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Abstract 

This study analyzed 250 tunnel incidents—46 from Korea and 204 from other parts of the world—to 

identify key geotechnical hazards associated with tunnel construction and implementing 

risk-management strategies. The identified hazards included portal-area issues, main sections situated 

in discontinuity or weak zones, shallow depths and valley areas, and post-face advance sections. The 

bowtie method was used to visualize specific events, treatments, and consequences pertaining to each 

hazard, and identify the relevant barriers and control measures. The bowtie risk-management model 

is a comprehensive approach for risk identification, assessment, and control. Thus, this study aims to 

enhance tunnel-construction safety by offering practical and effective risk-management and 

prevention strategies.
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요 약 

이 연구는 전 세계적으로 204건의 터널 사고와 한국에서 발생한 46건의 터널 붕괴 사례를 분석하

여 터널 공사의 위험 관리를 위한 주요 지반 공학적 위험 요소를 식별했습니다. 식별된 위험 요소는 

입구 구역, 불연속 또는 약한 지대의 주 구역, 얕은 깊이와 계곡 지역, 그리고 터널 얼굴 전진 후 구역

에서 발생하는 문제를 포함합니다. Bowtie 방법을 사용하여 각 위험 요소에 대한 사건, 처리 방법, 

결과를 설정하고, 장벽과 통제 수단을 도출했습니다. Bowtie 방법의 위험 관리 모델은 위험 식별, 

평가 및 통제에 대한 포괄적인 접근 방식을 제공합니다. 이 논문은 효과적인 위험 관리 및 예방을 

위한 실질적인 해결책을 제시하여 터널 공사의 안전성을 높이는 것을 목표로 합니다.

주요어 : 산악터널, 리스크 관리, 보타이 방법

Copyright ⓒ 2024, The Korean Society of Mineral and Energy Resources Engineers

Introduction

In South Korea, tunnel constructions have progressively 

become longer and deeper. While many of these projects 

have been executed safely, there have been instances of 

delays, cost overruns, and, unfortunately, more severe 

consequences such as injuries and loss of life. To mitigate 

these risks and enhance safety, it is imperative to system-

atically assess and manage the hazards inherent in tunnel 

construction.

Here are some examples of risk assessment in tunnel 
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construction from academic papers:

• Multiscale Evaluation of Tunnel Construction Safety 

Risk: A Case Study of an Offshore Tunnel Construc-

tion in Ningbo: This study identifies the risk factors 

associated with the construction of an offshore tunnel 

foundation pit in Ningbo using the WBS-RBS method. 

The fuzzy comprehensive evaluation method is then 

applied to assess the project’s construction safety risk 

(Wu et al., 2024).

• Safety Risk Assessment of Loess Tunnel Construction 

Under Complex Environment Based on Game Theory- 

Cloud Model: This paper analyzes the safety risk 

factors in the construction of loess tunnels, specifically 

focusing on the Luochuan tunnel project of the Xi’an–

Yan’an High-Speed Railway. It uses a combination of 

game theory and cloud model to establish a risk assess-

ment system (Han  et al., 2023).

• Risk Analysis During Tunnel Construction Using 

Bayesian Networks: Porto Metro Case Study: This 

research utilizes Bayesian networks to analyze the 

risks associated with the construction of the Porto 

Metro tunnel (Rita and Herbert, 2012). 

These papers provide various methodologies and case 

studies on risk assessment in tunnel construction projects. 

In risk assessment, the terms ‘hazards’ and ‘risks’ are 

often used interchangeably, making it essential to clearly 

distinguish between them (Sahu and Paithannkar, 2011)

• A hazard is anything that has the potential to cause 

harm.

• The risk is how likely it is that a hazard will cause actual 

harm.

Before risks can be dealt with, they must be identified, 

characterized and quantified. As human judgment is not 

only based on evidence, but also on experience and anec-

dotal knowledge, lay assessments of risks appear to be 

heavily influenced by individual risk perception. Thus, 

‘risk’ can both relate to an objective reality and to a sub-

jective way of interpretation. Understanding and influencing 

the individual perception may help to prevent the mani-

festation of the risk under consideration (Michalsen, 

2010).

