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Abstract. Due to their distinct geotechnical and structural features, soft rock tunnels pose serious 
issues because of their seismic sensitivity. These tunnels, often constructed in formations with 
lower shear strength and higher deformability, are particularly susceptible to damage during 
earthquakes. Fragility curves, which graphically represent the probability that a structure may 
sustain damage up to or beyond a particular threshold as a function of seismic intensity, are 
essential tools for evaluating the seismic resilience of these infrastructures. This research looks 
closely at the use of fragility curves to assess the seismic vulnerability of soft rock tunnels. 
Exploring the fundamental concepts and methodologies involved in constructing fragility curves, 
including seismic hazard analysis, structural modeling, damage state definition, data collection 
and statistical analysis is looked at first. The review highlighted the integration of soft rock 
characteristics such as strength and deformation properties into the fragility assessment process. 
Key developments in the topic are covered such as how machine learning and Bayesian inference 
might improve the precision and usefulness of fragility curves. The paper identified key findings 
such as the high sensitivity of fragility curves to geotechnical properties and seismic intensity 
levels and emphasized the importance of accurate data collection and model calibration. Important 
gaps in seismic risk evaluations are filled by integrating cutting-edge methodologies, such as 
Bayesian inference and real-time machine learning models that clarify the seismic behaviour of 
soft rock tunnels in the real world. For the purpose of strengthening earthquake-resistant 
infrastructure in earthquake-prone areas, engineers, scholars and policymakers are given practical 
insights. 
Keywords: fragility curve, risk management, soft rock tunnels, seismic hazard analysis, Bayesian 
inference. 

1. Introduction 

The functionality of soft rock tunnels is essential for infrastructure and transportation networks 
in seismically active areas. These tunnels provide special difficulties for their design, operation, 
and maintenance since they are built in geologically weak rocks that range in strength from low 
to medium. These tunnels are typically characterized by high deformability and lower 
load-bearing capacities compared to those built in hard rock or engineered soils. These 
characteristics make soft rock tunnels more susceptible to seismic-induced deformations and 
damage [1]. Designing and maintaining infrastructure in earthquake-prone areas requires an 
understanding of the seismic susceptibility of such tunnels. As a result of its geological and 
geotechnical characteristics, soft rock tunnels are especially vulnerable to seismic disturbances. 
Key characteristics include: 

A. Soft rocks, such as siltstones, clay shales and weak sandstones are quickly weathered, have 
a high deformability and low shear strength. These characteristics set them apart from more 
durable rock formations after they are developed and significantly impact how well they function 
under seismic pressures. Under seismic stress, it causes more deformation [2]. 

B. Generally speaking, soft rock formations are more capable of reducing ground motion 
during an earthquake than hard rock due to their reduced rigidity. This amplification raises the 
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likelihood of deformation and damage to tunnel structures [3]. 

 
a) Engineering scale b) Grain scale 

 
c) Laboratory scale 

 
d) Meso-structure scale 

Fig. 1. Diagram illustrating the red-bed soft rock and its properties in multi-scale [4] 

A large number of urban, as well as urban and intercity tunnels worldwide traverse soft rock 
formations. The Eastside Tunnel’s performance during the Loma Prieta earthquake in 1989 in the 
San Francisco Bay Area serves as a noteworthy illustration. The tunnel which was constructed in 
a zone of soft rock, experienced substantial damage including lining deformation and ground 
settlement, highlighting the vulnerabilities of such structures [5]. The seismic performance of soft 
rock tunnels is becoming more crucial for sustainable development as urbanization spreads into 
geologically difficult places. 

 
Fig. 2. Damage observed in the Eastside Tunnel post – 1989 Loma Prieta Earthquake [6] 

A number of geological and structural variables make soft rock tunnels especially susceptible 
to seismic effects: 

A. Low Shear Strength: Soft rocks display low cohesion and friction angle at which they tend 
to fail under the seismic loads. However, this characteristic makes lining deformation, ground 
settlement, even tunnel collapse more likely. 

B. High Deformation Potential: Soft rocks display high compressibility and plasticity, leading 
to large ground movements during earthquakes that further damage tunnel linings and joints [7]. 

C. Effects of Soil-Structure Interaction (𝑆𝑆𝐼): It is clear that the interaction between the tunnel 
structure and the nearby soft rock has a significant influence on the seismic response [8]. 𝑆𝑆𝐼 that 
is poorly designed exacerbates damage; the seismic forces are unevenly distributed across the 
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tunnel lining [9]. 
Soft rock tunnels, among other infrastructure, can be accessed through use of its fragility 

curves [10]. A probabilistic framework can be used to estimate the likelihood at which certain 
damage states can be reached under different levels of seismic intensity [11]. Fragility curves are 
graphical depictions that are used to calculate the likelihood that a structure may sustain damage 
to differing degrees under certain seismic intensities. According to Mackie and Stojadinovic 
(2004) [12], they established a vital connection between seismic danger levels and structural 
performance, enabling engineers to calculate the likelihood of damage and devise suitable 
mitigation strategies. Using seismic hazard analysis, structural modeling and statistical evaluation, 
fragility curves are developed. Key applications include: 

A. Risk Assessment: Quantifying damage probabilities for specific seismic events for the 
purpose of estimating potential losses. 

B. Design Optimization: Members of the team have informed the design of tunnels for 
improved seismic resilience. 

C. Policy Development: Based on which to support building codes and standards to address 
seismic risks [13]. 

A typical fragility curve for a particular damage scenario can be represented by a cumulative 
distribution function (𝐶𝐷𝐹) [14]. One often used logistic function is Eq. (1): 

𝑃(𝐷 ≥ 𝑑|𝑆) = 11 + 𝑒ି(ఉబାఉభௌ), (1)

where: 𝑃(𝐷 ≥ 𝑑|𝑆) is the probability of reaching or exceeding damage state, 𝑑 given a seismic 
intensity 𝑆, 𝛽଴ and 𝛽ଵ are parameters estimated from data, 𝑆 represents the seismic intensity 
measure, such as Peak Ground Acceleration (𝑃𝐺𝐴) or Spectral Acceleration (𝑆𝐴) [15]. 

Current fragility curves are mostly restricted to hard rock or artificial soil conditions, despite 
significant advancements in seismic risk assessment. However, soft rock formations have not 
received much attention as a special problem. The purpose of this study is to close this gap by: 

A. Describe development of fragility curves for soft rock tunnels using a comprehensive 
review of available methodologies. 

B. Illustrating recent progress that improves fragility assessments including, machine learning, 
Bayesian inference and others, which increase accuracy and applicability. 

C. It provides practical insights for engineers, policymakers and researchers working to 
develop improved seismic risk management strategies. 

2. Methodologies for constructing fragility curves 

The development of fragility curves is a crucial step in assessing a structure’s seismic 
susceptibility [16]. These curves offer a probabilistic framework for assessing the possibility of 
distinct damage states at varying seismic intensity levels, according to Werner et al. (2009) [17]. 
Understanding and accurately constructing these curves are essential for effective seismic risk 
management and infrastructure resilience. 

Fragility curves are derived through a combination of seismic hazard analysis, structural 
modeling and statistical evaluation [18]. The process involves several key steps: defining damage 
states, determining seismic hazard levels, modeling structural response and analyzing damage 
data. According to Naseem et al. (2023) [19], every stage is essential to ensuring that the fragility 
curves appropriately depict the structure's susceptibility to seismic stress. 

2.1. Development of fragility curves 

A key step in evaluating seismic vulnerability of structures including soft rock tunnels is the 
development of fragility curves [19]. As a function of seismic intensity measurements (𝐼𝑀𝑠), 
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these curves offer quantitative interpretations of the likelihood that a structure may reach or 
surpass certain damage stages. The multiple disciplines involved in this process include seismic 
hazard analysis, structural modeling, statistical analysis and data integration [20]. The process of 
developing fragility curves involves several key steps: 

A. By measuring the possible ground shaking at a location, known as Peak Ground 
Acceleration (𝑃𝐺𝐴) and Spectral Acceleration (𝑆𝐴), seismic danger is identified [21]. Seismic 
hazard curves are developed to illustrate the probability of different levels of ground shaking over 
a certain time period, and ground motion parameters are evaluated as part of this [22]. The 
parameters generated in these ways serve as the basis for the quantification of dynamic intensity. 

B. Building a soft rock tunnel structural model to mimic how it would react to seismic loads. 
This model incorporates factors such as tunnel geometry, material properties and interaction with 
surrounding soft rock [23]. 

C. Creating distinct damage states that classify the degree of harm, from moderate to severe. 
They are defined using measurable performance criteria, i.e. deformation thresholds or lining 
crack widths [24]. Typically, damage states are determined by structural performance standards 
like deformation thresholds or displacement limitations [25]. 

D. Past seismic events, experimental studies and numerical simulations are used to gather data. 
Critical validation data for fragility curves is provided by field observations of damage during 
actual earthquakes. This data is used to derive the fragility parameters through statistical analysis 
[26]. 

 
Fig. 3. Flowchart of steps to develop fragility curves 

E. Developing the fragility curves with the use of statistical techniques. Typical approaches 
include logistic regression, which calculates the probability of damage as a function of seismic 
intensity and Bayesian methods, which include historical data and update fragility curves when 
new information becomes available [27]. A fragility curve's general form may be written as 
Eq. (2): 

𝑃(𝐷 ≥ 𝑑|𝐼𝑀) = 𝜙ቆlog(𝐼𝑀) − 𝜇ௗ𝜎ௗ ቇ, (2)

where: 𝑃(𝐷 ≥ 𝑑|𝐼𝑀) is the probability of reaching or exceeding damage state, 𝑑 given the 
Intensity Measure (𝐼𝑀), 𝜇ௗ is the mean of the damage threshold for state 𝑑, 𝜎ௗ is the standard 
deviation of the damage threshold, 𝜙 is the cumulative distribution function of the standard 
normal distribution [12]. 
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2.2. Development process 

2.2.1. Seismic hazard analysis 

Since seismic hazard analysis measures the possible frequency and severity of ground shaking 
at a certain location, fragility curves are created using this data [28]. The results from this analysis 
lay the foundation for determining the potential ground shaking and associated structure response 
in the form of soft rock tunnels. Recent advancements have enhanced seismic hazard analysis by 
incorporating a broader range of ground motion parameters and probabilistic models. According 
to Boore et al (2014) [29], these enhancements offer a more thorough evaluation of seismic threats 
and their possible consequences on structures. A critical aspect of all such modeling processes is 
the selection and characterization of suites of input parameters that accurately model the seismic 
behavior of soft rock tunnels and lead to robust fragility curves. 

Key Components: 
1. Ground motion parameters defining shaking severity are regarded as seismic hazard. Peak 

ground acceleration (𝑃𝐺𝐴), spectral acceleration (𝑆𝐴) and duration of ground motion (𝐷𝐺𝑀) are 
a few examples of ground motion parameters. Seismic analyses are sensible and reliable when 
input motions are properly selected, according to regional seismic response spectra and site 
specific conditions. Each parameter influences the level of shaking experienced by a structure. 

