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Abstract: The present study compares and analyzes three risk analysis models that are applicable
to shield tunnel boring machine (TBM) tunneling, and thus proposes an improved risk matrix
model based on the causal networks applicable to sustainable tunnel projects. The advantages and
disadvantages of three risk analysis models are compared, and causal networks are structured by
analyzing the causal relationship between risk factors and risk events. Based on the comparison and
analysis results, the causal network-based risk matrix model (CN-Matrix model), which complements
the disadvantages and exploits the advantages of the three existing models, is proposed in this paper.
Furthermore, this study suggests a means of modifying the weighting scores in the estimation of the
risk score, which permits the CN-Matrix model to determine the risk level more reasonably. Thus,
the improved CN-Matrix model is more reliable and robust compared to the three existing models.

Keywords: shield tunnel boring machine (TBM); risk analysis; risk matrix; causal network;
CN-Matrix model; fault tree analysis (FTA); analytic hierarchy process (AHP); Bayesian network;
shield TBM risk analysis model (STRAM)

1. Introduction

Recently, the demands for new underground infrastructures have increased [1]. Risk
management has increasingly become important for a number of projects in various indus-
tries including the construction of infrastructures [2—4]. In the case of tunnel constructions,
as the geotechnical investigation at the design stage covers a large area, uncertainty always
exists in the investigation results. Therefore, unexpected geological conditions can be en-
countered during tunneling. Unless proper countermeasures are adopted for risky ground
conditions, construction cost and time may increase significantly, and lives may be lost
because of tunnel collapses. Therefore, a systematic method of risk analysis, applicable at
both the design and construction stages, is indispensable for ensuring safety and economic
sustainability in tunnel projects.

The Land Transport Authority (2012, 2018) of Singapore specifies the standards and
regulations for risk management that contractors are required to apply from the bidding
stage of tunnel projects; the contractors are also compelled to manage risks at all stages of
projects [5,6]. WSP | Parsons Brinckerhoff (2016) developed a risk analysis tool through the
National Cooperative Highway Research Program (NCHRP) and carried out risk analyses
in many construction projects [7]. However, this tool only explains the requirements and
suggestions for general risk analysis and management, so it does not systematically provide
risk analysis methods that are applicable to actual shield tunnel boring machine (TBM)
tunneling projects.
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In South Korea, the Design for Safety (DFS) has been legalized in the safety manage-
ment performance guideline of the Ministry of Land, Infrastructure, and Transport (2017),
which requires that a risk analysis should be performed for every construction project [8].
Furthermore, the Korea Expressway Corporation Research Institute (2017) developed an
internal guide for a tunnel risk management system, which was applied to tunnel projects
in charge of the Korea Expressway Corporation [9].

The present study proposes an improved matrix model, which is the causal network-
based risk matrix model (CN-Matrix model), applicable to actual shield TBM tunneling
projects. To verify the capacity of the proposed CN-Matrix model, the existing three risk
analysis models that are applicable to actual shield TBM tunneling projects were analyzed,
and their advantages and disadvantages were compared. In addition, the potential risk
events that may occur during shield TBM tunnel construction, and their causal risk factors
were identified. Then, causal networks were structured by analyzing the causal relationship
between risk factors and risk events. Furthermore, this study suggests a way to modify the
weighting scores for two categories of the risk matrix, so that the CN-Matrix model can
determine the risk level with a high degree of reliability.

2. Tunnel Risk Analysis Models

Among various risk analysis models applied to a variety of fields, five models are
widely adopted in tunneling projects. These risk analysis models use various analysis tools,
and some of them are specialized for tunnel projects. Each of these risk analysis models is
briefly described in this section.

2.1. Decision Aids for Tunneling

The decision aids for tunneling (DAT), developed by Einstein et al. (1999), enables the
engineers to perform simulations considering the uncertainties in the geology and construc-
tion process for a given tunneling project and to simultaneously present the probability
distributions of the tunnel construction cost and time [10]. To consider uncertain geological
characteristics, various ground profiles are represented as probability distributions. Based
on them, the probability distributions of the construction cost and time of the entire project
can be obtained. Min et al. (2005) applied the DAT technique to predict and update the
total construction cost and time of a road tunnel project [11].

2.2. Risk Evaluation Based on Event Tree Analysis

The event tree analysis (ETA) is an inductive system analysis technique that uses the
initiating event (a defect in the system, process, construction, etc.) of an accident as the
starting point and schematically expresses the expected consequences of the accident from
the initiating event. The ETA is one of the system models that represent the system safety
based on the safety of each event. An event tree is composed of the initiating event (the
cause of the accident), potential sub-risk events, and final consequences of the event. The
potential sub-risk events are mutually exclusive, and the consequences are dependent
on the sub-risk events that occur due to the initiating event. Therefore, the probability
of occurrence of a specific path can be calculated by multiplying the probabilities of all
sub-risk events that exist on this path. Hong et al. (2009) utilized the ETA technique to
carry out a risk analysis for an under-river shield TBM tunnel project crossing the Han
River in part of Seoul subway construction [12].

2.3. Risk Analysis Based on Matrix Model
2.3.1. Risk Matrix Model

The risk matrix model, which is the most popular model in construction projects, has
been proposed in various forms as a basic tool for qualitative risk analysis and assessment,
as shown in Figure 1. The risk matrix is composed of two categories: the frequency of an
event and its consequence. The risk level can then be determined by combining these two
categories. The risk is usually divided into three to five levels; the matrix described in
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Figure 1 divides the risk into four levels as follows: Negligible, Acceptable, Unwanted, and
Unacceptable. Figure 1 shows the risk matrix proposed by the International Tunnelling and
Underground Space Association (ITA), named the ITA-Matrix model, and the classifications
of frequency and consequence (or impact) are presented in Tables 1 and 2, respectively.

