most pervasive influences among 59 root nodes, affecting 12 risk events. Inadequate safety
awareness and management deficiencies persist from drilling through thawing stages,
indicating that sole reliance on technical controls is insufficient. Integration of intelligent
monitoring platforms (e.g., personnel positioning systems) with standardized operational
procedures is therefore essential.

4.3. Practical Implications for Risk Management

The findings of this study have significant implications for safety management in
freezing method construction projects. First, the identification of the excavation stage as
the most critical phase suggests that resource allocation and monitoring efforts should be
prioritized during this phase. Second, the quantitative risk pathways identified through
the BN model provide specific targets for intervention measures. For example, the high
sensitivity of freezing pipe fracture suggests that enhanced quality control measures for
freezing pipes and more frequent inspections could yield significant risk reduction benefits.

To integrate human/organizational risk control into the Bayesian framework, we
propose concrete measures: (1) incorporating real-time data from personnel RFID tags and
equipment sensors directly into the BN model to dynamically update the probabilities
of human factors (R12, R14); (2) developing a digital twin platform that integrates the
BN model with real-time monitoring data for continuous risk assessment and early warn-
ing; and (3) implementing regular training programs focused on the specific risk factors
identified as most critical in the model.

4.4. Limitations and Future Research

Three primary limitations warrant mention the following: First, data dependency
constraints exist. Prior probabilities derived from 92 expert questionnaires, while sat-
isfying consistency thresholds (CR < 0.1), lack generalizability for complex strata like
high-permeability clays. Future work should incorporate IoT sensors to capture real-time
parameters (frozen soil strength, seepage velocity) and reduce subjectivity. Additionally,
future research could employ Monte Carlo simulations to propagate uncertainty through
the Bayesian network, providing probability distributions rather than point estimates for
more robust risk assessment.

Second, extreme climate responses (e.g., high-intensity rainstorms R54) remain no-
tably absent from the Nanchang case study. The proposed model could be extended to
incorporate climate-related variables by adding nodes for rainfall intensity, groundwater
level fluctuations, and temperature variations, with conditional probabilities derived from
historical weather data and hydrological models.

Third, cross-project validation is limited. Current weight optimization targets sandy
strata; in Zheng’s [16] silty clay research, thaw settlement grouting risks (31.48%) may
require upward adjustment, necessitating multi-geological case comparisons. The model
structure (WBS-RBS) would remain valid for different geological conditions, but the condi-
tional probability tables and AHP weights would need recalibration using project-specific



Appl. Sci. 2025, 15, 9959 17 of 20

data. Future research should validate and adapt the framework for different geological
contexts such as clayey soils or karst conditions.

5. Conclusions
This study established a dynamic risk identification framework for subway connecting

passage construction using artificial freezing methods based on Bayesian networks. The
main conclusions are as follows:

(1) A risk evaluation system encompassing four construction stages and twenty secondary
indicators was developed through integrated WBS-RBS decomposition of construction
processes and risk factors.

(2) Using the Analytic Hierarchy Process (AHP), risk weights were quantified, revealing
that the excavation support stage (52.94%) and thawing-grouting stage (31.48%)
exerted the most significant influence on overall risk.

(3) A Bayesian network-based risk assessment model was constructed, with risk proba-
bilities calculated through expert surveys and accident data. Results demonstrated an
overall construction risk probability of 46.3%, with the excavation stage exhibiting
the highest sensitivity index (3.97%)—identifying it as the core risk control link. Key
contributing factors included freezing pipe fracture, insufficient support strength,
and groundwater seepage. Real-time probability updating through construction
monitoring data demonstrated the model’s capability for dynamic risk early warning.

(4) Contrary to silty clay strata, where thaw settlement dominates [14], excavation stability
emerged as the primary risk in sandy strata, highlighting geological dependencies in
risk prioritization.
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Appendix A

 

Figure A1. Network model of the freezing hole construction stage.

 

Figure A2. The construction risk prior probability model of freezing method.



Appl. Sci. 2025, 15, 9959 19 of 20

Figure A3. Risk posterior probability model of freezing method construction.
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