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Abstract

This paper presents a novel numerical approach based on the domain reduction
method (DRM) for the dynamic analysis of twin tunnels constructed in liquefiable
double-layered grounds during earthquakes. The proposed method extends the DRM
scheme into saturated layered fields, allowing for accurate reproduction of the seismic
wavefield within a non-linear liquefiable subdomain. This novel approach is
employed to conduct a parametric analysis of the internal force responses of tunnel
linings, investigating the influence of the stiffness ratio of neighboring soil layers, the
spacing-radius ratio of twin tunnels, and the angle of incident seismic waves. The
results indicate that all three parameters have nonnegligible influences on the tunnel’s
maximum internal forces.
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1 Introduction

During strong earthquakes, underground structures located in liquefiable fields are at
a greater risk of severe damage [1]. Extensive research has been conducted to study



the dynamic responses of underground tunnels in liquefiable grounds, utilizing model
tests [2], analytical methods [3], and numerical methods [4]. However, most of the
previous research has focused on water-soil-structure interactions for single-tunnel
scenarios. With the increasing development of underground transformational systems
in urban areas, many tunnels are now constructed in close proximity to one another,
rendering the single-tunnel model unrealistic. In recent years, researchers have
conducted simulations to investigate the seismic responses of twin tunnels within
liquefiable fields [5]-[7], exploring the effects of tunnel spacing, layout, buried depth,
and different seismic inputs. The findings indicate that twin tunnel interaction during
liquefaction is significant. Nevertheless, the primary focus of these numerical
simulations has been on the structural uplifting and ground responses in proximity,
with limited attention paid to the structural internal force responses and only vertically
propagating seismic waves considered.

The consideration of boundary effects is crucial in numerical simulations of
nonlinear water-soil-structure problems. Many researchers have employed artificial
boundary conditions (ABCs) in their numerical models, introducing seismic loadings
by applying equivalent forces to boundary nodes [8]. However, most of the current
ABCs are designed for internal-source problems and may not perform well in
external-source problems. In comparison, the domain reduction method (DRM) is a
more sophisticated technique for analyzing seismic-related problems, especially when
dealing with inclinedly incident earthquake loadings. Initially proposed by Bielak [9]
for topographic effects in seismology, the DRM has been successfully applied to
simulate seismic behavior in engineering structures, such as nuclear power plants [10],
soil retaining systems [11], and underground structures [12]. To the best of our
knowledge, no previous studies have utilized DRM-based methods in the analysis of
SSI problems in saturated liquefiable fields.

The primary objective of this study is to develop a DRM-based approach for
seismic analysis of underground twin tunnels that considers the inclination of incident
earthquake waves and the elastoplastic behavior of soils. To achieve this, a DRM
framework for two-phase saturated media will be derived and used to investigate the
dynamic responses of twin tunnels located in nonlinear liquefiable layered grounds.
The focus of the study will be on the internal force responses of the structures. A
parametric analysis will be conducted to thoroughly investigate the influence of the
inclined angle of seismic waves, tunnel spacing, and stiffness ratio of neighboring soil
layers.

2 Methods

As illustrated in Figure 1, The numerical model has an outer boundary I that
truncates the infinite domain. The model is then further divided into the interior

domain Q" and the auxiliary exterior domain Q" by the boundaries I' and T, ,

between which a single-element thick layer is defined. Nodal forces are applied to
these boundaries to reconstruct the seismic wavefield in the interior domain. The



region outside the boundary I', serves to dissipate any waves outgoing from the

interior domain, ensuring accurate seismic simulations.
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Figure 1: DRM for the SSI problem in layered saturated grounds

The u-p formulated Biot’s equations are chosen for the two-phase media, which
can be written in the matrix form as [13]:

MU-Qp+Ku=F" (1)

Sp+Q'u+Hp=F" 2)

where M, Q, K, S, and H denote the mass matrix, the coupling matrix, the stiffness

matrix, the compression matrix of the fluid, and the flow matrix of the fluid,

respectively; F" and F" are the load vectors applied to the soil skeleton and the fluid,
respectively; U and p are the displacement and pore fluid pressure vectors, respectively;
and the dot stands for the derivatives with respect to the time.

