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Abstract

The increasing demand for underground infrastructure in densely populated urban areas has intensified the need for reliable
prediction of tunneling-induced ground settlement, particularly under complex geological conditions such as fault zones.
This study aims to investigate the effect of fault material properties and heavy rainfall on surface settlement induced by
tunnel excavation. A coupled analytical and numerical approach was adopted to evaluate the ground response under faulted
conditions. Finite element analysis was conducted to simulate tunnel excavation and ground deformation, while the
proposed analytical solution was developed to predict settlement behavior. In addition, a parametric study was performed
to investigate the influence of fault material characteristics under rainfall conditions on surface deformation. The obtained
results indicate that fault zones significantly affect settlement magnitude and distribution, especially under heavy rainfall
due to the reduction in shear strength and changes in hydro-mechanical behavior. The comparison between the analytical
solution and numerical simulation demonstrates good agreement, confirming the validity and reliability of the proposed
approach. The novelty of this study lies in integrating fault material properties and rainfall effects into the settlement
prediction framework, providing a more comprehensive understanding of tunneling performance in faulted ground
conditions and offering practical guidance for underground construction in complex urban environments.
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1. Introduction

As urban infrastructure expands rapidly, there is an increasing demand for underground space utilization; therefore,
tunneling is one of the most important geotechnical activities. It causes surface settlement that can damage overlying
infrastructure and utilities, and the excavation of the tunnel will create new stresses. Urban geotechnical engineering
requires accurate prediction of tunnel-induced ground deformation. The early theoretical framework proposed by Peck
(1969) [1] established the Gaussian distribution as a useful representation of the transverse settlement trough, and this
continues to underpin a broad base of later studies. As tunnels become more complex in increasingly difficult geological
conditions, there is a need for more advanced and validated predictive tools to capture the totality of the influencing
factors on ground response.

Analytical solutions have long been favored in tunnel engineering practice for their computational efficiency and
physically transparent formulations. Sagaseta (1987) [2] introduced a source-sink approach to estimate ground
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movements due to ground loss, providing closed-form expressions for displacement in incompressible soils. Building
on this, Verruijt & Booker (1998) [3] extended the elastic solution to account for both uniform convergence and tunnel
ovalization, enabling a more realistic representation of tunnel deformation mechanisms. Loganathan & Poulos (1998)
[4] further refined the analytical framework by incorporating a modified ground loss parameter that accounts for the gap
between the tunnel lining and surrounding ground, significantly improving settlement predictions. More recently, Guo
et al. [5] proposed an optimized gap parameter theory combined with three-dimensional finite element analysis to
investigate shield tunnel construction-induced ground settlement. Their study demonstrated that grouting filling ratio
has the most significant impact on ground settlement, while tunnel face pressure and strata conditions also contribute
meaningfully findings that reinforce the importance of construction-phase variables in settlement prediction beyond the
classical gap formulation. Despite these advances, the foundational limitation of assuming homogeneous, isotropic
ground conditions persists across most analytical methods, and none of these solutions accounts for geological
discontinuities such as faults or for transient hydraulic effects induced by rainfall infiltration.

Rainfall infiltration constitutes a critical hydro-mechanical trigger for ground instability in tunneling, particularly in
mountainous terrain with complex geology. Sustained rainfall raises the groundwater table, increases pore water
pressure, and reduces the effective stress and shear strength of surrounding materials, thereby compromising the stability
of both the excavation and the completed tunnel structure [6, 7]. Statistical analyses of documented incidents confirm
that rainfall is the most frequently cited triggering factor in tunnel entrance collapse events, causing great casualties and
economic losses in tunneling projects [8-11]. The tunnel entrance section of the construction collapsed which is
allegedly due to weak stratum stability, poor construction, and sustained rainfall [12—14]. Among these contributing
factors, rainfall stands out as a particularly critical trigger, with the majority of recorded tunnel entrance section collapse
incidents being directly attributed to rainfall events [15, 16]. Consequently, investigating the precursory characteristics
prior to rainfall-induced collapse at tunnel entrances under complex geological conditions is of considerable importance
for effective prevention and remediation [17-20].

Lietal. [21] and Luo et al. [22] further demonstrated that construction-induced disturbance in loess tunnels produces
significantly more pronounced and sudden settlement compared to conventional rock tunnels, highlighting the particular
vulnerability of weaker formations to coupled excavation-hydraulic loading. Rainfall-driven recharge of high-pressure
dissolution cavities has additionally been identified as a potential trigger for sudden water inrushes during excavation,
exposing the completed tunnel lining to elevated water pressure [23, 24]. Concurrently, localized muddy limestone
formations in close proximity to the lining become progressively water-saturated as a result of groundwater infiltration
recharged by rainfall. This saturation process weakens the surrounding strata, leading to a measurable reduction in the
bearing capacity of the tunnel lining [25-30]. In the broader geotechnical context, Bustamante et al. [31] recently
conducted a sensitivity analysis of slope stability under heavy rainfall using PLAXIS 2D, the same software platform
adopted in the present study, demonstrating that increasing rainfall duration progressively reduces matric suction, lowers
shear strength, and decreases the factor of safety, with well-graded soils exhibiting up to 73.7% reduction in stability
after 24 hours of sustained high-intensity rainfall. These findings collectively reinforce the critical importance of
incorporating rainfall-induced pore water pressure evolution in any realistic assessment of tunnel-induced ground
deformation, particularly in geologically faulted environments.

