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Tunnel stability, geological This research aims to evaluate the influence of geological heterogeneity on the tunnel
variability,  finite  element stability and to determine the most sensitive rock mass parameters affecting structural
modeling, RS2, Kohat performance, using the Kohat Tunnel in Pakistan as a case study. This study
Tunnel, Grey correlation establishes a quantitative relationship between geological variability and tunnel
method. stability through the integration of finite element modeling and Grey Correlation
analysis, providing a structured framework for evaluating parameter sensitivity in
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software to stimulate the response of varying rock mass conditions along the tunnel
alignment. Three geotechnical units -limestone ,sandy limestone, and shale -were
modeled to analyze deformation behavior, stress redistribution, and Factor of Safety
(FOS). A sensitivity analysis based on the Grey Correlation Method was conducted

Copyright @Author to quantify the relative influence of key geomechanical parameters on tunnel stability.
Corresponding Author: The results indicate that the Geological Strength Index (GSI) are the dominant
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parameters controlling tunnel stability, with the correlation degree of 0.889 and
0.833, respectively. In contrast, Poisson’s ratio and Young’s modulus exhibit
comparatively minor influence on the Factor of Safety. The analysis demonstrates
that geological variability significantly alters stress distribution patterns and
deformation characteristics within the tunnel surrounding rock mass. The findings
support the development of more reliable and cost-effective tunnel support designs by
prioritizing critical geomechanical parameters during site investigation and modeling.
The proposed approach can be applied to tunnel projects in complex geological
environments to improve stability prediction and risk mitigation strategies.
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1. Introduction

Tunnels serve as critical elements within
infrastructure networks, facilitating
underground routes for transportation, utilities,
and mining operations, which are essential to
urban development and economic growth [1].
The performance and stability of tunnels are
fundamentally influenced by the geological
environment in which they are constructed, as
the geological variability arising from natural
sedimentation, tectonic activity, and erosion
processes results in complex rock mass
conditions [2]. Such variability manifests in
spatial changes in lithology, joint orientation,
groundwater presence, and strength properties,
all of which significantly influence stress
distribution and deformation behavior in tunnels
[3]. Neglecting this variability can lead to costly

design errors, excessive deformations, or
catastrophic ~ failures,  highlighting  the
imperative for thorough geological

characterization and risk assessment in tunnel
engineering [4], [5].

Empirical approaches such as the Rock Mass
Rating (RMR), Q-System, and Geological
Strength Index (GSI) have been extensively
applied during the preliminary stages of tunnel
design due to their practical correlations
between rock mass parameters and tunnel
stability [6]. However, these systems typically
exhibit deterministic limitations that restrict
their capability to encompass the complexities
of real geological environments, including
heterogeneity and anisotropy [7]. Instead,
numerical methods, particularly finite element
modeling (FEM), have become prominent robust
tools enabling detailed analysis of the interaction
between rock mass and excavation processes [8].
FEM  facilitates  evaluation of  stress
redistribution, plastic deformation, and support
performance  across  varying  geological
scenarios, thereby enhancing the predictive
capacity of tunnel stability assessments [9]. The
present study uses RS2 software, a two-
dimensional FEM platform developed by
Rocscience, to simulate tunnel stability under
variable geological conditions characteristic of
the Kohat Tunnel in Khyber Pakhtunkhwa,
Pakistan a region marked by heterogeneous rock
mass composition [10]. The study objectives
include comprehensive rock mass classification,
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simulation of diverse geological scenarios, and
implementation of sensitivity analysis via the Grey
Correlation Method to elucidate dominant factors
impacting tunnel stability. Enhanced understanding
of geological variability through these approaches
aims to foster improved tunnel design
methodologies that better accommodate complex
subsurface conditions, thereby optimizing safety and
performance [11], [12].

Tunnels represent essential components of modern
infrastructure systems, providing critical
underground pathways for transportation networks,
utility conduits, and mining activities. Their role is
increasingly significant in facilitating urbanization,
economic development, and connectivity, especially
in challenging terrains where surface routes are
limited or congested [17]. The safety, functionality,
and longevity of tunnels are intricately linked to the
geological environments through which they are
excavated. Geological variability, caused by natural
processes such as  sedimentation, tectonic
deformation, weathering, and erosion, leads to
complex rock mass conditions characterized by
heterogeneous lithology, discontinuities, varying
groundwater conditions, and diverse mechanical
properties. These factors fundamentally influence
stress - redistribution, deformation patterns, and
failure mechanisms around tunnels [18],[31]. Failure
to Failure to adequately account for such variability
can result in inaccurate design assumptions,
excessive ground movements, increased support
demands, cost overruns, and in severe cases,
catastrophic structural failures [19],[30]. Traditional
empirical methods such as Rock Mass Rating
(RMR), Q-System, and Geological Strength Index
(GSI) have been widely adopted for initial rock
mass characterization and rapid stability assessments.
These tools provide valuable, practical correlations
between rock mass conditions and support
requirements that guide preliminary design decisions
[20]. However, the inherently deterministic nature of
these empirical systems limits their ability to capture
the full complexity and spatial variability of
geological conditions encountered in practice [21].
This shortcoming has driven the adoption of
advanced numerical modeling techniques, with
finite element modeling (FEM) emerging as a
robust and versatile approach to simulating tunnel
excavation and rock—support interaction [22][32].

FEM enables detailed assessment of stress
redistribution, plastic deformations, potential failure
zones, and support system  performance,
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incorporating diverse geological scenarios and
mechanical  behaviors, = which  improves
predictive accuracy and design

optimization [23][33-38].

In this context, the present study employs RS2
software an established two-dimensional finite
element modeling platform offered by
Rocscience to investigate tunnel stability under
variable geological conditions. The Kohat Tunnel
in Pakistan, characterized by a heterogeneous
rock mass composition due to alternating
lithologies and complex structural geology, serves
as a representative case study [24][25]. The
objectives encompass detailed rock mass
classification using empirical indices, simulation
of multiple geological scenarios affecting tunnel
behavior, and sensitivity analysis employing the
Grey Correlation Method to identify key factors
driving stability outcomes. Through this
multifaceted approach, the study aims to quantify
the impact of geological variability on tunnel
performance and provide insights that enhance
design practices by integrating empirical and
numerical modeling frameworks [25], [26-38].
Advances in geological detection technologies,
including ahead geological detection and real-
time monitoring during excavation, increasingly
complement empirical and numerical methods
by offering dynamic, non-invasive insight into
subsurface  conditions. These integrated
approaches facilitate proactive risk management
and adaptive construction strategies, which are
crucial for navigating complex geological
environments such as those encountered in the
Kohat Tunnel project [26], [27]. This research
contributes to the growing body of knowledge
that underscores the necessity of comprehensive
geological characterization combined with
sophisticated modeling tools to achieve safer,
cost-effective, and resilient tunnel designs [28],
[29-36]. Thus, by integrating empirical rock
mass classifications, numerical modeling via
FEM, and sensitivity analyses, the study
endeavors to establish a robust framework
for addressing geological variability in tunnel
engineering,  ultimately = enhancing  the
predictability and reliability of underground
construction projects.