Express Equations (1) and (2) separately for the interior domain Q~ and the
exterior domain Q" as:
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where the subscripts i, b and e refer to elements or nodes in the interior domain, on
the boundary I" and in the exterior domain, respectively.

With the assumption that the exterior domain is linear-elastic, its dynamic response
can be readily written as the superposition of free and residual components:

u =u +u” 7)
p.=p+p! )

where U and p. denote the difference of the ground responses in the exterior

ground with respect to the free field responses U, and p!. Substitution of Equations
(7) and (8) into (3) and (4) gives:
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Since the unknown variables on the left side of Equation (9) are identical to those
of Equations (3) and (4), it is evident that the seismic excitation outside the interior
domain can be replaced by the equivalent nodal forces applied on the boundaries T’
and T, :

(10)
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Likewise, the equivalent nodal forces acting on the fluid phase can be obtained
as:

(11)
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In Equations (10) and (11), the nodal forces are dependent on the free-field
responses, the locations, and the material parameters of the elements enclosed by the
boundaries I"and I', . Notably, these forces are independent of the material and

geometric properties of the interior domain, which is why the domain reduction
method (DRM) is particularly advantageous for complex interior domains. It should
also be mentioned that the free field responses at DRM boundaries need to be
determined beforehand. To calculate these responses in our study, an analytical
approach proposed for layered saturated grounds is utilized [14].

3 Parametric studies

3.1 Model configurations

The numerical simulations presented in this study were conducted using Opensees, a
widely used open-source finite element platform [15]. The model layout is depicted
in Figure 2, where twin tunnels are constructed at the interface level of two
neighboring soil layers, with thicknesses of 25m and 75m, respectively.
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Figure 2: Illustrations of the numerical model

The soil skeleton is modeled using an advanced constitutive model known as the
Pressure-Dependent-Multi-Yield (PDMY02) soil model, which assumes elastoplastic
behavior. The soil parameters used in the simulations are listed in Table 1. The only



distinguishing factor between the two soil layers is the reference elastic modulus. To
investigate the effects of this parameter, we varied the stiffness ratio a, which
represents the ratio of the reference elastic modulus of Layer 1 to that of Layer 2, in
the following parametric analysis.

Layer 1 Layer 2
Mixture density (ton/m?) 1.99 1.99
Reference shear modulus (kPa) a*9.6¢4 9.6¢4
Reference bulk modulus(kPa) a*20.8¢e4 20.8¢4
Friction angle (°) 33.5 33.5
Phase transform angle (°) 25.5 25.5
Peak shear strain 0.1 0.1
Reference pressure (kPa) 101 101
Pressure dependent coefficient 0.0 0.0
Contraction coefficient 1 0.045 0.045
Contraction coefficient 3 0.15 0.15
Dilation coefficient 1 0.06 0.06
Dilation coefficient 3 0.15 0.15
Void ratio 0.67 0.67
Fluid compressibility (kPa) 2.2e6 2.2e6
Permeability (m/s) le-4 le-4

Table 1: Soil parameters

The twin tunnels are meshed using the Force-Based Beam-Column element with a
fiber section, and the material behaviors of concrete and rebars are modeled by
Concrete01 and Steel01, respectively. Table 2 summarizes the structural parameters.
The ratio of spacing to radius of the twin tunnels, is the second factor analyzed in the
parametric analysis.

Diameter (m) 16
Geometry | Thickness (m) 0.7
Reinforce ratio 0.4%
Strength at 28 days (kPa) -34474.8
Strain at maximum strength -0.005
Concrete -
Crushing strength (kPa) -24131.7
Strain at crushing strength -0.02
Yield strength (kPa) 248200
Rebar Initial elastic tangent (kPa) 2.1e8
Strain-hardening ratio 0.02

Table 2: Structural parameters

In this study, only SV wave is considered as the seismic input, and the incidence
angle is chosen as the third influencing factor. A Ricker wavelet with a central



frequency of 3Hz and an amplitude of 0.002m is used for all simulations, as shown in
Figure 3.
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Figure 3: The input Ricker wavelet

3.2 Results and Discussions

In Opensees, the PDMY02 model provides a convenient means for users to switch
between elastic and elastoplastic material stages using the updateMaterialStage
command. The Lame constants employed in the elastic mode are derived from the
reference shear and bulk modulus values presented in Table 1. This results in the
elastic and elastoplastic modes being equivalent until the stress path reaches the initial
yield surface, as shown in Figures 4a and 4b. However, when the incident wave
encounters the ground surface or twin tunnels, the elastic field exhibits smaller
responses, as illustrated in Figures 4c and 4d. As the reflection waves leave the
calculation regions, permanent displacement can only be observed in the elastoplastic
subdomain, as shown in Figures 4e and 4f. It is important to note that in this study,
the calculation domain is assumed to be elastoplastic, incorporating pore water
pressure accumulation and accumulative deformations during cyclic loadings.