Geological faults represent one of the most challenging conditions encountered in tunnel construction, as they
introduce zones of weakened, deformable material that disrupt the continuity of the surrounding rock mass and
significantly alter the stress redistribution pattern around the tunnel. Numerical simulations and model tests have been
applied extensively to study the mechanical behaviors and failure characteristics of tunnels under fault conditions. Yao
et al. [26] applied numerical and experimental methods to examine the mechanical behavior and failure characteristics
of tunnels under reverse fault conditions, revealing that fault geometry and material properties critically govern the
extent of induced deformation. Kaya et al. [27] employed the finite element method to analyze the failure mechanism
of a tunnel portal during excavation, identifying insufficient initial support and weathered rock masses as primary
contributors to instability, and confirming that a rock retaining wall with jet grout columns is effective as a repair
measure. Duan et al. [28] examined the impact of rainfall conditions on the stability of tunnel exit slopes through
GeoStudio numerical simulations, concluding that rainfall scenarios produce the most unfavorable stability conditions.
More recently, Zhang et al. [29] systematically varied fault zone core width, total zone width, dip angle, and dip direction
through numerical simulation, establishing that reducing the fault core width intensifies the mechanical response of the
tunnel lining due to stress concentration, while decreasing the dip angle transitions axial stress from tensile-compressive
to predominantly compressive and increases relative deformation intensity. Furthermore, Wu et al. [30] investigated
multi-line TBM tunneling through fractured zones using combined physical model testing, three-dimensional numerical
simulation, and field monitoring, demonstrating that settlement peaks at the center of fractured zones and diminishes
laterally, with amplified differential settlement in overlying buildings. Their findings also confirmed that crown grouting
is the most effective deformation-mitigation strategy in fractured geological settings a conclusion that directly supports
the grouting evaluation conducted in the present study. Collectively, these studies highlight the necessity of explicitly
incorporating fault zone properties into both numerical and analytical modeling frameworks when tunneling in
geologically complex terrain.
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Despite significant progress in both analytical and numerical methods, a critical gap remains in literature. Existing
analytical solutions, including the most recently optimized gap parameter framework of Guo et al. [5], are fundamentally
restricted to homogeneous ground conditions and cannot capture the differential deformation behavior introduced by
fault zones of varying mechanical properties. Even the most recent studies representing the current state of the art in
fault-tunnel interaction, such as Zhang et al. [29] and Wu et al. [30], address fault geometry effects on lining stress and
surface settlement in isolation, without coupling fault zone deformability with rainfall-driven pore water pressure
changes. Similarly, Bustamante et al. [31] and Ma et al. [32] treat rainfall infiltration effects and grouting mitigation
independently, without integrating them into a unified settlement prediction framework applicable to faulted ground.
Consequently, compared with previous analytical solutions, the proposed method provides a more integrated framework
for evaluating tunnel-induced settlement in complex geological conditions. Classical analytical approaches, such as
those based on elastic cavity theory, are useful for rapid estimation of ground deformation, but they commonly assume
homogeneous and isotropic ground conditions and therefore cannot fully represent the influence of geological
discontinuities. Similarly, many numerical studies have investigated tunnel behavior under faulted or fractured ground
conditions, but they often focus on stress redistribution, lining response, or settlement patterns without integrating
rainfall-induced pore water pressure and mitigation measures within the same framework. The present study differs from
these approaches by combining analytical settlement prediction with finite element validation, rainfall infiltration
modeling, fault-property parametric analysis, and grouting evaluation. This integration improves the practical value of
the method because it not only predicts settlement but also identifies the dominant controlling factors, particularly fault
stiffness, fault multiplicity, and hydraulic boundary conditions. Therefore, the proposed framework provides a more
comprehensive and design-oriented tool for preliminary assessment, risk evaluation, and reinforcement planning in
tunnels constructed through faulted ground under rainfall conditions.

To address these gaps, the present study systematically investigates tunnel-induced settlement through the integration
of analytical solutions and numerical modeling techniques. The analytical framework decomposes tunnel deformation
into uniform radial convergence and tunnel ovalization components, which are superimposed to yield the total
displacement field. Validation is performed through direct comparison with finite element numerical simulations
conducted in PLAXIS 2D, using coupled hydro-mechanical models that incorporate rainfall infiltration as a transient
flux boundary condition. Following validation, a comprehensive parametric study is conducted to evaluate the influence
of rock faults under conditions of intensive rainfall infiltration, considering variations in fault material properties,
specifically elastic modulus, cohesion, and friction angle, as well as fault quantity and orientation. The study further
evaluates grouting as a mitigation measure by comparing the mechanical response of grouted and ungrouted fault
scenarios. The outcomes of this study aim to provide a reliable, computationally efficient analytical tool for predicting
tunnel-induced settlement in faulted ground under rainfall conditions, contributing a practical framework for preliminary
design and risk assessment in complex geotechnical environments.