Consequence

Frequency

Insignificant Considerable Serious Severe Disastrous

Acceptable Acceptable
n (m

. Acceptable Acceptable
Unlikel;
. Acceptable Acceptable
Occasional
(1)) (m

Acceptable
an

Very unlikely

Likely

Very likely

Figure 1. Risk Matrix Proposed by International Tunnelling and Underground Space Association
(ITA) [13].

Table 1. Frequency Classification [13].

Class Interval 1 Central Value !
Very likely >0.3 1
Likely 0.03 to 0.3 0.1
Occasional 0.003 to 0.03 0.01
Unlikely 0.0003 to 0.003 0.001
Very unlikely <0.0003 0.0001

! Unit: potential number of events per year (during the whole construction period).

Table 2. Consequence Classification [13].

Injury to Workers Damage or Harm to the Economic
Injury to Third Economic Loss to Environment Loss to the
Class ar(ljciel‘ilvm[eNr(g)elggy Parties [No. of the Third Party [Guideline for Deleiyl_l[gg:ﬁﬁ‘s Owner
Fatalities/Injuries] ! Fatalities/Injuries] ! [Loss in Proportions p [Loss in
J Million Euro] of Damage] Million Euro]
. F>1, Permanent
Disastrous F>10 SI>10 >3 severe damage >10 or >24 >30
1<F <10, 1F, Permanent
Severe SI>10 1<SI< 10 0.3-3 minor damage 1-10 or 6-24 3-30
Seri 1F, 18I,
erious 1<SI< 10 1<MI < 10 0.03-0.3 Long-term effects 0.1-1 or 2-6 0.3-3
. 18], . Temporary g
Considerable 1<MI < 10 1MI 0.003-0.03 severe damage 0.01-0.1 or 1/2-2 0.03-0.3
Insignificant M1 - <0.003 Temporary <0.01 or <1/2 <0.03

minor damage

1g fatality; SI, serious injury; and MI, minor injury.

2.3.2. Risk Matrix Model Using Fault Tree Analysis and Analytic Hierarchy Process

Hyun et al. (2015) proposed a risk matrix model using probability and impact as the
frequency and consequence categories of risk events, respectively. In addition, to obtain a
quantitative decision of these categories, they used the fault tree analysis (FTA) and the
analytic hierarchy process (AHP) [14]. The risk matrix using the FTA and AHP, named the
FTA-AHP Matrix model, is shown in Figure 2.
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Figure 2. Risk Matrix using fault tree analysis (FTA) and analytic hierarchy process (AHP) [14].

The FTA is a method for analyzing the causes of risks in a deductive method. A
specific accident or a risk associated with a primary system, recognized from a qualitative
assessment, is placed as the top event in the tree for deductive reasoning. It can clarify the
theoretical relationship between top events and risk factors and quantitatively predict the
occurrence of the top event based on the probability of each risk factor. Hence, the proba-
bility category can be quantitatively determined using the FTA. Liu et al. (2014) adopted
the FTA-based method for the risk decision-making process in emergency response [15].
Zhou et al. (2019) used the FTA for evaluating the probabilities of potential severe results
to select an optimal rescue plan [16].

The AHP is a decision-making process developed by Saaty (1980) [17]. The process can
systematically prioritize various alternatives that can be selected by a decision-maker along
with the effective application of the multi-criteria decision-making process, which involves
attributes and measurement criteria of decision-making factors. Therefore, the AHP can be
used to quantitatively determine the impact of risks. In other words, the impact of each risk
can be determined by assigning a weighting factor to the risk. Hyun et al. (2015) applied
the FTA-AHP Matrix model to a Seoul subway tunneling job site, in which a slurry shield
TBM was adopted.

2.4. Risk Analysis Model Using Bayesian Network

The shield TBM risk analysis model using the Bayesian network (STRAM-BN) was
proposed by Chung et al. (2019) [18]. This model is based on the causal relationships
between potential risk events and the risk factors causing the events; it can identify major
risk events that may occur during tunneling construction and assess the risk degrees of
these potential risk events. To assess risk events quantitatively by reflecting the dependence
on the causal relationships between risk factors and risk events, the STRAM-BN uses the
Bayesian network, which presents the occurrences of causes and events as conditional
probabilities. The schematic of the proposed STRAM-BN is shown in Figure 3. The STRAM-
BN evaluates the risk degree by considering the nodes of the STRAM-BN such as the types
of TBM, geological risk factors, risk events, countermeasures, direct cost, and indirect cost.
Furthermore, the risk response phase of the STRAM-BN that corresponds to the risk level
in the risk matrix model is presented in Table 3, which was determined based on the case
histories collected from around the world. Chung et al. (2019) quantitatively assessed the
degree of risk events by applying the STRAM-BN for a subsea tunnel project adopting an
EPB shield TBM.
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Figure 3. Schematic of the shield TBM risk analysis model using the Bayesian network (STRAM-BN) [18].

Table 3. Risk Response Phase [18].

Response Phase Degree of Risk ! Description
0-10 Excavation without mitigation measure owing to a low degree of risk
I 10-30 Excavation with the intention to prepare for the risk
III 30-80 Excavation with mitigation measure owing to a high degree of risk
_ >80 Unconditionally applying mitigation measure owing to a very high degree of risk

1 Unit: x103 US dollars.

3. Development of Causal Network-based Risk Matrix Model

Among the above risk analysis models, the three risk analysis models (ITA-Matrix
model, FTA-AHP Matrix model, and STRAM-BN) are compared to derive an improved
risk matrix model based on the causal networks in this study.

The ITA-Matrix model in Figure 1 is a qualitative risk analysis model that represents
the frequency and consequence categories of the matrix as qualitative classes and deter-
mines the risk degree by combining the frequency and consequence classes. Herein, the
classification criteria of frequency and consequence rely on mainly the experiences of
tunneling experts. Furthermore, the ITA-Matrix model is a general guideline for tunneling
risk management but does not realize the detailed identification of risk factors and risk
events that are relevant to shield TBM tunnels. In addition, this model cannot consider the
causal relationship between the risk factors and risk events.