In the field of tunnel construction, risk management can 

be broadly divided into two main areas: risk analysis and 

risk control. Risk analysis involves identifying, assessing, 

and understanding the potential hazards and risks asso-

ciated with tunnel construction projects. This includes 

evaluating the likelihood and impact of various risk events, 

such as geological instabilities, equipment failures, and 

environmental factors.

On the other hand, risk control focuses on implementing 

measures to mitigate or eliminate the identified risks. This 

involves developing and applying strategies, procedures, 

and technologies to prevent risk events from occurring or 

to minimize their impact if they do occur. Examples of 

risk control measures include reinforcing tunnel linings, 

conducting regular safety inspections, and implementing 

emergency response plans.

However, as observed in the reviewed literature, most 

studies on tunnel construction risks tend to emphasize risk 

analysis, often neglecting the equally important aspect of 

risk control. This imbalance highlights a gap in the current 

research and practice, where the development and appli-

cation of effective risk control techniques are not given 

sufficient attention.

Therefore, this paper aims to address this gap by adopting 

a methodological approach to risk control in tunnel con-

struction. It will explore various risk control strategies, 

evaluate their effectiveness, and provide practical recom-

mendations for their implementation. By doing so, the 

paper seeks to contribute to a more comprehensive under-

standing of risk management in tunnel construction, 

ensuring that both risk analysis and risk control are ade-

quately addressed.

In Chapter 3, the paper discusses a risk management 

methodology based on the bowtie method. The bowtie 

method is commonly used in safety and risk assessment to 

visualize and analyze potential hazards, their causes, and 

the barriers in place to prevent or mitigate them. It’s a 

powerful tool for understanding risk scenarios.

The chapter likely covers how to construct a bowtie 

diagram, identify critical control points, and assess the 

effectiveness of preventive and mitigative measures.

Chapter 4 introduces a risk management model specifi-

cally tailored for mountainous tunnels. Given the unique 

challenges posed by tunnel construction and operation in 

mountainous terrain, this model likely addresses factors 

such as geological instability.

The use of the bowtie method in this context demon-
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Table 1. Adverse tunnel-construction events (Rita, 2010)

Undesirable events Description

Rock Fall Fall of rock blocks of major dimensions. The different mechanisms involved are wedge or planar failure

Collapse Heading collapse / failure of the heading / lining failure

Daylight Collapse Heading collapse / lining failure of the heading that reaches the surface creating a crater.

Excessive Deformation 

Excessive deformations inside the tunnel or at the surface. This can occur for example due to 

deficient design, construction defects and/or due to particular type of terrains such as swelling 

and squeezing ground, which had not been predicted

Flooding Comprises cases where the tunnel was invaded by large quantities of underground water.

Rock Burst / Spalling 

Overstressing of massive or intact brittle rock, i.e. the stresses developed in the ground exceed 

the local strength of the material. It can cause spalling or in the worst cases sudden and violent 

failure of the rock mass

Portal Particular locations of a tunnel, where there is a lower

Shaft failure Resistance of ground mass and/ or concentration of stresses.

Other Other types of collapse that include slope failures, etc

strates its practicality and applicability to real-world sce-

narios.

In the concluding chapter (Chapter 5), the paper likely 

summarizes the findings and implications of the risk 

management approach discussed in the preceding chapters.

It may also highlight any recommendations for practi-

tioners, further research directions, or practical insights 

gained from applying the bowtie method to mountainous 

tunnel risk management.

Hazard Identification and 

Risk Assessment

Hazard identification

The purpose of hazard identification is to identify and 

develop a list of hazards for each job in the organization 

that are reasonably likely to expose people to injury, 

illness or disease if not effectively controlled. Workers 

can then be informed of these hazards and controls put in 

place to protect workers prior to them being exposed to the 

actual hazard. If one does not properly identify the problem 

then it becomes difficult to assess the risk or postulate 

solutions. Hazard identification takes persistence to char-

acterize known hazards and creativity to identify the new 

ways the system design or operation can lead to an accident 

(Hardy, 2010).