2. Methodology
2.1. The Simulation FEM

The Finite Element Method (FEM) is a widely used numerical technique for solving complex engineering problems
involving continuum mechanics, particularly in geotechnical engineering. It works by discretizing a continuous domain
into smaller elements, allowing the governing differential equations to be solved approximately over each element. This
approach enables the analysis of stress—strain behavior, deformation, seepage, and coupled hydro-mechanical processes
in soils and structures under various loading conditions. PLAXIS 2D is a specialized finite element software developed
for the analysis of two-dimensional geotechnical problems. It is widely applied in modeling soil-structure interaction,
slope stability, tunneling, excavation, and foundation behavior. PLAXIS 2D incorporates advanced constitutive models,
such as the Mohr-Coulomb and Hardening Soil models, enabling realistic simulation of soil behavior under different
stress paths. The software also supports coupled analyses, including groundwater flow and consolidation, making it
particularly suitable for studying problems involving rainfall infiltration, pore water pressure evolution, and long-term
deformation. Due to its robust numerical framework and user-friendly interface, PLAXIS 2D has become a standard
tool in both academic research and engineering practice for simulating complex geotechnical systems.

2.1.1. Geotechnical Parameters and Constitutive Model

The Mohr—Coulomb constitutive model is a commonly used model in geotechnical engineering to describe soil and
rock behavior. The adoption of the Mohr—Coulomb model allows for a clear comparison with analytical solutions based
on elastic cavity theory, thereby facilitating the validation of the numerical results. It is based on a linear relationship
between shear strength and effective normal stress, expressed as:

T=c+oc'tan¢g (D)

where, ¢ is cohesion and ¢ is the friction angle.
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The model assumes elastic—perfectly plastic behavior, meaning the material behaves elastically up to failure and then
deforms plastically without additional strength gain. The elastic response is defined by Young’s modulus and Poisson’s
ratio, while the plastic response is controlled by c, ¢, and the dilation angle. Due to its simplicity and limited input
parameters, the Mohr—Coulomb model is widely used in numerical analyses such as FEM. However, it does not account
for stress-dependent stiffness or nonlinear soil behavior, which may limit its accuracy in complex conditions. The
geotechnical parameters are shown in Table 1. Table 2 shows the shotcrete and lining properties.

Table 1. The rock parameters

The parameter C (kPa) E (kPa) Phi (degree) v A (KN/m®)
Rock 120 1300000 22 0.35 18
Fault material 15 10000 10 0.3 18

Table 2. The tunnel support parameters

The parameter EA (kN/m) EI (kNm?*/m) v
The shotcrete 5000000 16700 0.2
Concrete lining 14000000 187000 0.2

2.1.2. The Numerical Model Conditions

The numerical model was established with carefully defined boundary conditions to ensure realistic simulation of
soil-structure interaction and to minimize boundary-induced effects. The lateral boundaries were restrained in the
horizontal direction while remaining free in the vertical direction, whereas the bottom boundary was fully fixed to
prevent both horizontal and vertical displacements. To avoid artificial constraint effects, the model domain was extended
sufficiently far from the tunnel, with the lateral boundaries located at a distance of at least 4—6 times the tunnel diameter
from the tunnel axis and the bottom boundary positioned at a depth exceeding 3—4 times the tunnel diameter. A mesh
sensitivity analysis was conducted to ensure numerical accuracy, whereby different mesh densities were tested and the
results were compared in terms of settlement and pore water pressure. The findings indicated that a refined mesh around
the tunnel and fault zones was necessary to capture stress redistribution and deformation gradients accurately, while a
coarser mesh could be used in regions farther from the area of interest without compromising solution stability.

In addition, a coupled hydro-mechanical analysis was adopted to simulate the influence of rainfall infiltration on
ground response. The rainfall was applied as a constant flux boundary condition at the ground surface, with an intensity
of 0.1 m/day over a duration of 0.1 day. This approach allowed for the evaluation of transient pore water pressure
development and its interaction with the mechanical behavior of the soil-fault-tunnel system. The coupled analysis
framework enables a more realistic representation of field conditions, particularly in assessing the combined effects of
rainfall infiltration and excavation-induced stress changes on slope stability and deformation behavior. Figure 1 shows
the FEM models with the boundary conditions.

Figure 1. The FEM models
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2.2. The Analytical Solution

Tunnel excavation inevitably induces stress redistribution within the surrounding ground, leading to deformation of
both the tunnel boundary and the surrounding soil or rock mass. Analytical approaches have long been employed to
estimate tunnel-induced ground movements because they provide rapid and physically interpretable predictions
compared with numerical simulations. The analytical framework illustrated in the provided figures decomposes tunnel
deformation into two primary mechanisms: uniform radial convergence and ovalization of the tunnel cross-section.
These two deformation modes are treated as independent elastic responses and are subsequently combined using the
principle of superposition to obtain the total displacement field around the tunnel. This approach allows efficient
prediction of ground settlement patterns and tunnel deformation, particularly when multiple tunnels are constructed in
proximity. Liu et al. (2022) [33] employed an analytical solution to evaluate the settlement behavior of twin tunnels
through the superposition of individual tunnel settlement responses.

