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ABSTRACT
Fault inclination and complex geological soil features significantly impact the seismic response of underground unlined tunnels.
Modeling fault rupture mechanisms necessitates spanning the computational domain over several kilometers, thus making the
approach computationally inefficient. In this study, an efficient modeling algorithm, named as multi-layer Modified Domain
Reduction Method (MDRM), has been proposed to analyze the Soil-Fault-Tunnel (SFT) system in layered soil media. The study
has demonstrated the effectiveness of the MDRM for modeling the SFT system in layered soil media, considering the seismic
source, wave propagation path, and local site effects for realistic seismic response assessment of the tunnels. TheMDRMalgorithm
is implemented in an open-source finite element package, MASTODON (Multi-hazard Analysis for STOchastic time-DOmaiN
phenomena), based on the MOOSE numerical framework. Using the MDRM approach, parametric simulations for four different
fault rupture mechanisms and three distinct tunnel cross-sections (all having the same opening area) are being performed to
capture the overall seismic response of the tunnels. The results provide insights into the influence of fault inclination angle, surface
wave generation, and local site effects on the response. The transfer function profiles for the considered soil layers are contrasted,
and their influence on different tunnel cross-sections is investigated. The findings are useful in the efficient and reliable design of
underground tunnels in multi-layered media subjected to different fault rupture mechanisms.

1 Introduction

Tunnels are the essential infrastructure facilities in the mega
cities of the world and are used for a wide range of applications.
Safety and sensitivity analysis of tunnels to seismic loading is
crucial to ensure their continuous functioning and service. A
reliable tunnel design needs accurate soil-fault-tunnel system
modeling and consideration of appropriate seismic loading.Many
researchers [1–3] studied tunnel damage due to earthquakes
and found that the primary reason behind the failure was

due to fault fracture zones. Dynamic analysis of the soil-fault
tunnel system is a complex wave scattering problem due to the
reflection, refraction, transmission, and scattering phenomena.
In the past earthquakes such as Kanto (1923), Kobe (1995), Chi-
Chi (1999), Niigata (2004), Wenchuan (2008), Tohoku-oki (2011),
and Kumamoto (2016), the tunnels have experienced minor
to significant damages [4–7] and these observed damages give
sufficient evidence that the existing practice needs modification
for designing these structures in seismically active regions. Owen
and Scholl [8] illustrated the three possible deformation modes
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FIGURE 1 Schematic of soil-fault-tunnel system in semi-infinite half space.

FIGURE 2 Truncated seismic localized region of interest.

due to seismic loading: i) ovaling deformation, ii) longitudinal
bending deformation, and iii) curvature deformation. In near-
fault groundmotions, thewave fields are quite complex due to the
presence of body waves of different incident angles and surface
waves (if 𝜃inc > 𝜃cr; where 𝜃inc is the wave incident angle, and
𝜃cr is the critical incident angle). Corigliano et al. [9] investigated
the 2D seismic performance of deep tunnels due to near-fault
ground motions using the Domain Reduction Method (DRM).
Furthermore, the uncertainties due to the spatial variability of soil
properties [10, 11] and groundmotions also influence the response
of tunnels.

Recently, Garcia-Suarez et al. [12, 13] proposed a 1D analytical
approach to deduce the transfer function in layered soil media.
Gilbert and Backus [14] demonstrated the propagator matrix
method for the evolution of the wave field in layered soil media,

which depends on the mechanical properties of the layers. Aki
and Richards [15] suggested that the wave field is typically
studied using a linear elasticity behavior model, except for
soft soils, which require a nonlinear material model [16, 17].
Jahromi et al. [18] developed a partitioned domain decomposition
method for solving the coupled nonlinear soil-structure inter-
action problems. Chen et al. [19] and Chen [20, 21] proposed
a finite element method (FEM) based algorithm that utilizes
the domain decomposition method to simulate the resistivity of
well logging. Ozer et al. [22] developed a finite element shell
model for damped multi-layer composite structures based on the
principle that the strain energy of a single-layer finite element
must be equal to the sum of the strain energies of the individual
layers. Zhao et al. [23] introduced an efficient approach for plate
structures using constrained layer damping [24] to suppress the
vibrations.
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FIGURE 3 The region of interest is partitioned into two subparts.

FIGURE 4 Auxiliary seismic problem (free-field analysis): (a) Region of interest having structure is replaced by an auxiliary domain, and (b)
Region is partitioned into two subdomains.
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Several noteworthy numerical studies have been conducted, such
as Li and Song [25] analyzed the tunnel responses under asyn-
chronous ground motion using a viscous-spring boundary for
inclined body waves (i.e., P, SV, and SH waves). Huang et al. [26,
27]modeled 2Dand 3D finite equivalent nodal forces for obliquely
inclined Pwaves in ABAQUS, and discussed the tunnel responses
to different inclination angles. Argyroudis et al. [28] proposed
a comprehensive approach for assessing the seismic vulnerabil-
ity of shallow tunnels, incorporating soil-structure interaction
(SSI) and lining degradation due to corrosion employing 2D
nonlinear dynamic analyses. Later, Wang et al. [29] extended
the DRM using a wave potential formulation (WPF-DRM) to
simulate inclined seismic wave effects in horizontally layered
media. Their approach enabled the analysis of deeply embedded
structures subjected to spatially varyingwavefields.Most recently,
Korres et al. [30] advanced a weakly coupled Spectral Element
Method–Finite Element Method (SEM-FEM) framework that
incorporated physics-based earthquake simulations for regional
wave propagation into local SSI analysis. Their study focused
on optimizing domain size and computational efficiency. Zhang
et al. [31] developed a toolbox within the ABAQUS to analyze the
rectangular tunnels subjected to obliquely incident SV waves in a
uniform soil layer. Zhang andTaciroglu [32] extended thismethod
to 3D time-domain nonlinear analysis of tunnels in layered
media. Banjare and Veeraraghavan [33] examined the 2D and
3D responses of underground tunnels under near-fault ground
motions and highlighted the significance of wave interactions in
assessing the performance of tunnels. Banjare [34] investigated
the overall tunnel response to harmonic P- and S- waves for both
the shallow [35] and deep tunnels in homogenous strata using the
DRM and found that the seismically induced stresses are highly
sensitive to tunnel dimensions (i.e., diameter and length) and the
wavelength of the incident waves.

