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ABSTRACT

Underground tunnels are critical components of transportation and utility networks worldwide, often serving as
seismic lifelines in regions prone to earthquakes. Underground tunnel is usually very long, and passing through
complex geologic media having varying stiffness and impedance contract, due to which it possesses complex
dynamic characteristics. A spatial variation of earthquake ground motion is an important factor that cannot be
ignored in the design and safety evaluation of tunnel structures. A realistic representation of ground-motion
effects—such as asynchronous fault rupture and wave-passage phenomena that occur during actual earth-
quakes is essential for an accurate assessment of seismic performance. This study examines the seismic perfor-
mance of tunnels, considering three-dimensional effects, embedded in complex, inclined geologic formations
subjected to asynchronous ground motions using Multi-Layer Modified Domain Reduction Method (MLM-DRM).
The MLM-DRM framework incorporates layer-specific damping, heterogeneous soil properties, and asynchronous
wavefield arrival resulting from fault-rupture mechanisms. Various combinations of inclined geologic layers
ranging from 5° to 60° and two oblique incident wave loadings (30° and 45°) are modeled to capture wave-
passage effects associated with fault rupture. Three tunnel cross-sections—circular, square, and horseshoe, are
considered, each sections normalized to have the same opening area for geometric consistency. The von Mises
stress distributions around the tunnel circumference reveal that the asynchronous fault rupture and wave-
passage effects significantly amplify the stresses, particularly in steeply inclined geologic media. The
deformed shapes of the tunnel cross-sections obtained from the MLM-DRM demonstrate the necessity of incor-
porating asynchronous excitations and inclined stratigraphy in the seismic design and performance assessment of
underground structures.

1. Introduction

Underground infrastructures such as transportation tunnels, utility

2021; Tian et al., 2023; Wu et al., 2024; Banjare and Avatar, 2024; Cui
et al., 2025; Veeraraghavan and Banjare, 2025). Past earthquake events
such as the 1999 Chi-Chi earthquake (Wang et al., 2001), the 2008

conduits, caverns, and energy corridors are crucial to modern urban
systems for various applications worldwide. Their importance becomes
pronounced in seismically active regions, where tunnels frequently
serve as lifeline facilities during and after earthquakes. Although, the
underground structures generally experience reduced seismic demand
compared to surface facilities due to confinement effects, they remain
vulnerable to complex subsurface conditions, including inclined layered
geology, spatial variability of ground motions, asynchronous fault
rupture, and near-fault wave phenomena (Sharma and Judd, 1991;
Gurung and Iwao, 1998; Yu et al., 2016; Zhang et al., 2018; Wu et al.,
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Wenchuan earthquake (Chen et al., 2014; Shen et al., 2014; Yu et al.,
2016), the 2016 Kumamoto earthquake (Zhang et al., 2018), the 2022
Menyuan earthquake (Chen et al., 2023; Huang et al., 2024), and the
2023 Turkey-Syria earthquake (Aydan et al., 2024), where tunnels
experienced severe deformations, cracking, joint failures, and localized
collapse. These events highlight the complexity of tunnel-fault interac-
tion and inadequacy of simplified design assumptions in faulted or in-
clined geologic formations. Therefore, a systematic assessment of tunnel
response, a proper understanding of the governing failure mechanisms,
and the development of improved resilience-oriented design
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Fig. 1. Schematic of the computational domain (a) Large model considering tunnel, geological features and seismic ground motion (F.), (b) Free-field analysis
considering geological features and F,, and (c) Reduced model analysis considering tunnel and DRM layer forces [computed in (b)].
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Fig. 2. Fault-plane parameters-®; is the strike, A is the slip direction, @ is the

dip angle, d is the slip vector, and 7 is the normal vector in the fault plane (Aki
and Richards, 2002).

methodologies are needed to ensure the safety and functionality of
lifeline tunnel systems constructed within active fault environments.

Tunnels usually extend over multiple kilometers, traverse various
geological units with different material characteristics, and are con-
structed using the various excavation and support techniques. These
attributes make their dynamic behaviour inherently complex and sen-
sitive to spatial changes in ground conditions. Moreover, real earth-
quakes seldom generate uniform shaking along the tunnel alignment;
instead, spatial variability of ground motion, asynchronous fault
rupture, and wave-passage effects (Li and Song, 2015; Huang et al.,
2017; Fabozzi et al., 2018; Zou et al., 2018) can significantly alter the
seismic demand on underground structures. In scenarios involving
dipping strata or faulted geological zones, incident seismic waves un-
dergo refraction, mode conversion, amplification, and scattering, pro-
ducing highly non-uniform, directionally dependent stress distributions
on tunnel linings. Traditional analytical approaches often relying on
assumptions of homogeneous soil profiles (Lee and Cao, 1989; Lee and
Karl, 1992; Lin et al, 2010), vertically propagating waves
(Hatzigeorgiou and Beskos, 2010; Wang et al., 2023), or idealized tunnel
geometries, hence, they are insufficient to represent these complex
wave-soil-structure interaction mechanisms.

Analytical and semi-analytical methods have historically offered

Algorithm MLMDRM Framework for 3D Seismic Analysis of Tunnel Under
Asynchronous Ground Motion
1: Step I: Free-Field Analysis (without tunnel)
e Define soil-fault domain and perform free-field seismic analysis.
e Model seismic excitation using:
- Seismic moment tensor Mo (1)
- Fault dip angle 043,
- Slip and rupture rate, epicenter, rupture velocity
- Fault dimensions L x w
e Choose spatial Az and temporal At discretization
e Define soil-tunnel interaction region for future use
2: Compute DRM Forces
e Extract nodal forces F™ at DRM layer boundary from Step I results
: Step 1I: Near-Field Tunnel Analysis
o Construct smaller domain (near-field) including the tunnel
o Apply F° as boundary input to the DRM layer
e Perform dynamic simulation to obtain tunnel response
1: Accuracy Verification
e Perform full-domain large model simulation including fault and tunnel
e Compare large model results with DRM-based Step 11 results
5: Conclusion
6: if Step 1l results &~ Large model results then
Algorithm is verified
8: else
9: Reassess mesh, time step, or boundary accuracy
: end if

w

Fig. 3. Flowchart of the MLM-DRM Framework for 3D seismic analysis
of tunnel.

valuable insights into seismic wave propagation, but their applicability
is limited to simplified geometries and homogeneous domains. Classical
studies on horizontally polarized shear (SH) wave amplification and
idealised topographic effects demonstrate sensitivity to incidence angle,
wavelength, and boundary curvature (Trifunac, 1972; Sills, 1978).
Boundary integral formulations further enabled modeling of wedges and
simple hills (Sanchez-Sesma et al., 1982; Sanchez-Sesma, 1990), while
subsequent analytical treatments estimated vibration frequencies of
idealised landforms (Paolucci, 2002) and scattering effects around
cavities (Smerzini et al., 2009). However, these approaches cannot
capture the complexities of real geological settings involving heteroge-
neous stratigraphy, inclined layers, mode conversion, or surface-wave
generation at material interfaces. Additionally, they are inherently
incapable of representing asynchronous fault rupture, spatial variability,
and oblique wave passage phenomena central to realistic seismic
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Fig. 4. Problem domain: (a) Free-field model without tunnel, (b) Reduced model with tunnel and DRM layer, and (c) Large model with tunnel (Benchmark problem).
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Fig. 5. Finite element discretization of the problem domain: (a) Free-field model without tunnel, (b) Reduced model with tunnel and DRM layer, and (c) Large model
with tunnel.

response analysis of tunnels in faulted or inclined stratigraphy. propagation studies. Early applications focused on two-dimensional
Finite Difference Method (FDM) has been a mainstay in seismology (2D) layered elastic media or mountain-top amplifications (Alterman
due to its computational efficiency and ease of implementation for wave and Karal, 1968; Boore, 1972). Later work expanded into earthquake-



B. Banjare et al.

accel Magnitude
06 08 1 12 14e+00
|

D —

Hypocenter

8
X

3
4 0
b5, 2,
é)

B,
C . .
(a)Free-field analysis - sectional view

accel Magnitude
00e+00 0.1 02 03 04 05 06
I

07 7.8e01
| {

P- and S-
Surface waves 2

(c) Reduced model analysis (MLMDRM)

Computers and Geotechnics 197 (2026) 108273

accel Magnitude
00e+00 005 01 015 02 025 03 035 04 045 50e01
| ! | |

Hypocenter

P- and S- waves  pree surfac®

0d 3uiqiosqy

Absorbing BC

C
Abso\‘bm% -

(b)FF analysis - longitudinal sectional view

Surface waves

Tunnel

¥
o
P,\?