2. Geological  Characterization
Integrated Data of the Kohat Tunnel

and

The Kohat Tunnel is situated within the
geologically complex terrain of the Kohat Pass,
Khyber Pakhtunkhwa, Pakistan, where the
tunnel  alignment  traverses  interbedded
sedimentary sequences of limestone, sandy
limestone, and shale belonging to the

Jurassic—Cretaceous formations. These
lithological units exhibit ~ pronounced
heterogeneity in their physical and mechanical
properties, primarily controlled by depositional
environments, tectonic deformation, and varying
degrees of weathering.

The limestone unit (GTU-I) is predominantly
massive and relatively competent, with moderate
jointing and comparatively higher uniaxial
compressive strength and Geological Strength
Index (GSI) values. This unit generally provides
favorable ground conditions, capable of
sustaining in-situ and excavation-induced stresses
with limited deformation. In contrast, the sandy
limestone unit (GTU-II) exhibits moderate
weathering, variable bedding characteristics, and
irregular joint spacing. These features impart
intermediate  strength and  deformability,
resulting in a heterogeneous mechanical response
that necessitates careful consideration in design
and analysis.

The shale unit (GTU-III) represents the weakest
and most problematic lithology along the tunnel
alignment. It is highly fractured, weak, and
susceptible to time-dependent deformation and
squeezing under elevated stress conditions. The
significantly lower strength and stiffness of shale,
combined with its anisotropic behavior, pose
substantial challenges for tunnel stability and
require robust and immediate support measures
during excavation.

A comprehensive geotechnical investigation
program was undertaken, including core drilling,
detailed geological mapping, and laboratory
testing of representative rock samples. These
investigations provided essential data on key
physical and mechanical properties such as
density, porosity, uniaxial compressive strength
(UCS), tensile strength, and elastic modulus. The
resulting dataset enabled reliable rock mass
classification and served as a critical input for
both empirical design approaches and advanced
numerical modeling. The tunnel overburden
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ranges from approximately 150 to 200
meters, placing the excavation within a
shallow-to-intermediate depth regime. This
overburden significantly influences stress
conditions and contributes to spatial
variability in rock mass behavior.
Furthermore, the presence of discontinuities
such as joints, bedding planes, and potential
groundwater ingress adds complexity to the
stress  redistribution and  deformation
patterns around the excavation.
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Overall, the pronounced geological variability
across the three geotechnical units governs the
mechanical response of the rock mass and plays a
decisive role in tunnel stability. Accurate
representation of this heterogeneity through
integrated geological characterization, laboratory
testing, and numerical modeling is essential for
the safe and efficient design of the Kohat Tunnel.
The marked contrast in strength and
deformability, particularly between limestone
and shale units, underscores the necessity for
adaptive support systems and detailed sensitivity
analyses to address the challenges associated with
tunneling in complex and variable ground
conditions. The different integrated data of
rock masses along the Kohat tunnel is presented
in Table 1.
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Table 1: Geological Characterization and Integrated Data of the Kohat Tunnel
S.No Parameter Limestone Sandy Limestone Shale

Min Max Avo Min Max A;Lg Min Max Avo
=) )

1 Unit weight, y (KN/m3) 26.20 27.20 26.70 25.20 27.20 26.40 25.30 26.80 25.90
2 Uniaxial Compressive Strength, oc (MPa) 52.20 62.20 57.20 25.60 48.90 37.80 3.66 9.80 6.73
3 Uniaxial tensile Strength, ot (MPa) 6.79 7.99 8.90 341 6.45 4.98 - - -

4 Modulus of elasticity, E (GPa) 15.20 29.00 22.10 7.50 15.20 1140 0.10 1.93 0.72
5 Poisson"s ratio, u 0.20 0.30 0.27 0.26 0.34 0.30 0.29 0.35 0.32
6 Hoek — Brown Constant, mi 8.00 6.00 6.00 £2
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23 Stress Conditions along the alignment
of Kohat tunnel

The magnitude of horizontal and vertical stresses
along the alignment of the Kohat Tunnel
demonstrates significant variation depending on
the lithology of the rock formations through
which the tunnel passes. According to Table 6,
the limestone (CI) and sandy limestone (CII)
formations are characterized by relatively low
vertical and horizontal stresses. Specifically, the
vertical stresses in limestone and sandy limestone
are 2.14 MPa and 1.58 MPa, respectively, while
the horizontal stresses are correspondingly 0.79
MPa and 0.68 MPa. These lower stress levels
indicate that these rock types are comparatively
more resistant and less deformable under the
existing geostatic conditions.

In contrast, the shale formation (DI) along the
Kohat Tunnel alignment exhibits significantly
higher stress magnitudes, with vertical stress
reaching 7.90 MPa and horizontal stresses
measured at 3.72 MPa. These elevated stress
values suggest that shale is a weaker and more
deformable rock type, prone to greater
deformation and potential instability under
tunneling loads. The contrast in stress
magnitudes between the limestone/sandy
limestone and shale formations underscores the
importance of lithological variations in

influencing the in-situ stress distribution and the
geotechnical behavior of the tunnel alignment.
Furthermore, the stress ratio K, defined as the
ratio of horizontal to vertical stress, ranges from
0.37 to 0.47 along the tunnel. This relatively low
ratio indicates a gravity-dominated stress regime
where the vertical stress component due to the
weight of the overburden is more significant than
horizontal tectonic stresses. Such a stress regime
suggests that the tunnel’s stability and design
primarily need to consider vertical loading effects,
with horizontal stresses playing a secondary but
still crucial role in rock mass behavior and
support requirements.

These findings are consistent with principles of
soil and rock mechanics that relate stress
magnitudes to rock type and structural geology,
influencing deformation and failure mechanisms
in underground excavations. The differentiation
of stress states across varying lithological units
highlights the necessity to tailor engineering
designs and reinforcement strategies according to
localized stress variations to ensure tunnel safety
and durability under operational conditions. The
stress  conditions along the tunnel axis is
presented in Table 2.