There are several approaches typically used to help 

identify hazards (Ericson, 2005). One approach that tends 

not to be used extensively is the review of accident reports 

from different industries and applications. Analyses of 

accident reports help identify flaws in existing hazard 

analyses processes and help discover hazards that might 

not have been considered. Hazard identification should be 

undertaken systematically, aiming to cover the full field 

of possibilities. Most techniques for identifying hazards 

meet this principle by subdividing the operation or equip-

ment into appropriate number of elements, and for each 

element to be considered in turn against a comprehensive 

checklist of possible problems, mishaps, abnormalities, 

etc. It is good practice to include in the team people with a 

variety of technical expertise, and from varying levels in 

the organization (Department of Minerals Resources, 1997).

Geotechnical event during tunnel construction 

This study systematically collected historical and po-

tential risk data for identification purposes. The data were 

sourced from both domestic and international disaster- 

related statistics, scholarly papers, reliability reports, and 

comprehensive literature reviews.

In 2010, a database of 204 tunnel construction accidents 

was assembled by Rita. This is the most comprehensive 

database known to date. The database was analyzed to 

better understand the causes of accidents. Based on the 

data collected the main observed accidents are presented 

in Table 1.

Fig. 1 illustrates the distribution of undesirable events 
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Table 2. Consequences of adverse tunnel-construction events 

General 

definition

5

Catastrophic

4

Major

3

Moderate

2

Minor

1

Insignificant

People Multiple fatalities Single fatality Major injury Minor injury Slight injury

Assets
Extensive 

damage
Major damage

Localized 

damage
Minor damage Slight damage

Environmental Massive effect Major effect Localized effect Minor effect Slight effect

Operation

Interruption 

more than one 

month

Interruption 

more than 1 week

Interruption 

more than 1 day

Disturbance 1 

shift

Disturbance 1 

hour

Reputation
International 

impact
National impact

Considerable 

impact
Limited impact Slight impact

Fig. 1. Distribution of adverse tunnel-construction events 

(Rita, 2010).

Fig. 2. Distribution of adverse tunnel-event distributions in 

Korea (Korean Tunnel Association, 2010).

within the database. Notably, the majority of reported 

events pertain to collapses and daylight collapses (36% 

and 28%, respectively). However, it is essential to clarify 

that these reported events do not necessarily represent the 

actual prevalence of incidents during tunneling construc-

tion. Rather, they are frequently documented in the liter-

ature and emphasized by experts due to their potentially 

severe consequences for the construction process, worker 

safety, and the well-being of individuals and surface 

structures

Fig. 2 presents the statistical distribution of tunnel events 

based on the Case Histories of tunnel collapses in Korea 

(Korean Tunnel Association, 2010). Notably, the order of 

incidence for tunnel events during construction is as 

follows: rock falls, daylight collapses, collapses, flooding, 

excessive deformation, and other related occurrences.

Risk Assessment 

The objective of risk analysis is to produce outputs that 

can be used to evaluate the nature and distribution of risk 

and to develop appropriate strategies to manage risk. 

Events or issues with more significant consequences and 

likelihood are identified as ‘higher risk’ and are selected 

for higher priority mitigation actions to lower the like-

lihood of the event happening and reduce the consequences 

if the event were to occur.

Qualitative approaches to risk assessment are the most 

commonly applied (O’Beirne and Napper, 1990). This is 

because there is a lack of accurate, valid ‘hard’ data about 

event likelihood; there is a wealth of industry experience 

at the management, supervisory and operational levels 

that can suggest subjective consequence and event like-
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Table 3. Likelihood criteria of tunnel-construction risks

Rank General definition 

A Rare Never heard of incident in industry

B Unlikely Incident has occurred in industry

C Occasional Incident has occurred in our company

D Likely
Happens several times per year in our 

company

E
Almost 

certain

Happens several times per year in 

location

Fig. 3. Risk-classification matrix for various assets.

lihood; most of the time the objective of the risk assess-

ment is to manage priority risks, an objective that does not 

require a quantitative approach for an effective outcome.

A logical systematic process is usually followed during 

a qualitative risk assessment to identify the key risk events 

and to assess the consequences of the events occurring and 

the likelihood of their occurrence.