The FTA-AHP Matrix model shown in Figure 2 has the advantages of representing
the probability and impact using quantitative classes ranging from 1 to 5 points along with
the FTA and AHP, which can calculate the risk degree by multiplying the probability and
impact scores, as expressed in Equation (1).

Risk degree = Probability score x Impact score, 1)

Furthermore, it can systematically analyze potential risk events during shield TBM
tunneling by examining the causal relationships between risk factors and risk events for
shield TBM tunnels.

The STRAM-BN is a quantitative risk analysis model specialized for shield TBM
tunnels and analyzes risks based on the causal relationship between a potential risk event
and its causal risk factor during shield TBM tunnel excavation. This is similar to the
manner in the FTA-AHP Matrix model. The STRAM-BN has the advantages of reflecting
causal relationships using the conditional probabilities of potential risk events from the
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corresponding geological risk factor and TBM type, and further reflecting job site conditions,
which considers the cost of the appropriate countermeasure.

The comparison of these three tunnel risk analysis models is summarized in Tables 4-7
with respect to the following key items: frequency (probability), consequence (impact), risk
degree, and risk level (risk response phase), respectively.

Table 4. Frequency (Probability) comparison of ITA-Matrix Model, FTA-AHP Matrix Model, and STRAM-BN.

Risk Analysis Model Frequency (Probability)
Frequency of occurrence (in the construction period)
Descript
Frequency Class Interval Central value freqzseTcl‘Jf ;:ss
Determines the frequency class of a risk 5 >03 1 Very likely
event based on the frequency 4 003 to 03 01 Likely
ITA-Matrix model classification criteria )
- The grounds for the criteria are unclear 3 0003 to 003 oot Occasional
[Disadvantage] 2 0.0003 to 0.003 0.001 Unlikely
1 < 0.0003 0.0001 Very unlikely

The central value represents the logarithmic mean value of the given interval.

Factor1 —
Determines the probability of top risk
events by using FTA =
FTA-AHP Matrix model - Difficult to calculate the probability of Factor2 ——— L %
risk events for each geological risk factor
[Disadvantage]
Factor3 ——

Sub
Event 1
Determines the conditional probability of
sub-risk events by using the
Bayesian network Sub

STRAM-BN - Can calculate the probability of risk Factor e
events for each geological risk factor
[Advantage]
L Sub
Event 3

Table 5. Consequence (Impact) comparison of ITA-Matrix Model, FTA-AHP Matrix Model, and STRAM-BN.

Risk Analysis Model Consequence (Impact)

Determines the consequence class based on the classification criteria of six consequence analysis items

ITA-Matrix model - The grounds for the criteria are unclear [Disadvantage]

FTA-AHP Matrix model =~ Can determine the impact of top risk events using AHP even without cost estimation [Advantage]

Cost of countermeasure of the site are required [Disadvantage]

STRAM-BN The consequence analysis results with consequence using the detailed countermeasure cost of the site
further reflect site conditions [Advantage]
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Table 6. Risk degree comparison of ITA-Matrix Model, FTA-AHP Matrix Model, and STRAM-BN.

Risk Analysis Model

Risk Degree

ITA-Matrix model

Combination of frequency and consequence classes
-Relatively easy to determine [Advantage]
-It is based on qualitative analysis results [Disadvantage]

Difficult to determine the risk degree of potential risk events resulting from each geological risk
factor [Disadvantage]

FTA-AHP Matrix model

Probability score x Impact score

(1-5 points) (1-5 points)

- Relatively easy to determine [Advantage]
- Quantitative analysis results [Advantage]

Difficult to determine the risk degree of potential risk events resulting from each geological risk
factor [Disadvantage]

- Difficult to reflect site ground conditions

- Difficult to apply to the construction stage

STRAM-BN

Probability x Countermeasure cost

(1-5 points) (1-5 points)

- Relatively complex to calculate [Disadvantage]
- Quantitative analysis results [Advantage]

Can determine the risk degree of potential risk events resulting from each geological risk factor
[Advantage]

- Can reflect the site ground conditions

- Applicable to the construction stage as well as to the design stage

Table 7. Risk level (Risk response phase) comparison of ITA-Matrix Model, FTA-AHP Matrix Model,
and STRAM-BN.

Risk Analysis Model Risk Level (Risk Response Phase)

I: Negligible

II: Acceptable
III: Unwanted
IV: Unacceptable

ITA-Matrix model

I (Negligible): 1-5

II (Tolerable): 6-9

IIT (Undesirable): 10-16
IV (Intolerable): 17-25
[Unit: scores]

I: 0-10

II: 10-30

III: 30-80

IV: 80—c0

[Unit: x10% US dollars]

FTA-AHP Matrix model

STRAM-BN

The concept of conditional probability is applied only in the STRAM-BN, not in the
FTA-AHP Matrix model. Therefore, unlike the STRAM-BN, the FTA-AHP Matrix model
has a limitation to calculate the probability of a risk event for each geological risk factor.

In the case of the STRAM-BN, the consequence and/or impact of a risk event is judged
based on the cost that is needed to implement the suitable countermeasure when the event
occurs. Unlike the STRAM-BN, the FTA-AHP Matrix model does not require the detailed
countermeasure cost reflecting job site conditions because the impact is determined based
on the relative downtimes caused by each risk event using the AHP. For this reason, the
FTA-AHP Matrix model seems to be easier and more efficient.