Table 2: Stress Conditions along the alignment of Kohat tunnel

GTU Rock type Vertical Stress (MPa)  Horizontal Stress (MPa) K

CI Limestone 2.14 0.79 0.37

1 Sandy limestone 1.58 0.68 043

DI Shale 7.90 3.72 0.47

2.4 Strength Parameters of Rock Mass Along indicate a relatively competent rock mass with
the alignment of Kohat tunnel moderate strength and better interlocking

The laboratory-derived strength parameters and
Hoek—Brown constants for limestone, weathered
limestone, and shale reveal a significant
variability in the mechanical behavior of the rock
masses encountered along the Kohat Tunnel
alignment. This variability has direct implications
for tunnel stability, excavation performance, and
support design in a mining and tunneling
context.

The intact limestone exhibits comparatively
higher uniaxial compressive strength (oc =9.785
MPa) and tensile strength (ot = 0.273 MPa),
along with higher Hoek—Brown constants (mb =
1.785, s = 0.094, a = 0.503). These values

characteristics. However, the strength values still
fall within the range of weak to moderately weak
rock, suggesting that even intact limestone in the
Kohat Tunnel is not exceptionally strong and
may be susceptible to deformation under high in-
situ stresses.

In contrast, the weathered limestone shows a
substantial reduction in both compressive (Oc =
3.636 MPa) and tensile strength (ot = 0.047
MPa), accompanied by a sharp decrease in the
Hoek—Brown parameter s (0.0007). This
reduction reflects the effects of weathering,
which leads to the degradation of bonding,
increased porosity, and the development of
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micro-fractures. The lower mb value (0.589)
further indicates reduced frictional strength and
inter-particle resistance. Such conditions are
critical in tunneling, as weathered zones are likely
to behave as weak strata, contributing to localized
instability, overbreak, and the need for
immediate support.

The shale unit represents the weakest material
encountered, with extremely low compressive
strength (oc = 0.404 MPa) and tensile strength
(ot = 0.004 MPa). The Hoek—Brown parameters
(mb = 0.308, s = 0.0002, a = 0.538) confirm its
very poor rock mass quality. The very low s value
indicates a highly fractured or structurally
disturbed material, while the low mb suggests
minimal shear strength. In the context of the
Kohat Tunnel, shale layers are expected to
behave in a ductile to highly deformable manner,

making them prone to squeezing, slaking, and
time-dependent deformation. These
characteristics significantly increase the risk of
tunnel convergence and instability, particularly
under high overburden stresses.

Overall, the results highlight a high degree of
geological variability, ranging from relatively
competent limestone to extremely weak shale.
This heterogeneity plays a crucial role in
governing tunnel stability and must be carefully
incorporated into numerical modeling and
sensitivity analysis. The transition zones between
limestone and weaker units (weathered limestone
and shale) are particularly critical, as they may act
as zones of stress concentration and differential
deformation. The different Strength and Hoek—
Brown Parameters are presented in Table 3.

Table 3: Strength and Hoek—Browns Parameters of Rock Mass Along the Axis of Kohat Tunnel

S.No Rock Type Strength Parameters Hoek—Brown Parameters

o. (MPa) o (MPa) My S a
1 Limestone 9.785 0.273 1.785 0.094 0.503
2 Limestone weathered 3.636 0.047 0.589 0.0007 0.516
3 Shale 0.404 0.004 0.308 0.0002 0.538

2.5. Rock Mass Classification and Support

Recommendations for Rock mass Along the
Alignment of Kohat Tunnel using RMR

The Rock Mass Rating (RMR) system offers a
well-established, empirical framework = to
systematically  select appropriate  support
measures for tunnel excavation based on the
varying quality of rock masses encountered along
the Kohat Tunnel alignment. This approach
ensures that excavation and reinforcement
strategies are effectively tailored to the specific
geotechnical conditions present at different
stations, optimizing safety and construction
efficacy. The details of the rock mass classes and
support system recommended for each unit are
presented in Table 4 and Table 5.

Table 5 shows: At stations 16+362 and 17+725,
the rock mass is classified as good quality with
RMR values ranging from 65 to 70. Such rock
conditions allow for full-face excavation,
minimizing disruptions to progress and costs.
Support requirements under these conditions are
limited, typically involving the installation of
locally placed 3-meter rock bolts which provide
sufficient reinforcement of the rock mass.
Occasional wire mesh installation is adopted in

arcas susceptibie to minor Tock tall or spalfing,
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ensuring additional safety without excessive
use of materials or time

In contrast, station 17+996 presents fair rock
mass quality characterized by an RMR of
42, indicating moderately fractured or
weathered conditions warranting more
cautious excavation methods. Here, staged
excavation using a top heading and bench
method is recommended to control
excavation-induced stress  redistribution
carefully. Reinforcement consists of 4-meter
fully grouted bolts installed at 1.5-2-meter
spacing in the crown and walls, combined
with 50-100 mm thick shotcrete lining for
rock surface consolidation. Wire mesh
installation in the crown further aids in
controlling loose rock fragments, addressing
the increased deformation potential in the
rock mass.

At the weakest rock zone, station 17+314,
the rock quality is assessed as poor with an
RMR of

29. The highly fractured and weak rock in
this segment necessitates intensive support
measures to ensure excavation stability and
worker safety. Support includes the
installation of longer rock bolts of 4 to 5
meters in length at closer spacing of 1 to
1.5 meters. Thicker shotcrete layers ranging
from 100 to 500 mm are applied to the
crown and sides to reinforce the excavation
boundaries effectively.
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Such robust support controls excessive
deformation and prevents collapse,
exemplifying the critical influence of rock mass
quality on support design density and type.

The direct correlation between the RMR
classification and required support intensity
highlights the vital role empirical systems like
RMR play in underground excavation projects. It
underscores the importance of detailed geological
and geotechnical investigations to identify
variable rock mass conditions along the tunnel
and to design site-specific reinforcement
strategies that balance safety, cost, and

construction efficiency This tailored approach
not only mitigates risks associated with variable
geological conditions but also optimizes resource
utilization during construction, helping to ensure
long-term tunnel stability and operational success.
In conclusion, the application of the RMR
system along the Kohat Tunnel allows a rational
and adaptable framework for support design,
adjusting from minimal reinforcement in good
quality rock to substantial support schemes in
poor quality zones, thus harmonizing excavation
techniques with the varying geotechnical
environment. The various rock mass classes along
the alignment of Kohat Tunnel and support
requirements are summarized in Table 4 and
Table 5.