Consequence 

The consequence can be considered as the “worst case 

scenario” or outcome that can reasonably be expected 

should an incident occur. Consequences can generally 

occur in two areas: personal injury and property/process 

damage or loss. To assist in determining consequences the 

criteria adopted in this study was presented in Table 2. 

Likelihood 

The likelihood, often called probability, of an incident 

occurring is largely dependent on the frequency of expo-

sure. The following aspects should be considered when 

making this decision: 

• The number of times tasks/cycles/situations occur

• The number of people performing the tasks or exposed, 

and

• What has happened in the past here or elsewhere in 

similar situations.

The following criteria were adopted as a guideline for 

risk likelihood (Table 3).

Risk matrix 

Once the consequences 0 to 5 and likelihood A to E are 

selected, a single risk rating can be selected from the risk 

classification matrix as presented in Fig. 3.

Methodology for Risk Management: 

Bowtie Method 

The BowTie methodology is used for risk assessment, 

risk management and (very important) risk communication. 

The method is designed to give a better overview of the 

situation in which certain risks are present; to help people 

understand the relationship between the risks and orga-

nizational events. 

The strength of the methodology lies in its simplicity; 

the phrase “less is more” is certainly applicable. 

Risk management is all about risk-perception manage-

ment, since most accidents happen because of actions or 

inactions of people. People working in hazardous envi-

ronments should be aware of the present organizational 

risks and should have an accurate understanding of their 

role in it. This can only be accomplished by sufficient risk 

communication adjusted to the abilities of that part of the 

workforce you want to address, leading to the estab-

lishment of operational ownership. 

Many risk assessments are done using quantitative 

instruments. These may be sufficient for certain types of 

equipment but are less valuable for organizational risk 

assessment. Human beings are less easy to predict than 

machinery and the operational combination of all factors 

present (think of people, equipment, time, weather, orga-

nizational factors, etc.) leads to even more difficulties.

Bowtie Method 

Risk in BowTie methodology is elaborated by the 

relationship between Hazards, Top Events, Threats and 

Consequences. Controls are used to display what measures 
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Fig. 4. Conceptual diagram of the bowtie method.

an organization has in place to control the risk (CGE Risk, 

2012).

Fig. 4 illustrates the concept of the bowtie method. At 

the center, the hazard and top event define the risks we 

need to control. On the left side, threats and the barriers to 

prevent them are depicted, while on the right side, 

consequences and the controls to mitigate them are shown

Hazard 

The word “Hazard” suggests that it is unwanted, but in 

fact it is the opposite: it is exactly the thing you want or 

even need to make business. It is an entity with the 

potential to cause harm but without it there is no business. 

For example the oil industry; oil is a dangerous substance 

(and can cause a lot of harm when treated without care) but 

it is the one the thing that keeps the oil industry in business! 

It needs to be managed because as long as it is under 

control, it is of no harm (CGE Risk, 2012).

Top Event 

Thus as long as a hazard is controlled it is in its wanted 

state. For example: oil in a pipe on its way to shore. But 

certain events can cause the hazard to be released. In 

BowTie methodology such an event is called the Top 

Event. The top event is not a catastrophe yet, but the dan-

gerous characteristics of the hazard are now in the open. 

For example: oil is outside of the pipeline (loss of con-

tainment). Not a major disaster, but if not mitigated cor-

rectly it can result in more unwanted events (consequences) 

(CGE Risk, 2012).

Threats 

Often there are several factors that could cause the Top 

Event. In BowTie methodology these are called Threats. 

These threats need to be sufficient or necessary: every 

threat itself should have the ability to cause the Top Event. 

For example: corrosion of the pipeline can lead to the loss 

of containment (CGE Risk, 2012).

Consequences 

When a Top Event has occurred it can lead to certain 

consequences. A consequence is a potential event result-

ing from the release of the Hazard which results directly in 

loss or damage. Consequences in BowTie methodology 

are unwanted events that an organization ‘by all means’ 

wants to avoid. For example: oil leaking into the environ-

ment (CGE Risk, 2012).

Barriers / Controls 

Risk management involves controlling risks by imple-

menting barriers to prevent certain events from occurring. 