Modeling the actual excitation with nodal equivalent forces
is proposed by Joyner et al. [36], Lysmer [37], and Lysmer
and Kuhlemeyer [38] for one-dimensional wave propagation
problems, in which the time history of horizontal nodal force
is considered using the dashpots at the base of the soil column
domain for incorporating the seismic excitation. Jingbo and
Yandong [39] extended this study for inclined waves andmultiple
support excitation by considering the displacement and stress
wave fields are equal to the original ones. Saastamoinen [40]
discussed the spectral theory of linear operators for developing
the new concept, i.e., “scatter product” for studying the scattering
behavior in layered strata. The free-field response analysis in
layered media is attempted by Kausel and Ro

..
e sset [41], and they

used the Haskell-Thompson transfer matrix for the layered strata,
known as the layer stiffness matrix, which is symmetric and
minimal operations required for solving the problems involving
multi-loading scenarios. Haskell [42] extended the Thomson [43]
matrix formulation to find the phase and group velocities of
the Rayleigh wave for the layered media. The thin-layer method
is proposed by Kausel [44] for dynamic analysis of solids and
fluids and has been demonstrated a simple problem of anti-plane
impulsive source in homogenous strata. The DRM, an advanced
method over the viscous-dashpot models [45] is used for the
analysis of seismic wave-field reconstruction in the numerical
domain of the wave propagation problem. The DRM is developed
by Bielak et al. [46] and Yoshimura et al. [47] for seismic analysis
and finite element modeling of large-scale earthquake ground

motion problems. This method has been developed to model
the realistic seismic ground motion, including body waves (i.e.,
SH, SV, and P waves) and surface waves (Rayleigh and Love
waves). The DRM method is extended for dynamically coupled
consolidation problems by Kontoe et al. [48, 49].

Previous numerical studies on response analysis of tunnels have
examined the 2Dor quasi-3D analyses in simplified homogeneous
soil media with unidirectional loading, resulting in less accurate
outcomes [9, 10, 27, 50–53]. Veeraraghavan and Banjare [35]
introduced a modified Domain Reduction Method designed for
analyzing the three-dimensional seismic response of infinitely
long tunnels. Their study demonstrated the method’s effective-
ness through comparisons with semi-analytical solutions [54],
addressing tunnel behavior under arbitrary incident seismic
waves and emphasizing the significance of domain truncation
effects. While their research provided valuable insights into mod-
eling infinitely long tunnels in homogeneous soil conditions, the
present study extends this work by focusing on an unlined tunnel
embedded in complex horizontally layered media characterized
by varying stratigraphy.

Furthermore, our study incorporates fault rupture mechanisms
and considers different tunnel cross-sectional geometries to
more accurately represent real-world underground systems. The
primary objective is to propose a novel MDRM numerical
framework for near-fault seismic analysis of tunnels in layered
strata. This advanced MDRM framework enhances the tradi-
tional DRM by integrating site-specific geological features and
surface wave interactions, enabling more realistic simulations of
tunnel behavior in fault-affected zones. Finally, this approach
aims to improve seismic design and assessment strategies for
underground infrastructure in complex geological topography.

The paper is organized as follows. Section 2 presents the MDRM
formulation and numerical verification for near-fault scenarios.
In Section 3, transfer function formulation for layered media and
its influence on bedrock frequency (amplification/attenuation) in
the domain is discussed. Section 4 discusses the von Mises stress
evolution for different tunnel cross-sections, considering various
fault inclinations and tunnel depths. Further, we explain the over-
all tunnel dynamic response and its causes to prevent this dam-
age/failure. In the end, a summary and conclusion are provided.

2 Formulation of Multi-Layer Modified Domain
Reduction Method

The domain reduction method was initially proposed by Bielak
et al. [46] and Yoshimura et al. [47] in 2003. Few studies in
the literature have aimed at integrating layered media with
underground structure into this framework. This work extends
the domain reduction method to accommodate layered media
with inclined fault rupture configurations. Figure 1 illustrates the
semi-infinite region with complex geological features, including
layeredmedia, topography, a seismic source, and structure, where
𝐹𝑒 represents the seismic source. The earthquake fault rupture
mechanism follows the Huygens–Fresnel principle. According to
this principle, every point on a wavefront serves as the source
of spherical wavelets, and these secondary wavelets emanate
from other points, mutually forming constructive interference

3030 of 3047 International Journal for Numerical and Analytical Methods in Geomechanics, 2025

 10969853, 2025, 13, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/nag.70006 by T

he L
ibrarian, W

iley O
nline L

ibrary on [14/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



in the domain, which generates a new wavefront. The virtual
boundary ϕ is defined to separate the semi-infinite region into two
segments: Ω and Ω+. The segment Ω (see Figure 2) encompasses
localized features such as the tunnel and topography, while
Ω+ represents the layered media containing the earthquake
fault and local site effects. Nodal displacement field for the
outer domain Ω+, boundary ϕ and the interior domain Ω are
represented by 𝑢𝑖 (internal region), 𝑢𝑏 (boundary region), and
𝑢𝑒 (external region), respectively. The displacement 𝑢𝑏 on the
DRM boundary ϕ remains continuous, with 𝐹𝑏 denoting the
nodal forces transferred from Ω+ to Ω region (see Figure 3). The
groundmotion in the domain is governed by Navier’s equation of
elastodynamics expressed as follows:

𝑀Ω𝑙

𝑖𝑗 𝑢̈𝑖 + 𝐶Ω𝑙

𝑖𝑗 𝑢̇𝑖 + 𝐾Ω𝑙

𝑖𝑗 𝑢𝑖 = 𝐹𝑒𝑥𝑡𝑖 (1)

where 𝑀Ω𝑙

𝑖𝑗 , 𝐶
Ω𝑙

𝑖𝑗 , 𝐾
Ω𝑙

𝑖𝑗 , and 𝐹𝑒𝑥𝑡𝑖 denote mass, damping, stiffness,
and external force terms, respectively, corresponding to the
subdomain Ω𝑙 and superscript index 𝑙 indicates layer number.