Table 4: Rock mass classification along the tunnel axis using Basic RMR

J
GTU Rock type Rock Mass Rock mass Rock Mass GSI
Rating Class Quality
CI Limestone 65-70 II Good rock 60-65
CII Sandy 42 III Fair rock 39
Limestone
DI Shale 29 IV Poor rock 24

Table 5. RMR support Recommendations for Rock mass Along the of Kohat Tunnel

Station Rock Mass Excavation Rock bolts (fully Shotcrete  Steel set
Class grouted with 20 mm
diameter)
RMR: 65 Full face Locally, bolt in crown 50 mm in None
STA 16+362 11— Good I1-1.5m 3 m long, spaced 2.5 crown
rock advance. m with occasional where
Complete support wire required
20 m from face mesh
RMR: 42 Top heading and ~ Systematic bolts4m 50— 100 None
STA 17+996 IIT — Fair bench 1.5-3m long, mm
rock advance in top spaced 1.5 -2 m in in crown
heading. crown and walls with and 30
Commence wire mesh in crown mm in
support after each side
blast.

Complete support
10 m from face.
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STA 17+314

STA 16+725

RMR: 29
IV — Poor
rock

RMR: 70
II — Good
rock

Top heading and
bench 1.0 - 1.5m
advance in top
heading.
Commence
support after each
blast.
Complete support
10 m from face.
Full face
I-1.5m
advance.
Complete support
20 m from face

Systematic bolts 4-5
m long,

spaced 1.0 — 1.5 m in
crown and walls with

wire mesh

Locally, bolt in crown

3 m long, spaced 2.5
m with occasional
wire mesh

100 — 150  Light to
mm in medium
crown and ribs spaces

100 mm in 1.5m
sides where
required
50 mm in None
crown
where
required
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3. Numerical Modelling

Finite Elements Analysis (FEA) was conducted
using RS2 to evaluate the stability of the Kohat
Tunnel under varying geological conditions.
Three geological units (GTUs) were analyzed
independently to isolate the influence of
geological variability on tunnel behavior.
Identical model geometry, boundary conditions,
and analysis producers were applied to all GTUs
so that observed differences in resources could be
attributed solely to variations in rock mass
properties. Rock mass behavior was simulated
using the generalized Hoek-Brown constants (mb,
s, and a), unit weight, Young’s modulus, and
Poisson’s ratio to define both strength and
deformation characteristics of the rock mass.
These parameters were assigned directly from
laboratory testing and rock mass classification
results. The numerical model boundaries were
defined following standard RS2 practice. Roller
boundaries were applied along the vertical sides
of the model to restrict horizontal displacement
while allowing vertical movement. The base of
the model was fully fixed to prevent both vertical
and horizontal displacements. Initial in-situ
stresses were generated using horizontal stress
ratioo K= a h / a v, derived from field
measurements , ensuring realistic pre-excavation
stress conditions. The tunnel excavation was
assumed to be circular and was simulated using
staged excavation in RS2. Tunnel support was
modeled using equivalent elastic liners to
represent shotcrete, while rock bolt effects were
incorporated through rather than discrete bolt
elements. Excavation and support installation
followed RMR-based recommendations for each
geotechnical unit to reflect actual construction
practices.

To assess the sensitivity of tunnel stability to key
rock mass parameters, a parametric study was
performed by varying Geological Strength Index
(GSI), UCS, Young’s modulus (E), and Poisson’s
ratio (v)by +—25% relative to their baseline values.
The resulting Factors of Safety (FOS) obtained
from RS2 were compared to evaluating
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parameter influence. The Grey Correlation
Method (GCM) was then applied to quantity the
relative contribution of each parameter to tunnel
stability. The correlation of the sensitivity of FOS
to each parameter, with higher values indicating
greater influence.

To analyze the models developed in FEA
software RS2, the following conventions were
adopted.

1. Immediate support
excavation and enlargement.
2. Assuming Elasto-plastic behavior of rock mass
with generalized Hoek-Brown

criterion is adopted for models’ simulations.

3. The model of the Tunnel is 2D by considering
plane strain problem

3.1 Design Input Parameters for RS2 Modeling
of GTU-1 (Limestone)

Numerical modeling for GTU-I, GTU-II, and
GTU-III was carried out using RS2 finite element
software based on the respective geotechnical
input parameters. The results of the numerical
simulations are summarized in Table 6. However,
in this paper, only the input parameters and
modeling setup for GTU-I (limestone) are
presented and discussed in detail, while the
modeling parameters for GTU-II and GTU-III
are not included here for brevity. Table 6
summarizes the key geotechnical input
parameters and support design adopted for
numerical modeling of GTU-I (limestone) in RS2
software along the Kohat Tunnel alignment. The
rock mass is characterized by a relatively high
uniaxial compressive strength of 57.2 MPa,
indicating moderately strong rock conditions.
The high Young’s modulus (22.1 GPa) and low
Poisson’s ratio (0.27) reflect a stiff and brittle
mechanical response typical of competent
limestone. The Generalized Hoek—Brown
parameters (mb = 3.438, s = 0.0205, a = 0.502)
indicate a moderately fractured but overall intact
rock mass with limited degradation of strength. A
unit weight of 26.7 kN/m* (0.0267 MN/m*) was
used to represent the self-weight of the rock mass
in the numerical model. In-situ stress conditions

installation  after
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were incorporated through a horizontal-to-
vertical stress ratio (K = 0.369), representing a
stress regime dominated by vertical loading. This
parameter plays a key role in defining stress
redistribution and deformation patterns around
the excavation boundary.

The support system was designed based on RMR
classification (approximately Class II — good rock).
Accordingly, a relatively light support scheme was
adopted, including full-face excavation, 3 m long

fully grouted rock bolts installed in the crown at
2.5 m spacing, wire mesh reinforcement, and a
50 mm thick layer of shotcrete in the crown. This
support configuration reflects the self-supporting
capacity of the limestone and is intended
primarily for surface confinement and loosening
control  rather than  heavy  structural
reinforcement.