(d) Reduced model analysis (3D view)

accel Magnitude

0.0e+00 0.1 02 03
I 4

05 06 0.7 8.2e01
|

Free surface

Absorbing BC

Hypocenter

¥

. C
f\‘()so\'\"“g -

(e) Large model analysis - sectional view

Fig. 6. Schematic of problem domain for MLM-DRM: (a) Free-field simulation with an asynchronously rupturing fault inclined at 30°, (b) Longitudinal section of the
free-field model showing DRM layer force evaluation, (c) Reduced-domain analysis of the 3D tunnel subjected to DRM forces, (d) Three-dimensional view of the
reduced MLM-DRM model, and (e) Longitudinal section of the large-domain model incorporating asynchronous fault rupture at 30° and the tunnel (Bench-

mark problem).

specific wavefield simulations, including large-scale SH and Primary-
Vertically polarized shear (P-SV) wave propagation analyses (Vidale
and Helmberger, 1988; Levander, 2012). Irregular-grid formulations
(Oprsal and Zahradnik, 2012) and octree-based approaches improved
adaptability for variable mesh density in finite difference simulations.
Nevertheless, structured FDM grids remain limited when modeling
irregular tunnel geometries, steeply dipping layered geology, or fault
zones. The need to refine grid spacing based on the lowest near-surface
wave speed forces fine resolution across the entire domain, substantially
increasing computational cost. Moreover, accurately imposing asyn-
chronous wave arrival, non-vertical incidence, and multi-layer imped-
ance contrasts remain difficult within the conventional FDM, restricting
its suitability for comprehensive tunnel-fault interaction studies.

Finite Element Method (FEM) provides flexibility for simulating
complex tunnel geometries, layered media, and nonlinear material
behaviour, making it useful for advanced geotechnical earthquake
analysis. The FEM has been successfully applied to heterogeneous ba-
sins, strong topographic settings, and intricate soil-structure interaction
problems (Bielak and Christiano, 1984; Zienkiewicz et al., 1985;

Semblat et al., 2005). However, modeling large three-dimensional (3D)
domains at seismic wavelengths requires dense meshes and small-time
steps, resulting in high computational cost. Hybrid approaches have
therefore emerged, coupling FEM with FDM, boundary element method
(BEM), or infinite elements to balance computational cost and modeling
accuracy (Moczo et al., 1997; Wuttke et al., 2011). Additional studies
have explored hybrid finite element method-infinite element method
(FEM-IEM) and scaled boundary finite element method (SBFEM), are the
powerful techniques for wave propagation in saturated or layered media
(Seo et al., 2007; Heider et al., 2011; Schauer et al., 2011). However,
these hybrid frameworks broaden modeling capability, they still strug-
gle with the same extreme deficiencies associated with semi-analytical
methods such as strongly inclined stratigraphy, steep geologic in-
terfaces, and asynchronous wave-passage effects, which require precise
wavefield control not easily achieved through traditional numerical
coupling.

Bielak et al. (2003) have introduced the Domain Reduction Method
(DRM) for seismic input modeling by enabling accurate wavefield in-
jection into a reduced computational domain while eliminating
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Fig. 7. Comparison of X-direction acceleration component obtained from the large and reduced models (MLM-DRM) at (a) [X = 500 m, Y = 700 m, Z = 500 m], (b)
[X=500m, Y =525m, Z =300 m], (c) [X=500m, Y =>525m, Z= 700 m], and (d) Root mean square error (RMSE) between the two models.

boundary reflections. The DRM involves two-step procedure: (i) free-
field simulation without considering the presence of structure in the
problem domain, (ii) equivalent nodal force application, which proves
to be an effective approach for soil-structure interaction and basin-scale
modeling (Yoshimura et al., 2003; Corigliano et al., 2011; Yuan et al.,
2023; Fang et al.,, 2024). Subsequent extensions to the DRM have
enabled consolidation analyses, and realistic modeling of boundary
conditions (Kontoe et al., 2008, 2009). However, the classical DRM
formulation assumes horizontally layered geology, making it less suit-
able for inclined, heterogeneous, or fault-intersected geological profiles.
Modern tunnel engineering increasingly requires modeling asynchro-
nous ground motions, wave-passage effects, and finite-fault rupture
simulation, all of which generate spatially varying input motions that
cannot be represented through vertically propagating or uniform
boundary motions (Anastasopoulos et al., 2007; Huang et al., 2017;
Zhong et al., 2020). These limitations have motivated the development
of the MLM-DRM framework, which incorporates layer-specific stiffness,
damping, geological dip angles, and oblique seismic incidence enabling
realistic simulation of tunnel response under complex geological and
fault-rupture conditions.

Despite substantial advances in numerical modeling techniques
including multi-scale FEM approaches, hybrid FEM-BEM formulations,
improved input-motion schemes, and enhanced DRM variants, rigorous
treatment of asynchronous seismic excitations and accurate modeling of
3D wave-passage effects remain challenging. Existing studies often rely
on vertically propagating waves, simplified phase-shift functions, or the
use of quasi-3D input motions that unable to fully capture the spatially

varying wavefield generated by finite-fault rupture. Moreover, the
earlier research studies have examined only the 2D plane-strain
response of underground tunnels (Lin et al., 2010; Wang et al., 2023).
However, the 2D analyses cannot evaluate the 3D longitudinal de-
formations, particularly in regions where the material properties vary
along the tunnel alignment or near fault zones, where the wavefield
becomes highly complex due to presence of body waves and surface
waves. This gap is significant, as asynchronous rupture can induce
pronounced differential motion along the tunnel axis, amplify lining
stresses, and modify the propagation of body and surface waves in
heterogeneous geological conditions.

The present study develops and applies the MLM-DRM framework
capable of modeling asynchronous seismic wavefields generated by
oblique fault rupture and their interaction with tunnels embedded in
inclined layered geology. The proposed framework incorporates layer-
specific material properties, oblique incidence angles of 30° and 45°,
and a mathematically rigorous asynchronous ground motions, enabling
realistic assessment of tunnel response under complex wave-
propagation environments. The study is organized as follows: Section
2 presents the mathematical framework of the MLM-DRM and Section 3
describes the generation of asynchronous seismic ground motion using
Green'’s function. Section 4 provides verification studies to confirm the
accuracy and reliability of the proposed formulation. Section 5 outlines
the comprehensive parametric studies conducted considering variations
in fault inclination, geological dip angles, and tunnel cross-section ge-
ometry, followed by detailed results and discussion. Finally, Section 6
gives conclusions highlighting the implication of incorporating
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Fig. 8. Comparison of Y-direction acceleration component obtained from the large and reduced models (MLM-DRM) at (a) [X = 500 m, Y = 700 m, Z = 500 m], (b)
[X=500m, Y =525m, Z =300 m], (c) [X=500m, Y =525m, Z= 700 m], and (d) Root mean square error (RMSE) between the two models.

asynchronous wave passage effects and layered-geology in the seismic
design of tunnels and underground structures.