The ITA-Matrix model qualitatively determines the risk degree by combining the
five frequency classes and consequence classes. The FTA-AHP Matrix model determines
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G1 hardness: hard
or extremely hard
rock, ground
containing large
amount of quartz

N

excessive abrasion

the risk degree by Equation (1). The STRAM-BN determines the risk degree in terms
of the conditional probability of risk events and the cost of countermeasures (direct and
indirect costs considering the delay level) at each job site. Thus, the risk levels of the
ITA-Matrix model, which is a qualitative analysis model, are represented by four levels
(Negligible, Acceptable, Unwanted, Unacceptable), whereas in the case of the FTA-AHP
Matrix model and the STRAM-BN, which quantitatively analyze risks, the risk degrees are
represented by points of 1-25 (unit: scores) and by costs of 0—co (unit: x 10% US dollars),
respectively. Herein, the upper and lower limits of the risk degree in the STRAM-BN do
not exist because the cost of countermeasure implementation is limitless. The risk levels
(risk response phases) are divided into four steps for both the risk matrix models and the
STRAM-BN; however, the direct comparison of the risk degrees according to the risk level
is challenging because the unit of the risk degree is different in each case.

In this paper, a causal network-based risk matrix model, the CN-Matrix model, appli-
cable to actual shield TBM tunnels, is proposed by modifying the existing FTA-AHP Matrix
model to complement its drawbacks. Like the FTA-AHP Matrix model, the risk degree
in the CN-Matrix model is also calculated by Equation (1) and using the identical risk
matrix and risk levels shown in Figure 2. As for the consequence (impact) in the CN-Matrix
model, the AHP is adopted the same as the FTA-AHP Matrix model for better application
in practice rather than the STRAM-BN. However, unlike the FTA-AHP Matrix model that
uses the relative weight (impact) of downtimes of the top risk events, the CN-Matrix model
adopts the impact of the sub-risk events. Therefore, the potential sub-risk events should
be selected among all the 16 sub-risk events to apply the AHP for the designated job
site. It can perform risk analyses based on sub-risk events rather than top risk events
by evaluating the risk degree of the sub-risk events caused by each geological risk factor
with consideration of conditional probability; hence, this model can be used to perform
risk analyses in both the design and construction stages. The conditional probability is
adopted in the CN-Matrix model, not in the FTA-AHP Matrix model. In the FTA-AHP
Matrix model, the probability of a geological risk factor has the same effect on all sub-risks.
However, in the CN-Matrix model, its probability depends on the specific sub-risk event.
Causal networks between the potential geological risk factors and their corresponding
risk events during shield TBM tunnel excavation are structured as shown in Figure 4. The
geological risk factors and the risk events adopted in the CN-Matrix model are listed in
Tables 8 and 9, respectively.

G5 ground with
gravels and/or
boulders

7

G9 ground with G7 mixed ground G4 ground
high water pressure conditions containing clay

partial abrasion and
damage of cutters
Sub Risk

blockage of cutter

of cutters Sub Risk

Sub Risk

cuttability
reduction
Top Risk

(a)

Figure 4. Cont.
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(d)

Figure 4. Causal Networks between Geological Risk Factors and Risk Events: (a) Cuttability Reduction; (b) Those Related
to Applying Face Pressure; (c) Incapability of Mucking; (d) Incapability of Excavation and Water Leakage.
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Table 8. Geological Risk Factors [18].

Class Geological Risk Factor
Gl Hardness: hard or extremely hard rock, ground containing a large amount of quartz
G2 Fractured zone or faults
G3 Weak ground
G4 Ground containing clay
G5 Ground with gravels and/or boulders
Go6 Squeezing and swelling ground
G7 Mixed ground conditions
G8 Interface of different types of rock mass grades
G9 Ground with high water pressure
G10 Shallow cover depth

Table 9. Potential Risk Events during Shield TBM Construction [18].

Top Risk Event

Risk Event No.
STRAM-BN/CN-Matrix FTA-AHP Matrix

Sub-Risk Event

Excessive abrasion of cutters RE1-1

Cuttability reduction Partial abrasion and damage of cutters RE1-2 T1
Blockage of cutter RE1-3

Collapse of tunnel face RE2 T2

Ground surface settlement RE3 T3

Ground surface upheaval [Slurry] RE4 -

Spurt of slurry on the ground [Slurry] RE5

Large quantity of groundwater RE6-1

Incapability of mucking [EPB] Breakdown of screw conveyor RE6-2 5
Blockage of screw conveyor RE6-3

Incapability of mucking [Slurry] Damage of pipe and pump RE6-4 T6
Blockage of slurry pipe RE6-5
Machine jamming RE7-1

Incapability of excavation Insufficient torque and thrust force RE7-2 T7
Misalignment/Off-route RE7-3

Water leakage RES8 T8

4. Application of CN-Matrix Model

Risk analyses were performed on three tunneling job sites to compare the four risk
analysis models mentioned above: the ITA-Matrix model; the FTA-AHP Matrix model;
the STRAM-BN; and the newly proposed CN-Matrix model in this paper. First, to directly
compare the job site application results from the four models, the potential risk events and
their causal geological risk factors (summarized in Tables 8 and 9), during construction of a
shield TBM tunnel, were applied to the ITA-Matrix model and the FTA-AHP Matrix model.
The relevance of top risk events (T1-T8) and sub-risk events (RE1-1-RE8) are presented in
Table 9. The FTA-AHP Matrix model analyzes risks based on the top risk events, whereas
the STRAM-BN and the CN-Matrix model analyze risks based on the sub-risk events. In
the case of the ITA-Matrix model, which does not have criteria for the risk event to be
analyzed, the risk was analyzed based on the top risk events when it is compared with the
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FTA-AHP Matrix model. On the other hand, when compared with the STRAM-BN and the
CN-Matrix model, the risk was analyzed based on the sub-risk events. Furthermore, to use
the FTA, the causal relationships between the risk factors and risk events in Figure 4 were
restructured into a fault tree for eight top risk events (T1-T8), as shown in Figure 5. Second,
the geological risk factors for each job site were identified, and the resulting potential risk
events are presented. Then the risk degree was estimated by analyzing the corresponding
risk events.

