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Abstract

The purpose of this review is to critically assess seismic activity's effects on soft rock tunnels under high ground stress
scenarios. The paper seeks to identify key novelties and research gaps in the existing literature, offering new insights into
analytical techniques, excavation methods, support systems, and monitoring technologies. A comprehensive review of
recent studies was conducted, focusing on seismic behavior, analytical techniques, and mitigation strategies for soft rock
tunnels. Case studies were selected based on their relevance to high ground stress conditions and their contribution to
understanding seismic resilience. Significant findings include the identification of specific geological conditions that
exacerbate seismic risks and the comparative effectiveness of various analytical techniques and support systems. Novel
insights into the interaction of structural reinforcements and monitoring systems are also discussed. The review highlights
new analytical techniques and advanced monitoring systems that improve predictive accuracy and early detection of
seismic risks. It also proposes a refined approach to integrating mitigation strategies for enhanced tunnel resilience.
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1. Introduction

The stability of soft rock tunnels under seismic conditions, particularly in high ground stress environments, is a
critical concern for civil and geotechnical engineers. The interaction between seismic forces and geological conditions
can significantly impact tunnel performance and safety. Despite substantial advancements in the field, there remains a
need for a more integrated understanding of these interactions to improve risk management and mitigation strategies.
Soft rock tunnels are constructed in a variety of geological settings, including sedimentary rocks, shale, and claystone,
which exhibit distinct mechanical and deformation characteristics. High ground stress conditions further complicate
tunnel stability, as increased pressure can lead to significant deformation and failure under seismic loading [1]. The
seismic behavior of these tunnels is influenced by several factors, including rock composition, stress conditions,
excavation techniques, and support systems.

Previous Studies:

e Seismic Impact on Tunnels: Studies such as those by Jaramillo (2017) [2] have investigated the effects of seismic
activity on tunnel stability, focusing on tunnels in various geological settings. They found that the impact of
seismic forces can be exacerbated by high ground stress, leading to more severe deformation and potential failure.

o Geological Conditions: Research by Wang et al. (2019) [3] highlighted the importance of understanding geological
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conditions in seismic analysis. They identified specific rock formations that are particularly vulnerable to seismic
damage, such as highly fractured or weakly cemented rocks.

Analytical Techniques: The work of Asheghabadi & Matinmanesh (2011) [4] reviewed various analytical methods
for seismic assessment, including Finite Element Analysis (FEA) and Discrete Element Method (DEM). Their
findings emphasized the need for accurate models that consider both seismic forces and high ground stress
conditions.

Research Gaps and New Insights

While existing studies provide valuable insights, several research gaps persist:

Integration of High Ground Stress and Seismic Activity: Many studies focus separately on high ground stress or
seismic activity, without addressing their combined effects comprehensively. This gap underscores the need for
integrated models that consider both factors simultaneously.

Comparative Analysis of Analytical Techniques: Although various analytical methods are available, there is
limited comparative analysis of their effectiveness in predicting tunnel behavior under combined high ground
stress and seismic loading.

Effectiveness of Support Systems and Monitoring Technologies: There is a need for more detailed evaluations of
different support systems and monitoring technologies, especially in terms of their combined effectiveness in
mitigating seismic risks.

Proposed Approach

To address these gaps, this review proposes a multi-faceted approach that includes:

Enhanced Theoretical Models: Developing and applying advanced theoretical models that integrate high ground
stress and seismic activity. This approach will improve the accuracy of predictions and the effectiveness of
mitigation strategies.

Case Study Analysis: Utilizing real-world case studies to evaluate the performance of different excavation
techniques, support systems and monitoring technologies under seismic conditions.

Comparative Analysis: Conducting a comparative analysis of analytical techniques to determine the most effective
methods for seismic assessment and prediction.

Structure of the Article

Literature Review: A detailed overview of existing research, focusing on seismic impacts, geological conditions
and support systems.

Theoretical Approaches: Discussion of current theoretical models and their relevance to high ground stress and
seismic behavior.

Analytical Techniques: Comparative analysis of different methods used in seismic assessment, including their
strengths and limitations.

Excavation Techniques: Examination of various excavation methods and their impact on tunnel resilience under
seismic loading.

Support Systems: The efficiency of various support methods including shotcrete, flexible linings and rock bolts,
in boosting seismic resistance is evaluated.

Monitoring Technologies: Review of advanced monitoring systems and their role in early detection and risk
management.

Mitigation Strategies: Analysis of integrated mitigation approaches, including the interaction between structural
reinforcements and monitoring systems.

Conclusion: An overview of the main conclusions and suggestions for more study.

2. Seismic Behavior of Tunnels in Soft Rock

Tunnels excavated in soft rock under high ground stress are particularly vulnerable to seismic forces due to the
combination of weak rock material and significant stress concentrations. Understanding the seismic behavior of these
tunnels is crucial for designing effective support systems and ensuring long-term stability [5]. The complex interplay
between seismic waves, rock mass properties and tunnel structures necessitate a comprehensive analysis to mitigate
potential risks. The seismic behavior of tunnels in soft rock is of paramount importance for several reasons:
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o Safety: Ensuring the safety of personnel and infrastructure within and around the tunnel.
o Economic Impact: Preventing costly repairs and downtime resulting from seismic damage.

¢ Design Optimization: Informing the design of more resilient support systems that can withstand seismic forces.

2.1. Geotechnical Characteristics of Soft Rock

Understanding the geotechnical characteristics of soft rock is fundamental to assessing the seismic behavior of
tunnels. Soft rocks such as claystone, mudstone and shale, are distinguished by their low strength and high deformability,
which can significantly influence their response to seismic forces.

Mechanical Properties of Soft Rock

Soft rocks are characterized by a range of mechanical properties that affect their stability under seismic loading.
Shear strength, Poisson's ratio, modulus of elasticity and uniaxial compressive strength (UCS) are some of these
characteristics [6, 7]. These characteristics are summarized for popular varieties of soft rock in Table 1.

Table 1. Mechanical properties of common soft rocks

Rock Type UCS (MPa) Modulus of Elasticity (GPa) Poisson's Ratio  Shear Strength (MPa)

Claystone 10-30 1-5 0.25-0.35 5-15
Mudstone 5-25 05-3 0.20-0.30 2-10
Shale 15-40 3-10 0.20-0.35 10-20

Soft rock is affected by these characteristics under both static and dynamic stresses. For instance, soft rock is prone
to severe deformation under load, which can be made worse by seismic occurrences, as shown by the low UCS and
modulus of elasticity [8].

Anisotropy and Heterogeneity

Soft rocks often exhibit anisotropic and heterogeneous properties, meaning their mechanical behavior can vary
significantly in different directions and locations. Anisotropy can be caused by joints, fissures and bedding planes,
among other things. These characteristics may cause stress concentration and differential deformation, which might
compromise the overall stability of tunnels.

Effects of High Ground Stress

Conditions of high ground stress, which are frequently seen in deep tunnels, make soft rock more difficult to work
with. The combination of seismic forces and in-situ stress affects the distribution of stress surrounding a tunnel [9, 10].
The following equations describe the stress distribution in a cylindrical tunnel:

_ 0, ) 2\ AP ) 5 ” L

g, = ? - T'_Z + 7 + T_Z COS( ) ( )

_% (14T AP (13 s 2

% = 2 r2 2 r2 cos )
AP 2\ .

Trg =~ 1 +r_2 sin(26) 3)

where: oy and oy are the radial and tangential stresses, respectively. 7. is the shear stress, oy is the far-field stress, AP is
the pressure difference caused by seismic waves, r and @ are the polar coordinates, ro is the radius of the tunnel.

Understanding the geotechnical characteristics of soft rock is essential for assessing the seismic behavior of tunnels.
The mechanical properties, anisotropy, time-dependent behavior, and effects of pore water pressure and high ground
stress all play critical roles in determining tunnel stability.

2.2. Seismic Wave Interaction

Seismic wave interaction with tunnels in soft rock is a critical aspect of understanding the seismic behavior of these
structures. Effective design and safety precautions depend on an understanding of the interaction between seismic waves
and tunnel structures, which affects the tunnel's stability and deformation.
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2.2.1. Seismic Wave Propagation in Soft Rock

A. Wave Types and Characteristics

Primary waves (P-waves), secondary waves (S-waves), and surface waves (Love and Rayleigh waves) are the three
types of seismic waves produced by earthquakes. Different wave types interact with soft rock and tunnel constructions
in different ways (Figure 1).

o P-Waves: These compressional waves alter the volume of the rock by traveling quicker than S-waves. They have
the ability to significantly alter the tunnel's structure's stress.

o S-Waves: These are shear waves that move slower than P-waves and cause horizontal and vertical shearing in the
rock. S-waves are particularly impactful on tunnel stability due to their shearing action.

o Surface Waves: As a result of their high amplitude and low frequency, these waves typically cause the most
damage as they travel along the Earth's surface. Love waves cause horizontal shearing while Rayleigh waves
induce both vertical and horizontal displacements.
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Figure 1. Seismic wave propagation through soft rock [11]

2.2.2. Interaction with Tunnel Structures
Stress and Strain Induced by Seismic Waves

Seismic waves induce dynamic stresses and strains in tunnel structures, which can lead to deformation, shear failure
or even collapse. The interaction can be analyzed using the following equations:

Dynamic Stress: The dynamic stress (o) induced by seismic waves can be expressed as:
04 = Omax X Sin(wt) 4)
where: omax i the maximum stress, w is the angular frequency of the seismic wave, t is time.
Strain Response: The strain (¢) in the tunnel due to seismic loading can be calculated using:

E:% ®)

where E is the modulus of elasticity of the rock.

Effects of Tunnel Shape and Orientation

The shape and orientation of a tunnel significantly influence its seismic response. Circular and horseshoe-shaped
tunnels generally perform better under seismic loading compared to rectangular or irregular shapes. The stability of the
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tunnel is also influenced by its orientation with respect to the direction in which seismic waves propagate [12]. Circular
tunnels exhibit more uniform stress distribution and reduced stress concentration at the tunnel face, making them more
resilient to seismic forces while rectangular tunnels often experience higher stress concentrations at the corners and
faces, leading to increased risk of failure under seismic loading (see Table 2).

Table 2. Comparative analysis of tunnel shapes

Tunnel Shape Stress Deformation Suitability for Seismic
P Concentration Response Conditions
Circular Low Uniform High
Rectangular High Non-uniform Low

Understanding the interaction between seismic waves and tunnel structures in soft rock is crucial for designing
resilient tunnels capable of withstanding seismic events. Advances in numerical modeling, monitoring technologies and
smart materials offer new insights and solutions for improving tunnel stability. Accurate prediction and analysis of
seismic wave interaction with tunnel structures enable better design and safety measures, ensuring the longevity and
safety of tunnel infrastructure in seismically active regions.

2.3. Deformation and Failure Mechanisms

Understanding the deformation and failure mechanisms in tunnels constructed in soft rock under seismic loading is
crucial for designing robust support systems and ensuring safety. The interaction between seismic forces and soft rock
can lead to various types of deformations and failure patterns, which can significantly impact tunnel stability.

2.3.1. Deformation Mechanisms in Soft Rock Tunnels

Elastic Deformation

In the initial stages of seismic loading, soft rocks exhibit elastic deformation, where the rock and tunnel lining deform
proportionally to the applied stress. This deformation is reversible upon the removal of seismic loads. The elastic
behavior of soft rock is characterized by its modulus of elasticity (E), which can be estimated from laboratory tests. For
soft rocks, E ranges from 0.5 to 10 GPa. The equation for elastic deformation is:

o
€=% (6)

where: € is the strain, ¢ is the stress, E is the elastic modulus.

Plastic Deformation

Beyond the elastic limit, soft rocks undergo plastic deformation, where permanent changes in shape occur.
Constitutive models like the Drucker-Prager or Mohr-Coulomb models describe this kind of deformation, which is
characterized by yielding (Table 3). The beginning of plastic deformation and failure in rocks is described by the Mohr-
Coulomb Failure Criterion.

T =c+ o -tan(¢) (7)
where, ¢ is the normal stress, ¢ is the internal friction angle, c is the cohesiveness and t is the shear stress.

Table 3. Key parameters for elastic and plastic deformation

Parameter Elastic Deformation Plastic Deformation
Young's Modulus (E) Determines stiffness and initial deformation Affects post-yield behavior
Poisson's Ratio (v) Controls lateral strain during deformation Influences the extent of plastic flow
Yield Strength (ay) Not applicable Defines the transition from elastic to plastic

2.3.3. Failure Mechanisms
Shear Failure

When the shear stress is greater than the rock mass's shear strength, shear failure happens. In soft rocks, shear failure
can be particularly problematic due to their low shear strength. Shear failure often develops along predefined failure
surfaces or planes, influenced by the orientation of natural fractures or joints (Figure 2).
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Figure 2. Shear failure mechanism [13]

Tensile Failure

When the rock’s tensile strength is exceeded by the tensile stress, tensile failure happens. Although soft rocks
generally have low tensile strength, tensile failure can occur, especially near the tunnel face or in areas with high stress
concentrations. For soft rocks, tensile strength is often much lower than compressive strength, making tensile failure a
critical concern. Tensile Failure Criterion is:

F

0 = 1 (8)

where A is the cross-sectional area, F is the force producing the tensile stress, and o; is the tensile stress.

Buckling and Collapse

As a result of the combined effects of axial stresses and bending moments, soft rock tunnels may buckle or collapse
under excessive seismic loading [14]. This is particularly relevant for shallow tunnels or those with inadequate support.
Euler's formula for columns may be used to predict the critical buckling load for a tunnel. The Euler's Buckling Load
is:

m2El

B, = (KT)Z 9)

where: L is the effective length of the tunnel; K is the column effective length factor; I is the cross-sectional moment of
inertia; E is the modulus of elasticity and P, is the critical buckling load.

The deformation and failure mechanisms in tunnels constructed in soft rock under seismic loading involve complex
interactions between material properties, stress conditions, and structural responses. Recent advancements in modeling
and monitoring techniques have enhanced our understanding of these mechanisms, leading to more accurate predictions
and improved design practices. By incorporating these insights, engineers can better anticipate and mitigate the effects
of seismic loading on tunnel stability.

3. High Ground Stress Conditions

High ground stress conditions refer to scenarios where the stress exerted on a geological formation, such as rock or
soil, is significantly elevated due to various factors including depth, tectonic forces and existing geological structures.
These conditions are characterized by increased vertical and horizontal stresses that impact the stability and behavior of
subsurface excavations, such as tunnels.
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3.1. Components of Ground Stress
Ground stress is typically decomposed into three principal components:
o Vertical Stress (ov): This is the vertically downward tension caused by the weight of the rock mass above [15]. It
increases with depth and is given by:
o,=p-g-h (10)
where: h is the depth of the rock mass, p is the density of the rock and g is the acceleration caused by gravity (about
9.81 m/s?).

o Horizontal Stresses (on): These are the stresses acting horizontally within the rock mass, which can be influenced
by tectonic forces, existing geological structures, or variations in rock properties. Horizontal stresses can be
further categorized into:

Maximum Horizontal Stress (on1) and Minimum Horizontal Stress (on2)
The ratio of these stresses relative to vertical stress is often used to evaluate the stress regime.