The analytical solution employed in this study is developed based on the classical framework of elastic cavity theory,
which requires several simplifying assumptions in order to obtain closed-form expressions for stress redistribution and
ground displacement around the tunnel. First, the surrounding ground is assumed to be homogeneous and isotropic,
meaning that its mechanical properties are spatially uniform and independent of direction. Second, the soil or rock mass
is considered to behave as a linear elastic continuum, where stress and strain are related through Hooke’s law and no
plastic yielding occurs within the analyzed deformation range. Third, the tunnel cross-section is assumed to be circular
prior to excavation, which allows the analytical solution to exploit axisymmetric conditions in the elastic response of
the ground. Furthermore, the ground layers are assumed to be horizontally stratified, ensuring that the initial stress field
varies primarily with depth and can be represented by vertical and horizontal in-situ stresses. The analytical formulation
also assumes that the induced deformations remain small relative to the tunnel radius, thereby allowing linear elasticity
theory and geometric linearization to remain valid. Finally, when multiple tunnels are present, their interaction effects
are approximated using the principle of linear superposition, whereby the total displacement field is obtained as the sum
of the individual displacement contributions generated by each tunnel.

Under these assumptions, closed-form analytical expressions can be derived to describe both the redistribution of
stresses and the resulting displacement field around the excavated tunnel. The analytical model requires a set of
geometric, mechanical, and hydraulic parameters describing the tunnel and surrounding ground. The analytical solution
for tunnel-induced ground displacement requires a set of geometric, mechanical, and hydraulic parameters describing
both the tunnel and the surrounding ground. Based on the previously mentioned issues, the present analytical framework
provides a simplified yet physically interpretable approach for evaluating tunnel-induced ground deformation in multi-
tunnel systems. Compared with full numerical simulations, the proposed method offers several advantages, including
reduced computational cost, rapid estimation capability, and clearer identification of the dominant deformation
mechanisms governing tunnel-ground interaction. By decomposing tunnel deformation into radial convergence and
ovalization components, the analytical model enables independent evaluation of the effects of isotropic stress release
and deviatoric stress redistribution around the excavation boundary. This decomposition improves the physical
interpretation of settlement formation and facilitates the assessment of interaction effects between adjacent tunnels.

The key geometric parameters include the tunnel diameter D, from which the tunnel radius is obtained as:

R=2 @

as well as the tunnel axis depth Hand the groundwater level (GWL). These parameters define the spatial configuration
of the tunnel within the ground mass and determine the initial stress conditions acting on the excavation. The mechanical
behavior of the surrounding soil or rock mass is characterized by several material properties, including the dry and
saturated unit weights y4,,, and y,., Young’s modulus E, Poisson’s ratio v, cohesion c, and the internal friction angle
¢ . These parameters describe the stiffness and shear strength of the ground and govern its response to stress
redistribution during excavation.

From the elastic constants, the shear modulus Gcan be derived as:
G=— 3)

T 2014v)

which represents the resistance of the ground to shear deformation. In addition, the coefficient of earth pressure at rest
is defined as:

Ko = 2 (4)

27

where ¢, and gy, denote the vertical and horizontal in-situ stresses, respectively. This coefficient describes the
relationship between horizontal and vertical stresses in the ground prior to excavation. Before tunnel excavation, the
vertical effective stress at the tunnel depth can be estimated as:

o, =YyH (®)

where, y represents the unit weight of the soil. When the ground is saturated, the effective stress must account for
buoyancy effects, and the expression becomes:
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0-1; = (ysat - VW)H (6)

where, y,, is the unit weight of water. The horizontal effective stress is then calculated using the earth pressure
coefficient:

op = Kooy U]

The pore water pressure distribution also influences the effective stress state around the tunnel. The pore pressure at
a depth hbelow the groundwater table is given by:

Pw = Ywh (8)
where, p,, represents the hydrostatic water pressure.

Tunnel excavation results in stress redistribution and deformation of the surrounding ground. In this analytical
framework, the deformation is represented by two primary mechanisms: uniform radial convergence and tunnel
ovalization.

Uniform convergence corresponds to the axisymmetric contraction of the tunnel boundary caused by stress release
following excavation. According to elastic cavity theory, the maximum radial convergence at the tunnel boundary can
be approximated by:

1+, ,

Uconv,max = ( E )(0-1; - pi)R (9)
where, p; represents the internal pressure acting at the tunnel boundary, which may correspond to support pressure or
lining pressure, and Ris the tunnel radius. This deformation mode produces a uniform inward displacement of the tunnel
wall while maintaining its circular geometry. In contrast, tunnel ovalization occurs when vertical and horizontal stresses
are unequal. The stress difference leads to elliptical distortion of the tunnel cross-section. The deviatoric stress
responsible for this deformation is expressed as:

Po = 0y — 0y, (10)
The maximum displacement associated with ovalization can be estimated as:

R
Uovatmax = pZLG (11)

This deformation causes differential displacement along the tunnel perimeter, resulting in elongation along one axis
and contraction along the perpendicular axis. To evaluate the displacement field in the surrounding ground, a spatial
grid of coordinates (xy) is generated. For each point within this grid, the radial distance from the tunnel center is
determined by:

r=,x%+y? (12)

The displacement components due to convergence and ovalization are calculated independently. The radial
displacement induced by convergence decreases with increasing distance from the tunnel and can be expressed as:

R
Uconw (1) = Uconv,max( ) (13)

-
The displacement caused by ovalization depends on both radial distance and angular position relative to the tunnel
center. It can be written as:

R 2
Uppal (T, 9) = Uoval,max (;) COS(ZQ) (14)
where, 6 denotes the polar angle measured from the horizontal axis.