The risk analysis models were applied to two shield TBM under-river tunnel projects
(Projects I and II) and one subsea tunnel project (Project III). A slurry shield TBM was
utilized for tunneling in Project I, EPB shield TBMs were adopted for tunneling in Projects
II and III, respectively. The overview of each project is provided in Table 10, and the
longitudinal geological profiles are shown in Figure 6.

Top Event 1
cuttability reduction

| |

Event 2

Event 1 Event 3
excessive abrasion of cutters

partial abrasion and
damage of cutters
| |

blockage of cutter

G1
hardness: hard
or extremely G5 G9
. G7 . G4
hard rock, ground with et ] grgund with ground
groqn_d el il conditions high water containing clay
containing boulders pressure
large amount
of quartz
(a)
Top Event 2
collapse of tunnel face
Event 4
poor management
of face pressure
|
G8
G5 .
G2 . (&Y/ interface of
fractured zone o3 (e il mixed ground different types
weak ground gravels and/or £
or faults Gl conditions of rock mass
grades

Figure 5. Cont.
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Top Event 6
incapability of mucking
[Shurry]
|

Event 9
breakdown of pump

G9
ground with
high water
pressure

|

Event 10
damage of pipe

|

G1
hardness: hard
or extremely G9
hard rock, ground with
ground high water
containing pressure
large amount
of quartz

()
Top Event 7

incapability of excavation

Event 11
blockage in slurry pipe

G5
@ .
ground gfsélnsda::i%r
containing clay boulders

Event 12
machine jamming

G6
squeezing and
swelling
ground

Event 13 Event 14
insufficient torque -
A misalignment / off-route
|
G9
: G2
er fmnd il fractured zone &
high water o ls weak ground
pressure
Top Event 8
water leakage
|
Event 15 Event 16
water leakage water leakage
at the TBM machine at the segment lining
G G9
ground with ground with
high water high water
pressure pressure

(h)

Figure 5. Restructured Fault Tree for Comparison with STRAM-BN: (a) Cuttability Reduction; (b) Collapse of tunnel face;
(c) Ground surface settlement; (d) Ground surface upheaval/Spurt of slurry on the ground; (e) Incapability of mucking

[EPB]; (f) Incapability of mucking [Slurry]; (g) Incapability of excavation; (h) Water leakage.
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Table 10. Overview of Three Projects.

Project I Project II Project III
TBM type Slurry shield TBM EPB shield TBM EPB shield TBM
Tunnel length 1.28 km 2.695 km 6.297 km
Tunnel diameter 7.66 m 7.8 m 9.7 m
Maximum water depth About 35 m About 45 m About 80 m
P (Under-river tunnel)  (Under-river tunnel) (Subsea tunnel)
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Figure 6. Longitudinal Geological Profile of Each Project: (a) Project I; (b) Project II; (c) Project IIL

4.1. Modeling Conditions for Real Tunnel Projects

As for the FTA-AHP Matrix model, the probabilities of eight top risk events (T1-T8)
were calculated using the restructured fault tree shown in Figure 5, and the impacts of
the eight events were calculated using the AHP. The probability of each risk factor was
determined for each job site via a questionnaire survey of TBM tunneling experts. In
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the survey, the probability of the expert’s surveys was considered as the central value in
the probability range of the evaluated probability score after each expert evaluated the
probability score from 1 to 5 points. For example, for a specific risk factor, the probability is
determined to be 20% if the expert evaluates the probability score as 2. In addition, through
a questionnaire survey of TBM tunneling experts, a pairwise comparison matrix was built;
the impact of each event was calculated using this matrix. The probability and impact
scores were determined according to the score ratings listed in Table 11. The calculation
results of the risk degrees for the eight top risk events by applying the FTA-AHP Matrix
model to each job site are listed in Table 12.

Table 11. Score Rating of Probability and Impact [14].

Score Probability Class Probability Score  Impact Class Impact
5 Very likely More than 80% 5 Very high More than 0.16
4 Likely 50-80% 4 High 0.12-0.16
3 Occasional 30-50% 3 Moderate 0.08-0.12
2 Unlikely 10-30% 2 Low 0.04-0.08
1 Very unlikely Below 10% 1 Very low Below 0.04

In the case of the ITA-Matrix model, the frequency and consequence classes were
determined via a questionnaire survey from TBM tunneling experts using the frequency
and consequence classifications presented in Tables 1 and 2, respectively. The calculation
results of the risk degrees of the ITA-Matrix model for the eight top risk events and the
potential sub-risk events caused by the corresponding geological risk factors are listed in
Tables 12-15.

When it comes to the STRAM-BN, the conditional probabilities of the potential sub-risk
events were determined from the identified geological risk factors, and the countermeasure
for each risk event was selected by considering the conditions of each project and the TBM
type. The cost of countermeasure was calculated by consulting with the cost estimation
specialists in consideration of the direct and indirect cost for implementing the counter-
measure for the 20 m section. The risk degrees for the potential sub-risk events of each job
site are listed in Tables 13-15.

With respect to the CN-Matrix model, the probability of occurrence of potential sub-
risk events caused by the corresponding geological risk factors was determined for each job
site via a questionnaire survey of TBM tunneling experts. The survey item corresponding
to the probability is related to the sub-risk events caused by the corresponding geological
risk factors in the CN-Matrix model, but it is directly related to the geological risk factor in
the FTA-AHP Matrix model. The impact of the potential sub-risk events for the downtime
caused by each of these sub-risk events was calculated using the AHP. In the FTA-AHP
Matrix model, the probability and impact scores were determined based on the score
ratings listed in Table 11. The calculation results by applying the CN-Matrix model to each
job site are listed in Tables 13-15.