2. Formulation of MLM-DRM for inclined layered media

A multi-layer modified domain reduction method (MLM-DRM) is
developed in this section for the governing equation of the multi-layered
inclined media having a tunnel in the domain. Bielak et al. (2003)
developed the DRM for seismic analysis of large-scale numerical simu-
lations, accounting for seismic sources (such as faults), wave propaga-
tion paths, and the impact of local complex structures, including
geological variations (see Fig. 1(a)). Further, Yoshimura et al. (2003)
verified the accuracy of the DRM using Green’s function approach. The
DRM is a two-stage computational approach aimed at reducing the size
of the numerical domain through a transformation of the governing
equations. In the first stage, the seismic excitation is simulated in the
background domain (Fig. 1(b)), and the free-field displacement response
together with the effective forces acting on a single-element DRM
interface are evaluated and stored. In the second stage, these pre-
computed DRM interface forces are imposed on the reduced computa-
tional model containing the localized region of interest (Fig. 1(c)). The
governing equation of motion for the tunnel problem in geologic media
is written as

Mgii+ Cou+KGu = Foy @

where M2, C2, K¢ and F., denote the global mass, damping, and stiff-
ness matrices of the domain, and external force terms, respectively, and
superscript index Q indicates the heterogeneous soil region. The equa-
tions of sub-matrices for the sub-domains Q, and Q" are expressed as

-Mfil Mf; -lii Cz? Cg i Kfzz Kf; wl_ 0],
2
[ bb+ b;_ l%b T Cﬁ; Cﬁ: {Ub} + bell: Kf; {Ub}
MG M| | ch colul |k Ky |lu
| -F| .
= { F, } in Q" 3

where subscripts b, i, and e indices denote the boundary, interior, and
exterior nodes, respectively; i, u;, u;, are the acceleration, velocity, and
displacement fields within the domain, respectively. The artificial in-
terfaces I', and T, partition the computational domain into two sub-
domains, denoted by Q and Q'. The global matrix equation for the
complete system is obtained by adding Egs. (2) and (3) over the nodes
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common to both subdomains (see Fig. 1(a)), and is expressed as

M3 M; S || G G © |l Ki
bi bb T M?z; M?; ’%b + Cﬁ Cl?b + C?z: Cﬁ; l%b + | Ky
e My ME || e c x|l o

where & € R"*™ denotes a null matrix, where n; and n, represent the
total numbers of degrees of freedom associated with the interior and
exterior boundary nodes, respectively. To transfer the earthquake
ground motions generated by the asynchronous seismic source F, to the

Mg M3 CHEE? (o Ch o | ry K3
My Mp,+My, M| | |+ |G CR+Ch o Ch | | |+ | Ky
e M M| | We e e LW e

artificial boundaries (I', and I'.), a free-field (FF) analysis is performed
(Fig. 1(b)). In this auxiliary problem, the localized region of interest is
removed and replaced by the background medium, which is denoted by
Q°. The corresponding free-field nodal displacements and boundary

My My o |14 G G e | ry K
ho MMy, M| | |+ (GGG G| | | | K
e omy oM |[%] e o el [s

forces in Q° are denoted by u?, u?, u?, and F}, respectively. The equation
of motion governing the exterior domain Q" in the free-field analysis is
expressed as

g e ][] few a[w), [k e ][w

My Mg || Co Cullie] |K§ Ko J[w
—F

= in QF 5
{ F ()

The second row in Eq. (5) is reformulated using the free-field
quantities evaluated at the boundary I',, which allows the seismic
excitation F, to be expressed explicitly, as

F, = M2 il + M2 ii® + C2 1if + C2 1 + K& u) + K2 u® (6)

The total displacement vector at the exterior boundary, u., is
decomposed into the superposition of the free-field displacement u? and
a residual component w, arising from wave scattering induced by the
tunnel as follows:

Computers and Geotechnics 197 (2026) 108273

U, = Uy +w, 7
Kg = u; 0
WKy Kp ||w|=|0 (C))
l i F
Kg, ng U, e

Substituting this decomposition (Eq. (7)) into Eq. (4) and rearranging
the terms by moving the free-field contributions to the right-hand side,
yields the modified governing equation as

Ky o ” 0
+ + 3t 0 + .0 2t o0
bb +K§b Kize U | = _Iwie ue_Cl?e u, _Kze U, (8)
+ + w, t o -0 )
K2 K2 e ~M2' i -C2 1) -K2 W +F,

Further substitution of Eq. (6) into Eq. (8), the final dynamic equa-
tions of equilibrium of the systems are expressed as

Ky o ” 0
+ 4 + oo + . +
Ky K. u | = | —Mj, t,—Cy, Up K, u ©
Ky kG | LM Mg i@ +CG i +KG up

The mass, damping, and stiffness matrices appearing on the left-hand
side of Eq. (9) remain identical to those in Eq. (4). Consequently, the
original seismic force vector F, is replaced by an equivalent set of
effective nodal forces, F¥/, as defined in Eq. (10):

Ffff 0
+ e + . +
FF = | | = | My, t;—C, 1K, 0] (10)
F Mg, iy +Coy tp+KG, up

The coupling submatrices M2, K&, C2', M%, K and C%
appearing in Eq. (10) are zero throughout the exterior domain Q" (see
Fig. 1(b)), except at the artificial boundary elements that include nodes
located on the interfaces I', and I',. The MLM-DRM is a robust two-step
algorithm for transferring far-field seismic ground motion to near-field
localized regions. Furthermore, the computation of effective seismic
forces relies solely on the displacement at the DRM boundary nodes
which significantly reduces the memory requirement of the algorithm.
This also eliminates the need to store or process the entire displacement
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Fig. 9. Comparison of Z-direction acceleration component obtained from the large and reduced models (MLM-DRM) at (a) [X = 500 m, Y = 700 m, Z = 500 m], (b)
[X=500m, Y =525m, Z =300 m], (c) [X=500m, Y =525m, Z= 700 m], and (d) Root mean square error (RMSE) between the two models.

field of the large-scale model. The effective seismic forces are transferred
to the smaller computational domain. Moreover, the reduced model
proves to be highly beneficial for conducting parametric analyses and
investigating the nonlinear and inelastic behavior of the tunnel. Finally,
the reduced system of governing equations (Eq. (10)) is solved to obtain
the displacement field using the Newmark-p time integration scheme.

3. Generation of asynchronous ground motion using rupture
delay model

Asynchronous ground motion modeling is incorporated directly in
the mathematical formulation by considering spatially varying incident
wavefields generated by the fault rupture. This allows the MLM-DRM
framework to capture differential motions, wave-passage effects,
phase delays, and out-of-plane variations that arise naturally in layered
media subjected to obliquely incident primary (P) and shear (S) waves.
The resulting formulation forms the theoretical foundation for the nu-
merical implementation presented in this section. These asynchronous
ground motions are used in the verification study (Section 4) and
parametric sensitivity analyses (Section 5) involving different geological
configurations and fault-inclination scenarios.

3.1. Moment-tensor and equivalent body forces

A moment-tensor point source at location at x; with components
Mj;(t;x;) is equivalent to the body force as

fixt) = = 0 (My(£;%) 6(x — %) ) 11
Jj

where 0; is 0/0x; and &(-) is the Dirac delta function. This is the classical
representation used for coupling moment tensors to elastodynamic wave
propagation (Aki and Richards, 2002).