A. The greatest acceleration to the ground experienced after an earthquake is known as Peak 
Ground Acceleration (𝑃𝐺𝐴). When developing fragility curves, the IM is frequently utilized. 

B. The reaction of a structure to seismic waves at certain vibrating frequencies is recorded by 
Spectral Acceleration (𝑆𝐴). The unique nature of tunnels makes spectral acceleration particularly 
important. 

C. Duration of Ground Motion (𝐷𝐺𝑀): It accounts for the length of time seismic shaking lasts, 
which may affect cumulative damage in soft rock tunnels. 

D. Peak Ground Velocity (𝑃𝐺𝑉): Ground motion velocity that is reached by the earthquake 
usually expressed in cm/s. It is the equivalent of structural deformation and damage, and is of 
particular relevance for soft rocks susceptible to accumulation of strain. 

2. The likelihood of surpassing ground motion levels of varying intensities over a specified 
period of time is connected by the seismic hazard curve. Probabilistic seismic hazard analysis (𝑃𝑆𝐻𝐴), which integrates ground motion intensity characteristics with seismic event likelihood, 
is used to create the curves [30]. 

3. Probabilistic seismic hazard models predict the likelihood that certain seismic intensity 
levels will occur at a location during a specific period of time [31]. Advances in these models 
incorporate site-specific geological and seismic data for more accurate predictions [32]. The 
probabilistic seismic hazard can be estimated using Eq. (3): 𝜆(𝐼) = ෍𝑝(𝐼|𝑀௝) ∙ 𝑓(𝑀௝)௝ , (3)

where 𝜆(𝐼) is the annual rate of exceedance for intensity level 𝐼, 𝑝൫𝐼|𝑀௝൯ is the probability of 
intensity 𝐼 given magnitude 𝑀௝ and 𝑓൫𝑀௝൯ is the frequency distribution of magnitudes [32]. 

4. Development has recently improved hazard predictions with site-specific geological and 
geotechnical data implied. As an example, by replacing ad hoc assumptions of ground motion 
amplification with local soil conditions and fault rupture dynamics, we are able to more 
realistically model ground motion amplification in the soft rock environment. 

5. Soil amplification and directivity effects as well as many other parameters that were not 
accounted for before in Ground Motion Prediction Equations (𝐺𝑀𝑃𝐸𝑠) have improved the 
accuracy of seismic hazard analysis in modern 𝐺𝑀𝑃𝐸𝑠 [33]. 
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2.2.2. Structural modeling 

A crucial structural modeling phase that initially predicts how a structure, such a soft rock 
tunnel, would respond to seismic pressures is the creation of fragility curves. Making a thorough 
depiction of the tunnel's structure and how it interacts with the nearby soft rock is known as 
structural modeling. Replicating the structure's response to seismic loads is the aim of this model. 
Structural models simulate the interaction of the tunnel with surrounding geological medium and 
yield insight into stress distribution, deformation and failure mechanisms under varied seismic 
intensity. High-resolution finite element models that accurately depict the intricate interactions 
between the tunnel and soft rock are among the most recent advancements in structural modeling, 
along with the application of sophisticated simulation techniques [23]. 

Understanding the realistic seismic intensity is crucial because material nonlinearity has a 
significant impact on the seismic response of a tunnel in a soft rock formation. However, 
strain-softening, stress relaxation and hysteresis significantly affect tunnel stability and 
performance under seismic loading. Reliable fragility assessment and improved resilience are 
achieved through accurate modeling of these properties using advanced materials for tunnel 
linings. 

Key Components: 
1. The structural model incorporates the physical dimensions and design of the tunnel, 

including: tunnel shape, lining thickness and material properties, construction type (single vs. 
double lined). For instance, a different stress analysis is needed for a circular tunnel with a 4 m 
diameter and a concrete lining that is 0.3 m thick than for a rectangular tunnel with the same cross 
sectional area. 

2. Finite element analysis, or 𝐹𝐸𝐴, is used to predict the tunnel’s structural response to seismic 
loads. This technique divides the structure into small elements and calculates the response based 
on material properties and boundary conditions [34]. 

 
Fig. 4. Depicts the deformation patterns under seismic stress  

in a soft rock tunnel using a finite element model [35] 

3. To predict the seismic behavior, correct representation of the material properties are 
required. These include: 

A. Lining Materials: Concrete, steel and composite linings with their elastic modulus, tensile 
strength and ductility. 

B. Soft Rock Properties: Cohesion, internal friction angle, shear modulus and deformation 
characteristics of surrounding rock [7]. 

If the lining is to withstand amplified seismic forces, then soft rock with low shear strength 
(e.g. claystone) will require special attention. 

4. According to Yang et al. (2022) [8], boundary conditions explain how the tunnel interacts 
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with the surrounding earth and external operating demands on the system. For static models, fixed 
boundaries are used for seismic simulations. Ground shaking due to an active fault zone is known 
to require dynamic boundary conditions in a soft rock tunnel at least near the fault zone. 

5. Nonlinear Structural Response incorporates nonlinear behavior into the model which is 
essential for accurate predictions. Soft rock tunnels often exhibit nonlinear response 
characteristics under high seismic loading, which must be accounted for in the model [26]. The 
nonlinear response can be represented by Eq. (4): 𝜎 = 𝐸 ∙ 𝜖 + 𝛼 ∙ 𝜖ଶ, (4)

where: 𝛼 stands for the nonlinear coefficient, 𝜎 for stress, 𝐸 for elastic modulus and 𝜖 for strain 
[26]. 

2.2.3. Damage state 

Damage states are critical in the development of the fragility curve, in order to define how 
much structural damage there will be for a given seismic intensity. Damage states are 
categorizations of how much damage a structure (such as a soft rock tunnel) can incur under 
seismic loading. This classification helps in linking seismic intensity to specific damage outcomes. 
Recent studies have refined the definition of damage states by incorporating more detailed criteria 
and using advanced monitoring techniques to assess damage levels [24]. These definitions allow 
a consistent quantification and comparison of seismic vulnerabilities between structures and sites. 

Key Components: 
1. Damage states are categorized as discrete levels from minor to complete structural failure. 

By associating these levels with specific performance criteria, such as deformation thresholds, 
stress limits or functional impacts, these levels become a well defined ordering. The common 
damage state categories are: 

A. Slight Damage: Cosmetic cracks of a minor nature causing no capacity (functional) impact 
on the structure. 

B. Moderate Damage: Visible cracks that may impair a structure's structural performance but 
do not always result in the structure collapsing. 

C. Severe Damage: Structural failure that is significant, namely, large deformations, partial 
collapse or a loss of functionality. 

Table 1. Example of damage states for a soft rock tunnel 
Damage State Description Performance Criteria 

Slight Minor cracks, no deformation Crack width < 2 mm; No displacement 
Moderate Significant damage, deformity Crack width 2-5 mm; Displacement < 10 mm 

Severe Major damage, loss of function Crack width > 5 mm; Displacement > 10 mm 

2. Thresholds to each damage state are defined in terms of quantifiable parameters, such as 
maximum allowable displacements or crack widths. 

3. The precision of damage estimates has increased because to sophisticated monitoring 
methods including real-time sensors and remote sensing. These technologies provide detailed 
information on structural changes and damage progression [36]. 

2.2.4. Failure index relationship 

The Failure Index (𝐹𝐼) is a quantitative tool for evaluating the structural damage progression 
of soft rock tunnels subjected to seismic loading. It gives a method by which to systematize the 
relationship of observed or predicted damage states with underlying seismic intensities. These 
relationships help establish these relationships to increase fragility curve accuracy and improve 
the accuracy of risk assessments and resilience plans. 
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2.2.4.1. Definition of failure index (𝑭𝑰) 

This measure, termed the Failure Index (𝐹𝐼) represents the level of structural degradation 
compared to the tunnel capacity to mitigate seismic stresses. It may be stated as follows and is 
computed using a normalized scale that normally ranges from 0 (no damage) to 1 (total failure), 
Eq. (5): 

𝐹𝐼 = Structural DemandStructural Capacity, (5)

where: Structural Demand: Seismic loading imposed on the tunnel resulting in stress, strain, or 
deformation Structural Capacity: Maximum allowable stress, strain or deformation without tunnel 
failure. 

 
Fig. 5. Fragility curves of different damage levels [37] 

2.2.4.2. Linking 𝑭𝑰 to damage states 

Damage states are directly correlated with the failure index and higher values of 𝐹𝐼 correspond 
with higher structural degradation. The relationship between the Failure Index and damage states 
can be mapped as shown in Table 2 [38]. 

Table 2. Relationship between Failure Index and damage state 
Damage State Failure Index (FI) Description  
No Damage FI ≤ 0.1 Elastic behavior, no visible damage. 

Slight Damage 0.1 < FI ≤ 0.3 Minor cracking or slight deformation. 
Moderate Damage 0.3 < FI ≤ 0.6 Noticeable cracking, localized yielding. 

Severe Damage 0.6 < FI ≤ 0.9 Significant deformation, structural distress. 
Collapse FI > 0.9 Structural failure, tunnel no longer functional. 

2.2.4.3. Relationship between 𝑭𝑰 and seismic intensity 

A regression-based method is employed even if the Failure Index is connected to seismic 
intensity measurements (𝐼𝑀) like 𝑃𝐺𝐴, 𝑃𝐺𝑉 or spectral acceleration. The general relationship 
can be expressed as Eq. (6): 𝐹𝐼 = 𝑎 ∙ 𝐼𝑀௕, (6)

where: 𝐼𝑀: Seismic Intensity Measure (e.g. PGA, PGV), 𝑎, 𝑏: Empirical coefficients determined 
from numerical simulations, experiments or field data, 𝐹𝐼: Failure Index. 

Key Points: 
a. A scaling factor which is the initial susceptibility of the tunnel. 
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b. An exponent linked to the rate at which damage increases as earthquake intensity increases 
[15]. 

Following the computation of the 𝐹𝐼 values, a lognormal cumulative distribution function is 
used to determine the likelihood of surpassing a specified damage state (𝑑) as shown in Eq. (7): 

𝑃(𝐷 ≥ 𝑑|𝐹𝐼) = Φቆln(𝐹𝐼) − 𝜇ௗ𝜎ௗ ቇ, (7)

where: 𝑃(𝐷 ≥  𝑑|𝐹𝐼): Probability of exceeding damage state 𝑑 given 𝐹𝐼, Φ: Standard normal 
cumulative distribution function, 𝜇ௗ: Median 𝐹𝐼 value for damage state 𝑑, 𝜎ௗ: Logarithmic 
standard deviation for damage state 𝑑 [39]. 

A typical plot of the Failure Index versus seismic intensity might exhibit the following 
characteristics: 

1. 𝐹𝐼 is low at low seismic intensities, implying that the structures respond elastically. 
2. 𝐹𝐼 increases rapidly, reflecting a transition from elastic to inelastic and failure states, with 

increasing seismic intensity. 