Earthquake ground motion needs to be transferred from the
source to the boundary 𝜙, an auxiliary problem (see Figure 4)
is introduced, replacing the background geological feature with
an auxiliary domain. The internal free-field domain is defined
as Ω𝑜, where the localized structure is absent. Boundary forces
and nodal displacements are represented as 𝐹𝑜

𝑏
, 𝑢𝑜

𝑏
, 𝑢𝑜𝑖 , and 𝑢𝑜𝑒 .

An intermediate matrix formulation can be derived by adding
a damping matrix [C] in the proposed method by Bielak et al.
[46]. The equation ofmotion for reduced domain having localized
structure and DRM layer forces is expressed as:

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

𝑀Ω1

11 𝑀Ω1

12 0 0 0 0 0

𝑀Ω1

21 𝑀Ω1

22 +𝑀Ω2

22 𝑀Ω2

23 0 0 0 0

0 𝑀Ω2

32 𝑀Ω2

33 +𝑀Ω3

33 𝑀Ω3

34 0 0 0

0 0 𝑀Ω3

43 𝑀Ω3

44 +𝑀Ω4

44 𝑀Ω4

54 0 0

0 0 0 𝑀Ω4

54 𝑀Ω4

55 +𝑀Ω5

55 𝑀Ω5

5𝑏
0

0 0 0 0 𝑀Ω5

𝑏5
𝑀Ω5

𝑏𝑏
+𝑀Ω+

𝑏𝑏
𝑀Ω+

𝑏𝑒

0 0 0 0 0 𝑀Ω+

𝑒𝑏
𝑀Ω+

𝑒𝑒

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

𝑢̈1
𝑢̈2
𝑢̈3
𝑢̈4
𝑢̈5
𝑢̈𝑏
𝑤̈𝑒

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
+

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

𝐶Ω1

11 𝐶Ω1

12 0 0 0 0 0

𝐶Ω1

21 𝐶Ω1

22 + 𝐶Ω2

22 𝐶Ω2

23 0 0 0 0

0 𝐶Ω2

32 𝐶Ω2

33 + 𝐶Ω3

33 𝐶Ω3

34 0 0 0

0 0 𝐶Ω3

43 𝐶Ω3

44 + 𝐶Ω4

44 𝐶Ω4

54 0 0

0 0 0 𝐶Ω4

54 𝐶Ω4

55 + 𝐶Ω5

55 𝐶Ω5

5𝑏
0

0 0 0 0 𝐶Ω5

𝑏5
𝐶Ω5

𝑏𝑏
+ 𝐶Ω+

𝑏𝑏
𝐶Ω+

𝑏𝑒

0 0 0 0 0 𝐶Ω+

𝑒𝑏
𝐶Ω+
𝑒𝑒

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

𝑢̇1
𝑢̇2
𝑢̇3
𝑢̇4
𝑢̇5
𝑢̇𝑏
𝑤̇𝑒

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
+

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

𝐾Ω1

11 𝐾Ω1

12 0 0 0 0 0

𝐾Ω1

21 𝐾Ω1

22 + 𝐾Ω2

22 𝐾Ω2

23 0 0 0 0

0 𝐾Ω2

32 𝐾Ω2

33 + 𝐾Ω3

33 𝐾Ω3

34 0 0 0

0 0 𝐾Ω3

43 𝐾Ω3

44 + 𝐾Ω4

44 𝐾Ω4

54 0 0

0 0 0 𝑀Ω4

54 𝐾Ω4

55 + 𝐾Ω5

55 𝐾Ω5

5𝑏
0

0 0 0 0 𝐾Ω5

𝑏5
𝐾Ω5

𝑏𝑏
+ 𝐾Ω+

𝑏𝑏
𝐾Ω+

𝑏𝑒

0 0 0 0 0 𝐾Ω+

𝑒𝑏
𝐾Ω+
𝑒𝑒

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

𝑢1
𝑢2
𝑢3
𝑢4
𝑢5
𝑢𝑏
𝑤𝑒

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

0

0

0

0

0

−𝑀Ω+

𝑏𝑒
𝑢̈
𝑜
𝑒 − 𝐶Ω+

𝑏𝑒
𝑢̇𝑜𝑒 − 𝐾Ω+

𝑏𝑒
𝑢𝑜𝑒

𝑀Ω+

𝑒𝑏
𝑢̈
𝑜
𝑏 + 𝐶Ω+

𝑒𝑏
𝑢̇𝑜
𝑏
+ 𝐾Ω+

𝑒𝑏
𝑢𝑜
𝑏

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦

(2)
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FIGURE 5 MDRM approach for the combined system. (a) Step I: Free field model considering seismic ground motion and DRM layer force
computation, and (b) Step II: Reduced model analysis using DRM layer forces computed in Step I.