Table 6: Design input parameters for RS2 modeling of GTU-1

Uni—axial. GeneralizedHoek-Brown E" _ %
g;);:ﬁ;;swe constants ;‘% E ; o :§ ~ K
(MPa) Mb s a ;E) s E E §
57.2 3.438 0.0205 0.502 0.0267 0.27 22100 0.369
RMR Support
Excavation Full face
Support System Bolt length 3m in crown with wire mesh
Bolt spacing 2.5 meter
Shotcrete 50mm thickness in crown

These parameters were directly implemented in
the RS2 numerical model to simulate excavation-

induced stress redistribution and assess tunnel

stability under limestone conditions. The results

provide a realistic representation of rock mass

behavior and clearly demonstrate the influence of
rock quality on support intensity and

deformation response along the tunnel

alignment. The results of numerical modeling for

GTU-I are shown in Figure 1.1 to 1.9.
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For GSI Varlatlon

Figure 1.2 Simulated models for GTU-I (for 25% Increase in GSI Value )
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Figure 1.4 Simulated models for GTU-I (Poisson ratio 25% Increasing
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Figure 1.5 Simulated models for GTU-I (Poisson ratio 25% Decreasing
For UCS Variation

Figure 1.6 Simulated models for GTU-I (UCS 25% Increasing)
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Figure 1.8 Simulated models for GTU-I (Young Modulus 25% Increasing
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Figure 1.9 simulated models for GTU-I (Young Modulus 25% Decreasing)

3.2 Analysis of numerical models for different
geotechnical units

The numerical modeling results clearly
demonstrate significant variations in tunnel
response across the three geotechnical units
(GTU-I, GTU-IIL, and GTU-III), highlighting the
strong influence of lithological variability on
excavation stability. The different results
obtained from numerical analysis are presented
in Table 7 to Table . The limestone unit (GTU-I)
exhibits the most stable performance due to its
relatively high stiffness (Young’s modulus of 22.1
GPa) and favorable rock mass strength
parameters. As a result, deformation after
excavation is minimal, and the rock mass
effectively sustains the induced stresses. The
computed strength factors are highest at the
crown (6.00) and remain acceptable at the
sidewall (1.58), indicating stable conditions with
adequate safety margins. Correspondingly, total
displacements are very low, with values of 0.30
mm at the crown and 0.06 mm at the sidewall,
reflecting excellent self-supporting capacity of the
limestone.

In contrast, the sandy limestone unit (GTU-II)
exhibits intermediate behavior characterized by
reduced stiffness and moderately weaker rock
mass properties. This reduction in mechanical
competence results in lower strength factors
compared to limestone and a noticeable increase
in deformation response. The computed
displacements rise to 0.60 mm at the crown and
0.20 mm at the sidewall, indicating moderate

4523

stability conditions. Although the rock mass
remains generally stable, its heterogeneous nature
and variable jointing make it more sensitive to
stress redistribution induced by excavation.

The shale unit (GTU-III), however, demonstrates
the poorest mechanical performance among all
units. Due to its very low stiffness, weak bonding,
and highly fractured nature, it undergoes
significant deformation following excavation.
The crown displacement increases substantially
to 2.25 mm, indicating a high potential for
instability and localized failure zones. The low
strength and deformability of shale make it
highly susceptible to squeezing behavior,
particularly under in-situ stress conditions,
thereby necessitating immediate and robust
support measures during tunneling.

Overall, the results confirm a strong correlation
between rock mass strength/stiffness and tunnel
stability response. As rock quality decreases from
limestone to shale, there is a consistent reduction
in strength factor and a corresponding increase
in deformation. This trend clearly emphasizes
that the mechanical behavior of the tunnel is
governed primarily by lithological variability and
rock mass condition, as summarized in Table 10.
The findings further highlight the importance of
incorporating realistic geotechnical parameters
into numerical models to accurately predict
deformation patterns and optimize support
design in heterogeneous ground conditions
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Table 7:  Awalysis of numerical models for different geotechnical units (Actual base values)

Young Poisson Generalized Hoek -Brown .

S.No Rock type Modulus UCs GSI ratio Parameters Strength factor (F.O.S) Total Displacement (mm)
(E) MPa (\%)] mb s a Crown Sidewall Crown Sidewall
MPa After excavation After excavation

1 Limestone 22100 57.20  65.00 0.27 3.438 0.0205 0.502 6.00 1.58 0.30 0.06

Sandy
2 Limestone 11400 37.80  39.00 0.30 1.641 0.0011 0.512 1.58 1.26 0.60 0.20
3 Shale 720 6.73 2400 0.32 0.773 0.0002 0.533 2.84 1.26 6.75 2.25

Table 8: Analysis of numerical models for different geotechnical units (for 25% Increase in GSI Values)

Young . Generalized Hoek -Brown Strength factor Total Displacement
UCS  Modulus Poisson  parameters Strength factor (F.O.S) (mm)
S.No Rock type GSI ratio . .
MPa (E) Crown Sidewall Crown Sidewall
MPa 0 mb S a
After excavation After excavation
1 Limestone 81.25 57.2 22100 0.27 6.143 0.1245 0.501 6.00 2.53 0.30 0.06
48.75 37.8 11400 0.30 2.325 0.0034 0.506 1.89 1.26 0.60 0.20
Sand
2 Limegtone
3 Shale 30 6.73 720 0.32 0.958 0.0004 0.522 2.84 1.26 6.75 2.25
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Table 7 presents the analysis of numerical models
for three geotechnical rock units—Limestone,
Sandy Limestone, and Shale—based on their
mechanical properties and excavation behavior.
Limestone, with the highest Young’s modulus
(22,100 MPa), UCS (57.2 MPa), and GSI (65),
shows the greatest stability, reflected by a high
strength factor (6.00 at crown) and minimal
displacement (0.30 mm at crown). Sandy
Limestone, with moderate strength and stiffness,
exhibits lower stability (strength factor 1.58) and
moderate displacement (0.60 mm). In contrast,
Shale, characterized by very low stiffness (720 MPa),
strength (UCS 6.73 MPa), and GSI (24),
demonstrates the poorest performance, with a low
strength factor (2.84) and the highest total
displacement (6.75 mm), indicating the need for
extensive support in excavation. Overall, the results
highlight that rock strength and quality
significantly influence excavation stability and
deformation.