2.2.5. Data collection and analysis 

Data collecting includes field research, laboratory testing and empirical data on the 
performance and damage of structures from previous earthquakes. This data is crucial for 
developing and validating fragility curves. The integration of big data and advanced analytical 
techniques has revolutionized data collection and analysis. Real-time monitoring and 
high-resolution seismic data provide more detailed and accurate information for fragility 
assessments [26]. 

Key Components: 
1. Data from previous seismic events including observed damage and structural response are 

used to estimate fragility parameters. This data is often obtained from post-earthquake inspections 
and structural damage reports. Empirical data on structural performance under real world seismic 
events is provided from post earthquake damage assessments. Damage data from the Eastside 
Tunnel under the 1989 Loma Prieta earthquake has proven crucial to our understanding of fragility 
in soft rock-induced liquefaction. 

2. Laboratory scale experiments on soft rock specimens under controlled conditions replicate 
seismic loading and yield mechanical property (stiffness, strength) and damping characteristics 
data. Triaxial testing of clay shales can provide information on how soft rock responds to dynamic 
stresses allowing calibration of fragility models. 

3. Since collected data is from multiple sources, such as ground motion parameters and damage 
states, data is normalized to ensure consistency across datasets. Data uncertainty is caused by 
measurement mistakes, missing data and ground motion record fluctuation. The uncertainties 
associated with these techniques are quantified and included into fragility models using Monte 
Carlo simulation and Bayesian inference. 

4. The gathered data is analyzed using statistical techniques to produce fragility curves. The 
link between earthquake intensity and damage probability is modeled using methods like logistic 
regression and Bayesian inference [40]. 

Recent advancements in statistical analysis include the application of machine learning 
algorithms, which offer improved accuracy by analyzing large datasets and capturing complex 
relationships [26]. In order to find patterns and abnormalities in seismic response data, methods 
like support vector machines (𝑆𝑉𝑀𝑠) and clustering approaches are applied to big datasets. 
Fragility simulation improves in accuracy by machine learning finding hidden relationships 
between seismic intensity measures and observed damage states. The following is the logistic 
regression model for estimating fragility curves Eq. (8): 
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𝑃(𝐷 ≥ 𝑑|𝐼𝑀) = 11 + 𝑒ି(ఉబାఉభ∙ூெ), (8)

where 𝛽଴ and 𝛽ଵ are the regression coefficients and 𝐼𝑀 is the intensity measure [12]. 

2.2.6. Statistical analysis and curve fitting 

The model should be correct as the creation of fragility curves is predicated on statistical study 
of the correlation between seismic intensity and damage likelihood [41]. However, modern 
techniques deal with challenges like data variability, parameter estimation and sensitivity to 
outliers. To estimate parameters and describe the link between seismic intensity and damage 
likelihood, statistical analysis fits the fragility curve to the gathered data. The application of 
machine learning and Bayesian techniques in statistical modeling has improved the accuracy and 
adaptability of fragility curves. These methods allow for continuous updating and refinement of 
the curves as new data becomes available [42]. 

Key Components: 
1. Curve Fitting Techniques: Parameters such the fragility curve's mean and standard deviation 

are calculated by curve fitting. Various techniques are used to fit fragility curves including logistic 
regression, Bayesian inference and machine learning algorithms. These techniques use the 
gathered data to estimate the fragility curve's parameters [43]. 

2. Structural behavior is incorporated in prior knowledge as used in the Bayesian methods and 
as new data becomes available, fragility estimates are updated. The posterior distribution is 
computed as Eq. (9): 

𝑃(𝜃|𝐷) = 𝑃(𝐷|𝜃) ∙ 𝑃(𝜃)𝑃(𝐷) , (9)

where: 𝑃(𝜃|𝐷) is the posterior, 𝑃(𝐷|𝜃) is the likelihood and 𝑃(𝜃) is the prior. 
Bayesian approaches are particularly amenable to hierarchical modeling (i.e., at different 

levels: site-specific vs. regional effects). 
3. Validation and Calibration: Validating and calibrating fragility curves are essential to ensure 

their accuracy and reliability. The fragility curves are validated against past damage from observed 
seismic events. Predicted damage probabilities are discussed for soft rock tunnels and contrasted 
with post earthquake inspection data. Fragility parameters are calibrated against discrepancies 
between predicted damage and observed damage. For instance, fitted models are more dependable 
when methods like bootstrapping and cross validation are used [44]. This procedure entails 
comparing observed damage data with estimated damage probability and modifying the 
parameters as necessary. 

2.2.7. Uncertainty analysis 

Seismic vulnerability modeling includes an uncertainty analysis component that quantifies the 
varying and unknown inputs, processes and outputs into the fragility assessments. The accuracy 
and reliability of fragility curves involve a high level of uncertainty, which is extremely important 
in the soft rock tunnel context, to identify, analyze and resolve systematically, various sources of 
such uncertainty. Uncertainties in seismic vulnerability modeling can be broadly categorized into 
the following elements: 

A. There are inherent spatial and temporal fluctuations in cohesion, friction angle, elastic 
modulus and uniaxial compressive strength (𝑈𝐶𝑆). Mineral composition differences may result 
in 𝑈𝐶𝑆 for claystone of 1 MPa to 10 MPa within a single tunnel section. 

B. Developed rock strength and stiffness variability leads to different deformation and stress 
response modalities, which affects damage probabilities. 
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C. Small samples of rock masses often cannot adequately represent a heterogeneous rock mass 
leading to error in laboratory tests and field measurements. 

D. Uncertainty in seismic response predictions is caused by errors in material property 
estimation that propagate through the model. 

E. Wave propagation, fault dynamics and earthquake magnitude all contribute to the temporal 
and spatial variability of seismic intensity measurements (𝑃𝐺𝐴, 𝑃𝐺𝑉 and spectral acceleration). 

F. Stress distribution and deformation patterns in the tunnel vary due to variations in the input 
motions. 

2.3. Pushover analysis 

Pushover analysis, a nonlinear static analysis technique frequently used to assess the seismic 
performance of structures, including tunnels, has a unique applicability in tunnel constructions 
[45]. Pushover analysis is especially important for soft rock tunnels where it offer vital insight 
into how seismic loads are distributed and resisted, and which structures are critical, deficient and 
fail. The likelihood of attaining or surpassing a certain damage state as a function of seismic 
integral measurements like Peak Ground Acceleration (𝑃𝐺𝐴) or Peak Ground Velocity (𝑃𝐺𝑉) is 
quantitatively represented by fragility curves obtained from pushover analysis [46]. 

2.3.1. Methodology for pushover analysis 

2.3.1.1. Structural model development 

1. Finite Element Model (𝐹𝐸𝑀): Material characteristics, geometric configurations and 
boundary conditions are used to simulate the tunnel [47]. 

2. Material Properties: Soft rock and tunnel lining elastic modulus, Poisson’s ratio and strain 
hardening behavior. 

3. Geometric Considerations: Thickness of linings and dimensions of the tunnel, cross 
sectional shape (e.g. circular horseshoe). 

4. Boundary Conditions: Tunnel lining and surrounding rock interaction fixed or flexible 
support conditions [8]. 

2.3.1.2. Application of incremental loads 

1. Apply lateral forces which simulate increasing seismic demand such as ground motion. 
2. The load pattern may be predefined and distributed (triangular, uniform) or produced via 

seismic hazard analyses. 

2.3.1.3. Tracking structural response 

1. The recorded structures at each load step include stress distribution, deformation and crack 
propagation. 

2. The damage thresholds are characterized by tracking key parameters (e.g. displacement) of 
critical locations (tunnel crown, walls). 

2.3.1.4. Defining damage states 

Engineering criteria are provided in terms of fracture widths, lining displacement or structural 
strain to designate damage states (e.g., minor, moderate, severe, collapse). 
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2.3.2. Fragility curve development 

2.3.2.1. Calculation of failure probabilities 

The failure probability 𝑃(𝐷 ≥ 𝑑௜|𝐼𝑀)for a given damage state 𝑑௜ and intensity measure 𝐼𝑀 is 
calculated using Eq. (10): 

𝑃(𝐷 ≥ 𝑑௜|𝐼𝑀) = Φቆln(𝐼𝑀) − 𝜇ௗ௜𝜎ௗ୧ ቇ, (10)

where: Φ: cumulative distribution function (𝐶𝐷𝐹) of the standard normal distribution, 𝜇ௗ௜: 
median intensity measure causing damage state 𝑑௜, 𝜎ௗ௜: logarithmic standard deviation of the 
intensity measure for damage state 𝑑௜. 
2.3.2.2. Data fitting 

1. Fulcrum for 𝜇ௗ௜ and 𝜎ௗ௜ from each damage state starts with results from the pushover 
analysis.  

2. The relation between seismic intensity and failure probabilities is fitted by a lognormal 
distribution. 

The development process of fragility curves involves a comprehensive approach that integrates 
seismic hazard analysis, structural modeling, damage state definition, data collection and 
statistical analysis among others. The precision and usefulness of fragility curves have been 
greatly enhanced by recent developments in these fields, allowing for more efficient risk 
assessment and mitigation techniques. By leveraging new data sources, advanced modeling 
techniques and sophisticated statistical methods, researchers and engineers can better understand 
and manage the seismic vulnerability of structures, including soft rock tunnels. 

3. Risk assessment and management 

3.1. Risk assessment 

Assessing seismic risk is essential to controlling and reducing the danger of earthquakes, 
particularly in soft rock tunnels that house vital infrastructure. Successful risk assessment allows 
stakeholders to identify what forms of vulnerabilities are susceptible to vary different threats, 
calculate anticipated losses and adopt informed decision making measures to improve resilience 
and preparedness. Given certain seismic intensity values, fragility curves estimate the likelihood 
of varying degrees of damage, making them essential tools for assessing seismic risk. For 
calculating possible losses and comprehending the risk involved with infrastructure, this 
knowledge is essential. 

Since they offer a probabilistic foundation for quantifying the likelihood that a structure would 
sustain varying degrees of damage under specific seismic intensities, fragility curves are effective 
instruments in seismic risk assessment [46]. These curves span the seismic hazard analysis to risk 
management transition bridging seismic demand to expected structural performance outcomes. 
For soft rock tunnels a comprehensive seismic risk assessment framework is developed that 
incorporates fragility curves along with economic loss analysis and recovery models, providing a 
holistic view of potential seismic impacts. Fragility curves, economic loss calculation and 
recovery models are all integrated into modern risk assessment models to give an all-
encompassing picture of seismic risk.  

Calculating the economic loss is part of seismic risk assessment, which aids in understanding 
the possible financial repercussions of damage caused by earthquakes. Fragility curves integrated 
with economic loss models significantly enhances the evaluation of the direct and indirect costs 
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associated with seismic events. 
This method provides a more thorough evaluation of possible effects by taking into account 

direct damage, repair expenses and business disruption [48]. Fragility curves complement 
recovery models by describing those processes and timelines necessary to recover tunnel 
functionality post earthquake. The integration of these models with fragility assessments provides 
an enhanced risk management framework by addressing not only the likelihood of damage, but 
also the recovery effort efficiency. 