¢ Principal Stresses: At a certain location within the rock mass, they are the maximum and minimum normal
stresses. They are given by:

0, =0, =03 (11)

The maximal main stress is represented by o1, the intermediate principal stress by o> and the least principal stress by
o3 (see Table 4).

Table 4. Typical ground stress parameters

Stress Type Formula Typical Range
Vertical Stress (ov) p-g-h 10 — 100 MPa (depending on depth)
Maximum Horizontal Stress (ch1) Variable, influenced by tectonic forces 5-50 MPa
Minimum Horizontal Stress (ch2) Variable, often less than (ch1) 2 —30 MPa
Principal Stresses (o1, 62, 63) Calculated from stress measurements Up to 150 MPa

3.2. Implications of High Ground Stress Conditions

The design, building and safety of tunnels and other subterranean structures are significantly impacted by high
ground stress conditions. These ramifications fall under a few main categories:

Impact on Tunnel Stability
¢ Increased Risk of Deformation: Significant deformation of the surrounding rock mass and tunnel lining can be caused
by high ground stress. This deformation can manifest as tunnel convergence, which is the reduction in tunnel
diameter due to rock squeezing.
Oint — Oext
—_— 12
= (12)
where: Ad is the change in diameter, oint is the internal stress, oex: i the external stress, E is the elastic modulus of the
rock.

Ad =

¢ Increased Likelihood of Rock Failure: Failure mechanisms such shear failure, tensile failure, or the development of
new fractures may be brought on by the excessive stress. This failure can compromise the integrity of the tunnel and
pose safety risks.

Ground Support and Reinforcement

o Design of Support Systems: Tunnels in high stress conditions require robust support systems including rock bolts,
shotcrete and steel sets, to counteract the increased loads and potential for rock failure [16]. Static and dynamic
loading conditions need to be taken into consideration in the design.

e Rock Bolting: High-stress environments may require longer and more frequent rock bolts to effectively stabilize the
tunnel.

o Shotcrete: Enhanced shotcrete applications with increased thickness or reinforced with fibers may be needed to
provide adequate support.
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o Monitoring and Maintenance: Continuous monitoring of stress levels, deformations and potential failures is essential
for ensuring tunnel stability and safety. Advanced monitoring techniques such as fiber-optic sensors and real-time
data acquisition systems, are increasingly employed.

Groundwater Interactions

¢ Impact of Groundwater: High ground stress conditions can be exacerbated by the presence of groundwater. Water
infiltration can increase pore pressure, reduce effective stress and contribute to instability.

o Hydrostatic Pressure Effects: Groundwater can exert additional hydrostatic pressure on tunnel linings, influencing
design considerations and support requirements.

Tunnel design and construction must take into account high ground stress conditions. For subterranean constructions
to be safe and effective, it is crucial to comprehend the elements of ground stress, their consequences for tunnel stability,
and new developments in measurement and modeling approaches [17]. By integrating these insights into design
practices and utilizing advanced technologies, engineers can better manage high stress conditions and mitigate
associated risks.

3.3. Stress Distribution and Concentration

Understanding the behavior of tunnels under high ground stress levels requires an understanding of stress
concentration and distribution [18]. The way stress is distributed around and within a tunnel affects its stability and
performance. Stress concentration, in particular, can lead to localized areas of high stress, increasing the risk of
deformation and failure.

3.3.1. Principles of Stress Distribution

A. Stress Distribution Around a Tunnel

The characteristics of the surrounding rock mass and the applied loads control how stress is distributed around a
tunnel [14]. Important elements affecting the distribution of stress include:

e Rock Properties: The distribution of stresses is dependent on the rock’s elastic modulus, Poisson's ratio, and shear
strength [19]. These properties are critical in determining the deformation behavior of the tunnel.

o Tunnel Shape and Size: The geometry of the tunnel (circular, horseshoe-shaped, etc.) affects stress distribution.
For instance, circular tunnels generally result in a more uniform stress distribution compared to non-circular
shapes.

e Excavation Sequence: The sequence and method of excavation (e.g., sequential excavation, full-face excavation)
impact how stresses are redistributed around the tunnel.
B. Analytical Methods for Stress Distribution
Analytical methods for determining stress distribution around tunnels include:

Terzaghi-Wegman Solution: The stress distribution for a circular tunnel in an elastic material is provided by this
traditional solution [20]:

RZ
0, = 0y (1 - r_2> (13)
where: R is the tunnel radius, r is the radial distance from the tunnel center, o is the radial stress and oo is the initial
stress [21].
Wegman’s Solution: Extends Terzaghi’s solution to account for non-circular tunnels and varying boundary
conditions.
3.3.2. Stress Concentration

Stress concentration occurs when the applied stress exceeds the average stress in a particular region, often due to
geometric irregularities, changes in rock properties, or excavation methods (Figure 3). Key causes and effects include:

e Geometric Irregularities: Sharp corners or abrupt changes in tunnel geometry can lead to localized stress
concentrations. For example, the intersection of two tunnels can create high-stress zones.

e Rock Discontinuities: Existing faults or joints in the rock can lead to stress concentration and affect the stability
of the tunnel.

e Support Systems: The interaction between support systems and the surrounding rock can create stress
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concentrations, particularly at interface regions.
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Figure 3. Stress concentration at tunnel boundary [22]

4. Seismic Behavior of High Ground Stress Soft Rock Tunnels

The stiffness of a tunnel, the type of ground motion and the tunnel's interaction with the surrounding soil are all
significant determinants of a tunnel's seismic reactivity [23]. Due to its low stiffness and exposure to significant ground
stress, soft rock tunnels are particularly prone to seismic damage. There are three types of tunnel responses to
earthquake-induced ground motion: elastic, inelastic and failure. When the tunnel's stress stays within the elastic limit,
elastic response happens. When the stress surpasses the elastic limit, an inelastic reaction happens causing the tunnel to
deform plastically. Failure happens when the tunnel collapses because the tunnel's internal stress is greater than the
rock's capacity to withstand it. Seismic investigation of a soft rock tunnel with significant ground stress must include
determining the tunnel's reaction to different amounts of ground motion [24]. This is accomplished by accounting for
the ground motion's features, the tunnel's stiffness, and the tunnel's interactions with the surrounding soil [25]. Numerous
elements including as geological and geotechnical characteristics, excavation techniques and support systems have an
impact on the seismic behavior of high ground stress soft rock tunnels. Here are some of the main elements influencing
seismic behavior that are discussed:

4.1. Geological Conditions

In geological strata with low strength and high deformability under conditions of severe ground stress, soft rock
tunnels are commonly built. Shale, claystone and poorly cemented sandstone are common soft rock types found in tunnel
construction zones [26]. These formations have unique mechanical characteristics that affect how tunnels behave,
particularly under conditions of severe ground stress. Significant overburden pressures applied to the tunnel walls define
high ground stress conditions. Under such circumstances, tectonic activity, depth and geological structure all affect the
stress distribution surrounding a tunnel [27]. Tectonic forces, overburden pressure, mining operations and other natural
and artificial variables all affect the stress state in soft rock tunnels. Elevated ground stress levels may result in intricate
stress distributions around the tunnel, hence impacting the stability and efficacy of the tunnel [28]. The possibility of
failure mechanisms inside the rock mass, such as shear fracture, squeezing or spalling, is determined by the size and
direction of the major stresses.

4.2. Excavation Techniques

High ground stress soft rock tunnels' seismic resistance is strongly influenced by the methods used during excavation.
The stability of the rock mass, the growth of induced stresses, and the tunnel's overall safety are all impacted by the
excavation method selection [29].

e Conventional Drilling and Blasting: Conventional drilling and blasting remain widely used for tunnel excavation
due to their cost-effectiveness and versatility. However, these techniques can introduce significant stress
concentrations and fragmentation in high ground stress conditions. Recent advancements focus on controlling blast-
induced damage and stress redistribution. Sharafat et al. (2019) [30] introduced controlled blasting methods that
minimize damage by optimizing blast parameters and employing pre-split blasting techniques. These methods help
reduce stress concentrations around the tunnel. The equation for blast-induced stress redistribution is:
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= Q -e
4mr?
where Ag is the change in stress, Q is the blast energy, r is the distance from the blast center and R is the blast radius
[30]. Fu et al. (2023) [31] developed new blasting techniques to control rock fragmentation, which improves the

stability of the tunnel face and reduces the risk of rockbursts in high-stress conditions.

T
Ao R (14)

e Tunnel Boring Machines (TBMs): Tunnel Boring Machines (TBMs) offer a more controlled excavation process
compared to conventional methods. They are particularly effective in managing ground stress and minimizing
surface subsidence. Recent innovations in TBM design include advanced ground support systems and real-time
monitoring. Wang et al. (2024) [32] introduced a new TBM equipped with adaptive ground support systems that
adjust to varying stress conditions, enhancing tunnel stability. Huang et al. (2018) [33] implemented real-time
monitoring systems in TBMs to track ground conditions and adjust excavation parameters dynamically. This
approach improves safety and efficiency by allowing prompt adjustments to excavation strategies.

¢ New Austrian Tunnelling Method (NATM): The New Austrian Tunnelling Method (NATM) is a flexible excavation
approach that uses sequential excavation and support to manage ground stress. It relies on monitoring and adjusting
support as excavation progresses. Recent advancements in NATM include improved support systems that integrate
shotcrete and rock bolts more effectively. Vitali et al. (2022) [34] developed a new NATM protocol that optimizes
the timing and type of support based on real-time ground conditions. The equation for support optimization is:
Fs-(1+a-R)

i =~ (15)

where Sy i the optimized support, Fs is the support force, a is the adjustment factor, R is the ground resistance and
B is the support spacing [34]. Aghajari et al. (2024) [35] explored advanced sequential excavation techniques that
reduce the risk of instability by improving the timing of support installation and excavation.

¢ Hydro-Mechanical Excavation: Hydro-mechanical excavation methods, such as hydraulic fracturing and water
jetting, are used to manage ground stress and reduce rock fragmentation (Figure 4). These techniques involve
applying hydraulic pressure to fracture the rock. Recent research by Jiang et al. (2023) [36] improved hydraulic
fracturing techniques by using high-pressure water jets combined with chemical additives to enhance rock
fragmentation and reduce stress concentrations. The equation for hydraulic fracturing pressure is:

_ @
A+ o,

Py (16)
where Py is the hydraulic pressure, Q is the water flow rate, A is the fracture area and oy is the rock stress [36]. Oh
etal. (2013) [37] explored advanced water jetting techniques that improve the precision of rock fragmentation while
minimizing the impact on surrounding rock masses.

Self-propelled bit

High-pressure
water hose

Controller Controller High pressure
;_cabinct cabinet Pump

conveyor

Figure 4. Hydraulic fracturing and water jetting process [38]

e Sequential Excavation Method (SEM): The Sequential Excavation Method (SEM) is a widely used technique for
tunneling in challenging geological conditions. It involves excavating the tunnel in stages, allowing for controlled
support installation and minimizing ground disturbance. Recent innovations in SEM include enhanced support
systems tailored for high ground stress environments. Zeng et al. (2020) [39] introduced advanced steel fiber
reinforced shotcrete and rock bolts that improve the stability of the tunnel face and surrounding rock mass during
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excavation. Ayvaz & Alpay (2021) [40] implemented real-time monitoring systems during SEM to adjust excavation
parameters dynamically. Their approach uses data from ground sensors and automated systems to optimize
excavation processes and enhance tunnel stability.

¢ Cut and Cover Method: The Cut and Cover Method involves excavating a trench from the surface, constructing the
tunnel, and then covering it. This method is suitable for shallow tunnels and can be adapted for seismic conditions
with appropriate reinforcement. Recent research by Nguyen et al. (2010) [41] developed reinforced cut and cover
methods to improve seismic resilience. Their approach includes the use of reinforced concrete and steel mesh to
enhance the tunnel's ability to withstand seismic forces. Park et al (2010) [42] introduced methods for evaluating
seismic performance in cut and cover tunnels. Their approach uses seismic hazard analysis and dynamic loading
simulations to assess the effectiveness of various reinforcement strategies. Recent advancements in excavation
techniques have significantly improved the management of high ground stress conditions in soft rock tunnels.
Controlled blasting techniques, innovations in Tunnel Boring Machines (TBMs), enhancements in the New Austrian
Tunnelling Method (NATM), and advancements in hydro-mechanical excavation methods have all contributed to
better stability and reduced seismic risks. By integrating these new techniques and technologies, engineers can
enhance the safety and efficiency of tunnel excavation in challenging conditions.

4.3. Support Systems

Support systems are critical in enhancing the seismic resilience of tunnels, particularly in high ground stress soft
rock conditions. These systems help to stabilize the tunnel, prevent collapse and mitigate the effects of seismic loading.
This section explores recent advancements in support systems, highlighting new insights, significant findings and
practical applications.

Rock Bolts: Rock bolts are a fundamental support system used to stabilize the rock mass surrounding tunnels. They
are installed by drilling into the rock and then grouting or mechanically anchoring the bolts in place. Recent research by
Ghorbani et al. (2020) [43] introduced high-strength rock bolts designed specifically for high ground stress conditions.
These bolts are made from advanced materials that provide enhanced load-bearing capacity and durability under seismic
loading. Shimamoto & Yashiro (2021) [44] developed pre-stressed rock bolts that enhance the initial stability of the
tunnel. Their approach involves applying a pre-tension force to the bolts, which improves the overall stability and
reduces the potential for deformation during seismic events.

Shotcrete: Shotcrete, a spray-applied concrete, provides immediate support to tunnel surfaces. It is often used in
conjunction with other support systems to form a protective layer. Recent advancements include the use of fiber-
reinforced shotcrete (FRS). According to Patnaik & Adhikari (2012) [45], incorporating steel or synthetic fibers into the
shotcrete mix improves its tensile strength and ductility, enhancing its ability to resist seismic forces. Recent research
by Zhang et al. (2022) [46] introduced self-healing shotcrete that can repair minor cracks autonomously. This type of
shotcrete contains capsules of healing agents that activate when cracks form, improving long-term durability and
reducing maintenance needs. Recent research by Ahmad et al. (2023) [47] developed high-performance shotcrete mixes
that use advanced additives to improve adhesion and durability in seismic conditions.

Flexible Linings: Flexible linings, such as inflatable or fabric-based systems, are used to provide additional support
and accommodate ground movements. These linings can be particularly useful in soft rock conditions where ground
deformation is significant. Recent innovations include inflatable linings that can adjust to ground movements. According
to Sosa et al. (2014) [48], these linings use inflatable bladders to conform to the tunnel shape, providing dynamic support
that adapts to seismic activities. Paul et al. (2023) [49] developed advanced fabric-based linings that incorporate high-
strength materials and polymer coatings to resist deformation and provide additional support. These linings are
particularly effective in areas with high ground stress and seismic activity. Recent developments include advanced
elastomeric linings that offer superior flexibility and durability. Kumar et al. (2014) [50] tested new elastomeric
materials that provide enhanced seismic resistance and adaptability to ground movements. Petraroia et al. (2024) [51]
introduced hybrid lining systems that combine elastomeric materials with traditional concrete. This combination
provides both flexibility and structural strength, improving overall seismic performance.