3.2. Displacement field via elastodynamic Green'’s functions

Let Gy(x,t;X;) denote the displacement Green’s tensor. Using Eq.
(11) and integrating by parts, the displacement component 1 generated
by a moment tensor is expressed as

t
Ue(x,t) = Z/ Gij(X, t — ;%) My(7;%;) dr 12)
ij /O
where Gy;; denotes derivative of Gy; with respect to the source coordi-
nate Xx;:
0
Guij(x,5:X;) = —— Gu(X, 5 X;)

0X;j

For multiple point sources distributed over a fault surface S, the
displacement becomes

(%, ) :/ Z/[Gkij(x,t—T;XS)MU(T;XS)deS(Xs) a3)
i 0

SiJ
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Fig. 10. Tunnel sections considered in the study: (a) Circular, (b) Horseshoe, and (c) Square.

3.3. Traction by moment-tensor

The traction component, t,(xp,t) at a boundary point x;, is obtained
using a traction kernel Ty;; as

t
ta(Xp,t) = Z/O Toij(Xp, t — 7;%;) My(7;%;) dt a4
ij

This traction provides the time-dependent Neumann boundary data
required for the DRM. The kernel T is derived from spatial derivatives of
the Green’s tensor and the elastic stiffness matrix.

40e+00 00e+00 05

3.4. Moment tensor and rupture-delay model
For asynchronous fault rupture, each point source x, begins radiating
after a delay as

D(x,)
Vi

ta(x;) = ,D(x;) = (15)

X; — X,

where x; is the rupture nucleation point and V; is the rupture velocity.
Thus, the local moment history becomes a shifted and directionally
modulated version of the source-time function:

My(t;%) = Ay(6,4, D) Mo(t — ta(x;)) H(t — ta(xs)) (16)
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Fig. 11. Different inclined layered geologic media: () 0inc = 0°, (b) Oinc = 5°, () inc = 10°, (d) Oinc = 15°, (&) Oinc = 20°, (f) Oine = 25°, (&) Oinc = 30°, (h) Ojne =

45°, and (i) jrc = 60°.
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Fig. 12. Variation of von Mises stresses for different soil media around the circular section for fault inclined at §y = 30°: (a) t =0.40s, (b)t=0.60s, (c)t = 0.80s,

and (d) t = 0.95s.

where A;(0, A, ®;) are the angular radiation coefficients depending on
dip 0, rake 4, and strike &,; and H(-) is the Heaviside step function.
3.4.1. Moment-tensor components = Myx(t:x,)
The seismic moment My(t) is transformed into the global coordinate
system (X, Y, Z), where the Z-axis is vertical and the Y-axis aligned with
the strike direction (see Fig. 2). The resulting moment can be expressed
in the form of a symmetric matrix of size 3 x 3 (Aki and Richards, 2002).
The components of the seismic moment tensor, combined with the
delayed source time function and radiation coefficients A;(6, 4, @) give

= MZX(t§ Xs)

1
My (t;%5) = Mo (t — taXs) (sinGcoszlcostbS + 3 sinzesinﬂsinzcbs)

Myz(t;Xs) = —Mp(t — tgX;)(cosfcosicos®d; + cos20sindsin2d;)

Myy(t; %) = Mo(t — taX,) (sinfcosAsin2®, — sin26sinicos*®;)

the explicit moment-tensor components as in Egs. (17)-(22):

Miyx(t;%;) = —Mo (t — tgX;) (sin@cos&sinZdDS + sin26?sinﬂsin2<1>s) 17

10

My;z(t;Xs) = —Mo(t — tgX,)(cosfcosisind; — cos20sinicos®;) = Mzy(t; X;)
(21)

Mz (t;Xs) = Mo (t — taX,)(sin26sin)) (22)
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and (d) t = 2.25s.

These expressions are used to obtained the subsequent equations as in Defining 1 = 7 —t4(X;), the convolution becomes

Egs. (24)-(27). t—tg(xs)
u(x,t) = Y Ay(0, 4, (I)s)/ Guij(X,t = ta(Xs) — ;%5 ) Mo () dy -~ (24)
ij 0

3.5. Final displacements after rupture delay
3.6. DRM layer forces at boundary
Substituting Eq. (16) into Eq. (12) gives
The DRM layer forces are the final tractions, obtained by inserting

U (X, t) = ZU /t Giij (X, t — 73%s) Ay (0, 2, ®5) Mo (7 — ta(%)) H(t — ta(x5)) dr
° (23)

t

= Ziinj(e,z, dhs)/ Grij(X, t — 73 %) Mo(7 — ta(x,)) dr.
t4(xs)

11
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Fig. 14. Variation of von Mises stresses for different soil media around the square section for fault inclined at ¢y = 30°: (a) t = 0.40s, (b) t = 0.60 s, (c) t = 0.80 s,

and (d) t = 0.95s.
Eq. (16) in Eq. (14):

t—tg(Xs)
/ Toij(Xp, t — ta(Xs) — 1, %5 ) Mo () dy
0

(25)

ta(Xp,8) = ) > Ay(6, 4, D)

Xs  1j

The corresponding finite-element DRM nodal force is obtained from
the following equation:

Fo(t) = Nq(xp) t(xp,t) dI'(xp) (26)
Tprm
The expression for final DRM forces is expressed as
t—tg(Xs)
Pq(t) = ZZAU(')/O [ A Na (%) Taij (Xp, £ — ta(Xs)
Xs 0j DRM
~ %) dr | Moo d @)

The bracketed term is a precomputable kernel depending only on ge-
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ometry and elastic properties of the medium.
4. Validation of MLM-DRM with full-scale model

In the present study, all numerical simulations are performed using
the open-source finite element platform MASTODON (Multi-hazard
Analysis for STOchastic time-DOmaiN phenomena), developed within
the Multiphysics Object-Oriented Simulation Environment (MOOSE)
framework (Coleman et al., 2017). The seismic response analysis of the
tunnel embedded in complex geologic media is carried out using the
proposed efficient MLM-DRM framework, whose overall computational
workflow is depicted in Fig. 3. The analysis follows a two-stage pro-
cedure consisting of a free-field wave propagation analysis (Stage I) and
a reduced-domain tunnel response analysis using DRM layer forces
(Stage 1II).

4.1. Stage I: Free-field analysis and seismic source modeling

In Stage I, the free-field seismic response of the ground is evaluated
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Fig. 15. Variation of von Mises stresses for different soil media around the square section for fault inclined at ¢y = 30°: (a) t = 1.255, (b) t =1.50s, (c) t = 1.75 s,

and (d) t = 2.25 s.

in the absence of the tunnel to accurately capture fault-induced wave
propagation. The corresponding numerical configuration is depicted in
Fig. 4(a—c), where 3D domain of dimensions 500 m x 700 m x 1000 m is
considered for the analysis. The subsurface is considered as a six-layer
stratified media (top to bottom) with shear-wave velocities Vs; = 686
m/s, Vsa =745.4 m/s, Vg3 = 858.4 m/s, Vgqg = 974.7 m/s, Vs5s = 1021.5
m/s, and Vg = 1414.2 m/s, and corresponding thicknesses of 110 m,
100 m, 150 m, 150 m, 90 m, and 300 m, respectively. The geological
layers are inclined at an angle of 6;,c = 10°, allowing realistic repre-
sentation of wave refraction and transmission across dipping interfaces.
The meshes corresponding to the free-field, reduced, and large models
are shown in Fig. 5(a—c).

The seismic excitation is generated through an asynchronous fault
rupture source model, implemented using the SeismicSource module in
MASTODON. The fault plane is characterized by a dip angle of 30°,
defined as the angle between the fault plane and the horizontal direc-
tion, and a rake angle of 90°, corresponding to pure dip-slip motion. The
fault slip direction and rupture characteristics are therefore consistent
with a reverse faulting mechanism. The elastic response of the fault
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rupture is governed by a shear modulus of 8.776 GPa, and the rupture
process is discretized using 16,032 fault source points, enabling accurate
spatial representation of rupture propagation and associated wave ra-
diation. This high-resolution source discretization allows simulation of
non-uniform, time-lagged wave arrivals, capturing key features of wave-
passage effects, radiation patterns, and directional dependence of
seismic loading. The resulting wavefield consists of obliquely incident P-
waves, S-waves, and surface waves, as illustrated in the sectional and
longitudinal views of the free-field response in Fig. 6(a) and (b),
respectively.