In order to analyze the cumulative effects of numerous calamities on infrastructure, fragility 
curves are being used more and more in multi-hazard risk assessments. These assessments 
integrate fragility curves with other hazard models, such as flood or wind hazard models [49]. 

3.2. Design and retrofit of infrastructure 

An important component of earthquake engineering is design and retrofitting infrastructure in 
seismic events, such as soft rock tunnels [50]. Fragility curves are used in the design and retrofit 
of structures to improve their seismic resistance. Fragility curves are important in helping 
determine the level of probable damage to a new tunnel as well as how to retrofit an existing one 
for seismic purposes. Providing support to performance based seismic design (𝑃𝐵𝑆𝐷) and 
retrofitting optimization to enhance resilience under a cost constraint, this probabilistic framework 
extends to include requirements for post-seismic strengthening [51]. By understanding the damage 
probabilities associated with various seismic intensities, engineers can design structures to meet 
performance objectives and reduce vulnerability. 

In order to achieve the expected performance in the face of expected seismic circumstances, a 
new contemporary seismic design method called Performance Based Seismic Design (𝑃𝐵𝑆𝐷) 
incorporates fragility functions into the design process [52]. 

Performance objectives are categorized based on the desired functionality of the tunnel post-
earthquake: 

1. Operational Level: Damage to the tunnel is slight cracking or deformation and the tunnel is 
fully functional. 

2. Life Safety Level: Even if such severe damage causes collapse, structural integrity is 
maintained. 

3. Collapse Prevention Level: It allows extreme seismic forces to pass without total structural 
failure and remains safe during evacuation. 

Recent advancements in performance-based seismic design use fragility curves to define 
performance objectives and design criteria. This approach ensures that structures are designed to 
meet specific performance levels such as maintaining functionality or preventing collapse, under 
anticipated seismic loads [53]. 

This makes it possible to make focused enhancements that save expenses and increase 
structural resilience [54]. The goal of performance-based design might be stated as Eq. (11): 𝑃(𝐷 ≥ 𝑑|𝐼𝑀) ≤ 𝛼, (11)

where: 𝑃(𝐷 ≥ 𝑑|𝐼𝑀) is the probability of reaching or exceeding damage state; 𝑑, 𝛼 is the 
acceptable probability threshold, representing the desired level of safety or performance. 

The findings showed that retrofitting is an affordable way to improve the soft rock tunnels' 
earthquake resistance [55]. Fragility curves define how weaknesses and the probability of damage 
should be factored during decision making on retrofitting. Fragility curves are employed to 
optimize retrofit strategies by evaluating the effectiveness of various retrofitting options. 
Vulnerabilities are identified in terms of:  

1. Structural imperfection (i.e. thin or deteriorated linings).  
2. It includes geotechnical challenge (weak or anisotropic soft rock).  
An example is that a soft rock tunnel with a 40 % probability of severe damage at  
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𝑃𝐺𝐴 = 0.6 g may require retrofitting to reduce that probability below 10 %. 
Fragility curves aid in prioritizing effort for retrofitting based on the most fragile parts of the 

tunnel. For example, segments with higher chances of damage in severe terms are prioritized. 
Structural models, and updated fragility curves, are iteratively tested on retrofitting measures. 
Using this approach we have accounted for the dynamic nature of seismic risks and evolving 
structural conditions. 

The seismic performance of tunnel linings has been enhanced using high performance 
materials such as engineered cementitious composites (𝐸𝐶𝐶) and ultra high performance concrete (𝑈𝐻𝑃𝐶). High tensile strength and ductility of ECCs decreases cracking under seismic loads. 

3.3. Emergency planning and response 

Soft rock tunnels require emergency planning and response as an important part of seismic 
risk management. Soft rock tunnels are highly susceptible to deformation and damage during 
seismic events hence it is desirable for emergency strategies of such tunnels to be well designed 
to minimize risk to human life, infrastructural functionality and economy. Fragility curves are 
used in emergency planning to prioritize resources and develop response strategies based on the 
predicted impact of seismic events. In this process, fragility curves make important contributions 
by providing probabilistic damage predictions upon which preparedness, real-time response and 
recovery efforts are based. They help in identifying vulnerable areas and planning effective 
emergency response and recovery operations. 

Advances in real-time seismic monitoring and data integration allow for dynamic updating of 
fragility curves based on current seismic activity. This enables real-time risk assessment and 
response planning during earthquakes [36]. Real time data of seismic intensity and structural 
performance is provided by advanced monitoring systems such as accelerometers and strain 
gauges. The fragility curves are integrated with this data to perform dynamic risk assessment 
during seismic events. 

Fragility curves are used to create spatial risk maps that highlight areas of high vulnerability 
and guide resource allocation for emergency response. These maps are valuable for decision-
makers in coordinating evacuation, repair and recovery efforts [56]. Fragility curves are used to 
prioritize repairs for damaged elements and assess the extent of damage. In order to reduce 
downtime, resources are assigned. Fragility curves aid in prioritizing recovery and to assess the 
long term resilience. 

3.4. Policy and regulatory framework 

Policy and regulatory frameworks use fragility curves to inform building codes, standards and 
regulations. Soft rock tunnels are particularly vulnerable but need specific policies that address 
the peculiar seismic risk associated with the tunnels, while taking into account economic as well 
as practical limits. Science-led policymaking is supported by the use of fragility curves as 
quantitative indicators of the likelihood of structural damage in response to varying seismic 
intensity. Quantitative assessments of seismic risks provided as a foundation for evidence based 
policies. By incorporating fragility-based insights into these frameworks, policymakers can 
improve the resilience of new and existing structures. 

Seismic design standards and construction codes are developed using fragility curves to direct 
the development of tunnels to meet minimum safety requirements under anticipated seismic 
conditions. New building codes are being developed based on fragility curve analysis, 
incorporating performance-based standards that reflect the probabilistic nature of earthquake 
damage [24]. 

Recent updates to seismic regulations emphasize the use of fragility curves for risk-based 
assessment and mitigation planning, ensuring that policies align with the latest advancements in 
seismic vulnerability assessment [57]. Seismic design for tunnels is based on policy which 
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encourages performance based seismic design (𝑃𝐵𝑆𝐷), in which fragility curves are used to 
define performance objectives in response to different seismic scenarios. 

The application of fragility curves extends across various domains, including seismic risk 
assessment, design and retrofit, emergency response and policy development. Recent 
advancements in data integration, modeling techniques and real-time assessments have enhanced 
the effectiveness of fragility curves in improving structural resilience and informing 
decision-making processes. Stakeholders may improve infrastructure safety and operation and 
control seismic risks more effectively by using these advancements. 

4. Advances and novel approaches 

The evaluation of seismic risk has seen substantial change in recent times due to technological 
breakthroughs, enhanced procedures and innovative methods. The development and use of 
fragility curves, which are crucial for evaluating the seismic resilience of structures such soft rock 
tunnels, have greatly benefited from these advancements [58]. 

4.1. Incorporation of soft rock characteristics 

4.1.1. Characterization of soft rock properties 

Characterization of soft rock properties is required for evaluating how tunnels behave under 
seismic loading. Soft rock includes sedimentary rocks such as claystones, siltstones and shales 
that have distinct mechanical properties compared to more competent rock types. Fragility models 
that characterize a soft rock tunnel accurately are important for the design optimization, risk 
assessment and resilience planning. Intermediate strength and stiffness provide the definition of 
soft rock materials which lie between hard rock and soil. The key characteristics of soft rock that 
influence seismic vulnerability include: 

1. During an earthquake, soft rocks may be less able to withstand lateral stresses due to their 
decreased shear strength. Increased deformation and possible failure under seismic loads may 
result from this [59]. 

2. Due to their lower stiffness, soft rocks can undergo larger deformations, which can impact 
the structural integrity of tunnels and other underground structures [24]. 

More realistic depictions of soft rock behavior under seismic stresses may be found in more 
recent advancements in material models such as the Drucker-Prager and Modified Cam-Clay 
models. These models incorporate factors such as plasticity, anisotropy and strain-softening, 
which are crucial for realistic simulations [7]. 

4.1.2. Integration into structural models 

Accurate seismic behavior and vulnerability prediction of tunnels requires the inclusion of soft 
rock properties into structural models. Incorporating soft rock characteristics into structural 
models involves adapting finite element analysis and other computational methods to account for 
the unique behavior of soft rock. Detailed geotechnical and mechanical characteristics of soft rock 
are incorporated by structural models, which can capture complex interactions between tunnel 
lining, surrounding rock mass and seismic forces [60]. This integration gives the basis for realistic 
stress distribution, deformation analysis and fragility curve development. 

Key advancements include: 
1. Tunnel behavior in soft rock is simulated using nonlinear finite element analysis (𝐹𝐸𝐴) 

methods. These models incorporate soft rock properties such as low stiffness and high 
deformability to predict structural response more accurately [23]. 

2. The usage of coupled interaction models – which take into consideration the interaction 
between soft rock and tunnel linings – is growing. These models simulate the effects of rock-
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tunnel interface interactions and the potential for tunnel deformation and failure [61]. 
Advanced 𝐹𝐸𝐴 techniques now include adaptive mesh refinement to capture localized effects 

of seismic loading on soft rock and tunnel linings. This approach improves the resolution of 
simulations in critical areas, enhancing the accuracy of fragility predictions [26]. 

4.1.3. Seismic response analysis 

Seismic response analysis is a critical process for evaluating soft rock tunnels during seismic 
loading. Seismic response analysis for soft rock tunnels involves evaluating how seismic waves 
propagate through soft rock and how this affects tunnel stability. Seismic response analysis 
simulates interaction of seismic waves with tunnel structures and surrounding rock masses 
towards recognizing seismic failure mechanisms, stress redistribution and deformation patterns. 
Key factors include: 

1. The propagation of seismic waves through soft rock is influenced by its low shear modulus 
and high damping capacity. This can result in amplified ground motion and increased deformation 
at the tunnel site [62]. 

2. Response spectrum analysis is used to assess the potential seismic reaction of tunnels based 
on expected ground motion characteristics. In order to produce precise seismic impact estimates, 
our technique takes into account the unique properties of soft rock [24]. 

Recent research has highlighted the importance of site effects in soft rock environments. Soft 
rock can significantly amplify seismic waves, leading to higher-than-expected ground motions at 
the site. This effect must be accounted for in fragility curve development [63]. These insights are 
critical to develop accurate fragility curves, suggesting retrofitting and enhancing the resilience of 
existing tunnels. 

4.1.4. Recent innovations and future directions 

Recent innovations in the incorporation of soft rock characteristics into fragility curves focus 
on improving the accuracy and adaptability of seismic vulnerability assessments. Future research 
aims to further refine these approaches and enhance their applicability. 

1. The use of machine learning algorithms and data assimilation techniques is emerging as a 
novel approach to integrate soft rock characteristics into fragility models. These methods can 
analyze large datasets and identify patterns that improve the precision of fragility assessments 
[26]. 

2. Real-time adaptation of fragility curves based on live seismic data and structural monitoring 
is an area of active research. This approach allows for dynamic updates to fragility assessments as 
new information becomes available, improving the responsiveness of seismic risk management 
[36]. 