Table 8 shows the effect of a 25% increase in
Geological Strength Index (GSI) on the numerical
model behavior of three rock types: Limestone,
Sandy Limestone, and Shale. With the increased
GSI values, all rocks exhibit improved Hoek-Brown
parameters, especially mb and s, indicating
enhanced rock mass strength. Limestone, with the
highest GSI (81.25), maintains a high strength
factor (6.00) and negligible displacement (0.30
mm), confirming its excellent stability. Sandy
Limestone also shows improved parameters with a
slightly increased strength factor (1.89) and
moderate displacement (0.60 mm). While Shale's
GSI improves to 30, its mechanical behavior
remains weak, with the lowest strength factor (2.84)
and the highest displacement (6.75 mm), implying
poor stability. Overall, increasing GSI positively
influences rock mass strength and reduces
deformation, though the degree of improvement
varies based on initial rock quality.
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Table 9: Analysis of numerical models for different geotechnical units (for 25% Decrease in GSI Values)

Generalized Hoek -Brown Strength factor Total Displacement
—— Young Poisson Parameters (F.0.5) (mm)
S.No Rock type GSI MPa Modulus ratio Crown Sidewall Crown Sidewall
MPa \d mb s a
After excavation After excavation
1 Limestone 48.75 57.2 22100 0.27 1.924 0.0034 0.506 347 1.26 0.30 0.06
Sandy
2 Limestone 29.25 37.8 11400 0.30 1.159 0.0004 0.524 1.58 0.95 0.60 0.20
3 Shale 18 6.73 720 0.32 0.624 0.0001 0.55 2.53 0.95 6.75 2.25

Table 9 presents the results of numerical modeling for three rock types—
Limestone, Sandy Limestone, and Shale—after a 25% decrease in Geological
Strength Index (GSI), revealing a decline in rock mass quality and its effects
on stability. With reduced GSI, the Hoek-Brown parameters (mb, s) drop
significantly, indicating weaker rock mass strength. For Limestone, the
strength factor decreases to 3.47 (from 6.00 in Table 7), while Sandy
Limestone and Shale also show reduced strength factors (1.58 and 2.53,

4525

respectively). Despite these reductions, the total displacements remain nearly
constant (e.g., 0.30 mm crown displacement for Limestone and 6.75 mm for
Shale), suggesting that while strength is compromised, deformation may not
always increase proportionally. Overall, lowering GSI degrades rock mass
behavior, especially reducing stability margins, highlighting the critical role of
rock quality in excavation safety assessments.
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Table 10: Analysis of numerical models for different geotechnical units (For 25% Increase in Poisson ratio values)

Poisson Young Generalized Hoek -Brown Strength factor Total Displacement
S.No  Rocktype ratio ucs modulus  GSI  Parameters (F.0.S) (mm)
(MPa) Crown Sidewall Crown Sidewall
E) M b
V) (E) (Mpa) m ° 2 After excavation After excavation
1 Limestone  0.33 57.2 22100 65.00 3.438  0.0205  0.502 5.68 1.58 0.30 0.08
2 Sandy
Limestone  0.37 37.8 11400 39.00 1.641 0.0011 0.512 1.89 1.26 0.65 0.20
3 Shale 0.40 673 720 2400 0773 00002 0533 221 126 7.00 2.80
Table 11: Analysis of numerical models for different geotechnical units (For 25% Increase in Poisson ratio values)
Poi Young Generalized Hoek -Brown Strength factor Total Displacement
oisson
UCs modulus Parameters (F.0.S) (mm)
N Rock ti |
S.No ock type 2‘3)10 (MPa) (E) GS mb S a Crown Sidewall Crown Sidewall
MPa After excavation After excavation
1 Limestone  0.20 57.2 22100 65 3.438 0.0205 0.502 5.68 1.58 0.30 0.06
Sandy
2 Limestone  0.22 37.8 11400 39 1.641 0.0011 0.512 1.58 1.26 0.65 0.17
3 Shale
0.24 6.73 720 24 0.773 0.0002 0.533 347 1.26 6.75 1.50
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Table 10 presents the results of numerical
modeling for three rock types—Limestone, Sandy
Limestone, and Shale—after a 25% increase in
Poisson’s ratio, illustrating how this change affects
rock mass behavior and excavation stability.
Poisson’s ratio, which influences lateral
deformation under stress, was adjusted to examine
its impact on displacement and strength parameters.
The modeling shows that with increased Poisson’s
ratio, the total displacement generally rises,
especially in weaker rocks. For example, Shale,
which has the highest Poisson’s ratio (0.4) and
lowest strength parameters (UCS = 6.73 MPa, GSI
= 24), exhibits the greatest displacement (7.00 mm
at the crown and 2.80 mm at the sidewall),
indicating high deformability and potential
instability. In contrast, Limestone, with a lower
Poisson’s ratio (0.3375) and higher strength (UCS

= 57.2 MPa, GSI = 65), experiences minimal
displacement (0.30 mm crown, 0.08 mm sidewall)
and the highest strength factor (5.68 at the crown),
reflecting good stability. Sandy Limestone falls
between these two, with moderate displacement
and strength. These results emphasize that
increasing Poisson’s ratio—especially in weak rock
masses—can significantly amplify deformations,
even if strength parameters remain unchanged,
underlining the importance of accurately evaluating
elastic properties in excavation design.

Table 11 presents the results of numerical
modeling for three rock types—Limestone, Sandy
Limestone, and Shale—after a 25% decrease in
Poisson’s ratio, highlighting how reductions in this
elastic parameter influence rock mass behavior
during excavation. Poisson’s ratio affects the
material’s lateral deformation under axial stress,
and decreasing it generally implies a stiffer, less
laterally deformable response. In this analysis,
despite the decrease in Poisson’s ratio, total
displacement values remain nearly unchanged
when compared to the baseline (Table 5.8),
indicating that reducing lateral strain does not
significantly affect overall deformation in these
rock types under the given conditions. For instance,
Limestone, with the lowest Poisson’s ratio of
0.2025 and high strength properties (UCS = 57.2
MPa, GSI = 65), maintains a very low crown
displacement of 0.30 mm and a sidewall
displacement of 0.06 mm, with a high strength
factor of 5.68. Sandy Limestone and Shale, which
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have lower strength and stiffness, show higher
displacements (0.65 mm and 6.75 mm at the crown,
respectively), though these are still comparable to
those observed in the baseline or increased
Poisson’s ratio cases. Interestingly, Shale shows a
higher strength factor (3.47) in this scenario
compared to Table 5.11, even though it retains the
lowest UCS and GSI values, suggesting that
reduced lateral deformation slightly improves
stability margin .