Hybrid Support Systems: Hybrid support systems combine multiple support techniques to enhance stability and
performance. These systems integrate rock bolts, shotcrete and flexible linings to provide comprehensive support.
Recent research by Pandit & Babu (2021) [52] introduced hybrid support systems that combine rock bolts, fiber-
reinforced shotcrete, and inflatable linings. Their study demonstrated that these integrated systems offer superior
performance in terms of load distribution, deformation control, and seismic resilience. Wen et al. (2023) [53] developed
optimization methods for hybrid support systems, using simulation and field testing to determine the most effective
combinations of support techniques for different ground conditions and seismic scenarios.

Strut and Arch Systems: Strut and arch systems are used to provide additional support by transferring loads to stable
ground areas. They are particularly useful in shallow tunnels and areas with variable ground conditions. Recent
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advancements include modular strut systems that can be easily adjusted and configured to fit different tunnel geometries.
Krauze et al. (2021) [54] developed modular systems that enhance adaptability and reduce construction time. Recent
research by Wu et al. (2022) [55] focused on optimizing arch designs for better load distribution and seismic
performance. Their approach includes the use of high-strength materials and advanced design techniques.
Advancements in support systems have significantly improved the ability to manage seismic risks and high ground stress
conditions in soft rock tunnels. Innovations such as high-strength and pre-stressed rock bolts, fiber-reinforced and self-
healing shotcrete, advanced inflatable and fabric-based linings and hybrid support systems offer enhanced stability and
performance. These developments provide engineers with a range of options for designing and implementing effective
support systems tailored to specific tunnel conditions and seismic requirements, ultimately contributing to safer and
more resilient tunnel infrastructure.

5. Ground Motion Analysis

According to Hashash et al. (2001) [56], a ground motion is defined as a time history of acceleration, velocity, or
displacement with three crucial parameters: amplitude, frequency content and duration of strong ground motion. The
type of analytical technique used in the design will determine which kind of ground motion parameters are required.
Three translational components—Ilongitudinal, transverse and vertical with respect to the tunnel axis—are often used to
characterize ground movements. For the seismic engineering of underground tube systems, determining the seismic
design earthquake or earthquakes, appropriate ground motion levels, and other associated seismic risks is an essential
effort. Seismic hazard analysis is the process of figuring out the design ground motion parameters for a seismic analysis.
The features of the earthquake source, attenuation relationships, and historical earthquake data are crucial components
for seismic hazard assessments [57]. The strength of an earthquake's ground motion is determined by several critical
factors such as peak acceleration, peak velocity, peak displacement, response spectrum, duration and others [58, 59].
Peak ground velocity (PGV) is as important as peak ground acceleration (PGA) for seismic design and analysis of
subterranean structures, including tunnels, as it may be used to quantify ground stresses or the difference in displacement
between two sites in the earth [60]. Peak ground acceleration is often not an appropriate metric for earthquake design in
subterranean constructions such as tunnels because tube constructions are more susceptible to ground distortions than
to inertial forces. Peak speed and acceleration can be found using empirical techniques, field measurements or site-
specific seismic exposure research [58].

6. Seismic Hazard Analysis

To determine the amount of shaking and the planned earthquake or earthquakes for an underground facility, a seismic
hazard study is utilized. Three fundamental methods are used in seismic hazard studies to determine the likelihood of
significant ground motions: the amount of active faulting present at a place, the likelihood that a fault will move, and
the frequency at which the faults release stored energy [56]. Seismic hazards are defined as the possibility that an
earthquake may occur at a given place, at a certain time, and with ground motion intensity higher than a predetermined
threshold [61]. The first seismic hazard calculations were developed by C. Allen Cornell in 1968 and they may be
extremely sophisticated depending on their level of significance and application [62, 63]. There are two methods of
analysis [56]:

e The DSHA (Deterministic Seismic Hazard Analysis) and;
e The PSHA (Probabilistic Seismic Hazard Analysis).

6.1. Deterministic Seismic Hazard Analysis

To evaluate the ground motion risk at a site, a deterministic seismic hazard assessment constructs a specific seismic
scenario [64]. A seismologist first determines the maximum magnitude for each possible seismic source in a
deterministic seismic hazard study [60]. Deterministic seismic hazard analysis involves simulating a specific seismic
event, or an earthquake of a certain magnitude at a specific location, in order to discover all the dangers related to ground
motion. The worst-case possibilities for a site may be easily assessed using a deterministic seismic hazard analysis. But
according to Hung et al. (2009) [60] and Hashash et al. (2001) [56], neither the likelihood nor the frequency of the
controlling earthquake's recurrence is included.

6.2. Probabilistic Seismic Hazard Analysis

The core idea behind probabilistic seismic hazard analysis is that future seismicity may be accurately predicted by
using the recurrence relation established from previous seismicity. Given below is the application of the Guttenberg-
Richter recurrence law:

logd, =a—bm (17)
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In,, =a—pBm (18)
a=aln10 and B =bIn10 (19)

where a and b are constants and Am is the frequency of earthquakes with magnitudes larger than m.

A probabilistic seismic hazard study considers the likelihood of a fault rupturing as well as the distribution of
earthquake magnitudes linked to fault rupture in order to estimate the magnitude of the design ground motion at a
location [60]. A framework for recognizing, measuring and integrating uncertainty in earthquake size, location and
recurrence rate is provided by a probabilistic seismic hazard analysis [56, 65]. The objective is to offer a more thorough
description of the seismic risks at a specific location.

7. Tunnel Lining

According to Yu et al. (2017) [66] and Yu & Chen (2021) [67], the tunnel lining is frequently treated as a
subterranean structure vulnerable to ground deformations under two-dimensional plane strain conditions. Tunnel linings
are structural systems constructed following excavation that support appurtenances, stop groundwater intrusion,
preserve the tunnel aperture, and give ground support, according to Hung et al. (2009) [60]. They also act as a base for
the last section of the tunnel that is revealed. They may be utilized for temporary ground support, long-term ground
stabilization or a mix of the two. When loads are applied, a tunnel is expected to bend but according to Wang & Munfakh
(2001) [68], the deformation depends on how rigid the liner and the ground are in relation to one another. The two ratios
used to evaluate relative stiffness are the compressibility ratio (C) and the flexibility ratio (F); the flexibility ratio is the
most crucial since it shows how resistant to distortions the lining is [69]. The compressibility ratio is the ratio of the
ground's extensional stiffness to the liners. It is the difference between the ground pressure at free-field and the ground
pressure needed to induce a unit diametric strain in the liner.

E,(1-v»)R

c ibility Ratio, C = ’
ompressibility Ratio Eit(1+ v,)(1 — 2v,,) -

Where: Em = the medium's elasticity modulus, v = The medium's Poisson's ratio, E; is the tunnel lining's elasticity
modulus, v, is Poisson's ratio of the tunnel lining, R denotes the tunnel lining's radius, t = tunnel lining thickness

The flexibility ratio, or F, is the key metric for assessing the liner's resistance to ground-induced deformation,
according to Boldini et al. (2014) [70]. This is the variation in shear stress needed to produce a unit diametric strain
between the liner and the free field ground. It is calculated by dividing the liner's stiffness by the ground's flexural
stiffness. According to Wang & Munfakh (2001) [68], the flexibility ratio is a measurement of the structure's relative
racking stiffness in relation to the surrounding ground.
Em(1-v?)R3

Flexibility Ratio,F =
6E11(1+vp)

(21)

where: En = the medium's elasticity modulus, vim = medium’s Poisson's Ratio, E; = is the tunnel lining's elasticity
modulus, v; = is the tunnel's lining's Poisson's ratio, R = denotes the tunnel lining's radius, t = tunnel lining thickness, |
= stands for the tunnel lining's moment of inertia (per unit width) [71].

8. Approach to Seismic Analysis of Tunnels
8.1. Pushover Analysis

Pushover analysis is an innovative approach that is increasingly being studied for both the design of new buildings
and the assessment of the seismic performance of existing structures [72 — 74]. It was utilized subsequent to 1970. Over
the last 20 years, nonlinear static analysis, sometimes referred to as pushover analysis, has become the accepted
technique for design and seismic performance evaluation due to its relative simplicity and integration of post-elastic
behavior [75]. Pushover is essentially a structural analysis method based on nonlinear static analysis. This method
establishes the analytical framework for a structure. Pushover analysis is a well-liked technique for assessing seismic
demand due to its enticing computational features and simple conceptual framework [76, 77]. This particular approach
to performance-based design for seismic stress monitors the behavior, strength, and deformation requirements in the
earthquake design while progressively increasing the loads in order to evaluate the performance of structures [78, 79].
Numerous incremental nonlinear static experiments are conducted to investigate the lateral deformation and damage
pattern of a structure into the inelastic range of behavior under continuous gravity load [80].

According to Liu et al. (2014) [81] and Liu & Liu (2008) [82], the pushover analysis approach is an easy-to-use yet
highly successful technique for seismic analysis and structural design. Pushover analysis, according to Rana & Rana
(2015) [83], is a useful technique for figuring out the structure's inelastic strength and deformation needs as well as for
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spotting design errors. By applying incremental lateral loads to any structure, pushover analysis simulates the inertia
forces experienced during an earthquake. It is an analysis used to find the capacity curve or force-displacement
relationship for a structure or structural element, according to Nagash et al. (2019) [84]. This technique produces a
pushover or capacity curve (Figure 5), which is a base shear vs. top displacement curve that shows the nonlinear force-
deformation features [85]. This method explicitly accounts for the impacts of nonlinear material responses.
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Figure 5. Example of pushover capacity curve [86]

Pushover analysis is primarily predicated on two hypotheses:

¢ The first few modes of vibration, or the mode shape, control the structure's response; this form holds true for both
the elastic and inelastic portions of the structure's response. According to Priyusha et al. (2023) [87], this provides
the theoretically flawed basis for converting a dynamic problem into a static one.

¢ A stable shape vector regulates the deformation of the structures along the height during each load. However, in
actuality, the stiffness and form vector of the structure will change after yielding; more study is required to
determine if these changes have an impact on the correctness of the results [73].

Pushover analysis can reveal several response characteristics that elastic static or elastic dynamic analysis are unable
to provide [88]. They are:

e Determine the forces—such as axial force demands on columns and moment demands on beam-column
connections—that are applied to the vulnerable zones.

o Estimates of interstory drifts and their distribution throughout the height.
e Determining the deformation requirements for ductile components
¢ Locating the weak areas (or probable failure modes) in the structure

¢ Looking for plan discontinuities or strength elevations that might change the dynamic properties in the inelastic
range.

e How a structural system's behavior is impacted as the strength of its constituent parts declines.

e Checking the load path's completeness and sufficiency.

8.2. Incremental Dynamic Analysis

Incremental dynamic analysis, also known as dynamic pushover, has been developed in several forms to assess the
performance of buildings under seismic stresses [79]. Incremental dynamic analysis, a widely used method for assessing
structural performance under earthquake excitations, is one of the best approaches to look at how various earthquakes
impact the behavior of structures [85, 89]. It is possible to directly analyze the variations in structure reaction from
record to record by gathering ground-motion data [90, 91]. Incremental dynamic analysis is the cornerstone of seismic
risk assessment and seismic performance evaluation [92]. For forecasting seismic behavior under incrementally scaled
ground motion, incremental dynamic analysis is a technique [93]. This approach efficiently computes the elastic,
yielding, nonlinear elastic, and global dynamic stability responses of the model.
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The yielding, elastic, nonlinear elastic and global dynamic instability responses of the model are efficiently computed
using this approach. The most crucial step in doing an incremental dynamic analysis is choosing an appropriate intensity
measure and engineering demand parameter (Figure 6). This inquiry is represented as a link between the engineering
demand parameter (EDP) and the structure's intensity measure (IM). Using the IDA approach, a collection of
earthquakes is chosen and applied to the structures [94, 95].
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Figure 6. Ground motion scaling in incremental dynamic analysis steps [86]

Soysal & Arici (2014) [96] state that the intensity measure (IM) is a positive scalar that depends on the strength of a
ground motion and grows gradually with the scaling factor. IDA attempts to map the inelastic behavior of yielding
structures subject to strong ground motions while accounting for the uncertainty of the strong ground motion by using
a progressively increasing seismic "intensity measure” (IM) to plot a judicially selected peak structural response
quantity, or "engineering demand parameter" (EDP) [97]. According to Vamvatsikos & Cornell (2006) [79], incremental
dynamic analysis takes into account how a structural model is affected by one or more ground motion recordings that
have been scaled to different degrees of intensity measure. An incremental dynamic analysis must be performed by
carefully choosing values for parameters such as the intensity measure (IM) and damage measure (DM) of ground
motions [98]. Intensity Measure (IM) — Acceleration of the reaction Peak ground acceleration (PGA) and Sa(Ti, £%) are
the most fundamental metrics used to determine intensity. A good IM should, as far as possible, not be dependent on
earthquake data, but certain factors, particularly PGA, do. According to the accelerogram's growth or reduction, this
number is a function of the initial accelerogram [89]:

IM = f(a; (D) (22)

Damage Measure (DM) — Positive numerical values of the damage index show that a structure is responding to seismic
stresses. In other words, a DM value is a determined number that might reflect a structure's reaction in a dynamics study.

In the elastic zone, an IDA curve is exactly proportional to IM-DM and starts off as a straight line [93]. When the
seismic loading reaches a point where the structure yields nonlinearly, the line begins to curve at increasing scaling
factors. The reaction of one structure to various earthquake intensities is represented by a single IDA curve. On the same
graph, several IDA curves can be displayed, and they each depict how the same structure responds to various seismic
events. Different responses from the structure show how important it is to use several IDAs (Figure 7a). In addition,
several IDAs may be parametric (Figure 7b) if the model's parameters change in response to the same seismic stress.
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Figure 7. Multiple IDAs: a) seismic, b) parametric [86]
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8.3. Response Spectrum Analysis

When it comes to a useful and reliable analytical method for the dynamic calculation of structures subjected to
earthquake stimulation, response spectrum analysis (RSA) is one of the most widely used techniques for seismic analysis
of structures [99]. The main instrument in engineering seismology is the response spectrum approach, which offers
important information for practical applications [100]. A key idea in earthquake engineering is the response spectrum,
which offers a workable way to use structural dynamics data in the design of structures. A response spectrum, according
to the peak or steady-state response (displacement, velocity or acceleration) of many oscillators with various intrinsic
frequencies that are driven by a single base vibration or shock is substantially shown in Rucha et al. (2012) [100]. The
highest modal response of a single-support structural system or a structural system with multiple supports that all
experience the same stimulus can be determined using response spectrum techniques. Response spectrum analysis is
used to describe the maximum physical quantity reaction as a function of the natural period, natural angular frequency,
or natural frequency when a structure is subjected to a dynamic load [101]. Response spectrum analysis has two primary
approaches: single-point and multi-point techniques.