Table 3 highlights potential future research areas and innovations in incorporating soft rock 
characteristics into fragility curves. 

Table 3. Future research directions in fragility curve development 
Research area Description Expected impact 

Machine learning 
integration 

Using machine learning to refine 
fragility curves 

Enhanced accuracy and 
adaptability 

Real-time fragility curve 
updates 

Adapting fragility curves based on 
live data 

Improved real-time risk 
management 

Advanced constitutive 
models 

Developing new models for soft 
rock behavior 

Better representation of complex 
interactions 

The incorporation of soft rock characteristics into fragility curves represents a critical 
advancement in seismic vulnerability assessment. Modern advancements in numerical 
simulations, real-time data integration and geotechnical modeling have greatly improved our 
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capacity to precisely evaluate and control the seismic hazards related to soft rock tunnels. By 
leveraging these advancements, engineers and researchers can develop more reliable fragility 
curves that reflect the unique properties of soft rock environments, leading to improved safety and 
resilience in seismic design and planning. 

4.2. Improved statistical methods 

Statistical methods play a major role in the creation and improvement of fragility curves, which 
calculate the probability of structural damage at a specific seismic intensity level. Advances in 
statistical techniques have enhanced the accuracy and reliability of these curves, allowing for more 
precise assessments of seismic vulnerability.  

4.2.1. Advanced regression techniques 

To determine the correlation between seismic intensity measurements and damage 
probabilities, fragility curves for soft rock tunnels are created using sophisticated regression 
algorithms [10]. The capacity to simulate the association between seismic intensity measurements 
and damage states is improved by the use of advanced regression techniques. These methods do 
not only include simple linear models, but go beyond by allowing complex nonlinear behaviors, 
multi variable dependencies and uncertainty quantification. Traditional methods have been 
augmented with more sophisticated approaches that offer greater accuracy and flexibility. This 
application guarantees more accurate and reliable fragility curves worked on particular 
geotechnical and seismic conditions. 

While traditional logistic regression models have been widely used, incorporating interaction 
terms between seismic intensity measures and structural variables can provide more nuanced 
insights. This method accounts for how different factors interact to influence the probability of 
damage [26]. 

Generalized Linear Models (GLMs) extend traditional logistic regression by allowing for a 
wider range of distributions and link functions. This flexibility is particularly useful for modeling 
complex damage patterns and varying damage thresholds [57]. Eq. (12) is an expression for the 
logistic regression model with interaction terms: 𝑃(𝐷 ≥ 𝑑|𝐼𝑀,𝑋) = 11 + exp൫−(𝛽଴ + 𝛽ଵ ∙ 𝐼𝑀 + 𝛽ଶ ∙ 𝑋 + 𝛽ଷ ∙ 𝐼𝑀 ∙ 𝑋)൯, (12)

where: 𝑃(𝐷 ≥ 𝑑|𝐼𝑀,𝑋) is the probability of reaching or exceeding damage state 𝑑, 𝐼𝑀 is the 
Intensity Measure, 𝑋 is a structural variable, 𝛽଴, 𝛽ଵ, 𝛽ଶ and 𝛽ଷ are regression coefficients [64]. 

A useful technique for analyzing the effects of seismic energy on various quantiles of the 
damage distribution is quantile regression. This method allows for the estimation of damage 
probabilities at various levels of severity, offering a more comprehensive view of structural 
vulnerability [65]. The fragility curve logistic regression model may be written as Eq. (13): 𝑃(𝐷 ≥ 𝑑|𝐼𝑀) = 11 + exp൫−(𝛽଴ + 𝛽ଵ ∙ 𝐼𝑀)൯, (13)

where: 𝑃(𝐷 ≥ 𝑑|𝐼𝑀) is the probability of reaching or exceeding damage state 𝑑, 𝐼𝑀 is the 
Intensity Measure, 𝛽଴ and 𝛽ଵ are the regression coefficients [66]. 

4.2.2. Bayesian methods for fragility curve development 

Bayesian methods provide a probabilistic framework for updating fragility curves as new data 
becomes available. Bayesian methods can be thought of as a kind of traditional regression, but 
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Bayesian techniques estimate posterior distributions of model parameters, facilitating more 
complete forms of risk assessment and improved decision making under uncertainty. This 
approach incorporates prior knowledge and uncertainty into the modeling process, resulting in 
more robust and adaptive fragility curves. 

Bayesian updating involves adjusting fragility curves based on observed data and prior 
distributions. This method allows for continuous refinement of models as more information is 
collected, improving the accuracy of damage predictions [24]. 

Hierarchical Bayesian models offer a multi-level approach that accounts for variability at 
different levels such as site-specific, structural and regional factors. This method enables better 
management of data variability and uncertainty and offers a more thorough knowledge of fragility 
[47]. Bayes’ theorem, which updates the probability of a hypothesis (𝜃) given observed data (𝐷), 
is the foundation of Bayesian analysis. Eq. (14) is a representation of the Bayesian updating 
process: 

𝑃(𝜃|𝐷) = 𝑃(𝐷|𝜃) ∙ 𝑃(𝜃)𝑃(𝐷) , (14)

where: 𝑃(𝜃|𝐷) is the posterior distribution of the model parameters 𝜃 given the data 𝐷, 𝑃(𝐷|𝜃) 
is the likelihood function, 𝑃(𝜃) is the prior distribution of 𝜃, 𝑃(𝐷) is the marginal likelihood [67]. 

Fragility curve development via integration of prior knowledge, observational data and 
uncertainty using Bayesian methods provides a powerful route. Due to their ability to handle 
limited data, quantify uncertainties and respond dynamically, they are well suited to seismic risk 
assessment of soft rock tunnels. 

4.2.3. Machine learning approaches 

Using a variety of complex data sources, machine learning (𝑀𝐿) has enabled the creation of 
fragility curves and the identification of non-linear correlations between material attributes, 
damage probabilities and seismic intensity measurements [68]. Fragility curve creation has lately 
benefited from the application of machine learning techniques, which provide strong tools for 
deciphering intricate datasets and seeing patterns that conventional approaches would overlook. 
Neural networks including deep learning models can capture non-linear relationships and 
interactions between seismic intensity measures and damage states. These models improve the 
precision of fragility curves by learning from large volumes of data [26]. 

To enhance prediction performance, ensemble techniques employ a variety of models, such as 
Random Forests and Gradient Boosting Machines. These techniques strengthen the resilience of 
fragility curves and lessen overfitting [57]. A neural network model's output for developing a 
fragility curve is represented as Eq. (15): 𝑓(𝑥) = 𝜎(𝑊௡ ∙ 𝜎(𝑊௡ିଵ ∙. . .∙ 𝜎(𝑊ଵ ∙ 𝑥 + 𝑏ଵ) + 𝑏௡ିଵ) + 𝑏௡), (15)

where: 𝑓(𝑥) is the predicted probability of damage, 𝑊ଵ and 𝑏ଵ are the weights and biases of the 
network layers, 𝜎 is the activation function [69]. 

The precision, scalability and adaptability of fragility curve development can be improved by 
machine learning techniques that are particularly beneficial for soft rock tunnels where traditional 
approaches may have difficulties in handling data shortage or complexity. 

4.2.4. Copula models for multivariate analysis 

This advanced statistical tool, copula models, is used to analyze the relationship amongst 
several random variables at once. Copulas help engineers estimate the link between seismic 
intensity measurements and damage probability when creating fragility curves for soft rock 
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tunnels. 
A copula is a multivariate distribution function which produces a joint distribution from 

margins of the individual variables and its dependencies. Copula models are used to analyze the 
dependence structure between multiple variables, such as different seismic intensity measures and 
various damage states. These models improve the ability to capture complex correlations and joint 
distributions in fragility curve development. 

Copula models make it easier to create multivariate fragility curves that take dependences 
between several seismic characteristics into consideration. This approach provides a more 
comprehensive assessment of vulnerability by considering the joint effects of multiple seismic 
factors [24]. 

Copulas are particularly useful for analyzing tail dependencies, where extreme values of 
seismic intensity measures are correlated with severe damage outcomes. This capability enhances 
the assessment of rare but impactful seismic events [47]. 

Copulas increase the precision of fragility models, particularly when the seismic and 
geotechnical parameters are correlated in multivariate analysis, by supplying a flexible 
framework. 

4.2.5. Statistical uncertainty and sensitivity analysis 

Inherent variability in seismic inputs and material properties is taken into account and 
addressed by uncertainty and sensitivity analysis during development of fragility curves. 
Understanding statistical uncertainty and sensitivity analysis is essential to appreciating fragility 
curve robustness and dependability. Recent advancements focus on quantifying and mitigating 
uncertainty in fragility assessments. Techniques such as Monte Carlo simulations and probabilistic 
sensitivity analysis quantify the uncertainty in fragility curves due to variations in input parameters 
and modeling assumptions. This approach helps in assessing the confidence levels of damage 
predictions [26]. 

Sensitivity analysis identifies which factors most influence the fragility curves, allowing for 
targeted improvements in modeling and risk management. This method helps prioritize research 
and data collection efforts based on their impact on vulnerability estimates [57]. The findings of 
a sensitivity analysis for a soft rock tunnel are summarized in Table 4, which also highlights the 
important factors influencing the predictions of the fragility curve. 

Table 4. Sensitivity analysis results for fragility curves 
Parameter Sensitivity index Impact on fragility curve 

Ground shaking intensity 0.65 High 
Tunnel lining strength 0.40 Moderate 

Soil deformability 0.25 Low 

These analyses of such soft rock tunnels help ensure that fragility curves accurately portray 
the wide range of possible outcomes and define controlling factors affecting structural 
vulnerability specific to site conditions and seismic forces. 

The precision and dependability of seismic vulnerability assessments have been greatly 
improved by the introduction of statistical techniques for fragility curves. New techniques 
including advanced regression methods, Bayesian updating, machine learning, copula models and 
uncertainty analysis, provide more sophisticated tools for modeling and understanding seismic 
risk. These improvements enable more precise predictions of structural damage, better risk 
management and more effective mitigation strategies in the face of seismic hazards. 

5. Case studies 

Case studies are essential for comprehending the usefulness and practical use of fragility 
curves in determining a structure’s seismic susceptibility especially soft rock tunnels. By 
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examining how fragility curves perform in actual scenarios, researchers and practitioners can gain 
valuable insights into their reliability, limitations and areas for improvement.  

5.1. Case study 1: the San Francisco bay area 

The San Francisco Bay Area, which is noted for its seismic activity due to the presence of 
notable fault lines like the San Andreas Fault, is a crucial case study for evaluating seismic risk. 
The San Francisco Bay Area has already experienced some significant earthquakes, most notably 
the 1906 San Francisco earthquake and the 1989 Loma Prieta earthquake. The Bay Area’s geology 
includes a mix of sedimentary deposits and soft rock formations, which influence how seismic 
waves are transmitted and how structures respond to shaking. Soft rock, such as Franciscan 
Complex rock, has unique properties that affect seismic vulnerability [63]. The 1906 San 
Francisco earthquake and the 1989 Loma Prieta earthquake provided crucial information on the 
seismic performance of infrastructure, especially tunnels. These events demonstrated the need for 
comprehensive fragility assessments to better understand and manage seismic risks [24]. 