4.2. Comparison of Risk Analysis Models

When the FTA-AHP Matrix model was applied, all three job sites showed high degrees
of risk (more than III) in cuttability reduction, the collapse of the tunnel face, incapability
of mucking, and incapability of excavation events. In Project II, the risk degree of the
water leakage event was also high. The ITA-Matrix model indicated that the risk degrees
of cuttability reduction, the collapse of the tunnel face, incapability of mucking, and
incapability of excavation events were high for all three job sites, which is similar to the
FTA-AHP Matrix model. In Projects II and III, the water leakage event was evaluated with
a high-risk degree.
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Table 12. Risk Analysis Results using FTA-AHP Matrix Model and ITA-Matrix Model for Each Project.

Project I Project II Project III
FTA-AHP : FTA-AHP . .
Risk Event Matrix ITA-Matrix Matrix ITA-Matrix ITA-Matrix
o Risk Risk . Risk Risk Risk Risk
Proslzzlzéhty I;C'g::t Score Frequency Consequence Level Proslzzlr)elhty Iérclopra:t Score Frequency  Consequence Level Score  Frequency Consequence Level
(Level) 1 (Level) 1 (Level) 1
Cuttability : - 12 . . 15 : .
T L eduction 4 5 Likely Serious 111 4 3 () Occasional Serious 11 () Likely Serious I
T2 Collapse of 4 5 Occasional Severe 11T 4 5 Occasional Severe 11T Occasional Severe jiis
tunnel face
Ground
T3 surface 4 1 Occasional ~ Considerable I 4 1 Unlikely Considerable I Occasional ~ Considerable I
settlement
Ground
surface up-
heaval /Spurt . . Very Lo Very s
T4 ¢ slurry on 5 1 Occasional ~ Considerable I 4 1 unlikely Insignificant unlikely Insignificant
the ground
[Slurry]
Incapability Ver 10
T5 of mucking 3 1 unl'LkZly Considerable 2 5 () Occasional Serious 11 Occasional Serious I
[EPB]
Incapability
T6 of mucking 3 4 12 Occasional Serious 111 3 1 Very Considerable Very Considerable
(1II) unlikely unlikely
[Slurry]
T7 Incapability 3 5 Unlikely Severe 111 3 5 15 Occasional Severe 11 Occasional Severe I
of excavation (1IT)
T8 1Zgﬁ;§e 1 3 Occasional ~ Considerable I 3 4 (11[2[) Likely Serious 1II (191) Likely Severe -

1 Risk level: Negligible (I), Acceptable (II), Unwanted (III), Unacceptable (IV).
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Table 13. Risk Analysis Results using STRAM-BN, CN-Matrix Model, and ITA-Matrix Model for Project I.
STRAM-BN CN-Matrix ITA-Matrix
Geological Risk Factor Risk Event Degree of Risk ! Probability Impact Risk Score Fr n Con n Risk Level
(Risk Level) Score Score (Level) equency onsequence sic Leve

Cuttability reduction . .

o }I;Iagdnef: hard Zr eXtiefn‘?ly RE1-1 (Excessive abrasion of cutters) 24.64 (IT) 4 3 12 (III) Likely Serious 11
ard rock, ground containing o -
arge amount of quartz - . X ccasiona erious

1 t of quart RE6-4 (Dgﬁig:b;?g}fef ;Ir‘l‘écg‘rip) 25.14 (II 3 4 12 (11 Occasional Seri 11
RE2 Collapse of tunnel face 33.43 (III) 1 5 Unlikely Severe 1T

G2 Fractured zone or faults Incapability of excavation i i
RE7-3 (Misalignment/Off-route) 2 1 Unlikely Serious II

Cuttability reduction . .
o Ground containing clay RE1-3 (Blockage of cutter) 19.34 (II) 4 2 8 (I) Occasional Serious III
RE6-5 (I]S“Ifill’(zzehz Sﬁﬁﬁfgﬁa 10.21 (I) 2 2 Unlikely Serious I

Cuttability reduction . .
G7 Mixed ground conditions RE1-2 (Partial abrasion and damage of cutters) IS () 3 3 i) Likely Serious i
RE2 Collapse of tunnel face 33.43 (III) 1 5 _ Unlikely Severe 1T

Cuttability reduction . .
RE1-2 (Partial abrasion and damage of cutters) 72 iy 3 3 o) Unlikely Serious I

5 Incapability of mucking . .
G9 Ground with high water pressure RE6-4 (Damage of pipe and pump) Eo78 W) 3 4 122 ) Occasional Serious U

Incapability of excavation ;

RE7-2 (Insufficient torque and thrust force) - 2 5 D) Unlikely Severe !
RE8 Water leakage _ 2 2 _ Unlikely Serious I

1 Unit: x10° US dollars.
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Table 14. Risk Analysis Results using STRAM-BN, CN-Matrix Model, and ITA-Matrix Model for Project IL
EPB-Open EPB-Closed
Geological Risk . STRAM-BN CN-Matrix ITA-Matrix STRAM-BN CN-Matrix ITA-Matrix
Factor Risk Event Degree of Probabilit I ¢ Risk S Degree of Probabili I ¢ Risk
Risk ! roS ::) rlel y ISIEI:):: 1(‘1 eveclc;re Risk Level Risk 1 roS ;:) rle ity glcl()):: Score Risk Level
(Risk Level) (Risk Level) (Level)
RE2 Collapse of tunnel face 4 5 68.62 (IIT) 2 5 10 (I1IT) III
G2 Fractufrec}tzone Incapability of excavation
or faults a -
RE7-3 (Misalignment/Off-route) 2 1 2 1 _
Cuttability reduction
- Ground RE1-3 (Blockage of cutter) 2 2 14.65 (II) 3 2 6 (1) II
containing clay RE6-3 Incapability of mucking 2 1 5 1 It
(Blockage of screw conveyer)
Cuttability reduction
G7 Mixed ground RE1-2 (Partial abrasion and damage 18.61 (II) 3 2 6 (II) i 20.01 (II) 3 2 6 (II) 11T
conditions of cutters)
RE2 Collapse of tunnel face 4 5 68.62 (III) 2 5 10 (1II) 11T
Cuttability reduction
RE1-2 (Partial abrasion and damage 18.61 (II) 3 2 6 (II) I 22.47 (II) 4 2 8 (I) 1T
of cutters)
. Incapability of mucking
Ground with .
o }fig‘; water RE6-1 (Large quantity of 4 5 64.97 (III) 3 5 15 (I1I) I
pressure ground water)
Incapability of excavation
RE7-2 (Insufficient torque and 2 5 10 (TID) 2 5 10 (I1I) 1T
thrust force)
RE8 Water leakage 31.38 (1II) 3 3 9 (II) 10.61 (II) 2 3 6 (II) 111