4.2. Stage II: Reduced-domain tunnel analysis using MLM-DRM

Following the free-field simulation, displacement, velocity, and ac-
celeration time histories are extracted along the DRM interface, and the
corresponding equivalent nodal forces are computed. These forces are
subsequently applied to a significantly smaller near-field (reduced)
domain with dimensions 150 m x 300 m x 1000 m, as shown in Fig. 6(c,
d). This reduced model contains a circular tunnel of diameter 12 m
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Fig. 16. Variation of von Mises stresses for different soil media around the horseshoe section for fault inclined at ¢y = 30°: (a) t = 0.40s, (b) t =0.60s, (c) t = 0.80's,

and (d) t = 0.95 s.

embedded within the geologic media, while preserving the essential
wave characteristics imposed by the asynchronous fault rupture. A mesh
discretization for the reduced model is shown in Fig. 5(b). The tunnel is
represented as a hollow cavity within the inclined soil media to examine
the influence of layered geology, fault orientation, and asynchronous
seismic loading on soil-tunnel interaction. An explicit tunnel lining and
its structural behavior are not included; the wave propagation charac-
teristics and kinematic interaction mechanisms are considered effec-
tively. This aspect helps isolate the seismic response by reducing
uncertainties related to lining thickness, stiffness, and interface prop-
erties. The interaction between the soil and the tunnel boundary is
modeled using a common-node approach, ensuring continuity of dis-
placements and stresses across the interface. This approach allows
seamless transmission of stresses and deformations, effectively
capturing the inherent soil arching behavior without introducing addi-
tional interface elements or contact laws.

Dynamic equilibrium equations are solved using the implicit New-
mark-p time integration scheme (Newmark, 1959), with parameters =
0.25 and y = 0.5, ensuring unconditional stability. To mitigate

numerical dispersion, a minimum resolution of ten nodes per wave-
length is adopted following Thlenburg and Babuska (1995). Spatial dis-
cretization considers 6-node prismatic elements in the vicinity of the
tunnel to accurately capture stress concentrations, and 8-node brick
elements are used elsewhere in the domain. A Rayleigh damping ratio of
3% is adopted in all simulations to provide adequate numerical energy
dissipation and to minimize spurious wave reflections within the
computational domain, without significantly affecting the propagating
seismic wavefield. Viscous absorbing boundaries (Lysmer and Kuhle-
meyer, 1969) are prescribed on all boundaries except the free surface to
effectively dissipate the spurious wave reflections, refractions and
scattering. The resulting nonlinear system is solved using a precondi-
tioned Jacobian-free Newton-Krylov (JENK) solver (Ahrabi and Mavri-
plis, 2020), ensuring robust convergence for large-scale dynamic
analyses.

4.3. Validation of MLM-DRM framework

The full-domain simulation as given in Banjare et al. (2025) is
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Fig. 17. Variation of von Mises stresses for different soil media around the horseshoe section for fault inclined at ¢y = 30°: (a)t = 1.255s, (b) t=1.50s, (c)t = 1.75ss,

and (d) t = 2.25 s.

considered as a benchmark problem to validate the proposed MLM-DRM
framework for inclined geologic media, which explicitly captures
seismic source effects, wave propagation, and tunnel interaction within
a single computational model. As illustrated in Fig. 4(c) and Fig. 6(e),
the large-domain model represents a complete soil-fault-tunnel (SFT)
system and is treated as a benchmark problem because it directly simu-
lates asynchronous fault rupture and wave propagation without any
domain reduction. In contrast, the proposed MLM-DRM framework
employs a two-step approach, where the free-field response is first
computed (Fig. 4(a), Fig. 6(a-b)), and the resulting equivalent nodal
forces are subsequently applied to a reduced domain containing the
tunnel (Fig. 4(b), Fig. 6(c-d)). The accuracy of the proposed approach is
assessed by comparing the acceleration time histories at representative
locations — [X=500m, Y =700m, Z =500 m], [X=500m, Y =525m,
Z = 300 m], and [X = 500 m, Y = 525 m, Z = 700 m] between the
reduced MLM-DRM model and the benchmark full-domain model, as
shown in Fig. 7(a—c), 8(a—c), and 9(a—c), respectively. The correspond-
ing Root Mean Square Error (RMSE) variations are presented in Fig. 7
(d), 8(d), and 9(d). Furthermore, the RMSE values remain very small
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throughout the simulation duration, indicating minimal deviation be-
tween the two models. The close agreement between the two sets of
results confirms that the MLM-DRM model accurately reproduces
asynchronous wave arrival, wave-passage effects, and resulting tunnel
response, demonstrating that the reduced-domain formulation preserves
the essential physics of seismic wave propagation in layered media. In
addition, the computational efficiency of the MLM-DRM approach is also
evaluated. The simulations were run on a Dell Precision workstation
equipped with a 13th Generation Intel core i19-13900 K processor using
16 cores. The benchmark full-domain model took around 10 h, while
reduced MLM-DRM model took 1.25 h (~ 8X less computational time
compared to the full-domain model). Moreover, the full-domain model
requires nearly 20 GB of memory, whereas the DRM layer force storage
requires only about 800 MB, and the reduced MLM-DRM model requires
approximately 2.25 GB of memory. These results clearly demonstrate
that the proposed MLM-DRM framework achieves substantial reductions
in computational cost and memory requirements while maintaining
high accuracy in reproducing the seismic response of the full-domain
model, providing a robust numerical framework for the subsequent
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parametric studies.
5. Parametric sensitivity analysis: Results and discussion

This section presents a systematic evaluation of the seismic perfor-
mance of tunnels embedded in complex, inclined layered geologic media
subjected to asynchronous fault rupture. The discussion begins with a
numerical example to illustrate the interaction between fault-induced
wave propagation and tunnel response in a three-dimensional setting.
The analysis then focuses on the evolution and peak values of von Mises
stress for different geological profiles and tunnel cross-sections, high-
lighting the role of asynchronous wave passage. Particular emphasis is
placed on comparing tunnel responses under two fault inclinations (30°
and 45°), examining both the temporal evolution of stresses and their
spatial redistribution around the tunnel circumference. The influence of
layer inclination is consistently assessed by considering increasing dip
which amplifies stress asymmetry and alters critical stress locations. It is
noted that the results provide insight into the coupled effects of fault
inclination, inclined stratigraphy, and asynchronous ground motion on
the seismic performance of tunnel.

5.1. Numerical example of tunnel in complex geologic media

The influence of layer inclination and tunnel geometry under real-
istic seismic loading is investigated systematically by performing para-
metric studies using the MLM-DRM. The subsurface is considered as a
six-layer stratified media underlain by a competent bedrock layer,
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with shear wave velocities increasing with depth to represent realistic
stiffness gradation. From top to bottom, the shear wave velocities are
Vs] =383.5m/s, Vsz =607 m/s, Vs3 =836.7 m/s, V54 =932.5m/s, Vss
=1113.6 m/s, and Vs = 1490.7 m/s, corresponding to soft soil near the
surface transitioning to stiff soil and rock at greater depths. This velocity
profile enables realistic simulation of wave amplification, refraction,
and mode conversion effects associated with layered ground conditions.
Three tunnel cross-sections, namely, circular, horseshoe, and square are
considered (see Fig. 10(a—c)). All tunnel sections are normalized to have
the same excavation area, allowing direct comparison of their seismic
performance while isolating the effect of geometric shape on stress
distribution and wave-structure interaction.

