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Abstract

The seismic response of underground structures within integrated underground-aboveground structure system (IUASS) is influenced
by both kinematic effect from the surrounding soil and inertia effect from aboveground structures, leading to complex dynamic
responses. This paper investigates the seismic response of underground structures in IUASS. Dynamic simulations are conducted using
both elastic and elastoplastic constitutive models. The results show that the mean period of input motion and the fundamental period of
the free field significantly influence the drift ratio of the underground structure, while the force at the base of the aboveground structure is
also strongly correlated with the drift ratio of the underground structure. The vertical displacement of the underground structure is
strongly affected by the weight of the IUASS and excess pore pressure generated in the soil. Simplified analysis methods for predicting
drift ratio and vertical displacement are subsequently proposed taking these factors into consideration. The proposed methods exhibit
excellent agreement with dynamic analysis results across a wide range of input motion and structure conditions, providing important
tools for seismic design of IUASS.
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1 Introduction

With a continuous increase in urban population, major
cities around the world are ambitiously developing their
underground space (Bélanger, 2007; Ma et al., 2022). Var-
ious types of integrated underground-aboveground struc-
ture systems (IUASS) have emerged, including residential
buildings with underground parking, integrated commer-
cial complexes, and multifunctional transportation hubs
(China Ministry of Natural Resources, 2020). Due to the

densely populated nature and lifeline function of IUASSs,
their seismic safety is a crucial aspect of urban disaster
prevention.

It is traditionally considered that the seismic response of
underground structures is mainly governed by the sur-
rounding soil (Iida et al., 1996; Iwatate et al., 2000;
Bhalla et al., 2005; Hashash et al., 2001; Ramazi &
Jigheh, 2006), especially in the liquefiable site (Azadi &
Hosseini, 2010; Bao et al., 2017; Chen et al., 2015, 2017).
However, for IUASSs, the seismic response of the under-
ground structure is also substantially influenced by the
dynamic response of the interconnected aboveground
structure (Liu et al., 2022; Scarfone et al., 2020; Stewart
et al., 1999; Qiu et al., 2023; Pitilakis et al., 2014;
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Rashiddel et al., 2024). Consequently, the seismic response
of such systems demonstrates greater complexity compared
to traditional isolated underground structures. Several
studies have indicated that aboveground structures can
amplify interconnected underground structure drift ratio,
a key parameter for evaluating the deformation of under-
ground structures under earthquake loading (Wang et al.,
2022; Zhu et al., 2021a, 2021b). Gillis et al. (2015) and
Hashash et al. (2018) investigated the influence of above-
ground structures with varying heights on the seismic
response of underground structures through centrifuge
shaking table tests. The results demonstrated that above-
ground structures increase the seismic earth pressure
around underground structures, thereby increasing the
drift ratio. However, some studies have observed an oppo-
site trend, indicating that aboveground structures may
reduce the seismic response of underground structures
under certain circumstances (He, 2011). Wang et al.
(2018) conducted shaking table tests to investigate the
effects of aboveground structures on adjacent tunnel struc-
tures under different seismic input motions. They found
that aboveground structures reduced the acceleration
response of underground structures. Li et al. (2023) con-
ducted numerical simulations to study the influence of
high-rise aboveground structures on interconnected large
underground structures. They observed that, under specific
seismic input motions, the deformation of the aboveground
structure could become out of phase with that of the con-
nected underground structure, leading to a reduction in the
drift ratio of the underground structure.

Aside from racking deformation, uplift is also one of the
common failure modes of underground structures under
earthquakes, especially in liquefiable sites. Zhu et al.
(2021c) and Rashiddel et al. (2024) employed elastoplastic
solid–fluid coupled numerical simulations to study the
effect of aboveground structures on the uplift of under-
ground structures in liquefiable sites. Their findings indi-
cate that aboveground structures can significantly
suppress the uplift of underground structures. While pro-
gress has been made in revealing the influence of above-
ground structures on the drift ratio and uplift of
underground structures, a comprehensive explanation and
quantification of such influence is yet to be achieved.

Simplified analysis methods have been successfully
adopted in the seismic design of isolated underground
structures in simple ground conditions (Pitilakis &
Tsinidis, 2013; Xu et al., 2019, 2023b; MOHURD, 2018).
Some researchers have further developed seismic fragility
analysis methods for underground structures that take into
account various influencing factors to derive more reliable
predictions (Cui et al., 2023, 2025; Xu et al., 2023a, 2024,
2025a, 2025b). However, without a comprehensive under-
standing and quantification of the seismic response mecha-
nism of IUASS, their applicability to such structure
systems is unclear. Recently, some researchers have
attempted to develop simplified methods to incorporate
the influence of aboveground structure on the seismic

response of underground structures (Liu et al., 2022). Qiu
et al. (2021) proposed to directly apply the peak inertia-
induced forces from the aboveground structure to the
displacement-based pseudo static method for the under-
ground structure. However, the general applicability of
these methods is untested, and they are incapable of assess-
ing the uplift or settlement of underground structures
under the influence of aboveground structures.