Single Point Response Spectrum Analysis

A spectrum reacts consistently to each support point in a single point response spectrum analysis [102]. For the
purposes of single point response spectrum analysis, the structure is stimulated by a spectrum with known direction and
frequency components that operate equally on all support points or on a chosen subset of the master degrees of freedom
(DOFs) that are not supported (Figure 8).

Acceleration

Frequency

Figure 8. Single point response spectrum analysis

Multi Point Response Spectrum Analysis

Different constrained points may be exposed to various spectra in multi-point response spectrum analysis. The
structure may be aroused by various input spectra at various support points or unsupported nodes for multi-point
response spectrum analysis. It is possible to have up to 20 distinct input spectra running at once (Figure 9).
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Figure 9. Multi point response spectrum analysis

8.4. Time History Analysis

The methodical examination of a structure's dynamic reaction to a particular stress, which may change over time, is
known as time history analysis. Another name for it is dynamic analysis that is nonlinear. According to Barbagallo et
al. (2019) [103], nonlinear dynamic analysis is widely thought to be the best method for predicting how structures could
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respond to earthquakes. According to Wilkinson & Hiley (2006) [104] and Al et al. (2020) [105], time history analysis
is used to ascertain how a structure will react seismically to dynamic pressures during a typical earthquake. It becomes
crucial to apply tried-and-true historical methods in order to guarantee protection against seismic activity. The study's
goal is to determine the displacement and internal force that occurred throughout the tunnels' construction and loading
stages. According to Kumar et al. (2018) [106], the tunnels are vulnerable to seismic shocks while they are in use.

Time history analysis is an exact numerical method that integrates the differential equation of motion directly. The
behavior of a structure under data on wind acceleration or past earthquakes is studied using time history analysis. Plotted
against time, it represents an amplitude or acceleration. Time history analysis searches for a solution to the dynamic
equation when a structure is subjected to dynamic loads [59]. It computes a series of structural reactions (displacements,
member forces, etc.) within a predetermined time frame based on the dynamic attributes of the structure under the
applied loads [107]. The structural internal forces are therefore calculated for each time step of the time history analysis,
which may be utilized to determine the dynamic responses of displacement, velocity, and acceleration [72]. Several
ground motion recordings, ideally from genuine earthquake records, are required for conducting an effective time history
analysis (Figure 10).
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Figure 10. Horizontal acceleration time history of 1991 Uttarkashi earthquake, India [108]

The appropriate modal equation is solved by Equation 23 and the displacement of the structure is calculated by
adding the products of each mode form over a time history analysis [109, 110].

m
u(®) = ) 0i(t) (23)
i=j
With the help of time-history analysis, dynamic structural response to loads may be evaluated linearly or nonlinearly
and evaluated in accordance with the chosen time function. The modal or direct integration methods are used to solve
du(t) d?u(t) _

the dynamic equilibrium equations that is, Ku(t) + CT +M oz = r(t) [72]. Non-linear dynamic time history

analysis is thought to be a more difficult study situation, requiring many different analysis processes, according to Kumar
et al (2018) [106].

9. Analytical Techniques

Analytical techniques for assessing seismic behavior in high ground stress soft rock tunnels are crucial for
understanding and predicting tunnel stability under seismic loads. These methods, which vary from empirical models to
numerical simulations, are employed to assess how tunnels react to seismic activity [111]. This section explores recent
advancements in these techniques, offering new insights, highlighting significant findings and discussing practical
applications.

9.1. Finite Element Analysis (FEA)

Finite Element Analysis (FEA) is a widely used numerical method for simulating complex physical systems,
including tunnels under seismic loading. FEA divides the tunnel and surrounding rock into small elements, allowing for
detailed analysis of stress, strain and deformation. Recent advancements include the development of advanced material
models that better capture the non-linear behavior of soft rock under seismic loads. EI Omari et al. (2021) [112]
introduced a material model incorporating both plasticity and damage mechanics to simulate the progressive failure of
rock masses. The equation for advanced material model is:
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where ¢ is the stress, E is the modulus of elasticity, ¢ is the strain and 7 is the damage parameter [112]. By including
dynamic loading effects into FEA, Liu et al. (2018) [113] improved the prediction of tunnel response during seismic
occurrences. Their approach uses time-dependent boundary conditions to simulate the effects of varying seismic wave
frequencies.

9.2. Discrete Element Method (DEM)

The Discrete Element Method (DEM) simulates the behavior of granular and fractured materials by modeling
individual particles and their interactions. DEM is particularly useful for understanding the complex interactions within
fractured rock masses. Recent research by Hassan & El Shamy (2019) [114] has advanced DEM by incorporating
fracture propagation models. These models simulate how fractures evolve under seismic loading, providing insights into
the potential failure modes of tunnels in fractured rock. The equation for DEM fracture modeling is:

1
Fij = _kl] - (Xi - X]) - Cij . (17,: - 17]) + Eﬁ . (xi - xj)z (25)

where £ is the parameter governing fracture propagation [114]. Zhou et al (2024) [115] explored coupling DEM with
FEA to model both macro-scale and micro-scale behaviors of rock masses. This approach allows for a comprehensive
analysis of tunnel stability, accounting for both large-scale stress distributions and small-scale particle interactions.

9.3. Empirical and Semi-Empirical Models

Empirical and semi-empirical models use observed data and simplified assumptions to estimate tunnel response to
seismic loading. These models provide quick assessments but may lack precision compared to numerical simulations.
Jain & Rao (2022) [116] developed empirical relationships based on field data to estimate seismic deformation in
tunnels. Their model correlates seismic intensity with observed deformation, providing a practical tool for engineers.
The equation for empirical deformation estimation is:

D =a-Slog,,()+p (26)

where D is the deformation, S is the scale factor, | is the seismic intensity and a and $ are empirical constants [116].

Recent work by Gaudio et al. (2020) [117] combines empirical data with analytical models to estimate tunnel stability
under seismic loading. Their semi-empirical approach incorporates both observed data and theoretical calculations to
improve accuracy (Table 5).

Table 5. Comparison of empirical and semi-empirical models for seismic deformation

Model Type Advantages Limitations
Empirical Quick estimation, based on field data May lack precision for complex cases
Semi-Empirical Combines empirical data with theory Requires calibration with field data

9.4. Analytical and Simplified Models

Simplified analytical models provide quick estimates of tunnel stability under seismic loading using simplified
assumptions and calculations. Recent research by Xiao et al. (2024) [118] introduced simplified calculation methods
that use average ground properties and seismic coefficients to estimate tunnel behavior. These methods are practical for
preliminary design and quick assessments. Their work helps bridge the gap between theoretical models and real-world
applications.

9.5. Probabilistic and Risk-Based Approaches

Probabilistic approaches account for uncertainty and variability in seismic loading and ground conditions, providing
a risk-based assessment of tunnel stability. Man et al. (2023) [119] developed probabilistic models that use Monte Carlo
simulations to assess the risk of tunnel failure under varying seismic scenarios. Their approach considers the uncertainty
in seismic loads and ground properties. The equation for probabilistic risk assessment is:

P(F)=1—exp (— %) (27)

where 4 is the failure rate, t is the time, g is the scale parameter and P(F) is the probability of failure [119]. Recent
advancements by Lin et al. (2023) [120] integrate probabilistic risk assessments into design practices, allowing engineers
to design tunnels with an understanding of the likelihood of various seismic scenarios.
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9.6. Empirical-Analytical Hybrid Models

Empirical-analytical hybrid models combine empirical data with analytical approaches to improve prediction
accuracy and practical applicability. Recent research by Hu et al. (2020) [121] introduced hybrid models that integrate
empirical data with FEA results. Their approach uses empirical correlations to refine FEA simulations, providing more
accurate predictions of tunnel behavior. The analytical techniques for assessing seismic behavior in high ground stress
soft rock tunnels have evolved significantly, incorporating advanced numerical methods, empirical models, and
probabilistic approaches. Recent advancements in Finite Element Analysis, Discrete Element Method, empirical and
semi-empirical models, and risk-based approaches provide more accurate and comprehensive tools for predicting tunnel
stability and designing effective mitigation strategies. By integrating these techniques, engineers and researchers can
better address the challenges posed by seismic loading in soft rock environments.

10. Seismic Behavior Analysis

Seismic analysis of tunnels refers to the simulation and prediction of the structural response of tunnels to ground
motion. Numerous studies have considered the effects of seismic hazards on tunnels including ground motion modelling,
determination of seismic loads, evaluation of tunnel response and optimization of support systems. Most studies focus
on the deterministic approach to seismic analysis which involves the use of data from previous earthquakes and geologic
information about the site to forecast the precise ground motion that may be anticipated at a certain location.

Zhang & Liu (2018) [122] and Chen et al. (2019) [123] examined the seismic response of a soft rock tunnel in China
that was subjected to high ground stress in one such study. The study examined the behavior of the tunnel under various
ground motion scenarios using a computer simulation. The results showed that the reaction was affected by several
factors, such as the stiffness of the tunnel, the features of the ground motion, and the interaction between the tunnel and
the surrounding soil [124]. Additionally, the investigation showed that the tunnel's seismic behavior differed
significantly from that of a tunnel cut out of solid rock. Another work by Trianni et al. (2014) [125] and Wang et al.
(2021) [126] looked at the seismic analysis of an Indian tunnel through a soft rock formation with high ground stress.
The study estimated the likelihood of different amounts of ground displacement using a probabilistic method to seismic
analysis. The findings demonstrated that there was a significant likelihood that the tunnel would sustain seismic damage
and that safety improvements were required. Wang et al. (2021) [126] and Sun et al. (2020) [127] examined the seismic
behavior of a soft rock tunnel under considerable ground stress in Taiwan in a study. An analysis of the tunnel's behavior
under varying ground motion was done in the study using a numerical simulation. The findings indicated that the tunnel
needs to have its design altered in order to increase its resistance to seismic damage.

Research was conducted in China by Yao et al. (2021) [128] and Sun et al. (2020) [127] on the seismic response of
a soft rock tunnel under extreme ground stress. The study examined the behavior of the tunnel under various ground
motion scenarios using a computer simulation. The results showed that the behavior of the tunnel was affected by several
factors, such as its stiffness, the features of the ground motion, and the interaction between the tunnel and the surrounding
soil. Azadi (2011) [129] assessed the seismic behavior of a soft rock tunnel under high ground stress in Taiwan in a
different study. The research employed a probabilistic methodology and seismic data to evaluate the probability of
varying degrees of ground movement. The results showed that in order to strengthen the tunnel's resilience to seismic
damage, architectural changes are required.

Italy's high ground stress soft rock tunnels' seismic performance was examined in research conducted by Fabozzi et
al. (2022) [130]. The research estimated the likelihood of tunnel damage at various degrees of ground motion using a
probabilistic method to seismic analysis. The findings indicated that steps needed to be done to enhance the tunnels'
safety since they were vulnerable to seismic damage. A numerical model technique was suggested by Wu & Lii (2024)
[131] to simulate how a soft rock tunnel would react to seismic ground vibrations. The study indicated that the main
barrier of soft ground tunnel seismic analysis was its large deformation behavior. It also demonstrated the importance
of considering dynamic degradation and post-liquefaction behavior of the soil in tunnel seismic design.

The impact of in-situ pressures on the seismic response of soft rock tunnels was examined by Wu & LU (2024) [131].
They came to the conclusion that the elevated ground stress conditions could affect how the tunnel lining reacts to
seismic stresses. The study emphasized the significance of taking high ground stress conditions into account while
designing tunnel seismically. The impact of various ground motion factors on the seismic response of tunnels were
assessed by Gong et al (2021) [132]. They examined a wide range of earthquake event types with various site-specific
characteristics and examined how tunnels responded seismically in light of their structural characteristics. The study
emphasized the significance of local soil characteristics in tunnel seismic design as well as the necessity of taking into
account the frequency and magnitude of ground vibrations. Numerous studies have considered the optimization of
support systems to improve the stability of tunnels under seismic loads. Liu et al (2024) [133] optimized the support
system for a high ground stress soft rock tunnel under seismic loads. The study examined eight distinct optimization
techniques to determine the best support system design, taking into account factors including tunnel lining displacement,
stress and deformation. The study proved how crucial it is to take support design into account when designing a tunnel
for seismic activity.
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11. Case Studies and Examples

Critical infrastructure elements, soft rock tunnels encounter particular difficulties because of their geological setting
and seismic stress. Case studies offer important insights into the behavior, difficulties and technical solutions used in
the management of these tunnels in different scenarios. By looking at these instances, engineers may draw lessons from
the past and use them in their upcoming tunnel projects.

11.1. Mont Blanc Tunnel

The Mont Blanc Tunnel, a critical transportation link between France and Italy under the Alps, has faced significant
challenges related to seismic events and other geotechnical risks throughout its history. One of the most notable incidents
occurred in 2003, when a seismic event impacted the tunnel, exacerbating existing vulnerabilities following a
catastrophic fire in 1999 [134].

A. Incident and Response

1. Background: The Mont Blanc Tunnel spans approximately 11.6 Km and reaches depths of up to 2500 meters
beneath the Alps. Its construction through soft rock formations including shale and weakly cemented sandstone,
presented inherent challenges related to ground stability and seismic resilience.

2. 1999 Fire: In March 1999, a fire broke out in the tunnel, resulting in tragic fatalities and extensive damage to
infrastructure. The subsequent closure and repair efforts underscored the tunnel’s vulnerability to both natural and man-
made disasters.

3. 2003 Seismic Event: Just four years later, in 2003, the Mont Blanc Tunnel experienced a seismic event that shook
the region, highlighting the critical need for enhanced seismic resilience in tunnel infrastructure. The event prompted a
reassessment of the tunnel's structural integrity and emergency response protocols [134].

B. Engineering Response

¢ Structural Reinforcements: Following the seismic event, engineers implemented rigorous structural reinforcements
to mitigate potential seismic risks. This included:

e Rock Bolts: Installation of additional rock bolts to reinforce the tunnel walls and stabilize the surrounding rock
mass [26].

o Shotcrete Application: Application of shotcrete to enhance the structural integrity of weakened sections and prevent
further deterioration under dynamic loading conditions.

e Seismic Monitoring Systems: Advanced monitoring systems were integrated to provide real-time data on ground
motions and structural responses during seismic events. This enabled proactive measures to be taken to ensure the
safety of tunnel users and operational continuity [135].

C. Lessons Learned

The Mont Blanc Tunnel case study emphasizes several critical lessons in tunnel engineering and seismic risk
management:

e Comprehensive Risk Assessment: Conducting thorough geological surveys and risk assessments is essential for
identifying potential hazards and vulnerabilities in tunnel infrastructure.

e Robust Design and Maintenance: Implementing robust design principles and maintenance protocols can enhance
tunnel resilience against both natural disasters and operational risks.

o Emergency Preparedness: Developing and regularly updating emergency response plans is crucial for minimizing
risks and ensuring timely interventions during emergencies.