The total displacement at any point around the tunnel is obtained by summing the two displacement components
according to the principle of superposition:

Z(x,y) = Uconw (%, Y) + Uppar (X, Y) (15)

This combined displacement field describes both the settlement and distortion patterns induced by tunnel excavation.
When multiple tunnels are present, the interaction between them can also be evaluated using linear superposition,
assuming that the ground response remains within the elastic range. For a system consisting of three tunnels, the total
vertical and horizontal displacements can be expressed as:

Uy,,, = Uy1 + Uyy + Uys (16)

Uxmt = Uyxy + Uy, + Uys (17)
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where, Uy; and Uy; denote the vertical and horizontal displacement components induced by the it* tunnel. Furthermore,
the vertical settlement associated with each individual tunnel can be decomposed into contributions from convergence
and ovalization mechanisms:

Uy = Uy + U, (18)

where, U, represents settlement induced by radial convergence and U,,, represents settlement induced by tunnel
ovalization. Together, these components provide a comprehensive analytical representation of tunnel-induced ground
deformation and enable efficient prediction of settlement patterns in multi-tunnel systems. Figure 2 shows the proposed
analytical solution flow chart.

Start

Input Tunnel & Ground Parameters
D’ Hr GWL: Ydry. Ysats E: v, C, 4)’ KO: Pi

Initialize Class
Compute Derived Parameters:
R=D/2,G

Compute Effective Vertical Stress ¢,
(dry or saturated condition)

Compute Horizontal Effective Stress o, = Kooy,
Compute Water Pressure py,
Compute p, = Deviatoric Stress
Compute Max Radial Convergence Ucony,max

Compute Max Ovalization Uoyal,max

Generate X, Y Grid Using Meshgrid

Yes No
Inside Tunnel?

Com u, z,y) if enabled
Set Z = O for This Point Ut leom (Z:Y)

; Compute Ugya(2,y) if enabled

Sum Displacements

Z = Ucony + Uoval

Yes No
~ More Points?

Output Displacement Field
ZXY

Plot Result
Contourf + Contour + Tunnel Outline

Show Figure

Figure 2. The analytical solution flow chart

3. Results
3.1. The Validation Process

To assess the reliability of the proposed analytical solution for predicting tunnel-induced settlement, a comparison
was conducted with numerical results obtained using PLAXIS 2D. The numerical model was developed using the finite
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element method under plane strain conditions, with the same geometric configuration and soil parameters adopted in the
analytical formulation. The tunnel settlement and displacement field predicted by the analytical solution were calculated
using the derived equations for uniform radial convergence and tunnel ovalization, and the results were compared with
the numerical outputs from PLAXIS 2D. The comparison indicates that the analytical model captures the general trend
and magnitude of tunnel-induced settlement with reasonable accuracy. Minor differences can be attributed to the
simplifying assumptions of linear elasticity in the analytical solution, whereas the numerical model accounts for more
complex stress redistribution. Overall, the results demonstrate that the analytical approach provides a satisfactory
approximation for estimating tunnel settlement and can be effectively used for preliminary analysis. Figure 3-a shows
the contour deformation for the analytical solution and finite element method. While Figure 3-b shows the curves above
the tunnel.

To provide a quantitative assessment of the agreement between the analytical solution and FEM simulation, the Root
Mean Square Error (RMSE) and maximum percentage difference were calculated along the section.

1 2
RMSE = \/; Z?=1(SFEM,L' - SAnalytical,i) (19)
Max % Difference = max(M %X 100%) (20)
SAnalytical,i

where, Sggm;i and Sanaiyticar,i are the settlement values at point i from FEM and analytical solutions, respectively, and n
is the total number of points along the section.

320
Tunnel-Induced Settlement

8
evation, y (m)

El
Settement, S (mm)

320 -36

Numerical Simulation
FEM analysis

Analytical Solution

(a) The contour settlement for the FEM and the analytical solution

The Section Length (m)
-60 -40 -20 0 20 40 60

Settlement (mm)

Analytical

——— FEM Numerical Simulation

(b) The chart comparison between FEM and analytical solution
Figure 3. The comparison between numerical simulation and analytical solution
For the current model, the computed RMSE is 0.12 mm, and the maximum percentage difference is 7.5%, indicating
that the FEM simulation reproduces the analytical solution with high fidelity. These metrics confirm that the numerical

model provides an accurate representation of the theoretical settlement profile while accounting for minor deviations
due to discretization and boundary effects.
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3.2. Parametric Study

In this parametric study, the presence of faults within the rock mass was explicitly incorporated into the modeling
framework. Each fault was idealized as a zone of weakened material embedded within the intact rock, thereby reflecting
its reduced mechanical properties relative to the surrounding medium. The analysis considered different fault
configurations, including one, two, and three fault scenarios, in order to evaluate the influence of fault quantity on the
overall mechanical response. In addition, various fault orientations were examined to assess the effect of directional
variability on system behavior. The mechanical properties assigned to the fault material are summarized in Table 2. In
the subsequent sections, parametric variations are performed with respect to the key mechanical properties of the fault
material, namely the modulus of elasticity, cohesion, and friction angle. Two main sections are considered to investigate
the influence of these properties on settlement and pore water pressure.