Considering these research gaps, the current study aims to
address the following two fundamental issues via a series of
numerical simulations: (1) Under what conditions do above-
ground structures aggravate or reduce the seismic response
of underground structures? (2) How can simplified analysis
methods be formulated to effectively characterize such an
interaction between interconnected aboveground and
underground structures? Section 2 introduces the simulation
procedure, IUASS model, constitutive model, and input
motion adopted in this study. Section 3 analyzes the seismic
response of the IUASS, including the underground structure
drift ratio, forces at the base of the aboveground structure,
and vertical displacement of the underground structure. Sec-
tion 4 proposes simplified analysis methods for the seismic
design of underground structures within an IUASS.

2 Numerical simulation setup

2.1 Numerical simulation method

Linear elastic and elastoplastic dynamic analyses are
both conducted in this study. In the elastic dynamic analy-
sis, the soil is considered a single-phase material, and the
finite element method (FEM) is used. In the elastoplastic
analysis, coupling between soil and pore water is consid-
ered, with the groundwater table at the ground surface.
To facilitate solid–fluid coupled simulations, an explicit
finite element method–finite volume method (FEM–
FVM) solid–fluid coupled method (Li et al., 2024) is used
for the dynamic simulation of saturated soil in the GEOSX
platform (Fu et al., 2013). For the single-phase analysis, the
same simulation platform is adopted with only FEM.

In the coupled analysis, the solid phase is discretized
using FEM. The control equation with explicit solution
algorithm is adopted:

M þ CDt=2ð Þanþ1 ¼ Fnþ1 � Cvnþ1=2 � Kunþ1; ð1Þ

vnþ1 ¼ vnþ1=2 þ anþ1 Dt
2
; ð2Þ

where Dt is the time step, M is the mass matrix, C is the
damping matrix, F is the force vector, and u, v, and a are
the displacement, velocity, and acceleration vectors,
respectively.

The fluid solver is discretized using FVM. The forward
Euler method is adopted for computational efficiency:

mnþ1 � mn ¼
X
L

F n
L

 !
Dt; ð3Þ
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qnþ1
f ¼ mnþ1

V nþ1unþ1
; ð4Þ

pnþ1
p ¼ pref þ 1

b
1� qref

qnþ1
f

� �
; ð5Þ

where pp is the pore pressure, qf is the fluid density, u is the
porosity, m is the fluid mass, FL is the mass velocity from
element L calculated by Darcy’s law, V is the element vol-
ume, pref is the reference pore pressure, qref is the reference
fluid density, and b is the compressibility coefficient of the
fluid.

A fully explicit solid–fluid coupled scheme is adopted
(Wang, 2020; Yu et al., 2025), following (1) initialization;
(2) update solid displacement in the solid solver and trans-
fer the updated porosity to the fluid solver; (3) update fluid
pore pressure in the fluid solver using Eqs. (3)–(5) and
transfer the updated pore pressure to the solid solver; (4)
update solid acceleration based on the momentum conser-
vation equation using Eq. (1); (5) update the solid velocity
using Eq. (2). The accuracy and efficiency of the approach
has been thoroughly evaluated in previous studies (Yu
et al., 2025).

2.2 IUASS model and simulation campaign

Figure 1 illustrates the IUASS model adopted in this
study, which consists of three parts, the underground struc-
ture, the aboveground structure, and the soil layers. The
underground structure, the top of which is level with the
ground surface, comprises a single-story, two-span config-
uration. The underground structure has a height of 5 m
and a width of 6 m per span. The Young’s moduli of the
central column, slab, wall, and baseplate are 5.74, 28.2,
35.8, and 33.8 GPa. The densities are 400, 2078, 2450,
and 2450 kg/m3, respectively. All structural components
are modeled using solid elements, and the choice of modu-

lus, density, and cross-section dimensions in Fig. 1(c) is
adopted to achieve flexural stiffness (EI), axial stiffness
(EA), and mass equivalent with typical underground struc-
tures in engineering practice (Chen et al., 2018).