The Mont Blanc Tunnel case study exemplifies the complex challenges and effective engineering responses
associated with managing seismic risks in soft rock tunnels. By learning from past incidents and implementing
comprehensive risk management strategies, engineers can enhance the resilience and safety of critical tunnel
infrastructures in seismically active regions.

11.2. Gotthard Base Tunnel

The 57.1-kilometer-long Gotthard Base Tunnel runs across the Swiss Alps, making it a spectacular technological
marvel. It is located in Switzerland. The Gotthard Base Tunnel, the longest railway tunnel in the world, was completed
in 2016 and is a noteworthy illustration of earthquake engineering and tunneling methods used in difficult geological
circumstances.
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A. Geological and Seismic Challenges

e Geological and Geotechnical Challenges: Numerous geological and geotechnical difficulties arose during the
Gotthard Base Tunnel's construction:

e Geological Diversity: The tunnel passes through various geological formations, including gneiss, shale, and
limestone, each with distinct mechanical properties and stability considerations [136].

e High Ground Stresses: The Alpine region is characterized by high overburden pressures and tectonic activity,
leading to complex stress distributions within the rock mass [27].

o Seismic Design Considerations: Due to the tunnel's location in a seismically active region, robust seismic design
considerations were paramount:

o Seismic Hazard Assessment: To describe the possible ground shaking and earthquake scenarios influencing the
tunnel alignment, extensive seismic hazard evaluations were carried out.

¢ Dynamic reaction Analysis: To simulate the dynamic reaction of the tunnel structure to seismic waves, sophisticated
numerical modelling techniques were used, such as finite element analysis (FEA). These analyses helped predict
stress distributions and identify critical zones for reinforcement [135].

B. Engineering Design and Seismic Mitigation Strategies

The construction of the Gotthard Base Tunnel incorporated advanced seismic design principles to ensure safety and
operational reliability under seismic conditions. Key engineering strategies included:

o Rock Mechanics Studies: Use of rock mass classification methods, such as the Q-system, to measure the quality of
the rock mass and direct the construction of tunnel supports [137].

o Geological Surveys: Detailed mapping and characterization of geological formations to assess their stability and
seismic hazard potential.

o Tunnel Lining Design: Flexible and Robust Linings: Designing tunnel linings with flexibility to accommodate
ground deformations induced by seismic waves. Reinforced concrete linings with adequate tensile strength and
ductility were used to mitigate potential damage during ground shaking [136].

e Seismic Monitoring and Instrumentation: Real-Time Monitoring Systems: Installation of sophisticated monitoring
systems to continuously assess ground movements and seismic activities within the tunnel and its surroundings.
These systems provide early warning alerts to operators, enabling prompt responses to potential seismic threats
[135].

C. Lessons Learned and Innovations

The Gotthard Base Tunnel case study highlights several critical lessons and innovations in tunnel engineering under
seismic conditions:

¢ Integration of Advanced Technologies: Accurate seismic impact forecasts and well-informed design choices were
made possible by the application of empirical techniques such as the Hoek-Brown criteria and numerical modelling
tools like finite element analysis (FEA) [26].

o Holistic Approach to Risk Management: Combining geological assessments, structural design optimizations and
real-time monitoring systems ensured comprehensive risk management and enhanced tunnel safety.

¢ Collaboration and Knowledge Sharing: International collaboration among engineers, geologists and researchers
fostered innovation and shared best practices in seismic design and tunnel construction.

The Gotthard Base Tunnel exemplifies the successful application of advanced engineering solutions and seismic
design principles to overcome geological challenges and ensure the reliability of critical infrastructure in seismically
active regions.

11.3. Lessons Learned
There are many takeaways for the seismic design of soft rock tunnels from these case studies:

o Integrated Approach: Combining geological surveys, advanced numerical modelling and robust engineering
practices is essential for mitigating seismic risks.
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o Flexibility in Design: Designing tunnels with flexible linings and adaptive reinforcement strategies enhances
resilience against dynamic loading.

¢ Monitoring and Early Warning: Implementing effective monitoring systems allows for timely response to seismic
events, minimizing potential damage and ensuring safety.

These two case studies the importance of proactive seismic design and engineering strategies in ensuring the safety
and longevity of soft rock tunnels under seismic conditions.

12. Monitoring Systems for Seismic Risk Management in Soft Rock Tunnels

Monitoring systems are essential for managing seismic risks in soft rock tunnels, particularly under high ground
stress conditions. These systems provide real-time data on the tunnel's structural integrity, ground movements and
seismic activity, enabling timely interventions and adjustments.

12.1. Geotechnical Instrumentation

Geotechnical instrumentation involves the use of various sensors and devices to monitor ground conditions including
soil and rock properties, groundwater levels and stress distributions. Recent developments in strain gauges, as discussed
by Zhang et al. (2016) [138], include high-resolution sensors that can detect minute changes in strain due to seismic
activity. These advanced gauges provide more accurate data on structural responses and allow for better assessment of
potential failures. These sensors provide real-time data that can be crucial for assessing the impact of seismic events on
groundwater conditions and tunnel stability.

12.2. Seismic Sensors

Seismic sensors detect and measure seismic waves and ground movements. These sensors are critical for assessing
the impact of earthquakes and other seismic events on tunnel structures. Recent advancements involve the use of seismic
arrays that deploy multiple sensors along the tunnel to create a comprehensive seismic profile. This approach provides
a more detailed understanding of seismic wave propagation and its effects on the tunnel. These sensors offer greater
flexibility and easier installation, especially in complex tunnel environments.

12.3. Structural Health Monitoring Systems

Structural Health Monitoring (SHM) involves a comprehensive approach to monitoring the overall health and
performance of tunnel structures. SHM systems integrate various types of sensors and data analytics to assess structural
conditions. Recent innovations include integrated SHM systems that combine multiple sensor types, such as strain
gauges, accelerometers, and displacement sensors. Tan et al. (2019) [139] demonstrated that these integrated systems
provide a holistic view of tunnel health, improving early detection of potential issues. Wu & Jahanshahi (2018) [140]
introduced advanced data fusion techniques that combine data from SHM systems with external factors such as weather
conditions and seismic forecasts. This approach provides a more accurate assessment of structural health and helps
predict potential failures.

12.4. Strain Monitoring Systems

Strain monitoring systems assess the deformation and stress distribution within tunnel linings and rock masses. They
are essential for understanding how seismic events affect tunnel stability. Recent innovations include optical fiber strain
sensors that provide continuous, high-resolution strain measurements. Monsberger & Lienhart (2021) [141] developed
a distributed fiber-optic sensing system that can measure strain along the entire length of the tunnel lining, offering
detailed insights into stress distribution.

12.5. Seismic Monitoring Systems

Seismic monitoring systems detect and measure seismic activity, providing critical information on ground shaking
and potential impacts on tunnel stability. Recent advancements include highly sensitive seismic sensors that can detect
low-magnitude seismic events with high precision. Li (2021) [142] developed a new seismic sensor array that improves
the detection of minor seismic activities, enabling better prediction and preparation for larger events. Ibrahim & Al-
Bander (2024) [143] integrated seismic monitoring with hazard analysis models to provide real-time risk assessments
and recommendations for emergency response.

12.6. Advanced Data Analytics

Advanced data analytics involves using algorithms and computational methods to analyze data collected from
monitoring systems. These techniques help in predicting potential issues and optimizing maintenance strategies. Recent
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studies by Pu et al. (2020) [144] explored the application of machine learning algorithms to analyze monitoring data.
These algorithms can predict tunnel behavior under seismic loading and identify patterns that indicate potential
problems. The equation for machine learning prediction is:

y=f(x0) (28)

where y is the predicted output, x represents input features and 6 denotes model parameters [144]. Tichy et al. (2021)
[145] developed predictive maintenance models that use real-time monitoring data to forecast when maintenance should
be performed. This approach helps in preventing failures and reducing maintenance costs.

Modern monitoring systems are critical for managing seismic risks in soft rock tunnels. Recent advancements in
monitoring systems for soft rock tunnels have significantly enhanced their ability to manage seismic risks and ground
stress conditions. Innovations in geotechnical instrumentation, seismic sensors, Structural Health Monitoring (SHM),
and advanced data analytics offer new tools and methods for real-time assessment and prediction of tunnel behavior.
High-resolution strain gauges, fiber-optic sensors, seismic arrays, wireless technologies, integrated SHM systems and
machine learning algorithms contribute to better understanding and management of seismic risks, leading to improved
safety and performance of tunnel infrastructure.

13. Mitigation Strategies for Seismic Risks in Soft Rock Tunnels

Mitigation strategies are essential for managing and reducing seismic risks in soft rock tunnels. These strategies
encompass structural reinforcements, proactive monitoring, maintenance practices, and a combination of multiple
approaches to ensure tunnel stability and safety under seismic loading conditions.

13.1. Structural Reinforcements

Tunnel linings and support systems are better equipped to withstand seismic stresses thanks to structural
enhancements. In order to improve strength, flexibility, and general resilience, reinforcements can be made using a
variety of materials and methods. Wu & L's (2024) [131] concentrated on the application of cutting-edge composite
materials for tunnel reinforcing. Fiber-reinforced polymers (FRP), one type of composite reinforcement, has a high
strength-to-weight ratio and enhanced durability. Their study showed that FRP reinforcements significantly enhance
seismic performance by increasing the energy absorption capacity of tunnel linings. Altalabani et al. (2021) [146]
developed new seismic isolation systems using elastomeric bearings and base isolators. These systems absorb and
dissipate seismic energy, reducing the forces transmitted to the tunnel structure. Their research demonstrated that seismic
isolation can significantly reduce tunnel deformation and damage during an earthquake.

13.2. Reinforcement with High-Performance Materials

Reinforcement with high-performance materials improves the structural integrity of tunnels under seismic
conditions. These materials offer enhanced strength, flexibility and durability compared to traditional materials. Recent
research focuses on using advanced composite materials for tunnel reinforcement. Composite materials such as fiber-
reinforced polymers (FRP), provide high strength-to-weight ratios and excellent resistance to seismic forces. It
demonstrated that FRP reinforcement significantly improves the ductility and load-bearing capacity of tunnel linings.

13.3. Seismic Isolation Systems

Seismic isolation systems reduce the impact of seismic forces on tunnel structures by allowing controlled movement
between the tunnel and the surrounding ground. Recent innovations in base isolators include elastomeric bearings and
sliding bearings that provide enhanced flexibility and energy dissipation. Hu et al. (2020) [121] tested new base isolators
with improved performance metrics, showing reduced seismic response and enhanced structural safety. Koleci et al.
(2024) [147] developed new isolation materials, such as shape-memory alloys and damping pads, which offer superior
performance in high-stress seismic conditions. These materials adapt to seismic forces and provide additional damping.

13.4. Seismic Retrofitting

Seismic retrofitting involves strengthening existing tunnel structures to improve their performance under seismic
loads. This approach is particularly relevant for older tunnels that may not meet current seismic standards. Recent studies
by Parghi & Alam (2018) [148] explored the use of FRP wrapping for retrofitting tunnel linings. FRP wrapping increases
the tensile strength and flexibility of existing structures, improving their seismic resistance. Sun et al. (2024) [149]
developed new seismic upgrade techniques, including the addition of external bracing systems and energy-dissipating
devices. These upgrades enhance the structural performance and stability of tunnels during seismic events.

13.5. Proactive Monitoring Systems

Proactive monitoring involves using advanced technologies to continuously track the health and stability of tunnels.
Early detection of potential issues allows for timely intervention and maintenance. Recent advancements include the
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integration of artificial intelligence (Al) in monitoring systems. Liu et al. (2023) [150] introduced Al-based predictive
analytics that use real-time data from sensors to forecast potential issues and recommend maintenance actions before
problems escalate. The equation for predictive maintenance is:

n

n L (D; W)

Pmaint = 17—'711 (29)
forecast

where Pmaint iS the predicted maintenance need, D; is the data input from sensors, Wi is the weight of each input and
Trorecast 1S the forecast time period [150].

Zhao et al. (2023) [151] developed advanced data analytics tools for processing large volumes of monitoring data.
Their tools utilize machine learning algorithms to identify patterns and anomalies, providing deeper insights into tunnel
behavior under seismic conditions. Zou et al. (2024) [152] introduced real-time data analytics tools that analyze
monitoring data to detect early signs of potential issues and recommend maintenance actions before problems escalate.

13.6. Maintenance Practices

Maintenance practices are critical for ensuring the ongoing safety and performance of tunnels. Regular inspections,
repairs, and upgrades are essential to address wear and damage, especially after seismic events. Recent research by Zou
et al. (2024) [152] introduced smart maintenance scheduling systems that use real-time data and predictive models to
optimize maintenance activities. These systems reduce downtime and ensure that maintenance is performed when it is
most needed. Tichy et al. (2021) [145] emphasized the use of condition-based maintenance strategies, where
maintenance actions are triggered by specific conditions or measurements rather than on a fixed schedule. This approach
ensures that maintenance is performed only, when necessary, based on the actual condition of the tunnel.

13.7. Integrated Mitigation Approaches

Integrated mitigation approaches combine various strategies to address seismic risks comprehensively. This includes
combining structural reinforcements with proactive monitoring and maintenance practices to create a robust system for
managing seismic hazards. Recent work by Liu et al. (2022) [153] developed multi-objective optimization models that
balance cost, safety, and performance when implementing mitigation strategies. Their models use advanced optimization
techniques to determine the best combination of reinforcements, monitoring systems and maintenance practices. The
equation for multi-objective optimization is:

7= min(Z(Ci X)) (30)
i=1

where Z is the optimization result, C; is the cost of each component, X; is the performance index and n is the number of
components [153].

Pamukcu (2015) [154] proposed adaptive mitigation strategies that adjust based on real-time data and feedback from
monitoring systems. Their approach allows for dynamic adjustments to mitigation measures, enhancing the tunnel’s
ability to adapt to changing conditions and seismic loads.

Mitigation strategies for seismic risks in soft rock tunnels involve a combination of structural reinforcements,
proactive monitoring, and maintenance practices. Recent advancements include the use of advanced composite
materials, seismic isolation systems, Al-based predictive analytics and smart maintenance scheduling. Integrating these
strategies into a cohesive system enhances tunnel resilience against seismic forces and improves overall safety. By
leveraging new technologies and optimizing approaches, engineers can better manage seismic risks and ensure the
structural integrity of tunnels in seismic-prone areas.

14. Innovative Approaches and Future Research

As the field of tunnel engineering continues to evolve, addressing the challenges posed by high ground stress and
seismic activity demands innovative approaches and cutting-edge research. The traditional methods of tunnel design
and reinforcement are increasingly supplemented by advanced technologies, novel materials, and sophisticated
analytical techniques. This section explores the forefront of innovation in tunnel engineering, highlighting emerging
trends and identifying key areas for future research. By integrating new materials, computational methods, and
monitoring technologies, the field aims to enhance tunnel safety, efficiency and resilience.