The mass matrix (𝑀), damping matrix (𝐶), and stiffness matrix
(𝐾) on the left-hand side of Equation (2) are identical to those in
Equation (1). Consequently, the seismic force𝐹𝑒 is replaced by the
effective nodal forces 𝐹𝑒𝑓𝑓 as shown below:

𝐹𝑒𝑓𝑓 =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

𝐹
𝑒𝑓𝑓

1

𝐹
𝑒𝑓𝑓

2

𝐹
𝑒𝑓𝑓

3

𝐹
𝑒𝑓𝑓

4

𝐹
𝑒𝑓𝑓
5

𝐹
𝑒𝑓𝑓

𝑏

𝐹
𝑒𝑓𝑓
𝑒

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0

0

0

0

0

−𝑀Ω+
𝑏𝑒
𝑢̈𝑜𝑒 − 𝐶Ω+

𝑏𝑒
𝑢̈𝑜𝑒 − 𝐾Ω+

𝑏𝑒
𝑢𝑜𝑒

𝑀Ω+
𝑒𝑏
𝑢̈𝑜
𝑏
+ 𝐶Ω+

𝑒𝑏
𝑢̇
𝑜
𝑏 +𝐾Ω+

𝑒𝑏
𝑢𝑜
𝑏

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(3)

The sub-matrices𝑀𝑏𝑒, 𝐾𝑏𝑒, 𝐶𝑏𝑒 𝑀𝑒𝑏, 𝐾𝑒𝑏, and 𝐶𝑒𝑏 all become zero
throughout the domain Ω+, except for the boundary nodes situ-
ated within the ϕ region. Consequently, the computed effective
force in the DRM layer of the auxiliary problem is expressed using
Equation (3).

The MDRM is a robust two-step algorithm for transferring far-
field seismic ground motion to near-field localized regions, as
detailed. In the initial step (Figure 5a), we consider a free-field
problem comprising the domains Ω𝑜 and Ω+ to derive the nodal
displacement fields 𝑢𝑜

𝑏
and 𝑢𝑜𝑒 , which are constrained by the

boundaries of layers 𝜙 and 𝜙𝑒, respectively. In the subsequent step
(Figure 5b), we focus on the reduced region defined by Ω∪ Ω̂+,
encompassing the localized region of interest with the structure.
Here, we incorporate the effective nodal forces computed in the
first step to determine the unknowns: 𝑢𝑖 in Ω region, 𝑢𝑏 in 𝜙

region, and residual displacement field 𝑤𝑒 in Ω̂+ domain.

2.1 Verification of Multi-Layer Modified Domain
Reduction MethodWith Numerical Problem

The MDRM algorithm is implemented in an open-source finite
element package called MASTODON (https://mooseframework.
inl.gov/mastodon/), based on theMOOSE numerical framework.

The proposed numerical workflow of MDRM is presented in
Figure 6. Themoment matrix𝑀0(𝑝, 𝑡) is computed for each point
source (p) and each time instant (t) using the Seismic-Source Block
within the Dirac-Kernel module [55]. The seismic moment𝑀0(𝑡)

of the seismic source is defined as (Equation 4):

𝑀0 (𝑡) = 𝐺𝐴𝑠 (𝜔, 𝑡) (4)

where A = area of fault rupture, 𝐺 = shear modulus of soil, and
𝑠(𝜔, 𝑡) = averaged slip-displacement rate of the fault.

The seismic moment 𝑀0(𝑡) is transformed into the global coor-
dinate system (x, y, and z), where the z-axis is oriented along
the geographic north, and the y-axis along the soil depth. The
resulting moment can be expressed in a symmetric 3 × 3 matrix
form [15]. The components of the seismic moment matrix tensor
are as follows:

𝑀𝑥𝑥 (𝑡) = −𝑀0 (𝑡)
(
sin 𝛿 cos 𝜆 sin 2𝜙𝑠 + sin 2𝛿 sin 𝜆 𝑠𝑖𝑛2𝜙𝑠

)
(5)

𝑀𝑥𝑦 (𝑡) = 𝑀0 (𝑡)

(
sin 𝛿 cos 𝜆 cos 2𝜙𝑠 +

1

2
sin 2𝛿 sin 𝜆 sin 2𝜙𝑠

)

= 𝑀𝑦𝑥 (𝑡) (6)

𝑀𝑥𝑧 (𝑡) = −𝑀0 (𝑡) (cos 𝛿 cos 𝜆 cos 𝜙𝑠 + cos 2𝛿 sin 𝜆 sin 2𝜙𝑠)

= 𝑀𝑧𝑥 (𝑡) (7)

𝑀𝑦𝑦 (𝑡) = 𝑀0 (𝑡)
(
sin 𝛿 cos 𝜆 sin 2𝜙𝑠 − sin 2𝛿 sin 𝜆 𝑐𝑜𝑠2𝜙𝑠

)
(8)

𝑀𝑦𝑧 (𝑡) = −𝑀0 (𝑡) (cos 𝛿 cos 𝜆 sin 𝜙𝑠 − cos 2𝛿 sin 𝜆 cos 𝜙𝑠)

= 𝑀𝑧𝑦 (𝑡) (9)

𝑀𝑧𝑧 (𝑡) = 𝑀0 (𝑡) (sin 2𝛿 sin 𝜆) (10)

where 𝜙𝑠 is the strike, 𝛿 is the dip angle, and 𝜆 is the slip direction.
Each component of the matrix represents a force couple, where
the first index indicates the direction of the force, and the second
index specifies the direction in which the forces are separated.
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FIGURE 6 The schematic flow chart of implementing the MDRM algorithm in MASTODON.

Equations (5–10) are used to generate 3D inclined waves in the
numerical domain to model an earthquake source.