3.2.1. Modulus of Elasticity Variation

Three representative values of the modulus of elasticity were considered in this study, namely E = 10,000kPa,
E = 8,000kPa, and E = 6,000kPa. Figure 4 illustrates the results corresponding to the case where E = 10,000kPa.
Figure 4-a shows the settlement along the fault. While Figure 4-b shows the settlement above the tunnel. Figure 5-a
shows the pore water pressure along the fault. While Figure 5-b shows the pore water pressure above the tunnel. With
regard to settlement, the results indicate a clear increasing trend with the number of faults. Specifically, within the fault
zone, the settlement values increased from 4 mm to 9 mm and 14 mm as the number of faults increased from one to
three, respectively. A similar trend was observed in the section located above the tunnel. Where settlement also increased
with the number of faults. Additionally, the variation in pore water pressure is relatively limited, particularly along the
fault zone, where only minor differences are observed. However, more noticeable variations are evident in the section
above the tunnel. When the modulus of elasticity is reduced to E = 8,000kPa, the results show that settlement continues
to increase with the number of faults (Figure 6-a and Figure 6-b). The maximum settlement above the tunnel ranges
between 10 mm and 40 mm, compared to a range of 7 mm to 30 mm for E = 10,000 kPa, indicating that lower stiffness
leads to greater deformation. In terms of pore water pressure, the section located along the fault exhibits values ranging
from 50 kPa to 500 kPa when E = 10,000kPa.

This range increases to 50 kPa to 600 kPa when E = 8,000 kPa Figure 7-a and Figure 7-b, suggesting that a reduction
in the modulus of elasticity results in higher pore water pressure. Conversely, in the section above the tunnel, pore water
pressure values are relatively low, with an average range between 0 kPa and 60 kPa. With a further reduction in the
modulus of elasticity to E = 6,000kPa, the results indicate that, in the section along the fault, the settlement values for
two and three faults are nearly identical. Moreover, the difference between the cases of one fault and multiple faults
(two or three) becomes less pronounced. However, the overall trend of settlement distribution changes, and the location
of the maximum settlement shifts. A similar behavior is observed in the section above the tunnel, with one notable
distinction: in the case of a single fault, the settlement remains relatively smaller compared to the scenarios involving
two or three faults. Figure 8-a and Figure 8-b show the settlement in the fault and above the tunnel when the modulus
of elasticity is 6000 kN/m?. Also, Figures 9-a and 9-b show the pore water pressure when the modulus of elasticity is
6000 kN/m?2,
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Figure 4. The settlement when the Modulus of Elasticity is 10000 kN/m?; (a) Along the fault, (b) Above the tunnel
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Figure 5. The pore water pressure when the Modulus of Elasticity is 10000 kN/m?; (a) Along the fault, (b) Above the tunnel
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Figure 6. The settlement when the Modulus of Elasticity is 8000 kN/m?; (a) Along the fault, (b) Above the tunnel
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Figure 7. The pore water pressure when the Modulus of Elasticity is 8000 kN/m?; (a) Along the fault, (b) Above the tunnel
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Figure 8. The settlement when the Modulus of Elasticity is 6000 kN/m?; (a) Along the fault, (b) Above the tunnel
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Figure 9. The pore water pressure when the Modulus of Elasticity is 6000 kN/m?; (a) Along the fault, (b) Above the tunnel

A comparison of pore water pressure values under varying modulus of elasticity of the fault material indicates
that the differences are relatively minor. In contrast, the most significant variations are observed in the settlement
response, which is markedly influenced by changes in the modulus of elasticity. The relatively minor variation in
pore water pressure with changes in the modulus of elasticity can be attributed to the fact that pore pressure is
primarily governed by hydraulic conditions, such as permeability and boundary conditions, rather than mechanical
stiffness [34]. In contrast, the modulus of elasticity plays a critical role in controlling the mechanical response of
the material [35]. As the modulus decreases, the fault zone becomes softer and more deformable, leading to greater
strain under the same stress conditions. This results in significant increases in settlement, while the pore water
pressure remains comparatively unaffected. Consequently, the observed behavior reflects a decoupled response, in
which hydraulic parameters control pore pressure distribution, whereas mechanical properties predominantly
influence deformation.