14.1. The Need for Innovation

The growing complexity of infrastructure projects, coupled with the increasing demands for safety and sustainability,
underscores the need for innovative approaches in tunnel engineering. The following factors drive the need for
innovation:
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o Increased Urbanization: As cities expand and populations grow, the demand for new tunnels and infrastructure
increases. This requires advanced design methods to ensure that new tunnels can withstand the stresses imposed by
urban environments.

¢ Extreme Geotechnical Conditions: Tunnels are often constructed in challenging geotechnical conditions, including
high ground stress and variable rock properties. Innovative approaches are needed to address these complexities
effectively.

e Seismic Risk: With the rising frequency of seismic events due to natural and anthropogenic factors, it is crucial to
develop methods that enhance the seismic resilience of tunnel structures.

15. Conclusion

High ground stress soft rock tunnels have complicated seismic behavior including complex interactions between the
tunnel lining and rock mass. Deeper understanding of these phenomena has been made possible by developments in
seismic wave interaction research and geotechnical characterization. The development of intelligent materials like self-
healing concrete, piezoelectric materials, and shape memory alloys opens up new possibilities for enhancing the
resilience and performance of tunnels. These materials improve structural integrity by enabling adaptive reactions to
changes brought on by stress and earthquakes. More precise and useful insights into seismic hazards are offered by
recent advancements in performance-based design, probabilistic seismic hazard assessment, and ground motion
prediction models. These models leverage machine learning, real-time data integration, and nonlinear site response
analyses to improve risk assessment and design practices. Real-world examples such as the Longtan Hydropower Project
and the Tokamak Complex (ITER), illustrate the practical application of these advanced methodologies and materials.
These case studies highlight the effectiveness of innovative approaches in addressing the challenges posed by high
ground stress and seismic activities. The integration of real-time monitoring systems, numerical modeling, and structural
reinforcement strategies has significantly improved the ability to assess and mitigate seismic risks. Techniques such as
advanced seismic sensors, adaptive reinforcement systems, and self-healing materials contribute to more robust and
resilient tunnel structures.

Addressing the challenges of seismic behavior on high ground stress soft rock tunnels requires a multifaceted
approach that combines advanced materials, innovative technologies, and improved modeling techniques. The
advancements discussed in this review highlight the significant progress made in enhancing tunnel safety and resilience.
The area of tunnel engineering may better manage the difficulties of seismic and geotechnical situations by continuing
to investigate new approaches and technology, which will ultimately result in safer and more dependable infrastructure.
16. Declarations
16.1. Data Availability Statement

Data sharing is not applicable to this article.

16.2. Funding

The author received no financial support for the research, authorship, and/or publication of this article.

16.3. Conflicts of Interest

The author declares no conflict of interest.

17. References

[1] Chen, X., Shen, J., Bao, X., Wu, X., Tang, W., & Cui, H. (2023). A review of seismic resilience of shield tunnels. Tunnelling and
Underground Space Technology, 136, 105075. doi:10.1016/j.tust.2023.105075.

[2] Jaramillo, C. A. (2017). Impact of seismic design on tunnels in rock — Case histories. Underground Space (China), 2(2), 106—
114. doi:10.1016/j.undsp.2017.03.004.

[3] Wang, X., Lai, J., Garnes, R. S., & Luo, Y. (2019). Support System for Tunnelling in Squeezing Ground of Qingling-Daba
Mountainous Area: A Case Study from Soft Rock Tunnels. Advances in Civil Engineering, 2019, 1-17. doi:10.1155/2019/8682535.

[4] Asheghabadi, M. S., & Matinmanesh, H. (2011). Finite element seismic analysis of cylindrical tunnel in sandy soils with
consideration of soil-tunnel interaction. Procedia Engineering, 14, 3162-3169. doi:10.1016/j.proeng.2011.07.399.

[5] Sanin Zuluaga, M., & Montoya-Noguera, S. (2024). Deformation failure mechanism and characterization for black shale tunnels:
A case study. Engineering Failure Analysis, 158, 108033. doi:10.1016/j.engfailanal.2024.108033.

[6] Aydan, O. (2019). Rock mechanics and rock engineering: Volume 2: Applications of Rock Mechanics-Rock Engineering. CRC
Press, Florida, United States.

3114



Civil Engineering Journal Vol. 10, No. 09, September, 2024

[7] Adachi, T., Tateyama, K., & Kimura, M. (2017). Modern tunneling science and technology. Modern Tunneling Science and
Technology, Routledge, London, United Kingdom. doi:10.1201/9780203746653.

[8] Zhu, H., Yan, J., & Liang, W. (2019). Challenges and Development Prospects of Ultra-Long and Ultra-Deep Mountain Tunnels.
Engineering, 5(3), 384-392. doi:10.1016/j.eng.2019.04.009.

[9] Ding, F. (2018). Research on fracture mechanism of high ground stress fracture rock tunnel and auxiliary construction measures.
AIP Conference Proceedings, 2036, 030058. doi:10.1063/1.5075711.

[10] Al-Bazali, T., Zhang, J., Chenevert, M. E., & Sharma, M. M. (2008). Maintaining the stability of deviated and horizontal wells:
Effects of mechanical, chemical and thermal phenomena on well designs. Geomechanics and Geoengineering, 3(3), 167-178.
doi:10.1080/17486020802050836.

[11] Ullah, S. (2016). A Report on Site Effects Studies in Kyrgyzstan: recommendation for a new A Report on Site Effects Studies
in Kyrgyzstan. Scientific Technical Report, 16(January), 1-22. doi:10.2312/GFZ.b103-1602en.

[12] Daniel, B., Xavier, R., Christine, D., & Hart, R. (2003). FLAC and Numerical Modeling in Geomechanics 2003. FLAC and
Numerical Modeling in Geomechanics 2003. Balkema Publishers, Lisse, The Netherlands. doi:10.1201/9781439833490.

[13] Nadir, W., Dhahir, M. K., & Naser, F. H. (2018). A compression field-based model to assess the shear strength of concrete
slender beams without web reinforcement. Case Studies in Construction Materials, 9. doi:10.1016/j.cscm.2018.e00210.

[14] Zhao, J., Vincent, L., Jean-Paul, D., & Jean-Francois, M. (2010). Rock Mechanics in Civil and Environmental Engineering.
Rock Mechanics in Civil and Environmental Engineering. CRC Press, Florida, United States. doi:10.1201/b10550.

[15] Sagaseta, C. (1992). Mechanics of jointed and faulted rock. Rock Mechanics and Rock Engineering, 25(1), 63-63.
doi:10.1007/BF01041876.

[16] Thompson, A. G., & Finn, D. J. (2018). Rock Support and Reinforcement Practice in Mining, 1999 Villaescusa, Windsor &
Thompson 905809 (eds). Rock Support and Reinforcement Practice in Mining, 91.

[17] Sastry, V. R., Chandar, K. R., Madhumitha, S., & Sruthy, T. G. (2015). Tunnel Stability under Different Conditions: Analysis
by Numerical and Empirical Modeling. International Journal of Geological and Geotechnical Engineering, 1(1), 52—64.

[18] Su, G., Chen, Z., Ju, J. W., Zhao, B., Yan, S., & Yan, Z. (2019). Experimental study of the dynamically induced rockburst of a
rock wall with double free faces. International Journal of Damage Mechanics, 28(4), 611-637. doi:10.1177/1056789518779070.

[19] Tan, Q. H., Gardner, L., Han, L. H., & Song, T. Y. (2020). Performance of concrete-filled stainless-steel tubular (CFSST)
columns after exposure to fire. Thin-Walled Structures, 149, 106629. doi:10.1016/j.tws.2020.106629.

[20] Suchowerska, A. M., Carter, J. P., & Merifield, R. S. (2014). Horizontal stress under supercritical longwall panels. International
Journal of Rock Mechanics and Mining Sciences, 70, 240-251. doi:10.1016/j.ijrmms.2014.03.009.

[21] Fahimifar, A., Tehrani, F. M., Hedayat, A., & Vakilzadeh, A. (2010). Analytical solution for the excavation of circular tunnels
in a visco-elastic Burger’s material under hydrostatic stress field. Tunnelling and Underground Space Technology, 25(4), 297—
304. doi:10.1016/j.tust.2010.01.002.

[22] Abdellah, W. R., Ali, M. A., & Yang, H. S. (2018). Studying the effect of some parameters on the stability of shallow tunnels.
Journal of Sustainable Mining, 17(1), 20-33. doi:10.1016/j.jsm.2018.02.001.

[23] Anato, N. J., Assogba, O. C., Tang, A., Diakité, Y., & Cho Mya, D. (2022). Numerical and statistical investigation of the
performance of closed-cell aluminium foam as a seismic isolation layer for tunnel linings. European Journal of Environmental
and Civil Engineering, 26(14), 7282-7306. doi:10.1080/19648189.2021.1986138.

[24] Fang, Z., Zhu, Z., & Chen, X. (2021). Research on construction method and deformation control technology of high ground
stress interbedded soft rock tunnel. Journal of Intelligent and Fuzzy Systems, 40(4), 6175-6183. d0i:10.3233/JIFS-189455.

[25] Do, N. A., Pham, V. V., & DIAS, D. (2023). A new pseudo-static loading scheme for the hyperstatic reaction method - case of
sub-rectangular tunnels under seismic conditions. Sustainable and Resilient Infrastructure, 8(3), 340-356.
doi:10.1080/23789689.2023.2200521.

[26] Hoek, E., & Brown, E. T. (1980). Empirical strength criterion for rock masses. Journal of the Geotechnical Engineering Division,
ASCE, 106(GT?9, Proc. Paper, 15715), 1013-1035. doi:10.1061/ajgeb6.0001029.

[27] Wang, X., & Yanho, H. Comparison of Large Deformation Control Technologies for Soft Rock Tunnel with High Ground Stress
between China and Foreign Countries: A Case Study of Muzhailing Tunnel on Lanzhou Chongqing Railway in China and Saint
Gotthard Base Tunnel in Switzerland. Tunnel Construction, 38(10), 1621. doi:10.3973/j.issn.2096-4498.2018.10.004.

[28] Karakas, A. (2008). Practical Rock Engineering. Environmental and Engineering Geoscience, 14(1), 55-57.
doi:10.2113/gseegeosci.14.1.55.

[29] Fan, H., Wang, L., Wang, S., & Jiang, C. (2021). A New Unified Solution for Deep Tunnels in Water-Rich Areas considering
Pore Water Pressure. Geofluids, 2021, 1-12. doi:10.1155/2021/6696757.

3115



Civil Engineering Journal Vol. 10, No. 09, September, 2024

[30] Sharafat, A., Tanoli, W. A., Raptis, G., & Seo, J. W. (2019). Controlled blasting in underground construction: A case study of a
tunnel plug demolition in the Neelum Jhelum hydroelectric project. Tunnelling and Underground Space Technology, 93.
doi:10.1016/j.tust.2019.103098.

[31] Fu, H., Guan, X., Chen, C., Wu, J., Nie, Q., Yang, N, Liu, Y., & Liu, J. (2023). Formation Mechanism and Control Technology
of an Excavation Damage Zone in Tunnel-Surrounding Rock. Applied Sciences (Switzerland), 13(2), 1006.
doi:10.3390/app13021006.

[32] Wang, W., Yan, C., Guo, J., Zhao, H., Li, G., Yao, W., & Ren, T. (2024). Improving Tunnel Boring Machine Tunneling
Performance by Investigating the Particle Size Distribution of Rock Chips and Cutter Consumption. Buildings, 14(4), 1124-24.
doi:10.3390/buildings14041124.

[33] Huang, X, Liu, Q., Liu, H., Zhang, P., Pan, S., Zhang, X., & Fang, J. (2018). Development and in-situ application of a real-time
monitoring system for the interaction between TBM and surrounding rock. Tunnelling and Underground Space Technology, 81,
187-208. doi:10.1016/j.tust.2018.07.018.

[34] Vitali, O.P. M., Celestino, T. B., & Bobet, A. (2022). Construction strategies for a NATM tunnel in Sdo Paulo, Brazil, in residual
soil. Underground Space (China), 7(1), 1-18. doi:10.1016/j.undsp.2021.04.002.

[35] Aghajari, M., Dehghan, A. N., & Lajevardi, S. H. (2024). Optimizing Sequential Excavation Method for Ground Settlement
Control in Tehran Subway Tunnel Line 6. Geotechnical and Geological Engineering, 42(5), 3595-3614. doi:10.1007/s10706-
024-02747-y.

[36] Jiang, T., Wu, Z., Shan, S., Zhong, Q., Lu, Q., & Yang, P. (2023). DEM-based study of hydraulic fracturing mechanism under
high internal water pressure. Frontiers in Environmental Science, 11. doi:10.3389/fenvs.2023.1251664.

[37] Oh, T. M., Joo, G. W., Hong, C. H., Cho, G. C., & Ji, I. T. (2013). Tunnel excavation using waterjet pre-cutting technology.
Underground-The Way to the Future: Proceedings of the World Tunnel Congress, WTC 2013, 1567-1570. doi:10.1201/b14769-
215.

[38] Zhang, L., Qi, Q., Chen, X., Zuo, S., Deng, K., Bi, R., & Chai, J. (2022). Impact of Stimulated Fractures on Tree-Type Borehole
Methane Drainage from Low-Permeability Coal Reservoirs. Minerals, 12(8), 940. doi:10.3390/min12080940.

[39] Zeng, G. S., Wang, H. N., Jiang, M. J., & Luo, L. S. (2020). Analytical solution of displacement and stress induced by the
sequential excavation of noncircular tunnels in viscoelastic rock. International Journal of Rock Mechanics and Mining Sciences,
134, 104429. doi:10.1016/j.ijrmms.2020.104429.

[40] Ayvaz, S., & Alpay, K. (2021). Predictive maintenance system for production lines in manufacturing: A machine learning
approach using 10T data in real-time. Expert Systems with Applications, 173, 114598. doi:10.1016/j.eswa.2021.114598.

[41] Nguyen, D. D., Park, D., Shamsher, S., Nguyen, V. Q., & Lee, T. H. (2019). Seismic vulnerability assessment of rectangular
cut-and-cover subway tunnels. Tunnelling and Underground Space Technology, 86, 247-261. doi:10.1016/j.tust.2019.01.021.

[42] Park, B.-H., Minnu, T., Tae-Hyung, L., Kee-Dong, K., & Nam-Hyoung, L. (2010). The Preliminary Seismic Performance
Evaluation of Cut-And-Cover Tunnels through the Case Studies. Proceedings of the KAIS Fall Conference, 653 — 656.

[43] Ghorbani, M., Shahriar, K., Sharifzadeh, M., & Masoudi, R. (2020). A critical review on the developments of rock support
systems in high stress ground conditions. International Journal of Mining Science and Technology, 30(5), 555-572.
doi:10.1016/j.ijmst.2020.06.002.

[44] Shimamoto, K., & Yashiro, K. (2021). New rockbolting methods for reinforcing tunnels against deformation. International
Journal of Rock Mechanics and Mining Sciences, 147. doi:10.1016/j.ijrmms.2021.104898.