To investigate the influence of aboveground structure
height on seismic response, four aboveground structure
configurations with different heights are examined, i.e., 0,
5, 10, and 15 stories. Each story follows an identical layout,
comprising a two-span structure with a height of 3 m and a
span width of 6 m. The Young’s moduli of the middle col-
umn, side wall, and slab are 4.36, 17.6, and 17.6 GPa. The
densities are 315, 1200, and 1200 kg/m3, again maintaining
equivalent flexural stiffness (EI), axial stiffness (EA), and
mass equivalent with typical buildings (see Fig. 2).

The ground model width is set at 84 m to allow for
boundary distance to exceed three times the maximum
dimension of the underground structure, aiming to limit
the boundary effects in accordance with the Standard for
Seismic Design of Underground Structures (GB/T
51336—2018) (MOHURD, 2018). The soil profile at the
site of an underground structure project in Beijing, China
is adopted, with 45 m deep sand consisting of 5 layers.
The first 4 soil layers are 10 m thick each, and the 5th soil
layer is 5 m thick. The shear wave velocity values for each
layer are obtained from in-situ measurements, while the
void ratio data are obtained from borehole logs at the same
site. The detailed geotechnical parameters are provided in
Table 1. For simplicity, the structure and the soil share
nodes at the contacts, without considering interface prop-
erties, which is effective in existing studies (Zhu et al.,
2021; Li et al., 2023; Zhao et al., 2024; Xu et al., 2023b).
The groundwater table is near the ground surface due to
the existence of a river near the site.

The simulation cases considered in this study are listed
in Table 2. Both linear elastic and elastoplastic constitutive
models are adopted for soil for each case of different above-

Fig. 1. Numerical model of IUASS. (a) Structure system with aboveground structure, underground structure, and 5 soil layers, (b) one story of the
aboveground structure, and (c) underground structure with two spans.

94 J.-K. Yu et al. / Underground Space 27 (2026) 92–111



ground structure heights to consider both linear elastic and
elastoplastic soil conditions. To ensure the generality of the
findings, five different input motions are adopted for each
case, resulting in a total of 40 simulations. Detailed speci-
fications regarding the constitutive models and input
motions are provided in subsequent sections.

2.3 Soil constitutive models

Two constitutivemodels are adopted in this study. First, a
simple linear elastic model is adopted to simulate the soil,
aiming to exclude the influence of nonlinearity and plasticity
and focus on the role of input motion and IUASS system

Table 1
Soil layer properties.

Case No. Burial depth (m) Thickness (m) Density (kg/m3) Shear wave velocity (m/s) Shear modulus (MPa) Void ratio

1 10 10 1800 170 52 0.62
2 20 10 1800 250 112 0.62
3 30 10 1900 290 159 0.60
4 40 10 1900 350 232 0.60
5 50 5 2000 500 500 0.57

Table 2
Study cases with different stories.

No. Aboveground structure stories Linear elastic simulation Elastoplastic simulation Number of input motions

1 0 Yes Yes 5
2 5 Yes Yes 5
3 10 Yes Yes 5
4 15 Yes Yes 5

Fig. 2. Shear modulus reduction curve, damping ratio curve, and typical undrained cyclic response simulated using the CycLiq model and calibrated
parameters for sand in layers No. 1 and No. 5. (a) Shear modulus reduction curve and damping ratio curve for sand in layer No. 1, (b) shear stress s versus
mean effective pressure p’ for sand in layer No. 1, (c) shear stress s versus shear strain c for sand in layer No. 1, (d) shear stress s versus mean effective
pressure p’ for sand in layer No. 5, and (e) shear stress s versus shear strain c for sand in layer No. 5.
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period in the influence of aboveground structure on the drift
ratio of the connected underground structure. The basic
findings from linear elastic analysis are then validated in a
more realistic elastoplastic solid–fluid coupled analysis,
which also allows for the evaluation of settlement and uplift.
For the linear elastic model, the shear modulus values are
given in Table 1, with a Poisson’s ratio of 0.3. For the elasto-
plastic model, the CycLiq model is adopted, which was pro-
posed byWang et al. (2014) and implemented in OpenSEES
(Zhu et al., 2021b; He et al., 2020), FLAC3D (Hu-Yan et al.,
2024; Wang et al., 2023), and GEOSX (Fu et al., 2013;
Wang, 2020). The model has been thoroughly validated
and widely applied in the seismic analysis of underground
structures (Li et al., 2025; Zhang & Wang, 2024).

The stress–strain response relationship of the CycLiq
model can be described by the following equation:

_e ¼ p_r
2G

þ r

2G
þ I

3K

� �
_p þ nþ Dre þ Dir

3
I

� �
Lh i; ð6Þ

where p is the effective mean stress; r is the ratio of the devi-
atoric stress tensor s to the stress p; G and K are the elastic
shear modulus and bulk modulus; I is the unit tensor; n
represents the flow direction and loading direction of plas-
tic deviatoric strain; Dre is the reversible dilatancy; Dir is
the irreversible dilatancy; L is the plastic loading index.
The dot above a variable denotes the rate of the variable.