3.2.2. Cohesion Variation

As shown in Figure 10-a, it is evident that, in the section along the fault, there is no significant variation in
settlement with changes in the number of faults. However, Figure 10-b indicates that, in the section above the tunnel,
settlement increases with an increasing number of faults. Ghafari et al. (2020) [36] explained that the presence and
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characteristics of faults increase deformation in soil masses, which in geotechnical engineering is a primary factor
leading to greater settlement. A substantial difference is observed between the case of a single fault and those
involving two or three faults, highlighting the pronounced influence of fault multiplicity on surface deformation.
Furthermore, a comparison of settlement values for cohesion values of 10 kPa and 5 kPa reveals only minor
differences in both magnitude and distribution trend. This suggests that, within the considered range, cohesion has
a negligible influence on the mechanical response of the fault material. The pore water pressure does not show much
difference in the two cases.
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Figure 10. The settlement when the cohesion is 10 kN/m?; (a) Along the fault, (b) Above the tunnel

Figure 11-a illustrates the distribution of pore water pressure along the fault section for cases with one, two, and
three faults. The results indicate that the presence of multiple faults influences pore pressure behavior, particularly
in the upstream portion of the section (45—65 m). The data indicate that the magnitude of pore water pressure in this
section is relatively low, fluctuating around 0 kPa with slight negative pressures in localized areas (Figure 11-b).
Notably, the case with three faults exhibits a small peak around 45 m, suggesting water concentration in the soil
mass induced by fault-related discontinuities. In general, the differences among the one-fault, two-fault, and three-
fault cases are minor, implying that pore pressure effects of faults above the tunnel are limited compared to those
along the fault zone.
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Figure 11. The pore water pressure when the cohesion is 10 kN/m?; (a) Along the fault, (b) Above the tunnel

When the cohesion was reduced to 5kN/m?, the settlement along the faulted section exhibited notable
differences depending on the number of faults present (Figure 12-a). Specifically, for the case of a single fault, the
maximum settlement was approximately 4 mm. In contrast, when two or three faults were present, the settlement
increased to around 9 mm. This increase can be attributed to the mechanical influence of the faults, which act as
discontinuities within the soil mass, reducing stiffness and creating preferential deformation paths that amplify
settlement under the applied load. The results underscore the significant role of fault density in controlling
deformation behavior in faulted geomaterials. The influence of fault density becomes particularly pronounced in
the section above the tunnel (Figure 12-b). For instance, when only a single fault is present, the maximum settlement
reaches approximately 8 mm. This value increases substantially with additional faults: around 29 mm for two faults
and nearly 35 mm for three faults.

These results indicate that the presence and number of faults significantly amplify settlement above the tunnel, likely
due to the creation of multiple deformation paths and localized stress concentrations within the overlying soil mass.
However, with regard to pore water pressure, the results indicate that there are no substantial differences between the
two analyzed sections, either above the tunnel or along the fault zones. This suggests that, despite variations in fault
number and friction angle, the overall pore pressure distribution remains relatively insensitive to these factors in the
sections considered, highlighting the dominant influence of hydraulic boundary conditions and soil permeability over
mechanical discontinuities in controlling pore pressure. Figure 13-a shows the pore water pressure along the fault. While,
Figure 13-b shows the pore water pressure above the tunnel.
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Figure 12. The settlement when the cohesion is 5 kN/m?; (a) Along the fault, (b) Above the tunnel
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Figure 13. The pore water pressure when the cohesion is 5 kN/m?; (a) Along the fault, (b) Above the tunnel

3.2.3. The Friction Angel Variation

In this section, the variation of the friction angle is systematically examined. Two representative values are
considered, namely 8° and 6°, to evaluate their influence on soil behavior. The analysis focuses on two primary
response parameters: surface settlement and pore water pressure. These parameters are selected to assess the
mechanical and hydraulic responses of the soil system under different friction angle conditions. The results indicate
that there is no significant variation in settlement between the two friction angle cases (Figure 14-a and Figure 14-
b). Furthermore, the overall trend of settlement remains nearly identical under both conditions (Figure 15-a and
Figure 15-b). Regarding the pore water pressure, the results indicate that when the friction angle is 8°, the maximum
pore water pressure along the fault section occurs in the case of three faults, reaching approximately 79 kPa (Figure
16-a and Figure 16-b). In contrast, when the friction angle is reduced to 6°, the maximum pore water pressure in
the same section decreases significantly, reaching only about 20 kPa (Figure 17-a and Figure 17-b). Perrone et al.
(2008) [37] demonstrated how pore pressure distribution and shear strength parameters (including friction angle ¢’)
interact in slope/failure problems, which implicitly supports that changes in ¢’ will affect pore pressure responses
in mechanical models.
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Figure 17. The pore water pressure when the friction angel is 6 degree; (a) Along the fault, (b) Above the tunnel

The observed difference in pore water pressure can be attributed primarily to the influence of the friction angle on
soil shear strength, deformation characteristics, and drainage behavior. A higher friction angle (8°) corresponds to
greater shear strength and increased resistance to deformation, which limits soil compressibility and reduces the
dissipation pathways for pore water. Under these conditions, the presence of multiple faults acts as a barrier system that
interrupts flow continuity, leading to the accumulation and concentration of pore water pressure, particularly along the
fault zone. In contrast, a lower friction angle (6°) indicates weaker soil with higher deformability, allowing for greater
volumetric strain and enhanced redistribution of pore water. This facilitates more efficient dissipation of excess pore
pressure, resulting in significantly lower recorded values.