[45] Patnaik, A., & Adhikari, S. (2012). Potential Applications of Steel Fiber Reinforced Concrete to Improve Seismic Response of
Frame Structures. NED University Journal of Research, May, 113-128.

[46] Zhang, J., Dai, Y., Xu, J., Feng, J., & Ma, K. (2022). The Influence of the Different Cementitious Material on Self-Healing of
Microcracks in Shotcrete. Advances in Materials Science and Engineering, 2022, 1 — 13. d0i:10.1155/2022/3031048.

[47] Ahmad, W., Alabduljabbar, H., & Deifalla, A. F. (2023). An overview of the research trends on fiber-reinforced shotcrete for
construction applications. Reviews on Advanced Materials Science, 62(1), 20230144. doi:10.1515/RAMS-2023-0144.

[48] Sosa, E. M., Thompson, G. J., Holter, G. M., & Fortune, J. M. (2020). Large-scale inflatable structures for tunnel protection: a
review of the Resilient Tunnel Plug project. Journal of Infrastructure Preservation and Resilience, 1(1), 1-28.
doi:10.1186/s43065-020-00011-0.

[49] Paul, S., Murugan, K., Samanthula, R., Basavaraj, A. S., Stephen, S. J., Gettu, R., & Zerbino, R. L. (2023). Development of
Structural Forms Using Textile Reinforced Concrete. Indian Concrete Journal, 97(8), 43-54.

[50] Kumar, M., Whittaker, A. S., & Constantinou, M. C. (2014). An advanced numerical model of elastomeric seismic isolation
bearings. Earthquake Engineering and Structural Dynamics, 43(13), 1955-1974. doi:10.1002/ege.2431.

3116



Civil Engineering Journal Vol. 10, No. 09, September, 2024

[51] Petraroia, D. N., Pliickelmann, S., Mark, P., & Breitenblcher, R. (2024). Tunnel lining segments with enhanced bearing capacity
using hybrid concrete concepts. Tunnelling and Underground Space Technology, 143, 105484. doi:10.1016/j.tust.2023.105484.

[52] Pandit, B., & Sivakumar Babu, G. L. (2021). Probabilistic stability assessment of tunnel-support system considering spatial
variability in weak rock mass. Computers and Geotechnics, 137. doi:10.1016/j.compge0.2021.104242.

[53] Wen, H., Wu, J., Zhang, C., Zhou, X., Liao, M., & Xu, J. (2023). Hybrid optimized RF model of seismic resilience of buildings
in mountainous region based on hyperparameter tuning and SMOTE. Journal of Building Engineering, 71, 106488.
doi:10.1016/j.jobe.2023.106488.

[54] Krauze, K., Boloz, L., Mucha, K., & Wydro, T. (2021). The mechanized supporting system in tunnelling operations. Tunnelling
and Underground Space Technology, 113, 103929. doi:10.1016/j.tust.2021.103929.

[55] Wu, C., Lu, D., EI Naggar, M. H., Ma, C., Li, Q., & Du, X. (2022). Upgrading seismic performance of underground frame
structures based on potential failure modes. Soil Dynamics and Earthquake Engineering, 153, 107116.
doi:10.1016/j.s0ildyn.2021.107116.

[56] Hashash, Y. M. A., Hook, J. J., Schmidt, B., & I-Chiang Yao, J. (2001). Seismic design and analysis of underground structures.
Tunnelling and Underground Space Technology, 16(4), 247-293. doi:10.1016/S0886-7798(01)00051-7.

[57] Vipin, K. S., Anbazhagan, P., & Sitharam, T. G. (2009). Estimation of peak ground acceleration and spectral acceleration for
South India with local site effects: Probabilistic approach. Natural Hazards and Earth System Science, 9(3), 865-878.
doi:10.5194/nhess-9-865-2009.

[58] Daniele, P., Giulia, V., & Tarcisio, C. (2020). Tunnels and Underground Cities: Engineering and Innovation meet Archaeology,
Architecture and Art. Tunnels and Underground Cities: Engineering and Innovation Meet Archaeology, Architecture and Art,
3. doi:10.4324/9781003031857.

[59] Intekhab, M. S., Das, S., Jajnery, M. A., Akhtar, S., Sahoo, D., & Saha, P. (2023). Analysis Methods of Irregular High-Rise
Buildings Subjected to Seismic Loads. Journal of Vibration Engineering and Technologies, 11(3), 1359-1382.
doi:10.1007/s42417-022-00636-3.

[60] Hung, C. J., Wisniewski, J., Monsees, J., & Munfah, N. (2009). Technical manual for design and construction of road tunnels-
civil elements (No. FHWA-NHI-10-034). National Highway Institute (US), Virginia, United States.

[61] Baker, J., Bradley, B., & Stafford, P. (2021). Seismic Hazard and Risk Analysis. Cambridge University Press, London, United
Kingdom. doi:10.1017/9781108425056.

[62] Cornell, C. A. (1968). Engineering seismic risk analysis. Bulletin of the Seismological Society of America, 58(5), 1583-1606.
doi:10.1785/bssa0580051583.

[63] McGuire, R. K. (2008). Probabilistic seismic hazard analysis: Early history. Earthquake Engineering and Structural Dynamics,
37(3), 329-338. doi:10.1002/eqge. 765.

[64] Tosun, H., Zorluer, I., Orhan, A., Seyrek, E., Savas, H., & Tiirkdz, M. (2007). Seismic hazard and total risk analyses for large
dams in Euphrates basin, Turkey. Engineering Geology, 89(1-2), 155-170. doi:10.1016/j.engge0.2006.10.003.

[65] Sitharam, T. G., James, N., & Kolathayar, S. (2018). Comprehensive seismic zonation schemes for regions at different scales.
Springer Science and Business, Cham, Germany. doi:10.1007/978-3-319-89659-5.

[66] Yu, H., Yuan, Y., & Bobet, A. (2017). Seismic analysis of long tunnels: A review of simplified and unified methods.
Underground Space (China), 2(2), 73-87. doi:10.1016/j.undsp.2017.05.003.

[67] Yu, H., & Chen, G. (2021). Pseudo-static simplified analytical solution for seismic response of deep tunnels with arbitrary cross-
section shapes. Computers and Geotechnics, 137, 104306-6. doi:10.1016/j.compgeo.2021.104306.

[68] Wang, J. N., & Munfakh, G. A. (2001). Seismic design of tunnels. Advances in Earthquake Engineering, 9, 589-598.
doi:10.2495/eres010551.

[69] Chen, G., Yu, H., & Bobet, A. (2022). Analytical Solution for Seismic Response of Deep Tunnels with Arbitrary Cross-Section
Shape in Saturated Orthotropic Rock. Rock Mechanics and Rock Engineering, 55(10), 5863-5878. doi:10.1007/s00603-022-
02935-3.

[70] Boldini, D., Amorosi, A., Palmisano, F., & Boldini Angelo Amorosi Fabrizio Palmisano, D. (2010). Analysis of Tunnel
Behaviour Under Seismic Loads by Means of Simple and Advanced Numerical Approaches. International Conferences on
Recent Advances in Geotechnical Earthquake Engineering and Soil Dynamics, Paper No. 5.80a.

[71] Tsinidis, G. (2018). Response of urban single and twin circular tunnels subjected to transversal ground seismic shaking.
Tunnelling and Underground Space Technology, 76, 177-193. doi:10.1016/j.tust.2018.03.016.

[72] Zheng, M. (2013). Modal pushover analysis for high-rise buildings. Doctoral dissertation, Massachusetts Institute of
Technology, Massachusetts, United States.

3117



Civil Engineering Journal Vol. 10, No. 09, September, 2024

[73] Yang, F., Zhang, Y., Zheng, T., & Li, B. (2016). Application of Pushover Analysis in Bridge Piers. 2016 International Forum
on Energy, Environment and Sustainable Development (IFEESD 2016), 218 — 223. doi:10.2991/ifeesd-16.2016.38.

[74] Lagomarsino, S., Penna, A., Galasco, A., & Cattari, S. (2013). TREMURI program: An equivalent frame model for the nonlinear
seismic analysis of masonry buildings. Engineering Structures, 56, 1787-1799. doi:10.1016/j.engstruct.2013.08.002.

[75] Panandikar Hede, N., & Narayan, K. S. B. (2015). Sensitivity of Pushover Curve to Material and Geometric Modelling-An
Analytical Investigation. Structures, 2, 91-97. doi:10.1016/j.istruc.2015.02.004.

[76] Chen, Z., Fan, Y., & Jia, P. (2021). Influence of buried depth on seismic capacity of underground subway stations through
performance-based evaluation. Structures, 32, 194-203. doi:10.1016/j.istruc.2021.03.006.

[77] Mazloom, M. (2007). Comparing static linear and nonlinear analyses of safe rooms in a poor performance masonry building.
WIT Transactions on the Built Environment, 93, 259-268. doi:10.2495/ERES070251.

[78] Csi, C. (2016). Analysis reference manual for SAP2000, ETABS, and SAFE. Computers and Structures, Berkeley, California,
United States.

[79] Vamvatsikos, D., & Cornell, C. A. (2006). Direct estimation of the seismic demand and capacity of oscillators with multi-linear
static pushovers through IDA. Earthquake Engineering and Structural Dynamics, 35(9), 1097-1117. doi:10.1002/eqe.573.

[80] Duan, H., & Hueste, M. B. D. (2012). Seismic performance of a reinforced concrete frame building in China. Engineering
Structures, 41, 77-89. doi:10.1016/j.engstruct.2012.03.030.

[81] Liu, J., Wang, W., & Dasgupta, G. (2014). Pushover analysis of underground structures: Method and application. Science China
Technological Sciences, 57(2), 423-437. doi:10.1007/s11431-013-5430-z.

[82] Liu, J., & Liu, X. (2008). Pushover Analysis of Daikai Subway Station During the Osaka-Kobe Earthquake in 1995. Proceedings
14th World Conference on Earthquake Engineering, 1-9.

[83] Rana, N., & Rana, S. (2015). Non-Linear Static Analysis (Pushover Analysis) A Review. International Journal of Engineering
and Technical Research (IJETR), 3(7), 39-41.

[84] Nagash, M. T., Farooq, Q. U., & Harireche, O. (2019). Seismic Evaluation of Steel Moment Resisting Frames (MRFs)—
Supported by Loose Granular Soil. Open Journal of Earthquake Research, 08(02), 37-51. doi:10.4236/0jer.2019.82003.

[85] Ho, Y. B. (2009). Seismic vulnerability assessment of tall buildings with transfer storeys. Hong Kong University of Science and
Technology, Hong Kong.

[86] Karakas, N., Kalman Sipo§, T., & Hadzima-Nyarko, M. (2018). APPLICATION OF DIFFERENT SEISMIC ANALYSES TO
RC STRUCTURES. Elektroni¢ki Casopis Gradevinskog Fakulteta Osijek, 39-51. doi:10.13167/2018.17.5.

[87] Priyusha, G., Shreyasvi, C., & Venkataramana, K. (2023). Seismic Performance of Infilled RC Frames by Pseudo-Optimization
Method. In G. C. Marano, A. V Rahul, J. Antony, G. Unni Kartha, P. E. Kavitha, & M. Preethi (Eds.), Lecture Notes in Civil
Engineering, Volume. 284, 127-136. doi:10.1007/978-3-031-12011-4_11.

[88] Ismail, A. (2014). Nonlinear static analysis of a retrofitted reinforced concrete building. HBRC Journal, 10(1), 100-107.
doi:10.1016/j.hbrcj.2013.07.002.

[89] Javanpour, M., & Zarfam, P. (2017). Application of Incremental Dynamic Analysis (IDA) Method for Studying the Dynamic
Behavior of Structures During Earthquakes. Engineering, Technology & Applied Science Research, 7(1), 1338-1344.
doi:10.48084/etasr.902.

[90] Azarbakht, A., & Dolsek, M. (2011). Progressive Incremental Dynamic Analysis for First-Mode Dominated Structures. Journal
of Structural Engineering, 137(3), 445-455. doi:10.1061/(asce)st.1943-541x.0000282.

[91] Vamvatsikos, D. (2011). Performing incremental dynamic analysis in parallel. Computers and Structures, 89(1-2), 170-180.
doi:10.1016/j.compstruc.2010.08.014.

[92] Choudhury, T., & Kaushik, H. B. (2019). Treatment of uncertainties in seismic fragility assessment of RC frames with masonry
infill walls. Soil Dynamics and Earthquake Engineering, 126, 105771. doi:10.1016/j.s0ildyn.2019.105771.

[93] Madan, A., Das, D., & Hashmi, A. (2012). Performance based design of masonry infilled reinforced concrete frames for near-
field earthquakes. WIT Transactions on the Built Environment, Vol. 125, 203-215. doi:10.2495/0P120181.

[94] Dadkhah, M., Kamgar, R., & Heidarzadeh, H. (2022). Reducing the Cost of Calculations for Incremental Dynamic Analysis of
Building Structures Using the Discrete Wavelet Transform. Journal of Earthquake Engineering, 26(7), 3317-3342.
doi:10.1080/13632469.2020.1798830.

[95] Chopra, A. K., & Goel, R. K. (2002). A modal pushover analysis procedure for estimating seismic demands for buildings.
Earthquake Engineering and Structural Dynamics, 31(3), 561-582. d0i:10.1002/eqe.144.

3118



Civil Engineering Journal Vol. 10, No. 09, September, 2024

[96] Soysal, B. F., & Arici, Y. (2014). Incremental dynamic analysis of a gravity dam. NCEE 2014 - 10th U.S. National Conference
on Earthquake Engineering: Frontiers of Earthquake Engineering, 47217. doi:10.4231/D39Z90C6T.

[97] Skrekas, P., & Giaralis, A. (2012). On the use of incremental dynamic analysis for evaluating the earthquake-resistant
performance of off-shore jack-up platforms. In Proceedings of the 6th International ASRANet 2012 Conference for Integrating
Structural Analysis, Risk and Reliability. Croydon, London, United Kingdom.

[98] Alwaeli, W., Mwafy, A., Pilakoutas, K., & Guadagnini, M. (2020). Rigorous versus less-demanding fragility relations for RC
high-rise buildings. Bulletin of Earthquake Engineering, 18(13), 5885-5918. doi:10.1007/s10518-020-00915-y.

[99] Gao, Z., Zhao, M., Du, X., & Zhong, Z. (2021). A generalized response spectrum method for seismic response analysis of
underground structure combined with viscous-spring artificial boundary. Soil Dynamics and Earthquake Engineering, 140(3),
106451. doi:10.1016/j.soildyn.2020.106451.

[100] Rucha S. Banginwar, M. R. Vyawahare, P. O. M. (2012). Effect of Plans Configurations on the Seismic Behaviour of the
Structure by Response Spectrum Method. International Journal of Engineering Research and Applications (IJERA), 2(3), 1439—
1443.