Overall, the results indicate that while decreasing
Poisson’s ratio may not drastically affect
displacements, it can contribute to slightly
improved strength responses, especially in weaker
rock masses like shale. This underscores the
nuanced role of Poisson’s ratio in excavation
modeling and the importance of accurate elastic
property  estimation for reliable stability
assessments.
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Table 12: Analysis of numerical models for different geotechnical units ( For 25% Increase in USC Values)

Ues Young Poisson Generalized Hoek -Brown Strength factor Total Displacement(mm)
S.No  Rock type modulus GSI  ratio Parameters (F.0.S)
(MPa) Crown Sidewall Crown Sidewall
(MPa) V) mb i a After excavation After excavation
1 Limestone 71.50 22100 65 0.27 3.438 0.0205 0.502 6.00 1.58 0.30 0.06
Sandy
2 . 47.25 11400 39 0.30 1.641 0.0011 0.512 1.89 1.26 0.60 0.15
Limestone
3 8.41
Shale 720 24 0.32 0.773 0.0002 0.533 2.84 1.26 6.75 1.50

Table 13: Analysis of numerical models for different geotechnical units ( For 25% Decrease in UCS Values)

Poisson Generalized Hoek -Brown Strength factor

ox - ucs K,Ioun% st ratio Parameters (F.0.S) Total Displacement(mm)
o ock type (MPa) odulus W) Crown ___ Sidewall Crown Sidewall
(MPa) mb s a . .
After excavation After excavation
1 Limestone 42.90 22100 65 0.27 3.438 0.0205 0.502 6.00 1.26 0.30 0.06
2 Sandy 28.35 11400 39 030 1.641  0.0011 0512 158 0.95 0.65 0.20
Limestone
3 Shale 5.05 720 24 0.32 0.773 0.0002 0.533 2.53 1.26 7.20 2.40
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Table 12 shows the numerical modeling results for
Limestone, Sandy Limestone, and Shale after a
25% increase in Uniaxial Compressive Strength
(UCS), evaluating how improved rock strength
affects excavation performance. With UCS
increased to 71.5 MPa for Limestone, 47.25 MPa
for Sandy Limestone, and 8.4125 MPa for Shale
(while other parameters remain unchanged), the
strength factors improve, especially for Shale,
where the crown strength factor rises to 2.84 from
previous lower values. Limestone maintains a high
strength factor of 6.00, and Sandy Limestone
shows a moderate value of 1.89.

Despite higher UCS, the total displacements
remain nearly the same as before—e.g., Limestone
shows 0.30 mm crown displacement, and Shale
remains at 6.75 mm—indicating that deformation is
more influenced by elastic properties (like Poisson’s
ratio and Young’s modulus) than UCS alone.
Overall, increasing UCS enhances stability margins,
particularly in weaker rocks, but does not
significantly reduce deformation without changes
in stiffness or rock mass quality.

Table 13 presents the analysis of numerical models
for different geotechnical units Limestone, Sandy
Limestone, and Shale , after a 25% decrease in
Uniaxial Compressive Strength (UCS). The UCS
values have been reduced while other parameters
like GSI and Young’s modulus remain unchanged.
Despite the reduction in UCS, the Generalized
Hoek-Brown parameters (mb, s, a) are not affected
(since they are primarily GSI-dependent), but the
strength  factors and displacements reveal
significant behavioral changes. Limestone remains
stable with a high strength factor (6.00) and
minimal displacement (0.30 mm at crown). Sandy
Limestone experiences a reduction in strength
(factor 1.58) and an increase in displacement (0.65
mm), indicating moderate performance. Shale,
being the weakest with the lowest UCS (5.05 MPa),
shows increased deformation (7.20 mm crown
displacement) and reduced strength factor (2.53),
suggesting higher risk of instability. Overall, this
analysis confirms that a decrease in UCS negatively
affects the structural performance of rock masses,
especially in weaker rock types like shale, leading to
larger deformations and reduced stability.

Table 14 presents the effect of a 25% increase in
Young’s Modulus (E) on the numerical modeling
of three rock types—Limestone, Sandy Limestone,

and Shale—used in geotechnical analysis. Young’s
Modulus represents the stiffness of the rock;
increasing it makes the rock more resistant to
deformation. With this increase, all other
parameters such as UCS, GSI, Poisson’s ratio, and
Hoek-Brown constants remain the same. As
expected, the strength factors remain unchanged
(since they depend more on UCS and GSI), but
the total displacements are significantly reduced for
all rock types. For example, crown displacement for
Limestone drops to 0.25 mm (from 0.30 mm in
Table 5.8), Sandy Limestone to 0.48 mm (from
0.60 mm), and Shale to 5.40 mm (from 6.75 mm).
This shows that increasing stiffness leads to better
deformation control, especially in relatively
stronger rocks. However, weaker rocks like Shale
still show high deformation despite improved
stiffness, indicating that increasing Young’s
Modulus improves stability but cannot fully
compensate for poor rock quality.
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Table 14: Analysis of numerical models for different geotechnical units ( For 25% increase in Young Modulus Values)

Poisson Generalized Hoek -Brown Strength factor

Young ratio Parameters (F.0.S) Total Displacement( mm)
S.No Rock type modulus UCS GSI
(E) II mb S a Crown Sidewall Crown Sidewall
After excavation After excavation
1 Limestone 27265 57.2 65 0.27 3.438 0.0205 0.502 6.00 1.58 0.25 0.05
Sandy
2 Limestone 14250 37.8 39 0.30 1.641 0.0011 0.512 1.58 1.26 0.48 0.16
3 Shale 900 673 24 032 0.773  0.0002  0.533 253 1.26 5.40 1.80

Table 15: Analysis of numerical models for different geotechnical units (For 25% decrease in Young Modulus Values)

Young Generalized Hoek -Brown  Strength factor .
modulus ucs Poisson Parameters (F.O.S) Total Dlsplacement (mm)
S.No  Rock type GSI  ratio - -
(E) MPa Crown __ Sidewall Crown Sidewall
MPa ™) mb s a ) -
After excavation After excavation
1. Limestone 16575 57.2 65 0.27 3.438 0.0205 0.502 6.00 1.58 0.42 0.11
Sandy
2 Limestone 8550 37.8 39 0.30 1.641 0.0011 0.512 1.58 1.26 0.78 0.26
3 Shale 540 6.73 24 0.32 0.773 0.0002 0.533 2.84 1.26 8.00 2.00
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Table 15 illustrates the effect of a 25% decrease in
Young’s Modulus (E) on the geomechanical behavior of
three rock types Limestone, Sandy Limestone, and
Shale while keeping other parameters like UCS, GSI,
and Hoek-Brown constants unchanged. A reduction in
Young’s Modulus leads to a significant increase in total
displacement for all rocks, indicating greater
deformation due to reduced stiffness. For instance,
crown displacement for Limestone increases from 0.30
mm (in the original case) to 0.42 mm, for Sandy
Limestone to 0.78 mm, and for Shale to 8.00 mm,
which is the highest among all. Although the strength
factors remain the same (since they depend on UCS
and GSI), the overall structural behavior degrades as
the rock becomes more deformable. This confirms that
lower stiffness (E) compromises deformation control,
making the rock mass more vulnerable to excessive
movements during and after excavation, especially in
weak rocks like Shale.