To capture the role of inclined layers, the layered media is system-
atically rotated to form inclined stratigraphy with inclination angles 6,
=0°,5° 10°, 15°, 20°, 25°, 30°, 45°, and 60°, as shown in Fig. 11(a-i).
These configurations represent a wide spectrum of realistic subsurface
conditions encountered in mountainous terrain, sedimentary basins, and
fault-controlled geological environments. For each inclined geology,
asynchronous seismic excitation is applied considering fault rupture
inclinations of 30° and 45°, thereby incorporating wave-passage effects
and non-uniform ground motion along the tunnel axis. The combined
consideration of inclined layering and asynchronous fault rupture allows
detailed assessment of how wave incidence angle, geological dip, and
tunnel geometry jointly influence stress concentration, wave scattering,
and amplification mechanisms. The resulting seismic response is eval-
uated primarily in terms of von Mises stress distribution (s,), enabling
identification of critical sections and comparative performance of
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Fig. 19. Variation of von Mises stresses for different soil media around the circular section for fault inclined at §y = 45°: (a) t =0.40s, (b)t=0.60s, (c)t = 0.80s,

and (d) t = 0.95 s.

different tunnel shapes under increasingly complex geological and
seismic conditions.

5.2. Peak von Mises stresses for different geologic profiles and fault
inclinations

5.2.1. Fault inclinationfy = 30°

5.2.1.1. Temporal evolution of von Mises stress around tunnel sections
under asynchronous fault rupture (6 = 30°). Figs. 12-17 show the vari-
ation of von Mises stress around the tunnel circumference for circular
(C), square (S), and horseshoe (H) sections subjected to asynchronous
seismic excitation generated by fault inclined at 6y = 30°, considering
different inclined layered soil media. The results are shown at multiple
time instants to capture both the arrival of strong seismic phases and the
subsequent wave interaction and reverberation effects induced by the
inclined stratigraphy.

For the circular tunnel section (Figs. 12 and 13), the stress distri-
bution remains relatively symmetric at early times (t = 0.40-0.60 s),
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corresponding to the initial arrival of obliquely incident body waves. As
time progresses (t = 0.80-0.95 s), the influence of inclined layering
becomes evident, with increased stress amplitudes developing along
preferential azimuthal directions. These directions align with the
dominant wave-propagation path induced by asynchronous fault
rupture. At later stages (t = 1.25-2.25 s), multiple wave reflections and
surface wave interactions lead to a more complex stress pattern; how-
ever, the circular geometry continues to redistribute stresses efficiently,
limiting peak amplification even for steeper soil layer inclinations. This
confirms the inherent seismic robustness of circular tunnels under
combined wave-passage and inclined geologic layer effects.

In contrast, the square tunnel section (Figs. 14 and 15) exhibits
significantly higher stress concentrations from the early stages of
shaking. At t = 0.40-0.60 s, pronounced stress peaks emerge at the
corner regions, reflecting geometric discontinuities that act as stress
raisers under dynamic loading. As the seismic response evolves (t =
0.80-0.95 s), inclined layered media amplify asymmetry in stress dis-
tribution, particularly for higher inclination angles, due to repeated
wave refraction and constructive interference near sharp corners. At



B. Banjare et al.

Computers and Geotechnics 197 (2026) 108273

von Mises stress (C Section - MLMDRM (Fault Inc. 6y = 45%))
t=1.25s t=15s
90° 90°
120° 60° 120° 60°
2x10° 2x10°

150° 30°

180° 0°
210° 330°
240° 300° |[——o
270° —0,
—)
(a)
-0
t=1.75s - —20;
90° :
120° 60° w—.
2x10°
150° 30°
180° 0°
210° 330°

240°

300°

150° 30°

180° 0°
210° = - 330°
=0° 240° 300°
=100 270°
= 15°
ar (b)
25°
= 30° t = 2.25 s
= 45° 90°
= 6° 120° 60°
2x10°
150° P 30°
180° 0°
210° 330°

240°

300°
270°

(d)

Fig. 20. Variation of von Mises stresses for different soil media around the circular section for fault inclined at §y = 45°: (a) t =1.25s, (b)t=1.50s, ()t = 1.75s,

and (d) t = 2.25 s.

later times (t = 1.25-2.25 s), the combined effects of asynchronous
wave arrival and geological inclination result in sustained high stress
demand at the corners and mid-wall regions. These observations indi-
cate that square tunnels are particularly vulnerable to prolonged dy-
namic loading under asynchronous excitation, especially in the inclined
stratified ground.

The horseshoe tunnel section (Figs. 16 and 17) displays an inter-
mediate but highly complex seismic response. At early times (t =
0.40-0.60 s), stress concentrations develop at the crown and haunch
regions, driven by curvature transitions between the arch and sidewalls.
As shaking intensifies (t = 0.80-0.95 s), the inclined layered media
promotes uneven wave interaction along the lining, leading to asym-
metric stress amplification. At later stages (t = 1.25-2.25 s), the
horseshoe geometry exhibits persistent stress localization at the crown-
sidewall junctions, exacerbated by asynchronous wave passage and
surface wave trapping within the inclined layers. Compared to the cir-
cular section, the horseshoe tunnel experiences higher peak stresses,
while still performing better than the square section due to partial
geometric continuity.
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Overall, Figs. 12-17 clearly demonstrate that asynchronous fault
rupture and inclined layered geology jointly govern both the magnitude
and spatial distribution of tunnel lining stresses. While circular tunnels
show the most stable and uniform response across all time instants, non-
circular sections particularly square tunnels are highly sensitive to
wave-passage effects and layer inclinations. These results underscore the
importance of three-dimensional asynchronous seismic modeling for
realistic assessment of tunnel performance, as simplified synchronous or
vertically propagating wave assumptions would fail to capture the
observed temporal stress evolution and geometry-dependent amplifi-
cation mechanisms.

5.2.1.2. Influence of inclined layers on tunnel stress response under asyn-
chronous fault rupture. Figs. 12-17 illustrate the pronounced influence
of layer inclinations on the circumferential distribution and temporal
evolution of von Mises stresses around all tunnel sections subjected to
asynchronous seismic excitation. For horizontally layered ground (0.
= 0°), the stress distribution remains comparatively symmetric for all
tunnel geometries, with peak stresses primarily governed by tunnel
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Fig. 21. Variation of von Mises stresses for different soil media around the square section for fault inclined at 6y = 45°: (a) t = 0.40's, (b) t = 0.60 s, (c) t = 0.80 s,

and (d) t = 0.95 s.

shape and the arrival of dominant seismic phases. However, as the
inclination angle increases, the layered media induces directional wave
refraction, phase delay, and focusing, resulting in progressively asym-
metric stress patterns around the tunnel periphery.

For the circular tunnel (see Figs. 12 and 13), the influence of layer
inclinations on the circumferential von Mises stress distribution exhibits
a non-monotonic trend with increasing layer inclination angles. At early
times (t = 0.40-0.60 s), stress patterns remain relatively symmetric for
gentle inclinations (0, = 0°-10°), with a gradual reduction in peak
stress magnitudes as 0. increases within this range. As the inclination
increases further, the stress amplification becomes evident, reaching a
maximum value around 6, = 20°. At this inclination, the peak stresses
are predominantly observed along the vertical axis (90° and 270°),
indicating enhanced wave refraction and focusing effects due to inclined
layering. Along the horizontal axis (0° and 180°), localized stress max-
ima are observed at 6, = 15°, reflecting a transition in dominant wave-
interaction mechanisms. Beyond 6, = 20°, the stress magnitudes
reduce again, suggesting partial redistribution of seismic energy within
steeper stratigraphy. However, for steeply inclined strata (0, > 45°)
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and at later times (t = 2.25 s), the peak stresses reappear along 0° and
180°, demonstrating the cumulative influence of asynchronous wave
arrival, multiple reflections, and prolonged wave-layer interactions.
These observations confirm that even for a geometrically optimal cir-
cular section, inclined geology combined with asynchronous excitation
can significantly alter both the magnitude and angular location of stress
concentrations.