Additionally, the increased deformability in the lower friction angle case reduces the ability of faults to trap water
pressure, further contributing to the reduced pore water pressure magnitude. However, in the section that is located
above the tunnel, there is not much difference in the pore water pressure values. The negligible difference in pore water
pressure above the tunnel for friction angles of 8° and 6° can be explained by the dominance of hydraulic boundary
conditions and geometric effects over shear strength parameters in this region. Above the tunnel, pore water pressure is
primarily governed by seepage flow, rainfall infiltration, and drainage conditions rather than by the shear strength of the
soil. Since the friction angle mainly influences mechanical resistance and shear behavior, its effect on pore pressure
becomes secondary in zones where fluid flow is the controlling mechanism. Moreover, the tunnel cavity acts as a stress
relief and drainage boundary, promoting redistribution and partial dissipation of pore water pressure regardless of the
friction angle value. As a result, both cases (8° and 6°) exhibit similar pore water pressure responses in this section. In
addition, the absence of strong confinement or fault-induced trapping above the tunnel limits the accumulation of excess
pore pressure, further reducing the sensitivity of this region to variations in friction angle.

Based on the foregoing analysis, it can be concluded that mechanical parameters—such as the friction angle,
cohesion, and modulus of elasticity—exert a greater influence on settlement than pore water pressure. This indicates
that, in the studied sections, soil strength and stiffness properties predominantly govern deformation behavior, while
variations in pore water pressure have a comparatively minor effect on the overall settlement response.

The parametric results provide several practical implications for tunnel design in faulted ground under rainfall
conditions. First, the number and spatial distribution of faults should be carefully identified during the site investigation
stage, as increasing fault multiplicity was found to amplify settlement by creating weakened zones and preferential
deformation paths. Second, the modulus of elasticity of the fault material should be treated as a key design parameter,
since lower stiffness produced a more significant increase in settlement than variations in cohesion or friction angle.
This indicates that deformation-based design and stiffness characterization are essential when tunnels pass through weak
or fractured zones. Third, although pore water pressure was less sensitive to mechanical parameters, it remains strongly
governed by rainfall infiltration, permeability, and hydraulic boundary conditions; therefore, drainage systems,
waterproofing measures, and groundwater control should be incorporated into the design. Finally, the comparison
between grouted and ungrouted cases indicates that pre-excavation grouting can effectively reduce deformation and
enhance ground stability. Accordingly, for tunnels crossing weak fault zones in rainfall-prone areas, the design should
combine detailed geological investigation, stiffness-based settlement assessment, adequate drainage control, and
targeted pre-reinforcement to reduce construction risk and improve long-term tunnel performance.
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4. Discussion

Based on the previously conducted parametric study, the most critical parameters were identified and selected to
establish an optimal design scenario. Following this selection, grouting was implemented as a mitigation measure
through injection into the three identified fault zones. Subsequently, a comparative analysis was performed between the
grouted and ungrouted cases in order to evaluate the effectiveness of the grouting treatment on the system response. The
results indicate that the implementation of grouting prior to excavation significantly enhances slope stability and reduces
the magnitude of deformation as shown in Figure 18.
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Figure 18. A comparison between the grouted and ungrouted case

5. Conclusion

This study investigated tunnel-induced settlement in faulted rock masses under rainfall conditions through an
integrated approach combining analytical solutions and numerical modeling. The analytical solution, based on elastic
cavity theory, was first validated against finite element simulations, demonstrating strong agreement in both trend and
magnitude of settlement. A comprehensive parametric study was then conducted to examine the influence of key
mechanical and geological parameters, including the number of faults, modulus of elasticity, cohesion, and internal
friction angle. The results indicate that fault characteristics significantly influence deformation behavior, with increasing
fault multiplicity producing higher settlements due to localized weakening and the creation of preferential deformation
paths. Among the mechanical parameters considered, the modulus of elasticity emerged as the most influential factor
controlling settlement, whereas variations in cohesion and friction angle produced comparatively smaller effects. Pore
water pressure, in contrast, was found to be predominantly governed by hydraulic conditions, with mechanical properties
exerting a secondary role. These findings highlight the critical interplay between geological discontinuities and soil-
rock mechanical properties in determining tunnel-induced deformation, particularly in rainfall-affected conditions.

The study also evaluated mitigation strategies, with cement grouting implemented prior to excavation shown to
substantially enhance slope stability and reduce settlement. The effectiveness of pre-reinforcement underscores the
importance of integrating mitigation measures into design for faulted and rainfall-prone environments. Overall, the
results demonstrate that tunnel stability is controlled by the coupled interaction of geological faults, material properties,
and hydro-mechanical processes. The proposed analytical-numerical framework provides a practical tool for predicting
tunnel-induced settlement, enabling engineers to optimize design parameters, anticipate deformation patterns, and
implement targeted reinforcement strategies in complex geological settings. These insights contribute to improved
safety, reliability, and performance of underground infrastructure in faulted rock masses subjected to variable
environmental conditions.
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