1 Unit: x10° US dollars.
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Table 15. Risk Analysis Results using STRAM-BN, CN-Matrix Model, and ITA-Matrix Model for Project IIIL.

EPB-Open EPB-Closed
. ITA- . ITA-
STRAM-BN CN-Matrix . STRAM-BN CN-Matrix .
Geological Risk Factor Risk Event Matrix Matrix
D;gis(elof Probability  Impact  Risk Score Risk D;;,;:ole(elof Probability  Impact SRcl:rke Risk
(Risk Level) Score Score (Level) Level (Risk Level) Score Score (Level) Level
Cuttability reduction
Hardness: hard or extremely RE1-1 (Exceosfsglitaeligsmn 26.96 (II) 4 2 8 (II) 111 31.52 (III) 5 2 10 (III) 111
G1 hard rock, ground containing — -
large amount of quartz Incapability of mucking
RE6-2 (Breakdown of 24.87 (1I) 2 2 1T 27.07 (II) 2 2
screw conveyer)
RE2 Collapse of tunnel face 4 5 62.31 (IIT) 2 5
G2 Fractured zone or faults RE73 Incapability of excavation ) 1 ) 1
(Misalignment/Off-route)
Cuttability reduction
. RE1-3 (Blockage of cutter) 2 1 02 ) 3 1
G4 Ground containing clay
Incapability of mucking
RE6-3 2 1 2 1
(Blockage of screw conveyer)
Cuttability reduction
RE1-2 (Partial abrasion and damage 18.56 (II) 3 2 6 (I) I 21.01 (II) 3 2 6 (II) I
G7 Mixed ground conditions of cutters)
RE2 Collapse of tunnel face 4 5 62.31 (III) 2 5 10 (1II) il
Interface of different types of
G8 RE2 Collapse of tunnel face 4 5 62.31 (III) 2 5 10 (III) I
rock mass grades
Cuttability reduction
RE1-2 (Partial abrasion and damage 18.56 (1I) 3 2 6 (II) 1T 23.46 (II) 4 2 8 (I) I
of cutters)
o Incapability of mucking
G9 Ground with high RE6-1 (Large quantity of 4 5 3 5 15 (III)
water pressure ground water)
Incapability of excavation
RE7-2 (Insufficient torque and 2 5 10 (TID) 2 5 10 (I1I) I
thrust force)
RES8 Water leakage 29.75 (II) 3 3 9 (II) 10.06 (II) 2 3 6 (II) III

1 Unit: x10° US dollars.
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When the STRAM-BN was applied, the risk degree of collapse of the tunnel face was
high owing to G2 (fractured zone or faults) and G7 (mixed ground conditions), which
existed in all the job sites. In addition, the risk degrees of incapability of mucking (large
quantity of groundwater/damage of pipe and pump) and incapability of excavation
(insufficient torque and thrust force) were high owing to G9 (ground with high water
pressure) for all three job sites because all three job sites are subsea/under-river tunnels. In
Project III, the risk degree of collapse of the tunnel face owing to G8 (interface of different
types of rock mass grades) was also high. In general, the risk degrees of Project I, which is
a slurry shield TBM site, were lower than those of Projects II and III, which are EPB shield
TBM sites.

When the CN-Matrix model was applied, the results of the risk degrees were similar
to the STRAM-BN for each potential sub-risk event caused by the corresponding geological
risk factors. However, the risk degree of the cuttability reduction was also high owing to
G1 (hard or extremely hard rock/ground containing a large amount of quartz) in Project L.
However, in Project L, the risk degrees of collapse of the tunnel face owing to G2 (fractured
zone or faults) and G7 (mixed ground conditions) were evaluated to be low. In Project II,
the risk degree of water leakage owing to G9 (ground with high water pressure) was found
to be low.

As mentioned earlier, a direct comparison between the Matrix models and the Bayesian
model is not feasible. The risk degree is obtained considering the top risk events in the
FTA-AHP Matrix model, whereas the STRAM-BN and the CN-Matrix model determine
the risk degree on the sub-risk event for each geological risk factor. In a simple comparison
based on top risk events, except for the cuttability reduction event, which showed a high-
risk degree in the Matrix models, all four models demonstrated a high degree of risk for the
collapse of the tunnel face, incapability of mucking, and incapability of excavation events.

As presented in Table 12, in the case of event T4 (ground surface upheaval/spurt of
slurry on the ground) in Project I, and events T3 (ground surface settlement) and T4 in
Project I1I, the probability score is the highest (5), while the impact score is the lowest (1) in
the FTA-AHP Matrix model, resulting in a risk degree (probability score x impact score) of
5 points. Then, the risk level is Negligible (I) of the lowest risk level in Figure 2. However,
the risk level will increase up to Unwanted (III) if the ITA-Matrix model is applied even
with the same frequency and consequence classes. In other words, it is possible for the FTA-
AHP Matrix model to underestimate the risk degrees compared to the ITA Matrix model.
It is believed that the risk level proposed by the ITA-Matrix model is more reasonable in
this case because if the consequence of the event is disastrous despite the low frequency of
occurrence, it might be more rational to assign a higher risk level than Negligible (I).