In contrast to the circular tunnel, the square section (see Figs. 14 and
15) exhibits a much stronger sensitivity to layer inclination due to the
presence of sharp corners and flat sidewalls. For low inclination angles
(Oinc = 0°-10°), stress concentrations are already evident at the corners,
even during the early stages of shaking. As the layer inclination in-
creases, these corner stresses intensify markedly, with peak von Mises
stresses occurring earlier in time (t = 0.60-0.80 s) and persisting
through the later stages (t = 1.25-2.25 s) of shaking. At moderate in-
clinations (0, = 15°-25°), the stress amplification becomes severe,
particularly along the diagonals of the square section, indicating strong
wave focusing and trapping effects. These results demonstrate that
square tunnels are highly vulnerable to slope-induced wave-passage
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Fig. 22. Variation of von Mises stresses for different soil media around the square section for fault inclined at 6y = 45°: (a) t = 1.255s, (b) t =1.50s, (c) t = 1.75 s,

and (d) t = 2.25 s.

effects under asynchronous seismic excitation, with geometric discon-
tinuities exacerbating stress concentration and reducing seismic
robustness.

The horseshoe tunnel (Figs. 16 and 17) exhibits an intermediate
response between the circular and square sections. For small layer in-
clinations (i, < 10°), the stress distribution remains relatively uniform,
with moderate concentrations near the crown-haunch transition zones.
As the inclination increases, stress amplification becomes increasingly
asymmetric, particularly at the crown and upper sidewall regions,
reflecting the combined influence of inclined layering and obliquely
incident seismic waves. At 6;, = 15°-30°, elevated stresses are observed
near the arch-wall junctions during the strong motion phase (t =
0.60-0.95 s), while for steeper inclinations (0, > 45°), the peak
stresses persist into the later time (t = 1.25-2.25 s). This behavior
highlights the enhanced surface-wave interaction and prolonged dy-
namic loading near the tunnel crown. Although the horseshoe geometry
performs better than the square section by partially smoothing stress
transitions, it remains significantly more sensitive to layer inclination
effects than the circular tunnel under asynchronous fault rupture.
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Based on the results, it can be demonstrated that the layer inclination
acts as a critical amplifier of asynchronous wave-passage effects, with its
influence becoming increasingly dominant as the layer inclination in-
creases. The combined effects of inclined layering and asynchronous
fault rupture lead to non-uniform stress amplification, azimuthal
migration of peak stresses, and prolonged dynamic demand, none of
which can be captured using the conventional synchronous or vertically
propagating wave assumptions. These findings emphasize that the layer
inclination must be explicitly considered in three-dimensional seismic
response analysis and design of tunnels and underground structures
particularly for non-circular sections constructed in faulted or moun-
tainous terrains.

5.2.2. Fault inclinationfy = 45°

5.2.2.1. Spatio-temporal rupture evolution and asynchronous ground
motion. Fig. 18 shows the spatio-temporal evolution of rupture propa-
gation and the resulting asynchronous ground motions for a fault in-
clined at 6y = 45°. Unlike the 6y = 30° case (see Fig. 6(a)), the steeper
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Fig. 23. Variation of von Mises stresses for different soil media around the horseshoe section for fault inclined at ¢y = 45°: (a) t = 0.40s, (b) t=0.60s, (c) t = 0.80's,

and (d) t = 0.95 s.

fault geometry produces a more pronounced directional rupture growth,
leading to strong spatial gradients in wave arrival times and amplitudes.
The rupture initiates locally (Fig. 18(a)), followed by asymmetric radial
expansion (Fig. 18(b)), where wavefronts propagate faster along the up-
dip direction. As rupture progresses (Fig. 18(c)), the inclined geometry
promotes oblique incidence of seismic waves onto the tunnel domain,
generating significant wave-passage effects. At later stages (Fig. 18(d)),
the fully developed wavefield exhibits clear time lags and phase differ-
ences across the domain, confirming the inherently asynchronous nature
of the input motion. This behavior forms the governing excitation
mechanism responsible for the complex stress patterns observed in the
subsequent tunnel response.

5.2.2.2. Response of circular tunnel under asynchronous rupture. Figs. 19
and 20 illustrate the temporal evolution of von Mises stresses around the
circular tunnel section at early (t = 0.40-0.95 s) and later (t =
1.25-2.25 s) stages of the ground motion, respectively. At early stages
(Fig. 19(a-d)), stress concentrations develop primarily along the hori-
zontal springlines (0° and 180°). The response is initially governed by

21

the case of horizontal layering (layer inclination = 0°), while the
maximum stress amplification is observed for a layer inclination of 20°,
occurring predominantly along the vertical axis (90° and 270°). This
behavior reflects the dominant direction of wave incidence and shear
deformation induced by obliquely propagating seismic waves.
Compared with the fault inclination 6y = 30° case, stress amplitudes are
noticeably higher, indicating a stronger dynamic interaction between
the steeper rupture inclination and the tunnel lining.

As time progresses (Fig. 20(a—d)), the stress distribution becomes
more circumferentially uniform; however, clear asymmetry persists,
particularly for higher inclinations of the layers. At later stages, the
response remains governed by layer inclination angle of 20°, with peak
stresses concentrated along 90° and 270° azimuth, while secondary
maxima are observed for layer inclination = 0° along 0° and 180° azi-
muth. Increasing the layer inclination amplifies the impedance contrasts
around the tunnel periphery, leading to localized stress magnification on
the up-dip side. These results demonstrate that even for geometrically
symmetric circular tunnels, the combined effects of asynchronous fault
rupture and inclined stratigraphy generate persistent non-uniform stress
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Table 1

Summary of peak demand ratios and critical stress locations for different tunnel shapes under asynchronous fault rupture.

Tunnel Fault Inlination of layer Peak demand Critical locations Temporal occurrence Key observations

shape inclination ratio(s)”

Circular 30° Moderate increase with 1.00 (baseline) Springline (0°-180°), minor ~ Early (0.6-0.95 s after seismic Uniform stress redistribution,
slope crown involvement excitation), stabilizes later least sensitivity to slope

Circular 45° Strong amplification 1.15-1.30 Shifted toward up-dip Early to mid (0.6-1.25 s) Asymmetry in stress distribution
with slope springline and crown due to rupture directivity

Square 30° Significant 1.40-1.65 Corners (primary), mid- Persistent (0.6-2.25 s) Strong stress concentration due to
amplification with wall (secondary) geometric discontinuity
slope

Square 45° Severe amplification 1.70-2.10 Corners (dominant), Early and sustained (0.6-2.25 Highest vulnerability under
with slope alternating corners s) asynchronous loading

Horseshoe 30° Moderate to high slope ~ 1.20-1.45 Crown-haunch junction, Mid to late (0.8-2.25 s) Mixed behavior due to partial
sensitivity invert curvature continuity

Horseshoe 45° Strong slope-induced 1.40-1.75 Crown (dominant), haunch ~ Mid to late (0.8-2.25 s) Arch region highly affected by
asymmetry zones wave focusing

" Peak demand ratio = von Mises stress / von Mises stress evaluated with respect to circular tunnel under 30° fault inclination.
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patterns.

5.2.2.3. Response of square tunnel and corner amplification. Figs. 21 and
22 depict the von Mises stress evolution for the square tunnel section. At
early times (Fig. 21(a-d)), pronounced stress concentration occurs at the
corners, where geometric discontinuities interact with obliquely inci-
dent shear waves. The effect is significantly stronger than in the circular
section, with peak stresses aligning with the direction of rupture-
controlled wave passage.