5.1.1. Application of fragility curves 

Fragility curves are frequently employed in the San Francisco Bay Area to assess the seismic 
susceptibility of various structures, including buildings, bridges and tunnels. 

5.1.1.1. Analysis of soft rock tunnels 

Comprehensive seismic risk assessments of the soft rock tunnels in the San Francisco Bay 
Area, including those used by the BART system, have been carried out using fragility curves. 
These tunnels' fragility curves were created by numerical simulations and sophisticated statistical 
techniques. The models incorporated site-specific geotechnical data including rock strength, 
deformation properties and tunnel design parameters [24]. The analysis revealed that soft rock 
tunnels exhibit a higher vulnerability to seismic events compared to those constructed in harder 
rock. The fragility curves indicated increased probabilities of significant deformation and 
structural damage under moderate to high seismic intensities [26].  

5.1.1.2. Insights and innovations 

The use of fragility curves in the San Francisco Bay Area has produced a number of 
noteworthy findings and advancements, such as: 

The way that various structures, such bridges and tunnels, react to seismic occurrences has 
been better understood because to the application of fragility curves. This has led to more targeted 
and effective mitigation strategies [26]. 

The case study emphasizes how crucial it is to use actual data to validate theoretical models. 
The accuracy and refinement of fragility curves have been greatly enhanced by the observation of 
how structures behave during real earthquakes [63]. The region's vital infrastructure is now more 
resilient thanks to strengthening and retrofitting initiatives developed with the use of insights from 
fragility curve research [24]. 

5.2. Case study 2: the Tohoku Region, Japan 

Japan's Tohoku region is in the Pacific Ring of Fire and it is most vulnerable to seismic events 
because of proximity to active subduction zones. Due to its experience with the devastating 2011 
Tohoku earthquake and tsunami, the Tohoku area of Japan serves as an important case study for 
comprehending seismic risk. This event, also called the Great East Japan Earthquake, had a 
magnitude of 9.0, making it one of the greatest earthquakes ever recorded [70]. The region lies 
near the subduction zone, where the Pacific and North American plates are moving beneath one 
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another. Significant seismic activity and earthquakes with a high magnitude are caused by this 
tectonic context [71]. Widespread devastation was brought about by the 2011 earthquake, 
including significant harm to transport infrastructure including tunnels, bridges and motorways. 
Significant economic and personal losses resulted from the subsequent tsunami, which made the 
devastation much worse [72]. 

5.2.1. Application of fragility curves 

Fragility curves have been helpful in assessing the seismic susceptibility of various structures 
in the Tohoku area, with a focus on soft rock bridges, tunnels and other critical infrastructure. 

5.2.1.1. Soft rock tunnels 

Soft rock tunnels in the Tohoku region including those used in transportation networks were 
critically evaluated using fragility curves to assess their seismic performance during the 2011 
earthquake. Fragility curves for soft rock tunnels were developed using post-earthquake damage 
assessments, numerical simulations and field observations. Key factors included soil-structure 
interaction, tunnel geometry and seismic intensity [73]. 

The analysis indicated that soft rock tunnels experienced significant deformation and damage, 
particularly in areas with poor soil conditions. The fragility curves revealed a higher probability 
of severe damage under intense shaking, emphasizing the need for improved design and 
retrofitting [74].  

5.2.1.2. Insights and innovations 

The application of fragility curves in the Tohoku region has provided several key insights and 
innovations: 

The case study highlighted the critical need for improved seismic design and retrofitting of 
soft rock tunnels and bridges. The fragility curves demonstrated that many existing structures were 
not adequately prepared for the intensity of the 2011 earthquake [73]. 

The use of advanced numerical simulations and real-time damage data has improved the 
accuracy of fragility curves. These innovations allow for better prediction of structural 
performance and more effective risk management strategies [74]. 

The insights gained from the 2011 earthquake have informed new design standards and 
practices in Japan. Enhanced seismic design guidelines and retrofitting strategies have been 
developed to address the vulnerabilities revealed by the fragility curve analysis [75]. 

The San Francisco Bay Area case study and the Tohoku region demonstrate the necessity of 
assessing and improving the seismic vulnerability of infrastructure through the use of fragility 
curves. By analyzing real-world data and applying advanced modeling techniques, researchers 
and engineers have gained critical insights into structural performance and resilience. The 
advancements in modeling techniques and the insights gained from this case study have enabled 
the development of robust infrastructure regulations and enhanced seismic risk management in 
one of the world's seismically active regions. 

6. Key findings and implications 

A key component in comprehending and reducing the dangers associated with earthquakes, 
especially for vital infrastructure like soft rock tunnels, is the use of fragility curves to measure 
seismic vulnerability. The previous case studies that looked at the San Francisco Bay Area and 
the Tohoku Region showed how fragility curve analysis may be used to evaluate and improve a 
structure's ability to withstand seismic loads. 
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6.1. Sensitivity to geotechnical properties 

The interaction between soil and structure, strength, stiffness and other geotechnical 
characteristics are important factors in determining how seismically vulnerable soft rock tunnels 
are. Sensitivity to these properties is a crucial factor in accurately assessing structural performance 
during seismic events. 

6.1.1. Influence of soil properties on fragility curves 

6.1.1.1. Soil strength and stiffness 

The seismic response of tunnels is influenced by the basic geotechnical characteristics of soil 
stiffness and strength. These characteristics of tunnel pressure-saturated rock influence the seismic 
energy dissipation, deformation resistance and sustaining stability of the tunnel construction [76]. 
Variations in these properties can lead to significant differences in the structural performance and 
damage probabilities as indicated by fragility curves. Reliable fragility curves depend critically 
on soil strength and stiffness which directly affect stress, deformation and damage mechanisms in 
response to seismic events. The shear strength of the soil, which includes cohesion and friction 
angle, affects the tunnel’s stability during seismic events. The intrinsic shear strength of soil or 
rock independent of normal stress is cohesion. In weak or fractured soft rock formations, it is 
especially important to maintaining tunnel stability. The tendency towards shear failure under 
seismic loads is higher for a tunnel in clay stone with low cohesion (𝑐 = 10-20 kPa) than for a 
tunnel in marl stone with greater cohesion (𝑐 = 50-70 kPa). Shear strength components due to 
interparticle friction are represented by the friction angle. The amount of shear failure is reduced 
by higher friction angles. Soft shale tunnels, however, with 𝜙 = 25° have a poorer resistance to 
seismic-induced shear failure compared to sandstone tunnels, 𝜙 = 35°. 

Redistribution of stresses around the tunnel under seismic loading is governed by soil strength 
and stiffness. As a result of weak claystone and low strength and stiffness, stress concentrations 
are high at the crown and invert, making cracking and spalling more likely. Higher soil strength 
generally improves the tunnel’s resistance to seismic forces, whereas lower soil strength can lead 
to increased deformation and damage [77]. The stiffness of the soil affects the tunnel's interaction 
with ground motion. High stiffness and damping dissipative soils more effectively dissipate 
seismic energy leading to lower probabilities of damage. Softer soils tend to amplify seismic 
waves, potentially increasing the level of shaking experienced by the tunnel. Conversely, stiffer 
soils can reduce the amplification effect and improve structural performance [78]. Soils in stiffer 
soils are able to deform lower during similar loading conditions, which results in a lower 
probability of structural damage. The connection shown in Eq. (16) can be used to predict how 
soil conditions affect fragility: 

𝑃(𝐷 ≥ 𝑑|𝐼𝑀, 𝑆) = 𝜙ቆlog(𝐼𝑀) − 𝜇(𝑆)𝜎(𝑆) ቇ, (16)

where: 𝑃(𝐷 ≥ 𝑑|𝐼𝑀, 𝑆) is the probability of exceeding damage state 𝑑 given seismic intensity 𝐼𝑀 
and soil properties 𝑆, 𝜇(𝑆) and 𝜎(𝑆) are the parameters of the log-normal distribution that vary 
with soil properties 𝑆, 𝜙 is the cumulative distribution function. 

6.1.1.2. Soil-structure interaction 

Another important aspect that affects how seismically vulnerable soft rock tunnels is soil-
structure interaction (SSI) [79]. Soil-structure interaction (𝑆𝑆𝐼) is defined as the complex dynamic 
interaction between a tunnel’s structural components (e.g., lining) and the surrounding soil or rock 
during seismic loading [80]. Stress, deformation patterns and failure mechanism of soft rock 
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tunnels are found to be significantly influenced by this interaction. The distribution and 
transmission of seismic forces are influenced by the contact between the earth and the tunnel. 
Increased or reduced seismic forces during an earthquake might be the consequence of the 
dynamic reaction of the soil and tunnel system, depending on the kind of interaction. The tunnel 
lining's resistance to seismically generated stresses is determined by its stiffness, thickness and 
material characteristics. Poorly designed 𝑆𝑆𝐼 can result in higher deformation and damage, while 
effective SSI design can mitigate some of the adverse effects [81]. Seismic wave propagation and 
interactions in tunnel lining depend on the strength, stiffness and damping characteristics of soft 
rock. Developing reliable fragility curves of tunnel against seismic accelerations requires an 
accurate modeling of SSI because SSI captures how the tunnel and its surrounding soil affect each 
other’s responses under seismic forces. 

6.1.2. Sensitivity to rock properties 

6.1.2.1. Rock strength and deformation 

Key geomechanical features that are essential to the seismic performance of soft rock tunnels 
include rock strength and deformation characteristics. The seismic vulnerability of tunnels is 
significantly influenced by the strength and deformation characteristics of the rock used to 
construct them. The abilities of the rock mass to support tunnel structures, resist seismic loads and 
adapt to dynamic stresses without failure are controlled by these properties. Softer rock types 
exhibit different fragility characteristics compared to harder, more stable rocks. Fragility curves 
for tunnels in weaker, softer rock show higher probabilities of damage compared to those in 
stronger rock. The rock’s strength affects the tunnel's resistance to deformation and seismic 
stresses [82]. The redistribution of seismic forces around the tunnel is controlled by rock strength 
and deformation properties, which determine where there may be stress concentrations and 
potential failure zones. Under seismic loads, the dominant failure modes for rock, for example 
tensile cracking, shear failure or spalling is dependent on the rock properties. The connection 
expressed in Eq. (17) may be used to illustrate how rock strength affects fragility curves: 

𝑃(𝐷 ≥ 𝑑|𝐼𝑀) = 𝜙ቆlog(𝐼𝑀) − (𝜇௥ − 𝛿௥)𝜎௥ ቇ, (17)

where: 𝜇௥ is the mean damage threshold for rock, 𝛿௥ is the adjustment factor for rock strength, 𝜎௥ 
is the standard deviation. 

Since rock strength and deformation are absolutely critical to developing reliable fragility 
curves, being able to understand and accurately model these rock properties are integral to 
developing reliable stress redistribution, tunnel deformation and overall structural stability in 
seismic and multi-hazard scenarios. 