The slip motion is described using the expression [56] as follows
(Equation 11):

𝑠(𝜔, 𝑡) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩

0,

1 − 𝑒−𝜔𝑡
[
1 + 𝜔𝑡 + 1

2
(𝜔𝑡)

2 + 1

6
(𝜔𝑡)

3 −
(

3

2𝑥2𝑜
+ 1

3𝑥𝑜

)
(𝜔𝑡)

4 +
(

1

𝑥3𝑜
+ 1

6𝑥2𝑜

)
(𝜔𝑡)

5

]
,

𝑡 < 0

0 ≤ 𝜔𝑡 ≤ 𝑥𝑜

𝜔𝑡 > 𝑥𝑜
1 − 𝑒−𝜔𝑡 (1 + 𝜔𝑡) ,

(11)

where 𝑥𝑜 = 2.31, 𝜔 is chosen as 6.5 Hz (corner frequency), and 𝑡
indicates time. The selected corner frequency ensures that ground
motions up to 10 Hz contribute significantly. Slip-displacement
variation at each point source on the earthquake fault plane is
shown in Figure 7.
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FIGURE 7 Variation of slip displacement time history at each point
source on the earthquake fault plane [11].

TABLE 1 Seismic source parameters.

Slip direction (𝛿) 30
o

Slip Direction (𝜆) 90
o

Strike (𝜙𝑠) 0o

Shear Modulus (GPa) 2.194e7
Point sources 16032
Slip rate Uniform
Fault Dimension (L × W) 520 m × 300 m

A 3D half-space domain with seismic source is considered for
free-field analysis as shown in Figure 8. For step I (Outlined
in Figure 6), a model dimension of 500 m × 700 m × 1000 m
is considered (Figure 9). This study considers 10 nodes per
wavelength scheme [57] to determine the optimal mesh size. In
the numericalmodel, the 6-noded prismatic element and 8-noded
brick element are considered with finer mesh near the tunnel
section (see Figure 10) and coarser mesh in areas further from the
structure. The earthquake fault rupture mechanism is modeled
by discretizing the fault into the finite number of point sources
(Figure 11a–d) in the MASTODON software [55].

The modeling parameters for the seismic fault are outlined in
Table 1, and layered media properties are listed in Table 2.
Newmark-β time integration approach [58] is employed to com-
pute the velocity and acceleration at each time step, renowned
for its effectiveness in implicit time integration. The chosen
parameters 𝛽 = 0.25 and 𝛾 = 0.5, ensure the method uncondi-
tional stability, making it suitable for complex seismic analyses.
Viscous absorbing boundaries [38], that is, Lysmer dampers are
applied on all boundaries except the top boundary of the model.
These boundaries are crucial for dissipating residual seismic
waves within the domain, preventing reflection, and ensuring
more accurate simulation results. However, viscous boundaries
alone might not suffice to absorb all scattered waves. Therefore,
Rayleigh damping coefficients 𝜂 and 𝜁 (see Table 1) are integrated
into the model to mitigate these scattered waves further. This

damping method is particularly effective in reducing the ampli-
tude of high-frequency waves that are not completely absorbed
by the Lysmer dampers at the boundaries. The combination
of viscous absorbing boundaries and Rayleigh damping ensures
a more comprehensive approach to manage wave propagation
and absorption in the model, leading to more precise and
reliable simulation outcomes. This setup is crucial for accurately
capturing the complex interaction behaviors of seismic waves as
they travel through layered geological media.

For Steps I(b) and I(c) (see Figure 6), a single-layer DRM
(Figure 8) is modeled for obtaining the effective nodal forces
(Equation 10) from Step I(a). To obtain 𝐹

𝑒𝑓𝑓

𝑏
, we prescribe

zero displacement to inner nodes and calculate the inner node
boundary forces from step I(a), the acceleration field is then
applied to the outer layer (see Figure 12b). Similarly, we compute
𝐹
𝑒𝑓𝑓
𝑒 , and the resultant acceleration field is applied to the inner

layer (see Figure 12c).

A reduced 3D model dimension of 150 m × 300 m × 1000 m is
considered with an unlined tunnel diameter of 12 m for analysis
of Step II (Figure 12d,e). The DRM layer effective nodal forces Feff
calculated in Steps I(b) and I(c) are used as a seismic source for
Step II (reduced domain) simulation. A preconditioned Jacobian-
freeNewton-Krylov [59] solver is employed to solve the numerical
system, offering improved convergence characteristics. The sim-
ulation runs for 2.0 s. The computational time for the largemodel
simulation is 6 h, whereas using the MDRM approach, the time
is reduced to approximately 0.77 h.

The acceleration time histories recorded at the locations [X =
250 m, Y = 0 m, Z = 500 m], [X = 250 m, Y = 150 m, Z =
500 m], and [X = 256 m, Y = 200 m, Z = 500 m] are shown in
Figure 13. Notably, the outcomes from the largemodel (Figure 12f)
analysis, which involved a comprehensive model encompassing
the SFT system, exhibit a remarkable congruencewith those from
Step II, where a reduced domain (∼8 times smaller than big
model) with effective nodal forces was applied. This consistency
across different simulation scenarios substantiates and affirms
the effectiveness of MDRM.

2.2 Complex Wave Field Due to SVWave

The SV waves traveling upward interact with the layer interface
and free surface (Figure 12a), and the incidence angle of the
SV wave determines whether surface waves are generated. The
reflected angle of the P-wave is calculated using Snell’s law as
follows:

𝑠𝑖𝑛 (𝜃1)

𝑉1

=
𝑠𝑖𝑛 (𝜃2)

𝑉2

=
𝑠𝑖𝑛 (𝜃3)

𝑉3

=
𝑠𝑖𝑛 (𝜃4)

𝑉4

=
𝑠𝑖𝑛 (𝜃5)

𝑉5

= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

(12)
where 𝜃𝑖 represent the incidence angle or reflected angles at
each layer interface, and Vi is the wave velocity in the ith layer.
The incidence angle at which the reflected angle becomes 90◦ is
known as the critical incidence angle (𝜃𝑐). For soil with a Poisson’s
ratio of 0.3, the critical incidence angle is 32.23◦. The wave field
in the domain is complex due to the presence of different types of
body and surface waves (see Table 3).
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FIGURE 8 Schematic of the soil-fault-tunnel system considered for numerical analysis.

TABLE 2 Material parameters.