At later times (Fig. 22(a—d)), stress redistribution occurs as multiple
reflected and transmitted wave components interact within the layered
media. However, the corners remain critical zones of stress accumula-
tion, particularly under higher layer inclinations. The combined effect of
asynchronous loading and inclined geology leads to alternating stress
dominance between adjacent corners, highlighting the sensitivity of
non-circular sections to spatially varying seismic input motion.

5.2.2.4. Response of horseshoe tunnel and arch-invert interaction. Figs. 23
and 24 show the responses of horseshoe tunnel section. At early stages
(Fig. 23(a-d)), the stress localization is observed near the arch shoulders
and invert junctions where the curvature changes abruptly. The inclined
rupture induces asymmetric loading, causing higher stresses on the side
facing the advancing rupture front.

At later times (Fig. 24(a—d)), stress patterns evolve into a broader
distribution along the arch, with secondary concentration at the invert.
Compared to the square section, the horseshoe geometry exhibits
improved stress redistribution; however, it remains more vulnerable
than the circular section due to geometric non-uniformity. Increasing
layer inclination further enhances stress asymmetry, particularly in the
arch region, emphasizing the role of layered inclination in modifying the
wave-structure interaction.

5.2.2.5. Influence of inclination of geologic media on tunnel response.
From Figs. 19-24, the influence of inclined layers on the seismic
response is clearly evident for all the three tunnel geometries considered
in the study. Increasing the inclination leads to (i) enhanced wave
refraction and reflection at stratified interfaces, (ii) increased phase lag
between different portions of the tunnel lining due to asynchronous
wave arrival, and (iii) systematic amplification of von Mises stress on the
up-dip side of the tunnel. Notably, layer inclinations of 0°, 15°, and 20°
emerge as critical configurations, at which distinct shifts in stress
localization and dominant angular positions are observed. These effects
are significantly more pronounced for a fault inclination of 6y = 45°
compared to 6y = 30°, confirming that steeper fault geometries intensify
asynchronous wave-passage phenomena and exacerbate stress non-
uniformity around tunnel linings.

The primary objective of the study is to investigate the influence of
fault inclination (30° and 45°), inclined layered geology, and tunnel
cross-sectional shape on seismic response using a consistent asynchro-
nous input motion. Therefore, the rupture velocity and rise time are kept
constant to isolate the effects of these governing parameters. It is
important to note that variations in rupture velocity and rise time would
modify the temporal coherence, wavefront propagation speed, and fre-
quency content of the generated seismic waves, thereby influencing the
degree of asynchronicity in ground motion. However, based on the
established seismic wave propagation theory and prior studies on
asynchronous excitation (Veeraraghavan et al., 2020), the trends
observed in this study — such as increased stress concentration with
geological inclination, higher demand under 45° fault inclination, and
sensitivity of non-circular tunnel shapes — are governed primarily by
wave-passage effects and geometric discontinuities, and are therefore
expected to remain consistent.

5.2.3. Critical locations of tunnels and comparison of peak demands
A comparison of tunnel performance under asynchronous seismic
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excitation is carried out based on the stress evolution results presented
in Figs. 12-24 for fault inclinations of 30° and 45°. The comparison (see
Table 1) highlights consistent trends in peak demand and critical stresses
occur at different locations across different tunnel geometries and
geological conditions. It is observed that circular tunnels exhibit the
most stable and uniform stress distribution, with peak stresses generally
localized near the springline and showing a minimal sensitivity to
increasing layer inclinations. In contrast, square tunnels demonstrate
the highest stress amplification, with persistent concentration at corner
regions due to geometric discontinuities, further intensified under
higher fault inclination (45°) and steeper layered media. Horseshoe
tunnels show intermediate behavior, with stress localization primarily
occurring at the crown-haunch and invert junctions, and increasing
asymmetry with slope angles. Across all tunnel types, the 45° fault
inclination consistently produces higher peak demands and stronger
spatial variability due to enhanced rupture directivity and wave-passage
effects. Additionally, the increase geological inclination systematically
shifts critical stress locations toward the up-dip side of the tunnel and
prolongs the duration of peak stress demand. These observations
confirm that both tunnel geometry and realistic asynchronous seismic
input play a crucial role in governing the tunnel response and must be
explicitly considered in the earthquake resistant design of tunnels.

6. Summary and conclusions

A comprehensive three-dimensional seismic response assessment of
underground tunnels with circular, square, and horseshoe cross-sections
embedded in geologically complex, multi-layered soil media is pre-
sented in the study using the developed MLM-DRM framework. The
proposed framework extends the classical DRM by explicitly incorpo-
rating stratified soil layering, inclined geological interfaces, Rayleigh
damping, and asynchronous fault-rupture-induced seismic input. These
enhancements have enabled realistic simulation of wave refraction,
scattering, attenuation, and wave-passage effects that are characteristic
of actual earthquake scenarios. A key highlight of the present study is
the explicit modeling of asynchronous fault rupture and its three-
dimensional wave-propagation effects on the seismic performance of
tunnel boundary. The results clearly demonstrate that asynchronous
wave arrival and obliquely incident seismic waves significantly influ-
ence the temporal evolution and spatial distribution of stresses around
the tunnel circumference. Compared with the idealized synchronous or
vertically propagating wave assumptions, asynchronous excitations
generate pronounced non-uniform stress patterns along the tunnel
perimeter, highlighting the critical importance of incorporating finite-
fault rupture mechanisms and realistic source modeling in seismic
response analysis and design of underground structures.

The accuracy and computational efficiency of the MLM-DRM
framework are verified through detailed comparisons with full-domain
three-dimensional simulations. Despite a substantial reduction in
computational cost, the reduced-domain MLM-DRM model successfully
reproduces the spatio-temporal stress evolution induced by asynchro-
nous fault rupture. This demonstrates that the proposed approach reli-
ably captures complex wave-structure interaction phenomena while
remaining suitable for large-scale parametric investigations relevant to
engineering applications.

The influence of inclination of the layered geologic media is identi-
fied as a governing factor in the seismic performance assessment of
tunnels. Increasing the inclination of the layered strata enhances wave
refraction and impedance contrast at layer interfaces, leading to asym-
metric stress distributions and localized stress amplification around the
tunnel boundary. Critical inclination angles of the geologic layers,
particularly around 0°, 15°, and 20°, consistently exhibit peak stress
concentrations due to constructive wave interference and phase lag ef-
fects. These phenomena become more pronounced under steeper layer
inclinations and higher fault dip angles (¢; = 45°), demonstrating the
strong coupling between fault geometry and inclined stratigraphy in
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controlling the seismic demand on tunnels and underground structures.

Tunnel cross-sectional geometry plays a decisive role in stress
redistribution under complex seismic loading. Circular tunnel sections
exhibit the most uniform and stable von Mises stress response across all
layer inclinations and fault scenarios, confirming their superior seismic
performance. In contrast, square and horseshoe tunnels develop
elevated stress concentrations at corners, arch shoulders, and wall-
invert transition zones, making them more sensitive to asynchronous
excitation and inclined layering. These findings indicate that non-
circular tunnel geometries are particularly vulnerable in faulted and
dipping geological environments and hence they require careful
consideration in the seismic analysis and design.

Based on the outcomes of this study, it is recommended that the
seismic analysis and design of tunnels in faulted and layered geologic
media must explicitly account for asynchronous ground motion, layer
inclination, and realistic fault-rupture mechanisms. It is noted that the
circular tunnel sections are preferable in regions characterized by
steeply inclined stratigraphy or active faulting, whereas non-circular
sections require targeted reinforcement at critical stress concentration
zones. It is opined that the future research study can be extended to
include nonlinear soil behavior, soil-structure interface effects, and
spatial variability of material properties and fault rupture mechanism,
thereby strengthening the reliability and resilience of underground
infrastructure facing complex engineering geological challenges.
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