6.1.2.2. Tunnel geometry and construction quality 

Tunnel geometry and construction quality play a major role in determining the seismic 
performance and resilience of soft rock tunnels. The seismic susceptibility of the tunnel can also 
be influenced by its shape and the standard of construction. Factors such as tunnel diameter, lining 
thickness and construction quality are important in determining fragility. 

Larger diameters and thicker linings generally provide greater resistance to seismic forces. 
Fragility curves are adjusted based on these parameters to reflect the structural performance 
accurately [73]. Table 5 summarizes how different tunnel geometries and construction qualities 
impact fragility curves, with variations in damage probabilities based on these factors. 
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Table 5. Impact of tunnel geometry and construction quality on fragility curves 
Geometry/quality Damage state Probability of exceeding damage state 

Small diameter, poor quality Severe damage 75 % 
Large diameter, good quality  Minor damage 20 % 

Medium diameter, medium quality Moderate damage 50 % 

The distribution of seismic forces throughout the tunnel structure and surrounding rock is a 
function of geometry and construction quality. Under seismic loads, the tunnel’s ability to deform 
elastically or plastically depends on its geometric features and material quality. Failure modes 
such as cracking, spalling or collapse are caused by poor construction quality and unfavorable 
geometry. These factors must be accounted for in fragility curve development to produce realistic 
and site specific risk assessments. 

6.1.3. Implications for seismic design and risk management 

The sensitivity of fragility curves to geotechnical properties has significant implications for 
seismic design and risk management. 

6.1.3.1. Design optimization 

Design optimization is the systematic refinement of tunnel geometry, materials and support 
systems to enhance structural performance and reduce vulnerabilities to seismic and multi-hazard 
loading. The weaknesses of the surrounding rock in soft rock tunnels make optimization necessary 
to reduce stress concentrations, deformation and damage risks.  

Tailored Design Solutions: Understanding the impact of soil properties allows for the design 
of tunnels and other structures that are better suited to local geotechnical conditions. This tailored 
approach can lead to more effective and efficient seismic design solutions [26]. 

Retrofitting Strategies: Insights into soil-structure interaction can guide the development of 
targeted retrofitting strategies. Engineers can improve the seismic resilience of existing structures 
by addressing certain vulnerabilities associated with soil conditions [24]. 

Fragility curves can be integrated into the design process to first identify optimal 
configurations which minimize damage probabilities and maximize resilience. 

6.1.3.2. Risk management 

Soft rock tunnel risk management is defined as the identification, assessment, mitigation and 
monitoring of risks in seismic and multi-hazard environments. This is a systematic framework that 
combines fragility curves to estimate damage probability and to develop effective measures to 
preempt or mitigate the effects on tunnel functionality, safety and resilience.  

Improved Risk Assessment: By giving a more realistic picture of possible damage, adding 
geotechnical sensitivity to fragility curve analysis enhances risk assessments. Effective resource 
allocation and risk management effort prioritization depend on this knowledge [70]. 

Improved Emergency Planning: Knowledge of how soil properties influence seismic 
vulnerability supports better emergency planning and response strategies. By understanding 
potential failure modes and their triggers, authorities can develop more effective contingency 
plans [75]. 

The sensitivity of fragility curves to geotechnical properties underscores the importance of 
incorporating detailed soil and structural interaction data into seismic vulnerability assessments. 
Recent advancements in modeling and simulation techniques have provided deeper insights into 
how soil conditions affect structural performance during seismic events. These insights are crucial 
for optimizing design, enhancing retrofitting strategies and improving risk management practices, 
ultimately leading to more resilient infrastructure in earthquake-prone regions. 

Fragility based risk assessment can help engineers, planners and policymakers to identify 
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interventions to be applied for critical infrastructure, determine where to allocate limited resources 
and maintain the long term sustainability of the infrastructure. 

6.2. Impact of seismic intensity 

The degree of ground shaking during an earthquake is measured by seismic intensity, which 
has a big impact on how vulnerable structures are. Fragility curves, which display the probability 
of different damage levels as a function of seismic intensity, are essential for assessing this impact 
[51]. 

6.2.1. Understanding seismic intensity 

Seismic intensity is frequently assessed using a variety of scales, such as the Modified Mercalli 
Intensity (𝑀𝑀𝐼), Peak Ground Acceleration (𝑃𝐺𝐴) and Peak Ground Velocity (𝑃𝐺𝑉) scales. 
Each of these metrics offers a unique perspective on the possible harm that an earthquake might 
produce. [83]. 

a. A qualitative scale that evaluates an earthquake's impact by looking at damage and how 
people perceive it. According to Wood and Neumann (1931) [84], it goes from I (not felt) to XII 
(complete annihilation). 

b. A quantitative measure of the maximum acceleration experienced by the ground during an 
earthquake, commonly used in structural engineering to assess potential damage [85]. 

c. The maximum ground movement velocity, which is linked to the danger of damage, 
particularly to non-structural parts, is measured [86]. 

6.2.2. Influence of seismic intensity on fragility curves 

6.2.2.1. Fragility curves and seismic intensity 

The fragility curves show how seismic intensity and the likelihood of a structure reaching or 
surpassing specific damage states are related [64]. In order to quantify seismic susceptibility, 
provide recommendations for risk assessment, and design for resilience in soft rock tunnels, these 
curves are crucial. Fragility curves are used to quantify the probability that a structure may achieve 
or exceed a specific damage condition as a function of seismic intensity [87]. Depending on how 
strong the seismic event was, the form and location of these curves might change dramatically. 
With increased seismic intensity, there is a greater chance that a structure may suffer from 
progressively worsening damage states such as progressing from mild to moderate and ultimately 
to severe. According to Zhao Y. et al. (2023) [88], fragility curves usually have a sigmoid form, 
with the chance of damage rising dramatically after a particular intensity threshold is surpassed. 
A log-logistic function may be used to represent the connection between earthquake intensity and 
the likelihood of reaching a certain damage state Eq. (18): 𝑃(𝐷 ≥ 𝑑|𝐼𝑀) = 11 + exp(−𝛽(log(𝐼𝑀) − log(𝐼𝑀ହ଴))), (18)

where: 𝑃(𝐷 ≥ 𝑑|𝐼𝑀) is the probability of exceeding damage state 𝑑, 𝐼𝑀ହ଴ is the seismic intensity 
at which there is a 50 % probability of exceeding damage state 𝑑, 𝛽 is the parameter controlling 
the curve’s steepness [14]. 

Soft rock tunnel resilience design is aided by fragility curves, which act as a vital link between 
seismic intensity and tunnel damage probability. Fragility curves, which combine diverse intensity 
measures, site specific calibrations and advanced modeling techniques, provide accurate and 
analytically actionable information related to seismic risk management. 
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6.2.2.2. Recent findings and novelties 

As a result of developments in computer modeling, significant strides have been achieved in 
the modeling, monitoring and data analytics of fragility curves in soft rock tunnels in recent years. 
Recent research has provided new insights into the impact of seismic intensity on fragility curves, 
including: 

Modeling progress has resulted in the creation of intensity-dependent fragility models that take 
temporal and spatial fluctuations in seismic intensity into consideration. These models provide 
more accurate predictions by incorporating real-time intensity data and historical earthquake 
records [89]. 

Peak Ground Acceleration (𝑃𝐺𝐴), according to studies, is a crucial component in assessing 
how vulnerable soft rock tunnels are. High 𝑃𝐺𝐴 values can lead to significant increases in damage 
probability, particularly in tunnels with suboptimal design or construction practices [24]. 

Table 6 summarizes recent findings related to seismic intensity and fragility curves, including 
key parameters and their effects on structural damage. 

Table 6. Recent findings on seismic intensity and fragility curves 
Key parameter Finding Reference 

Intensity-dependent models Improved accuracy with real-time intensity data [89] 
Peak Ground Acceleration 

(PGA) High PGA values increase damage probability significantly [24] 

Log-Logistic Function Effective in modeling damage state transitions with 
intensity [88] 

6.2.3. Implications for engineering practice 

6.2.3.1. Design and retrofitting 

Enhancing the seismic and multi hazard resilience of soft rock tunnels requires design and 
retrofitting. Retrofitting strengthens existing tunnels, and effective design provides optimal 
structural performance under anticipated loads; however, fragility assessments identify 
vulnerabilities that retrofitting the tunnels to address. 

Seismic Design Adjustments: Understanding the impact of seismic intensity on fragility curves 
informs adjustments in seismic design standards. Engineers can use this information to design 
structures that are more resilient to high-intensity earthquakes [26]. 

Retrofitting Prioritization: Fragility curves can help prioritize retrofitting efforts by identifying 
structures that are most vulnerable to high seismic intensities. According to Liu et al. (2018) [75], 
this targeted strategy guarantees that resources are concentrated on enhancing the resilience of the 
most vital and susceptible infrastructure. 

Incorporation of the fragility curves into the design and retrofit processes enables engineers to 
identify the interventions to be made, minimize the damage probabilities and to attain safety and 
operational continuity. 

6.2.3.2. Risk assessment and policy 

Planning for seismic resistance in soft rock tunnels necessitates developing policies and 
conducting risk assessments. Policymaking converts this intelligence into recommended controls, 
standards and operational strategies. Risk assessment is the process of discovering, evaluating and 
prioritizing possible incident outcomes. Incorporating seismic intensity into fragility curve 
analysis improves the accuracy of risk assessments. This allows for better forecasting of potential 
damage and more effective risk management strategies [72]. 

Insights gained from fragility curve analysis can inform policy development, including 
building codes and standards that address the potential impacts of high seismic intensities. This 
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helps in creating more resilient communities and infrastructure [86]. Policy recommendations 
based on how seismic intensity affects fragility curves are shown in Table 7. 

Table 7. Policy recommendations based on seismic intensity 
Policy area Recommendation Impact 

Building codes Update codes to account for high seismic 
intensity Improved structural resilience 

Risk management 
strategies 

Focus on structures with high fragility 
under intense shaking 

More effective allocation of 
resources 

Emergency response 
planning Develop plans for high-intensity scenarios Better preparedness for severe 

seismic events 

The impact of seismic intensity on fragility curves is a crucial factor to take into account when 
assessing the seismic susceptibility of soft rock tunnels and other structures. Fragility curves are 
essential in both procedures because they offer probabilistic information on the likelihood of 
damage and aid in determining how to balance cost, functionality and safety. Recent developments 
in modeling and intensity impact knowledge have given important new insights into how different 
seismic intensity levels affect structure damage. These insights have significant implications for 
engineering practice, including design adjustments, retrofitting strategies, risk assessment and 
policy development, ultimately leading to more resilient infrastructure and improved earthquake 
preparedness. 

6.3. Advances in data collection 

Accurate data collection is the foundation of reliable seismic vulnerability assessments. Over 
the past decade, significant advancements in data collection technologies and methodologies have 
greatly enhanced the quality and quantity of data available for constructing fragility curves. This 
section explores these advancements, highlighting their impact on the assessment of seismic 
vulnerability in soft rock tunnels, with a focus on novel techniques, improved accuracy and their 
practical implications. 