[101] Mohammed, J., & Hrubesova, E. (2019). Assessment of Static and Dynamic Stresses Horse-Shoe Tunnel with Connecting
Gallery using Finite Element Method: (As a Case Study). Transactions of the VSB — Technical University of Ostrava, Civil
Engineering Series, 18(1), 4. doi:10.31490/tces-2018-0004.

[102] Elmenshawy, M. R. E. (2015). Static and dynamic analysis of concrete gravity dams. Tanta University, Tanta, Egypt.

[103] Barbagallo, F., Bosco, M., Ghersi, A., Marino, E. M., & Rossi, P. P. (2019). Seismic Assessment of Steel MRFs by Cyclic
Pushover Analysis. The Open Construction and Building Technology Journal, 13(1), 12-26. doi:10.2174/18748368019130012.

[104] Wilkinson, S. M., & Hiley, R. A. (2006). A non-linear response history model for the seismic analysis of high-rise framed
buildings. Computers and Structures, 84(5-6), 318-329. doi:10.1016/j.compstruc.2005.09.021.

[105] Ali, B. H., Saeed, B. A., & Hussein, T. A. (2020). Time History Analysis of Frame Structure Systems by State-space
Representation Method. Polytechnic Journal, 10(1), 140-147. doi:10.25156/ptj.v10n1y2020.pp140-147.

[106] Kumar, N., Prashant, K., & Sunil, S. Time History Analysis of Underground Tunnel. International Journal of Technical
Innovation in Modern Engineering and Science, 4(11), 283 — 285.

[107] Makarim, C. A., Dicky, J., & Gopta, P. A. Forensic Engineering on Causes of Tunnel Roof Cave-In Triggered by Simultaneous
Blasting in Dam Project, West Java, Indonesia. 1st International Conference on Sustainable Civil Engineering Structures and
Construction Materials.

[108] Singh, M., Viladkar, M. N., & Samadhiya, N. K. (2017). Seismic Analysis of Delhi Metro Underground Tunnels. Indian
Geotechnical Journal, 47(1), 67-83. doi:10.1007/s40098-016-0203-9.

[109] Lu, Q., Chen, S., Chang, Y., & He, C. (2018). Comparison between numerical and analytical analysis on the dynamic behavior
of circular tunnels. Earth Sciences Research Journal, 22(2), 119-128. doi:10.15446/esrj.v22n2.72248.

[110] Lu, Y., & Huang, W. (2020). Numerical Simulation of Dynamic Response Law of Intersecting Metro Tunnels in Upper and
Lower Strata. Geotechnical and Geological Engineering, 38(4), 3773-3785. doi:10.1007/s10706-020-01257-x.

[111] Zhao, G., Gardoni, P., Xu, L., & Xie, L. (2023). Seismic Probabilistic Capacity Models and Fragility Estimates for the
Transversal Lining Section of Circular Tunnels. Journal of Earthquake Engineering, 27(5), 1281-1301.
doi:10.1080/13632469.2022.2074917.

[112] EI Omari, A., Chourak, M., Cherif, S. E., Ugena, C. N., Echebba, E. M., Rougui, M., & Chaaraoui, A. (2021). Numerical
modeling of twin tunnels under seismic loading using the Finite Difference Method and Finite Element Method. Materials
Today: Proceedings, 45, 7566—7570. doi:10.1016/j.matpr.2021.02.519.

[113] Liu, Y., Wu, Z., Yang, Q., & Leng, K. (2018). Dynamic stability evaluation of underground tunnels based on deformation
reinforcement theory. Advances in Engineering Software, 124, 97-108. doi:10.1016/j.advengsoft.2018.08.007.

[114] Hassan, S., & El Shamy, U. (2019). DEM simulations of the seismic response of granular slopes. Computers and Geotechnics,
112, 230-244. doi:10.1016/j.compge0.2019.04.019.

[115] zZhou, Z., Gao, T., Sun, J., Gao, C., Bai, S., Jin, G., & Liu, Y. (2024). An FDM-DEM coupling method based on REV for
stability analysis of tunnel surrounding rock. Tunnelling and Underground Space Technology, 152, 105917.
doi:10.1016/j.tust.2024.105917.

[116] Jain, A., & Rao, K. S. (2022). Empirical correlations for prediction of tunnel deformation in squeezing ground condition.
Tunnelling and Underground Space Technology, 125, 104501. doi:10.1016/j.tust.2022.104501.

3119



Civil Engineering Journal Vol. 10, No. 09, September, 2024

[117] Gaudio, D., Rauseo, R., Masini, L., & Rampello, S. (2020). Semi-empirical relationships to assess the seismic performance of
slopes from an updated version of the Italian seismic database. Bulletin of Earthquake Engineering, 18(14), 6245-6281.
doi:10.1007/510518-020-00937-6.

[118] Xiao, S., Dai, T., & Li, S. (2024). Simplified Analysis Method of Seismic and Static Stability for Embankments Supported
with Concrete Piles in Soft Ground. Transportation Research Record, Sage Publication. doi:10.1177/03611981241266839.

[119] Man, J., Zhang, T., Huang, H., & Dias, D. (2024). Probabilistic analysis of tunnel face seismic stability in layered rock masses
using Polynomial Chaos Kriging metamodel. Journal of Rock Mechanics and Geotechnical Engineering, 16(7), 2678-2693.
doi:10.1016/j.jrmge.2023.09.020.

[120] Lin, P., Wu, M., & Zhang, L. (2023). Probabilistic safety risk assessment in large-diameter tunnel construction using an
interactive and explainable tree-based pipeline optimization method. Applied Soft Computing, 143, 110376.
doi:10.1016/j.as0c.2023.110376.

[121] Hu, X., Zhou, Z., Chen, H., & Ren, Y. (2020). Seismic fragility analysis of tunnels with different buried depths in a soft soil.
Sustainability (Switzerland), 12(3), 892. doi:10.3390/su12030892.

[122] Zhang, L., & Liu, Y. (2020). Numerical investigations on the seismic response of a subway tunnel embedded in spatially
random clays. Underground Space (China), 5(1), 43-52. doi:10.1016/j.undsp.2018.10.001.

[123] Chen, J., Yuan, Y., & Yu, H. (2019). Dynamic response of segmental lining tunnel. Geotechnical Testing Journal, 43(3),
20170419. doi:10.1520/GTJ20170419.

[124] Tsinidis, G., Pitilakis, K., & Anagnostopoulos, C. (2016). Circular tunnels in sand: dynamic response and efficiency of seismic
analysis methods at extreme lining flexibilities. Bulletin of Earthquake Engineering, 14(10), 2903-2929. doi:10.1007/s10518-
016-9928-1.

[125] Trianni, S. C. T., Lai, C. G., & Pasqualini, E. (2014). Probabilistic seismic hazard analysis at a strategic site in the Bay of
Bengal. Natural Hazards, 74(3), 1683-1705. d0i:10.1007/s11069-014-1268-3.

[126] Wang, T. T., Kwok, O. L. A., & Jeng, F. S. (2021). Seismic response of tunnels revealed in two decades following the 1999
Chi-Chi earthquake (Mw 7.6) in Taiwan: A review. Engineering Geology, 287. doi:10.1016/j.engge0.2021.106090.

[127] Sun, M., Zhu, Y., Li, X., Zhu, Z., & He, B. (2020). Experimental study of mechanical characteristics of tunnel support system
in hard cataclastic rock with high geostress. Shock and Vibration, 2020, 1 — 12. doi:10.1155/2020/8824881.

[128] Yao, E., Sun, Q., Li, W,, Yu, M., & Liu, M. (2021). Numerical study on the characteristics of the seismic response of subway
shield tunnels beneath rock mountains: A case study in China. IOP Conference Series: Earth and Environmental Science,
861(5), 52067. doi:10.1088/1755-1315/861/5/052067.

[129] Azadi, M. (2011). The seismic behavior of urban tunnels in soft saturated soils. Procedia Engineering, 14, 3069-3075.
doi:10.1016/j.proeng.2011.07.386.

[130] Fabozzi, S., Moscatelli, M., de Silva, F., Starita, L., & Bilotta, E. (2022). Probabilistic evaluation of the seismic vulnerability
of rock cavities in a historical Italian site. In Geotechnical Engineering for the Preservation of Monuments and Historic Sites
111 - Proceedings of the 3rd International Issmge TC301 Symposium, 1184-1192. doi:10.1201/9781003308867-95.

[131] Wu, X., & Lv, N. (2024). Seismic performance of soft rock tunnel under composite support conditions. Journal of
Vibroengineering, 26(3), 643—-656. doi:10.21595/jve.2023.23565.

[132] Gong, J., Zhi, X., Fan, F., Shen, S., Qaio, D., & Zhong, J. (2021). Effects of Seismic Incident Directionality on Ground Motion
Characteristics and Responses of a Single-Mass Bi-Degree-of-Freedom System. International Journal of Structural Stability
and Dynamics, 21(9), 2150119. doi:10.1142/S0219455421501194.

[133] Liu, Y., Liu, K., Li, X., & Yan, Z. (2024). Optimizing the Support System of a Shallow Buried Tunnel under Unsymmetrical
Pressure. Buildings, 14(6), 1825. doi:10.3390/buildings14061825.

[134] Abraham, O., & Dérobert, X. (2003). Non-destructive testing of fired tunnel walls: The Mont-Blanc Tunnel case study. NDT
and E International, 36(6), 411-418. doi:10.1016/S0963-8695(03)00034-3.

[135] Tsinidis, G., de Silva, F., Anastasopoulos, 1., Bilotta, E., Bobet, A., Hashash, Y. M. A., He, C., Kampas, G., Knappett, J.,
Madabhushi, G., Nikitas, N., Pitilakis, K., Silvestri, F., Viggiani, G., & Fuentes, R. (2020). Seismic behaviour of tunnels: From
experiments to analysis. Tunnelling and Underground Space Technology, 99, 103334. doi:10.1016/j.tust.2020.103334.

[136] Zangerl, C., Evans, K. F., Eberhardt, E., & Loew, S. (2008). Consolidation settlements above deep tunnels in fractured
crystalline rock: Part 1-Investigations above the Gotthard highway tunnel. International Journal of Rock Mechanics and Mining
Sciences, 45(8), 1195-1210. d0i:10.1016/j.ijrmms.2008.02.002.

[137] Niu, G., He, X., Xu, H., & Dai, S. (2024). Development of Rock Classification Systems: A Comprehensive Review with
Emphasis on Artificial Intelligence Techniques. Eng, 5(1), 217-245. doi:10.3390/eng5010012.

3120



Civil Engineering Journal Vol. 10, No. 09, September, 2024

[138] zhang, W., Huang, W., Li, L., Liu, W., & Li, F. (2016). High resolution strain sensor for earthquake precursor observation and
earthquake monitoring. Sixth European Workshop on Optical Fibre Sensors, 9916, 99160G. doi:10.1117/12.2237216.

[139] Tan, X., Chen, W., Wu, G., Wang, L., & Yang, J. (2020). A structural health monitoring system for data analysis of segment
joint opening in an underwater shield tunnel. Structural Health Monitoring, 19(4), 1032—-1050. doi:10.1177/1475921719876045.

[140] Wu, R. T., & Jahanshahi, M. R. (2020). Data fusion approaches for structural health monitoring and system identification: Past,
present, and future. Structural Health Monitoring, 19(2), 552-586. doi:10.1177/1475921718798769.

[141] Monsberger, C. M., & Lienhart, W. (2021). Distributed fiber optic shape sensing along shotcrete tunnel linings: Methodology,
field applications, and monitoring results. Journal of Civil Structural Health Monitoring, 11(2), 337-350. d0i:10.1007/s13349-
020-00455-8.

[142] Li, Z. (2021). Recent advances in earthquake monitoring i: Ongoing revolution of seismic instrumentation. Earthquake Science,
34(2), 177-188. doi:10.29382/eqs-2021-0011.

[143] Ibrahim, M., & Al-Bander, B. (2024). An integrated approach for understanding global earthquake patterns and enhancing
seismic risk assessment. International Journal of Information Technology (Singapore), 16(4), 2001-2014. doi:10.1007/s41870-
024-01778-1.

[144] Pu, Y., Apel, D. B., & Hall, R. (2020). Using machine learning approach for microseismic events recognition in underground
excavations: Comparison of ten frequently-used models. Engineering Geology, 268, 105519. doi:10.1016/j.engge0.2020.105519.

[145] Tichy, T., Broz, J., Bélinova, Z., & Pirnik, R. (2021). Analysis of predictive maintenance for tunnel systems. Sustainability
(Switzerland), 13(7), 3977. doi:10.3390/su13073977.

[146] Altalabani, D., Hejazi, F., Saifulnaz Bin Muhammad Rashid, R., & Nora Aznieta Abd Aziz, F. (2021). Development of new
rectangular rubber isolators for a tunnel-form structure subjected to seismic excitations. Structures, 32, 1522-1542.
doi:10.1016/j.istruc.2021.03.106.

[147] Koleci, X., Osmani, R., & Ziza, R. (2024). A Review of Advanced Seismic Isolation Methods for Earthquake Resistant
Structures: Role of Shear Walls in Construction. International Journal of Engineering Inventions, 13(5), 290-300.
doi:10.14445/22781621/1JE1-V13I5P241.

[148] Parghi, A., & Alam, M. S. (2018). A review on the application of sprayed-FRP composites for strengthening of concrete and
masonry structures in the construction sector. Composite Structures, 187, 518-534. doi:10.1016/j.compstruct.2017.11.085.

[149] Sun, Q., Hou, M., & Dias, D. (2024). Numerical study on the use of soft material walls to enhance seismic performance of an
existing tunnel. Underground Space (China), 15, 90-112. doi:10.1016/j.undsp.2023.08.009.

[150] Liu, L., Song, Z., & Li, X. (2024). Artificial intelligence in tunnel construction: A comprehensive review of hotspots and
frontier topics. Geohazard Mechanics, 2(1), 1-12. doi:10.1016/j.ghm.2023.11.004.

[151] Zhao, N., Wei, J., Long, Z., Yang, C., Bi, J., Wan, Z., & Dong, S. (2023). An Integrated Method for Tunnel Health Monitoring
Data Analysis and Early Warning: Savitzky—Golay Smoothing and Wavelet Transform Denoising Processing. Sensors, 23(17),
7460. doi:10.3390/s23177460.

[152] Zou, X., Zeng, J., Yan, G., Mohammed, K. J., Abbas, M., Abdullah, N., Elattar, S., Khadimallah, M. A., Toghroli, S., &
Escorcia-Gutierrez, J. (2024). Advancing tunnel equipment maintenance through data-driven predictive strategies in
underground infrastructure. Computers and Geotechnics, 173, 106532. doi:10.1016/j.compge0.2024.106532.

[153] Liu, W., Li, A., & Liu, C. (2022). Multi-objective optimization control for tunnel boring machine performance improvement
under uncertainty. Automation in Construction, 139, 104310. doi:10.1016/j.autcon.2022.104310.

[154] Pamukcu, C. (2015). Analysis and management of risks experienced in tunnel construction. Acta Montanistica Slovaca, 20(4),
271-281. doi:10.3390/ams20040271.

3121