Layers ID d (m) Vs (m/s) Vp (m/s) 𝝊

Rayleigh damping
coefficient (mass
proportional)

𝜼

Rayleigh damping
coefficient
(stiffness

proportional) 𝜻

1 30 372.7 698.81 0.3 0.0014 0.4155
2 50 513 961.87 0.3 0.0010 0.3019
3 70 753.8 1413.37 0.3 6.8707 × 10−4 0.2054
4 100 916.5 1718.43 0.3 5.6510 × 10−4 0.1690
5 450 1151 2158.12 0.3 4.4997 × 10−4 0.1345

TABLE 3 Different types of body and surface waves in the numerical domain based on fault incidence angle (𝜃𝑖).

Fault inclination
angle

Incidence angle
of SV-wave (𝜽𝒊)

Reflected angle of
SV-wave (𝜽𝒓)

The reflected angle of
P-wave (r)

𝒓 = 𝒔𝒊𝒏−𝟏 (
𝑽𝑷

𝑽𝒔

𝒔𝒊𝒏(𝜽𝒊))

Surface-wave
generated or not
(critical incidence
angle (𝜽𝒄) = 32.23◦)

30◦ (Figure 12e) 30◦ 30◦ 69.63◦ No, 𝜃𝑖 < 32.23◦

45◦ (Figure 14a) 45◦ 45◦ An incidence angle of 45◦ presents a unique case where all the
energy is reflected as SV wave wavefront, resulting in no

surface wave generation [33].
55◦ (Figure 14b) 55◦ 55◦ No reflected P-wave is produced,

as surface waves are generated.
Yes, 𝜃𝑖 > 32.23◦ (Rayleigh
waves will be generated)

65◦ (Figure 14c) 65◦ 65◦ No reflected P-wave is produced,
as surface waves are generated.

Yes, 𝜃𝑖> 32.23◦ (Rayleigh
waves will be generated)
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FIGURE 9 Layered numerical models considered for analysis: (a) Big model, (b) DRM Layer, (c) Small model, and (d) Small model sectional view.

FIGURE 10 Mesh discretization of the numerical model: (a) Sectional view, (b) Magnified view of the cross-section of the tunnel–(i) Circular, (ii)
Square, and (iii) Horseshoe, and (c) Longitudinal View.

3 Transfer Function for Surface-to-Borehole

The transfer function [60] relates each frequency of input seismic
motion to be amplified or deamplified based on soil strata
mechanical properties. Since the three-dimensional soil system is
finite and has a layered profile, the wave dynamics are complex,
undergoing multiple reflections and refractions at the bilayer

interfaces. As a result, the construction of transfer functions
to determine ground response is done empirically. In order
to obtain approximate transfer functions for our problem (to
compare the 3D numerical results), we consider N soil layers
stacked over one another. Each soil layer has a finite thickness but
infinite lateral dimensions. Consequently, the wave travels only
vertically.
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FIGURE 11 Free-field model with fault inclined at (a) 30◦ , (b) 45◦ , (c) 55◦ , and (d) 65◦ .

A transfer function is expressed as the ratio of displacement at
the free surface (𝑢𝑡𝑜𝑝) to the bedrock displacement (𝑢𝑏). Following
Kramer [17], the displacement function for layer j is expressed as
(Figure 15):

𝑈𝑗

(
𝑧𝑗, 𝑡

)
=
(
𝐴𝑗𝑒

𝑖𝑘∗
𝑗
𝑧𝑗 + 𝐵𝑗𝑒

−𝑖𝑘∗
𝑗
𝑧𝑗
)
𝑒𝑖𝜔𝑡 (13)

where,

𝑘∗𝑗 = 𝑘 (1 − 𝑖𝜉)

𝐴𝑗+1 =
1

2
𝐴𝑗

(
1 + 𝛼𝑗𝑒

𝑖𝑘∗
𝑗
ℎ𝑗
)
+ 1

2
𝐵𝑗

(
1 − 𝛼𝑗𝑒

−𝑖𝑘∗
𝑗
ℎ𝑗
)

𝐵𝑗+1 =
1

2
𝐴𝑗

(
1 − 𝛼𝑗𝑒

𝑖𝑘∗
𝑗
ℎ𝑗
)
+ 1

2
𝐵𝑗

(
1 + 𝛼𝑗𝑒

−𝑖𝑘∗
𝑗
ℎ𝑗
)

𝑇𝐹(𝜔)
−1 =

𝑈𝑗 (0, 𝑡)

𝑈𝑏 (𝐻, 𝑡)
(14)

Transfer function relation for N layers is given by Garcia-Suarez
et al. [12] and is of the form:

TF𝑢−𝑢(𝜔)
−1 =

(∏𝑁

𝑖=1
cos(𝑟𝑖)

) (∑⌊𝑁∕2⌋
𝛽=0

∑
|𝑏|=2𝛽𝐶𝑏 tan (𝑟)

𝑏

)
(15)

where ⌊.⌋ is the floor function, ri = 𝜔ℎ𝑖∕
√
𝜇𝑖∕𝜌𝑖 , binary

multi-index [61] b 𝜖[0,1]N the coefficients Cb given by Cb =
(−1)|b|/2(

√
𝜌𝜇)f(b). We obtained the expressions of transfer func-

tions for a 5-layer profile using a symbolic package called
Mathematica 13.1.