6.3.1. Modern data collection techniques 

6.3.1.1. Remote sensing and geophysical surveys 

Soft rock tunnels in seismically active regions are assessed using remote sensing and 
geophysical surveys essential to evaluation of their subsurface conditions and structural integrity. 
But these technologies allow for the non-invasive collection of data to gauge rock properties, as 
well as ground deformation and potential vulnerabilities.  

Recent developments in remote sensing technology, such as satellite photography, Light 
Detection and Ranging (𝐿𝑖𝐷𝐴𝑅) and Synthetic Aperture Radar (𝑆𝐴𝑅), have completely changed 
the way data is gathered for seismic risk assessments. High-resolution topographical and 
geological data may be quickly acquired thanks to these technologies, which is essential for 
comprehending the underlying conditions around tunnels [90]. 𝐿𝑖𝐷𝐴𝑅 systems, mounted on aircraft or drones, can capture detailed 3D maps of surface 
topography. The combination of 3D mapping and deformation patterns enables high precision 
hard point mapping of tunnel surfaces. This data is essential for identifying geological features 
that may influence seismic response, such as fault lines, fractures and soil layers [91]. 

SAR provides information on ground displacement by measuring changes in the Earth's 
surface before and after an earthquake. This data is essential for evaluating the effects of seismic 
waves on tunnel constructions, especially those situated in soft rock settings [42]. 

The remote sensing and geophysical surveys together with fragility curve development yield 
more accurate damage probability predictions and provide support to informed decision making 
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on tunnel design, retrofitting and risk management. 

6.3.1.2. In-Situ instrumentation 

The in situ instrumentation serves a central role to tunnel and surrounding rock mass behavior 
monitoring under seismic and multiple hazard conditions. The deployment of advanced 
geotechnical instruments such as piezometers, inclinometers and accelerometers, within and 
around tunnels has greatly improved the quality of data collected on site. These instruments 
measure ground movement, pore water pressure and seismic acceleration, providing real-time data 
on the tunnel's response to seismic events [92]. 

Used to monitor pore water pressure, piezometers are particularly important in soft rock 
environments where water content can significantly affect soil behavior under seismic loading. 

Inclinometers measure ground movement and deformation, particularly near tunnel portals or 
slopes which are crucial for assessing the stability of tunnel structures during and after an 
earthquake. 

These instruments gauge seismic acceleration and are frequently positioned inside the tunnel 
structure as well as on the ground to record differential movement and offer information on the 
tunnel’s structural soundness [93]. 

Instrumentation gives analytically based fragility curves a greater degree of confidence 
through enhanced understanding of tunnel performance and real-time data on stress, deformation 
and environmental changes. This data driven approach guarantees that the risk assessment and 
resilience strategy is empirical observed based and enhances the predictive reliability of the 
probability of damage for soft rock tunnels. 

6.3.2. Integration of big data and machine learning 

The huge volumes of data gathered by contemporary sensors and remote sensing technologies 
may now be processed and interpreted in innovative ways thanks to the combination of big data 
analytics and machine learning techniques. These tools allow for more accurate and efficient 
development of fragility curves. 

6.3.2.1. Big data analytics 

To efficiently analyze and interpret the vast amount of data produced by contemporary 
monitoring systems, sophisticated data analytics techniques are needed. Big data analytics is made 
possible by sophisticated computational tools and algorithms that use extensive, intricate datasets 
to conduct analysis and derive useful information for decision-making. Big data platforms are 
capable of processing these massive datasets, finding relevant patterns and detecting connections 
that would not be visible using typical research approaches. 

Data Fusion: Big data analytics enables the fusion of different data types such as seismic 
readings, satellite imagery and in-situ measurements, into a comprehensive dataset. This 
combined method increases the accuracy of fragility curves and offers a more comprehensive 
understanding of seismic risk [92]. 

Real-Time Data Processing: Real-time data processing advances enable the instantaneous 
investigation of seismic occurrences as they happen, yielding timely knowledge that may be 
utilized to dynamically alter fragility evaluations. This is particularly important in regions with 
frequent seismic activity [24]. 

Big data analytical investigations of these datasets reveal patterns and correlations in risk 
assessment, resilience planning and policy formulation for seismic and multi-hazard time tunnel 
infrastructure. 
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6.3.2.2. Machine learning applications 

Machine learning (𝑀𝐿) is transforming the creation of fragility curves for soft rock tunnels by 
tackling large, complicated datasets and revealing nonlinear correlations between seismic intensity 
measurements, material characteristics and damage probability. Seismic data is increasingly being 
processed using machine learning techniques to create fragility curves that are more precise and 
predictive. These algorithms can analyze large datasets, identify complex patterns and predict 
structural responses to seismic events. 

Supervised Learning Models: Supervised learning methods, such as support vector machines (𝑆𝑉𝑀) and neural networks, are trained on historical seismic data to predict the probability of 
damage based on certain seismic intensities. These models can refine fragility curves by learning 
from past events and improving their predictive accuracy [94]. 

Unsupervised Learning for Anomaly Detection: Clustering algorithms and other unsupervised 
learning techniques can be used to detect anomalies in seismic data. These anomalies may point 
to novel structural reactions or vulnerabilities that had not been identified before. These insights 
can lead to the refinement of fragility curves and better risk assessments [95]. Eq. (19) is an 
expression of how machine learning is applied to the generation of fragility curves: 𝑃(𝐷 ≥ 𝑑|𝐼𝑀) = 𝑓ெ௅(𝑋,𝜃), (19)

where: 𝑓ெ௅ represents the machine learning model, 𝑋 is the input vector of seismic intensity 
measures and structural characteristics, 𝜃 represents the learned parameters of the model. 

Fragility assessments with Machine Learning algorithms improve accuracy, efficiency and 
adaptability to a wider range of scenarios and conditions and allow engineers to predict seismic 
vulnerability. In order to improve risk assessment, resilience planning and real time decision 
making for tunnel infrastructure, these applications are essential. 

6.3.3. Implications for fragility curve development 

The creation of fragility curves and the evaluation of seismic risk are significantly impacted 
by the advances in data collecting. 

6.3.3.1. Enhanced accuracy and reliability 

Fragility curves are essential in seismic risk assessments and resilience planning of soft rock 
tunnels: they demand accuracy and robustness, as they actually determine the capacity of such 
risk assessment. Accuracy is enhanced because damage probabilities are close to real world 
conditions and reliability guarantees confidence in fragility predictions in a range of scenarios.  

Improved Data Quality: More precise and trustworthy fragility curves are produced in part by 
the high-resolution data from contemporary remote sensing and in-situ monitoring technology. 
Seismic vulnerability evaluations are more accurate and less ambiguous thanks to this improved 
data quality [92]. 

Dynamic Updating of Fragility Curves: The combination of real-time data processing and 
machine learning enables the dynamic updating of fragility curves. According to Andreotti and 
Lai (2019) [24], this implies that fragility evaluations may be improved over time as new data 
become available, resulting in more precise forecasts and improved risk management techniques. 

Significant improvements in the accuracy and reliability of fragility curves were obtained by 
advances in modeling techniques, data integration and validation methodologies and fragility 
curves are now indispensable tools to manage seismic risk. 

6.3.3.2. Broader applicability and customization 

Soft rock tunnel seismic risk assessment based on fragility curves is particularly important, 
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and for a broader applicability and customization, fragility curves can be applied for a range of 
geotechnical, seismic and operational aspects.  

Site-Specific Fragility Curves: Custom fragility curves that are suited to certain places and 
situations may be created because to the ability to gather comprehensive site-specific data. The 
relevance and application of fragility evaluations for various structure types and geological 
environments are enhanced by this customization [25]. 

Application to Complex Geological Conditions: Advances in data collection make it possible 
to apply fragility curve analysis to complex geological conditions, such as those found in soft rock 
tunnels. Assessing the susceptibility of such buildings requires the capacity to precisely capture 
the influence of local geology on seismic response [59]. 

Advances in data collection have significantly enhanced the development and application of 
fragility curves for seismic vulnerability assessment. The accuracy, dependability and application 
of fragility curves have increased due to advancements in big data analytics, machine learning, 
remote sensing and in-situ monitoring. This has resulted in more knowledgeable seismic risk 
assessments and mitigation plans. These developments represent a major step forward in our 
ability to access and manage the seismic vulnerability of infrastructure, particularly in complex 
geological settings such as soft rock tunnels. 

Fragility curves explicitly incorporate site specific data and multi-hazard scenarios, with model 
tailoring to regional variations and structural quirks, which assists in obtaining more precise and 
actionable insights. These advancements make the fragility assessments still relevant and powerful 
to support global resilience initiative for tunnel infrastructure. 

7. Conclusions 

7.1. Summary of key findings 

The application of fragility curves for the evaluation of seismic susceptibility is a crucial 
technique for identifying the potential impacts of earthquakes on soft rock tunnels. Several facets 
of fragility curve generation were examined and used in this study, emphasizing the particular 
difficulties presented by soft rock settings. 

a. Development of Fragility Curves: The process of developing fragility curves for soft rock 
tunnels involves a comprehensive understanding of seismic demands and structural capacities. 
This includes the use of sophisticated numerical models, empirical data and advanced statistical 
techniques to capture the complex interactions between seismic forces and tunnel behavior. 

b. Incorporation of Soft Rock Characteristics: Significant difficulties in earthquake design 
arise from the special geotechnical characteristics of soft rock, such as its great deformability, low 
shear strength and weathering vulnerability. The incorporation of these characteristics into 
fragility curves is essential for accurately predicting the seismic vulnerability of tunnels, and 
recent advances have enabled more precise modeling of these factors. 

c. Case Studies and Practical Applications: The benefits and practical challenges of these 
models have been clarified by the use of fragility curves in real-world settings, such as the San 
Francisco Bay Area and the Tohoku Region of Japan. These case studies have illustrated how 
crucial it is to take into account the unique features of the infrastructure, past seismic activity and 
local geological conditions when creating and using fragility curves. 

7.2. Future directions 

There are still some areas that require further research and development, despite the fact that 
the use of fragility curves to assess the seismic susceptibility of soft rock tunnels has greatly 
advanced: 

a. Machine Learning and 𝐴𝐼 Integration: Artificial intelligence (𝐴𝐼) and machine learning 
applications in fragility curve development are still in their infancy. Future research should focus 
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on refining these models, particularly in terms of improving their interpretability and reliability. 
Additionally, the use of 𝐴𝐼 for predictive maintenance and early warning systems in tunnel 
infrastructure could be a promising area of exploration. 

b. Long-Term Monitoring and Data Collection: There is a need for long-term monitoring of 
tunnels in seismic regions to collect comprehensive datasets that can be used to validate and refine 
fragility curves. This includes the continuous monitoring of tunnel conditions, seismic activity and 
environmental factors over extended periods. 

c. Impact of Climate Change: As climate change is expected to alter seismic patterns and 
intensify natural hazards, future research should investigate how these changes might impact the 
seismic vulnerability of soft rock tunnels. This would include creating fragility curves that take 
changing earthquake hazards into consideration in light of climate change. 
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