As for the event of the collapse of the tunnel face owing to G2 (fractured zone or faults),
and G7 (mixed ground conditions) in Project I (see Table 13), the risk level obtained by the
CN-Matrix model was significantly lower than that obtained by the other two models. This
is because the CN-Matrix model evaluates an event as a low-risk level even when only one
of the categories ranks as the highest class and the other ranks as the lowest class similar
to the FTA-AHP Matrix model. From these results, it is rational to increase the risk levels
of the CN-Matrix model. Some guidelines used the weighting scores for probability from
the scale of 1 to 5 points to the scale of 0.05 to 0.8 points (0.05, 0.1, 0.2, 0.4, and 0.8) and for
impact from the scale of 1 to 5 points to the scale of 0.1 to 0.9 points (0.1, 0.3, 0.5, 0.7, and
0.9) [1,2]. However, the guidelines cannot perfectly address the underestimating problem
yet. Therefore, the CN-Matrix model modifies the weighting scores for both probability and
impact identically on the scale of 0.05 to 0.8 points (0.05, 0.1, 0.2, 0.4, and 0.8) to overcome
the underestimation. Moreover, because of the difficulty in calculating the risk levels by
multiplying the decimal point of the weighting scores, the integers of the weighting scores
on the scale of 1 to 11 points (1, 2, 4, 7, and 11) are also proposed. For this purpose, it is
recommended in this paper to change the weighting scores for both probability and impact
of the sub-risk events in the CN-Matrix model from the scale of 1 to 5 points to the scale of
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either 0.05 to 0.8 points (0.05, 0.1, 0.2, 0.4, and 0.8) or 1 to 11 points (1, 2, 4, 7, and 11) as

shown in Figure 7.
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Figure 7. CN-Matrix Models: (a) Example 1; (b) Example 2.

In summary, the CN-Matrix model is an advanced version of the ITA-Matrix model
and the FTA-AHP Matrix model, which is easily applicable to actual tunneling job sites
compared to the STRAM-BN. To prevent underestimating when only one of the categories
ranks as the highest class and the other ranks as the lowest class, the weighting scores for
both probability and impact of the sub-risk events are modified in this model from the
scale of 1 to 5 points to the scale of either 0.05 to 0.8 points (0.05, 0.1, 0.2, 0.4, and 0.8) or 1
to 11 points (1, 2, 4, 7, and 11). Furthermore, the impact of this model is determined based
on the relative downtimes caused by each risk event, which is easier to apply in practice
rather than estimating the cost of countermeasures.

5. Conclusions

In the present study, three tunnel risk analysis models (ITA-Matrix model, FTA-AHP
Matrix model, and STRAM-BN), which are applicable to actual shield TBM tunnels, were
compared in terms of their advantages and disadvantages. Based on the comparison and
analysis results, an improved matrix model, a causal network-based risk matrix model
(CN-Matrix model), was proposed. This new model complements the disadvantages and
exploits the advantages of the three existing models. The conclusions of this study are
as follows.

1.  The ITA-Matrix model easily estimates the degree of risk, but its disadvantage is
that it is a qualitative analysis/assessment model. The FTA-AHP Matrix model is
a quantitative analysis/assessment model, but there are questions on the endowed
weighting scores, which range from 1 to 5 for both the probability and impact cat-
egories. Furthermore, the current FTA-AHP Matrix model can be applied only in
the design stage because it is difficult for this model to reflect the ground conditions
of the job site due to its inability to estimate the degree of risk events caused by the
corresponding geological risk factors.

2. The STRAM-BN, which uses the Bayesian network, can produce more reasonable
results because this model estimates the degree of risk by using the cost of counter-
measure on the designated job site; however, the disadvantage is that it is difficult to
obtain this cost for a given site. Unlike the FTA-AHP Matrix model, the STRAM-BN
has the advantage that it can be used for risk analysis in the construction stage as well
as in the design stage because it can estimate the risk degree of sub-risk events caused
by the corresponding geological risk factors.

3. According to the results of the comparative analysis for the three existing risk analysis
models, this study proposes a new risk matrix model named the CN-Matrix model,
which is a modified and improved version of the FTA-AHP Matrix model, by com-
plementing the disadvantages of each model and exploiting their advantages. The
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CN-Matrix model can perform a risk analysis for sub-risk events in the same way
as the STRAM-BN. In addition, the newly developed model can analyze risks even
in the construction stage as well as in the design stage because it estimates the risk
degree of sub-risk events caused by the corresponding geological risk factors, which
is similar to the STRAM-BN.

4. This study proposed to change the weighting scores of the probability of the sub-
risk event as well as its impact so that the change can address the underestimating
problems. Furthermore, the impact of this model is determined based on the relative
downtimes caused by each risk event, which is easier to apply in practice rather than
estimating the cost of countermeasures. Thus, the improved CN-Matrix model is
more reliable and robust than the three existing models.

Although this paper introduces a newly developed risk analysis model that exploits
advantages of the previous conventional risk analysis models (i.e., ITA-Matrix model,
FTA-AHP Matrix model, and STRAM-BN), it has some limitations. First, this study is
entirely based on qualitative risk factors rather than quantitative ones. Because all of the
conventional risk analysis models utilize the qualitative risk factors, the CN-Matrix model
deals with risks for qualitative determination in order to compare with the conventional
risk analysis models in the same manner. This lack of quantification may make it difficult
to analyze risks during real-time construction. Second, since the probability of each risk
factor and the impact of each event were determined for each job site via a questionnaire
survey of TBM tunneling experts, the survey can be biased by respondent’s knowledge
and experience.

In the follow-up research, the risk analysis model will be improved to overcome the
upper mentioned limitations by considering quantitative risk factors and/or by adopting
advanced data analysis technologies such as the machine learning algorithm. Moreover, it
will be possible to improve objectivity and reliability of decision-making, which can also
enable the automatic operation of TBM.
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