Example: N = 5 layers

TF𝑢−𝑢(𝜔)
−1 = cos (r1) cos (r2) cos (r3) cos (r4) cos (r5){

1 −
√

𝜌1𝜇1

𝜌2𝜇2
tan (r1) tan (r2)−

√
𝜌1𝜇1

𝜌3𝜇3
tan (r1) tan (r3)

−
√

𝜌1𝜇1

𝜌4𝜇4
tan (r1) tan (r4) −

√
𝜌1𝜇1

𝜌5𝜇5
tan (r1) tan (r5)

−
√

𝜌2𝜇2

𝜌3𝜇3
tan (r2) tan (r3) −

√
𝜌2𝜇2

𝜌4𝜇4
tan (r2) tan (r4) −

√
𝜌2𝜇2

𝜌5𝜇5

tan (r2) tan (r5) −
√

𝜌3𝜇3

𝜌4𝜇4
tan (r3) tan (r4) −

√
𝜌3𝜇3

𝜌5𝜇5
tan (r3) tan (r5)

−
√

𝜌4𝜇4

𝜌5𝜇5
tan (r4) tan (r5) +

√
𝜌1𝜇1

𝜌2𝜇2

√
𝜌3𝜇3

𝜌4𝜇4
tan (r1) tan (r2) tan (r3)

tan (r4) +
√

𝜌1𝜇1

𝜌2𝜇2

√
𝜌3𝜇3

𝜌5𝜇5
tan (r1) tan (r2) tan (r3) tan (r5)+√

𝜌1𝜇1

𝜌2𝜇2

√
𝜌4𝜇4

𝜌5𝜇5
tan (𝑟1) tan (𝑟2) tan (𝑟4) tan (𝑟5) +

√
𝜌1𝜇1

𝜌3𝜇3√
𝜌4𝜇4

𝜌5𝜇5
tan (𝑟1) tan (𝑟3) tan (𝑟4) tan (𝑟5)+√

𝜌2𝜇2

𝜌3𝜇3

√
𝜌4𝜇4

𝜌5𝜇5
tan (r2) tan (r3) tan (r4) tan (r5)

}

.

(16)
The analytical form of the free surface to bedrock transfer
function proposed by Garcia-Suarez et al. [12] to compute the
corresponding transfer function for the N = 5-layer system is
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FIGURE 12 MDRM numerical models: (a) Big model free field analysis with fault inclined at 30◦ (Step I(a)), (b) DRM inner layer nodal forces by
fixing inner layer (Step I(b)), (c) DRM outer layer nodal forces by fixing outer layer (Step I(c)), (d) Small (reduced domain) model analysis using DRM
forces–3D view, (e) Small (reduced domain) model analysis using DRM forces—sectional view, and (f) Large model analysis considering tunnel, fault
rupture, and geological features in the domain.
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FIGURE 13 Acceleration comparison at [X = 250 m, Y = 0 m and Z = 500 m], [X = 250 m, Y = 150 m and Z = 500 m], [X = 256 m, Y = 200 m and
Z = 500 m], and (a, c, e) Y component, and (b, d, f) Z component acceleration respectively.

considered. Furthermore, the transfer function is compared with
the approaches existing in literature, namely, Aki and Richards
[15] and Kramer [17]. We observe good agreement among the
transfer functions (see Figure 16). Figure 17 shows the transfer
function of each layer to the bedrock and shows that the peak
amplitude decays for the layers close to the bedrock, accompanied
by increased noise.

4 Results and Discussion

To demonstrate our proposed methodology MDRM, a 5-layer
soil profile is considered, as shown in Figure 8, and the
soil layer properties are tabulated in Table 2. We have per-
formed a parametric analysis considering three tunnel sections,
namely, circular (C), square (S), and horseshoe (H) sections
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FIGURE 14 Complex wave-structure interaction in the domain: (a) 𝜃𝑖𝑛𝑐 = 45◦, (b) 𝜃𝑖𝑛𝑐 = 55◦, and (c) 𝜃𝑖𝑛𝑐 = 65◦.

FIGURE 15 Schematic ofN-layer profile showing incidence, reflec-
tion, and transmission of shear wave.

(Figure 18a–c), and four fault inclination angles: 30◦, 45◦, 55◦,
and 65◦ (see Figure 11a–d). The tunnel dimensions were chosen
to ensure identical areas for each section. This setup allows us
to evaluate the influence of the inclination angle on the overall
response of the tunnels.

We conducted each simulation over a time duration of 2.0 s such
that seismic wave propagation, its interaction with the tunnel,
and scattered waves attenuated from the domain (see Figure 14)
are captured.

4.1 Stress Variation of Different Tunnel
Cross-Sections

The von Mises stress variation at Z = 500 m for C, S, and H cross
sections at various time instants is shown in Figures 19, 20, and 21,
respectively. For all the sections, peak von Mises stress (pVM):

𝑝𝑉𝑀 (𝑡) = max
𝑥∈Ω

𝜎𝑣𝑀 (𝑥, 𝑡) (17)

is observed at 𝜃 = 0◦ , 180◦ at different time step t. This is because
the incident waves emanating from the source of excitation
interact with the tunnel surface. At the tunnel-surface interface,
the waves undergo scattering and transmission. Once the waves
leave the interface, there is a decrease in von Mises stress. The
transmitted waves, upon reflection at the free surface, interact
with the tunnel again, leading to an increase in von Mises stress
at t = 0.80 s for all sections. However, due to damping, the wave
intensity reduces.

In the analysis of the C section in layer 4, the pVM is con-
sistently observed across all temporal variations at the 0◦ and
180◦ locations. At t = 0.30 s, the stress increases with the dip
angle until it reaches 45◦, after which it decreases for higher
dip angles, continuing this trend until t = 0.60 s. By t = 0.80 s,
a shift in stress dominance occurs at a 65◦ inclination angle,
primarily due to the contribution of reflected seismic waves,
which become increasingly significant at this stage. Throughout,
the von Mises stresses at the 90◦ and 270◦ locations remain
minimal, irrespective of the temporal and spatial variations of
the seismic waves. Similarly, for the S section in layer 4, the von
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FIGURE 16 (a) Variation of shear wave velocity with depth for 5-layer profile, (b) Comparison of transfer functions obtained by different
approaches.

FIGURE 17 Transfer function for each layer with respect to bedrock: (a) Layer 1, (b) Layer 2, (c) Layer 3, and (d) Layer 4.