Table 16:

4.  Sensitivity Analysis for different geological
Parameters

In order to evaluate the effects of geological variability
on tunnel stability, the Grey correlation Method was
used to identify the most sensitive geological
parameters. Sensitivity analysis was performed for all
three geotechnical units to systematically examine the
influence of individual geological parameters on the
tunnel response. This approach provides a clear
understanding of how variations in rock mass
properties affect tunnel design requirements and
overall stability, allowing the relative importance of
each parameter to be assessed without altering the
original modeling conditions. The different input
parameters for the sensitivity analysis of all
Geotechnical Units are presented in Table 16 ,17 and
18 respectively .

Input parameters for Sensitivity analysis of Limestone Unit.

S.No. Geological Parameter

Actual Base values 0f25% Increase in values 0f25% Decrease in values
Geological Parameters Geological Parameters

Geological Parameters

1 GSI 65
F.O.S 3.79
2 Poisson ratio 0.27
F.O.S 3.79
UCS (MPa) 57.2
3 F.O.S 3.79
Young Modulus (GPa 22.10
4 FOS (GPa) 3.79

81.25 48.75
4.27 2.37
0.34 0.20
3.63 3.63
71.5 42.9
3.79 3.63
27.27 16.58
3.79 3.79

Table 17: Input parameters for Sensitivity analysis of Sandy limestone Unit.
Actual Base values 25% Increase in values .
. . . 25% Decrease in values
S.No. Geological Parameter of Geological of Geological .
Geological Parameters
Parameters Parameters
| GSI 39 48.75 29.25
F.0.S 1.42 1.58 1.27
2 Poisson ratio 0.30 0.375 0.225
F.0.S 1.42 1.58 1.42
3 UCS (MPa) 37.8 47.25 28.35
F.0.S 1.42 1.58 1.27
4 Young Modulus (GPa) 11.40 14.25 8.55
F.0.S 1.42 1.42 142
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Table 18: Input parameters for Sensitivity analysis of Shale Unit
Actual Base 25% Increase in values
S.No. Geological Parameter values . of of Geological 25% Decrease in values
Geological of Geological Parameters
Parameters Parameters
1 GSI 24 30 18
F.O.S 2.05 2.05 1.74
" Poisson ratio 0.32 0.40 0.24
F.O.S 2.05 1.74 2.37
a UCS (MPa) 6.73 8.41 5.05
F.O.S 2.05 2.05 1.89
y Young Modulus (GPa) 0.72 0.90 0.54
F.O. 2.05 1.89 2.05

For the sake of brevity and time efficiency, only the
sensitivity analysis procedures for limestone are
presented in this paper, while the same methodology

Step # 1 Comparison matrix X is as follows:

1 65 81.25 4875
{2 027 034 020
3 572 715 429
|4 221 2727 16.58

Step#2 Reference matrix Y is as follows:

1 379 427 237
379 3.63 3.63

2
3 379 379 3.63
4 379 379 3.79

Y=

was consistently applied to the remaining geotechnical
units.

Sensitivity analysis procedures for limestone are
presented as follows:

Step #3 The dimensionless comparison matrix X' and the reference matrix Y', obtained through the interval
relative value transformation method applied to the aforementioned matrices, are as follows:

X (j)—min X ()

X,(j) =
max X (j)—min X (/)

1 05 1 0 1 075 1 0
2" 05 1 0] ,_|[2 1 00
X 3 05 1 0 Y 3 1 10
4 05 1 0 4' 0 00
Step#4 Difference sequence matrix is
_ 1
1
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Step#5 Grey correlation coefficient matric is

+ gAll\‘L\

}/’, — mmnm a
A:/ 2.5 é,AH\;L\

1 1

. . 1
1. 1 1
1

The Grey Correlation Degree sequence is,
A=[0.89, 0.61, 0.83, 0.61]

The sensitivity analysis indicates that GSI (0.889) is
the most sensitive parameter, followed by UCS
(0.833). This suggests that variations in the
Table 19:

Geological Strength Index have the greatest impact
on the model's behavior, highlighting its critical
role in geotechnical performance.

The grey correlation sequences for all the
Geotechnical Units are presented in Table 19.
Grey Correlation Degree sequence for all Geotechnical Units.

Grey Correlation Degree

S.No  Geological Parmeter

Limestone Sandy Limestone Shale
1 GSI 0.89 0.99 0.83
2 Poisson Ratio 0.61 0.84 0.54
3 Uni-axial Compressive Strength 0.83 0.99 0.83
4 Young Modulus 0.61 0.61 0.38

The sensitivity analysis revealed that GSI is the most
influential parameter, followed by UCS, indicating
that variations in these parameters significantly affect
model behavior. This highlights the critical role of
rock mass characterization, particularly the
Geological  Strength Index, in controlling
geotechnical performance and stability.

5. Conclusion

This study confirms that geological variability plays a
critical role in controlling the stability of the Kohat
Tunnel. Numerical analysis using RS2 demonstrated
that different geotechnical units respond differently
to excavation due to variations in strength and
deformation  properties. Limestone exhibited
comparatively  better  stability = with  lower
deformations and higher strength, whereas sandy
limestone and shale showed higher displacements
and reduced stability, particularly in weaker zones.
These results highlight that tunnel behavior is
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strongly governed by the mechanical
characteristics and spatial variability of the
surrounding rock mass.

The sensitivity analysis using the Grey
Correlation Method further identified the most
influential geological parameters affecting tunnel
stability. The results show that the Geological
Strength Index (GSI) and uniaxial compressive
strength (UCS) have the strongest influence on
the Factor of Safety, confirming that rock mass
quality and strength are the primary controlling
factors for tunnel stability. In contrast, Poisson’s
ratio and Young’s modulus were found to
primarily affect deformation behavior, with
comparatively less influence on overall safety.
The combined use of numerical modeling and
sensitivity analysis provided a comprehensive
framework for understanding and quantifying
the effects of geological variability on tunnel
performance.
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Based on these findings, it is recommended that
detailed geological and geomechanical
characterization, particularly accurate determination
of GSI and UCS, should be prioritized during site
investigation and tunnel design. Design approaches
should account for spatial geological variability,
especially in weak or heterogeneous zones such as
sandy limestone and shale, where additional support
measures may be required. It is further
recommended that sensitivity analysis be integrated
into tunnel design procedures to identify critical
controlling parameters and improve the reliability of
stability assessments. Continuous monitoring during
excavation, along with adaptive support design, is
also essential to address uncertainties associated with
changing ground conditions. Overall, the adopted
methodology provides a reliable approach for
evaluating tunnel stability in complex and
heterogeneous rock masses and can be effectively
applied to similar tunneling projects to enhance
design safety, optimize support systems, and reduce
geotechnical risks.
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