A Control can be any measure taken that acts against some 

undesirable force or intention, in order to maintain a 

desired state. In the BowTie methodology, proactive 

controls (located on the left side of the Top Event or 

Barrier) are implemented to prevent the Top Event from 

occurring. For example, regular corrosion inspections of 

pipelines. There are also reactive Controls (on the right 

side of the Top Event) that prevent the Top Event resulting 

into unwanted consequences. For example: leak detection 

equipment or concrete floor around oil tank platform 

(CGE Risk, 2012). 
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Fig. 5. Bowtie diagram for the portal areas of tunnels (face/slope).

A Model for Mountain Tunnel Risk 

Management: Addressing Geotechnical 

Hazards using the Bowtie Method

Based on an analysis of 204 tunnel incidents worldwide 

and 46 cases of tunnel collapse specifically in Korea, the 

following geotechnical hazards can be identified:

• Portal Area (face/slope):

- Hazards: Inflow or falling of materials, rock fall, 

collapse, etc.

- Description: This area is particularly vulnerable to 

material inflow or falling due to the exposed nature of 

the tunnel entrance. Rock falls and collapses are 

common due to the instability of the face and slope.

• Main Section (face in discontinuity and/or weak zone):

- Hazards: Inflow or falling of materials, cave-in/rock 

fall, inflow of soil from the face, excessive deforma-

tion/cracks on shotcrete lining, etc.

- Description: In zones of discontinuity or weakness, 

the tunnel face is prone to material inflow and falling. 

Cave-ins and rock falls are frequent, and the shotcrete 

lining may exhibit excessive deformation or cracks 

due to the unstable ground conditions.

• Main Section (face/roof in shallow depth and valley 

area):

- Hazards: Inflow or falling of materials, flow-out of 

groundwater from the face, sudden failure of the face, 

sliding in the sidewall caused by joints and water, etc.

- Description: In shallow depth and valley areas, the 

face and roof of the tunnel are susceptible to material 

inflow and falling. Groundwater may flow out from 

the face, leading to sudden failures. The presence of 

joints and water can cause sliding in the sidewalls.

• Main Section (roof after face advance):

- Hazards: Inflow or falling of materials, sinkhole type 

failure, etc.

- Description: After the face advances, the roof of the 

tunnel can experience material inflow and falling. 

Sinkhole-type failures are also a significant risk in 

this section.

For each of the four geotechnical hazards mentioned 

above, we have defined the specific events, established 

treatments and consequences, and derived barriers and 

controls to prevent them. The risk management model 

using the bowtie method is illustrated in Fig. 5 to 8 and 

detailed in Table 4. Table 4 provides a detailed summary 

of the components of the bowtie method illustrated in Fig. 

5 to 8, including threats, barriers, controls, and conse-

quences.
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Fig. 6. Bowtie diagram for the main tunnel section (tunnel-face discontinuity and/or weak zone).

Fig. 7. Bowtie diagram for the main tunnel section (face/roof in shallow depth and valley area).

Fig. 8. Bowtie diagram for the main tunnel section (roof after face advancement).
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This model provides a comprehensive approach to iden-

tifying, assessing, and controlling risks in tunnel construc-

tion, ensuring that appropriate measures are in place to 

mitigate potential hazards.

Conclusions

This study analyzed 204 tunnel incidents worldwide 

and 46 cases of tunnel collapse specifically in Korea to 

identify major geotechnical hazards in tunnel construction. 

Through this analysis, we defined specific hazards in the 

portal area, main section in discontinuity and/or weak 

zones, main section in shallow depth and valley areas, and 

the main section after face advance. For each hazard, we 

established specific events, treatments, and consequences.

Using the bowtie method, we constructed a risk man-

agement model, identifying barriers and controls for each 

hazard. This model provides a comprehensive approach to 

identifying, assessing, and controlling risks in tunnel 

construction, ensuring that appropriate mitigation mea-

sures are in place.

Therefore, this paper presents a methodological ap-

proach to risk control in tunnel construction, offering 

practical solutions to effectively manage and prevent 

geotechnical hazards. By doing so, it aims to enhance the 

safety of tunnel construction projects and promote a bal-

anced approach to risk management.
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