FIGURE 18 Different tunnel sections considered for analysis: (a)
Circular, (b) Square, and (c) Horseshoe sections.

Mises stress initially increases with the inclination angle up to
45◦ but decreases beyond this angle at early time steps. As time

progresses, the stress response intensifies at higher inclination
angles. The stress distribution around the tunnel aligns with the S
section’s lateral faces, showing uniformity in the lateral direction,
while the top and bottom areas display non-uniform variation.
Corner singularities in the S section play a crucial role in the
overall stress distribution.

For the H section in layer 4, the stress distribution exhibits
minimum von Mises stresses at the 90◦ and 270◦ locations. At
t = 0.60 s, the stress increases with the inclination angle, peaking
at 45◦, but decreases with higher inclination angles as time
progresses, a trend influenced by the contribution of reflected
waves. Notably, the stresses at the corners of the H section
decrease significantly, and the overall stress variation follows a
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FIGURE 19 von Mises stress variation for circular section located in layer 4.

FIGURE 20 von Mises stress variation for square section located in layer 4.
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FIGURE 21 von Mises stress variation for horseshoe section located in layer 4.

near-quadratic pattern. Among the considered sections, the H
section demonstrates the lowest von Mises stress values, making
it the most economical and efficient design for ensuring safety.
Its ability to minimize stress concentrations, especially under
seismic loading conditions, positions it as the most structurally
efficient option compared to C and S sections.

4.2 Layer-Wise Variation for Circular
Cross-Section

We conducted a comparative analysis of the stresses in layers 2
(see Figures 22(a, b), and 23), and 3 (see Figures 22(c, d) and 24)
for the C section. Lower values of von Mises stress were observed
at 90◦ and 270◦. The von Mises stress initially exhibited two lobes
at lower time steps, which eventually morphed into a single lobe
at higher time steps. In layer 4, the initial responsewas dominated
by the 45◦ inclination, whereas in layer 2, the 65◦ inclination angle
governed the maximum response. However, for later time steps
in layer 2, the 45◦ dip angle produced the highest response, as the
reflected wave interacting with the tunnel had the same energy as
the incident wave (see Table 3).

For the C section in layer 3, the response initially increased with
the inclination angle, reaching a maximum at 45◦, after which

it decreased. The maximum stress was observed at higher time
steps for larger inclination angles. Overall, the stress values in
layer 2 were lower than those in layers 3 and 4. The observed
seismic response can be primarily attributed to the proximity
of layers 3 and 4 to the seismic source and the interface
between geological layers. In this context, the characteristics
of seismic wave propagation are significantly influenced by
the interaction of waves with these layers. As seismic waves
travel through the subsurface, they encounter varying material
properties at layer boundaries, leading to multiple reflections
and refractions. These interactions result in complex wave
behavior, with waves reflecting back into deeper layers and
refracting at angles that vary according to the material’s acoustic
impedance.

As waves propagate upward through these layers, transmitted
waves tends to bend closer to the normal direction relative
to the surface. This phenomenon occurs due to the principles
of wave refraction, which dictate that waves slow down in
less dense materials. Additionally, the upward propagation of
waves is subject to attenuation mechanisms, such as radiation
damping, which diminish wave amplitude and energy as they
traverse through layers. Consequently, layer 2 exhibits a reduced
impact from seismic waves due to its intermediate position and
the cumulative effects of reflection and refraction occurring
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FIGURE 22 (a, b) Tunnel located in the second layer and corresponding wave dynamics, and (c, d) Tunnel located in the third layer and
corresponding wave dynamics.

FIGURE 23 von Mises stress variation for a circular section located in layer 2.
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FIGURE 24 von Mises stress variation for circular section located in layer 3.

primarily in the adjacent layers. This attenuation underscores
the importance of understanding subsurface layering for accurate
seismic analysis and interpretation.

5 Conclusions

This paper presents a novel and robustmulti-layermodifiedDRM
algorithm formodeling the complexwave fields in the layered soil
media. It also addresses the intricate task of modeling complex
fault ruptures and their impacts on tunnels in stratified geological
environments. To illustrate our proposed methodology, a 5-layer
soil profile was considered, including the inclined seismic fault
and the tunnel. Three canonical tunnel cross-sections, namely,
circular, square, and horseshoe were selected, and their response
to seismicwaveswas analyzed across four fault inclination angles:
30◦, 45◦, 55◦, and 65◦. These varied configurations allowed a
comprehensive assessment of the influence of tunnel shape and
fault orientation on seismic resilience.

To evaluate the seismic responses, von Mises stress plots were
generated, revealing that the horseshoe-shaped tunnel demon-
strated superior efficiency in withstanding seismic impacts. The
locations of the tunnels have been varied to assess how depth

influences seismic behavior, providing qualitative insights into
optimal placement strategies for such underground structures.

The dynamic response of the tunnel was analyzed under dif-
ferent transfer function determination techniques available in
the literature. This approach facilitated a detailed understanding
of seismic wave propagation through the layered media and its
interaction with the tunnel structure. The MDRM algorithm
was implemented in a MOOSE-based open-source finite element
package MASTODON, enabling the precise simulation of the
complex seismic scenarios considered in this study.

These research findings underscore the effectiveness of the
MDRM algorithm in capturing the intricate details of seismic
wave fields and fault rupture dynamics. The study provides a
robust framework for designing tunnels in seismically active
regions by verifying this approachwith various tunnel geometries
and inclination angles. The results highlight the horseshoe tun-
nel’s superior performance, especially in stress distribution, and
offer crucial insights into the influence of tunnel depth on seismic
resilience. This comprehensive analysis will serve as a guide
for developing engineered materials to mitigate the impact of
seismic waves on critical structures and facilities. This study can
be extended by incorporating nonlinear effects, such as interface
friction laws, lining degradation, and localized soil nonlinearity,
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which are crucial for fragility analysis and performance-based
design of tunnels.
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