(a) Elastic Domain: t-1.25s (c) Elastic Domain: t=1.90s (e) Elastic Domain: t=4.00s

(b) Elastoplastic Domain: t=1.25s (d) Elastoplastic Domain: t=1.90s (D) Elastoplastic Domain: 1-4.00s

Figure 4: Displacement contours of subdomains (left: elastic, right: elastoplastic)
when a=1.0, S/R=1.0, and 6=75°.

Figure 5 presents an analysis of the influence of soil stiffness ratio, with an angle
of incidence of 75° and a spacing-radius ratio of 1.0 for all cases. The results show
that the stiffness ratio has a notable impact on the moment of the tunnel linings.



Specifically, the maximum moment increases monotonically with higher stiffness of
the upper soil layer. However, this amplification of internal forces due to larger soil
stiffness discontinuity is less significant in terms of the shear and axial forces.

For all cases: 0-75°, 8/R-1.0, and: — a—-0.5 —a-1.0 —a-1.5 a=2.0
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Figure 5: Comparisons of internal force responses with various soil stiffness ratios

In Figure 6, the influence of tunnel spacings is investigated. The findings reveal
that, in terms of the lining moments, the magnitude exhibits only slight variation with
increasing S/R values. However, a noticeable change in the direction of the principle
axis (i.e., the direction of the maximum internal force) is observed, with different
distribution patterns observed for the left and right tunnels. The distribution patterns
for the shear and axial forces, on the other hand, remain similar with larger tunnel
spacings but exhibit increasing magnitudes.

Figure 7 displays the maximum internal force responses of the shield tunnel at
varying incident angles 0. As observed, the distributions of both moments and axial
forces are markedly impacted by the incident angle, with a 45-degree angle existing
between the principle axis and the incident direction. For comparison, the distribution
patterns of the shear force exhibit minor variations across the range of 0 values.
Although the distribution patterns of the two tunnels evolve similarly, some
differences are present. For instance, the left tunnel experiences the highest shear force
magnitude at 0=60°, whereas the maximum value for the right tunnel occurs at 6=90°.

Given the length limitation of this paper, the parametric analysis presented above
remains preliminary. For the sake of simplicity, the Ricker wavelet has been chosen
as the input motion, limiting the observation of more complex behaviors, such as
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cyclic mobility in saturated sands under long-time cyclic excitation. Additionally, the
analysis has only considered a limited range of parameter choices, hindering the
ability to draw more general conclusions. Therefore, more in-depth parametric
analysis is still necessary to be carried out in the future.
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Figure 6: Comparisons of internal force responses with various spacings
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Figure 7: Comparisons of internal force responses with various incidence angle



4 Conclusions and Contributions

During earthquakes, underground structures located in saturated liquefiable fields are
vulnerable to damage due to seismic-induced liquefaction. This paper investigates the
dynamic behavior of a pair of twin tunnels constructed at the interface of neighboring
soil layers, with a primary focus on the structural internal forces. To accurately
analyze complex soil-structure interaction (SSI) problems, a DRM-based scheme is
extended to layered saturated grounds to better replicate the incident seismic
wavefields. The results reveal that the stiffness ratio between soil layers, the spacing-
radius ratio of tunnels, and the angle of incidence of seismic inputs significantly
influence the dynamic responses of the twin-tunnel system. Specifically, the
magnitude of internal force responses increases with a higher soil stiffness ratio, while
directionality varies with the angle of seismic incidence. Tunnel spacing affects both
magnitude and directionality, but to a lesser extent. The proposed DRM-based scheme
can provide accurate analysis of SSI problems, enabling better prediction of the
dynamic behavior of twin-tunnel systems and improved design of underground
structures in liquefiable soils.
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