For the elastic and plastic modulus, the CycLiq model
adopts the following equations:

G ¼ G0

2:973� einð Þ2
1þ ein

pa
p
pa

� �1=2

; ð7Þ

K ¼ 1þ ein
j

pa
p
pa

� �1=2

; ð8Þ

H ¼ 2

3
hG exp �npWð Þ M exp �npWð Þ

Mm

q
�

q

 !
� 1

" #
; ð9Þ

where ein is the initial void ratio, pa is the atmospheric pres-
sure, q is the distance between stress ratio r and back stress

ratio ain, q
�
is the distance between r

�
and back stress ratio

ain, Mm is the maximum stress ratio, G0, j, n
p, M, and h

are the model parameters. W is the state parameter pro-
posed by Been and Jefferies (1985) as W = e – ec, where e

is the void ratio and ec is the critical void ratio. The critical
void ratio ec can be calculated as ec = e0 – kc(p/pa)

n, where
e0, kc, and n are model parameters.

For dilatancy, the reversible dilatancy Dre and irre-
versible Dir are formulated as

Dre ¼
ffiffiffiffiffiffiffiffi
2=3

p
dre;1 rd � rð Þ : n; rd � rð Þ : n < 0

dre;2vð Þ2=p; rd � rð Þ : n > 0

(
; ð10Þ

Dir ¼ d ir exp ndW� aevd;ir
� � M exp ndWð Þ � gh i exp vð Þ

þ 1þ cmono

cd;r 1�exp ndWð Þh i
� ��2

2
64

3
75;
ð11Þ

where dre,1, dre,2, dir, n
d, a, and cd,r are model parameters.

Detailed explanations for the reasoning of the formulation
can be found in Wang et al. (2014).

To ensure the initial shear modulus of elastoplastic
dynamics is consistent with that of elastic analysis, the elas-
tic parameters (G0 and j) are calibrated based on the pro-
vided shear modulus listed in Table 1. The other CycLiq
parameters are mostly adopted based on the well-
calibrated parameters of Ottawa sand (He et al., 2020;
Hu-Yan et al., 2024; Wang et al., 2023), with slight alter-
ations to match the shear modulus reduction and damping
ratio data available for the soil at the site, which are shown
in Table 3. The permeability coefficient of the sand layers is
taken as 1.25 × 10−5 m/s.

The shear modulus reduction G/Gs curve, damping ratio
curve, and typical undrained cyclic response simulated
using the CycLiq model and calibrated parameters are
illustrated in Fig. 2 for sand in layers No. 1 and No. 5.
The shear modulus reduction G/Gs curve and damping
ratio curve in Fig. 2(a) show good agreement with labora-
tory test data obtained for the soil at the site. Undrained
cyclic shear response is simulated at a cyclic stress ratio
(CSR) of 0.2 and an initial confining pressure of 100 kPa.
The sand in layer No. 1 with shallower depth is more prone
to liquefaction and large deformation than the sand in
layer No. 5 with greater depth.

2.4 Input motion

Five seismic input motions with varying frequency char-
acteristics are selected. The acceleration time histories and
corresponding power spectrum for all input motions are
presented in Fig. 3. These seismic records consist of actual
ground motion data, which undergo baseline correction
and 10 Hz low-pass filtering, with peak ground acceleration
(PGA) scaled to 0.2g. To facilitate subsequent analysis, the
seismic input motions (denoted as G1 through G5) are
ordered according to their mean periods in ascending

Table 3
Parameters of sand using the CycLiq model.

Sand layer No. 1 2 3 4 5

G0 170 270 280 350 525
j 0.012 0.008 0.008 0.006 0.004
h 1.5 1.5 1.5 1.5 1.5
M 1.1 1.1 1.1 1.1 1.1
dre,1 1.4 1.4 1.4 1.4 1.4
dre,2 30 30 30 30 30
cd,r 0.05 0.05 0.05 0.05 0.05
a 30 30 30 30 30
dir 2.6 2.6 2.6 2.6 2.6
kc 0.0112 0.0112 0.0112 0.0112 0.0112
n 0.715 0.715 0.715 0.715 0.715
e0 0.78 0.78 0.78 0.78 0.78
np 3.2 3 3 2.6 2.6
nd 6 6 6 6 6
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order, with G1 exhibiting the shortest mean period (0.40 s)
and G5 the longest (0.64 s). The mean period has been
reported to be the best simplified frequency content charac-
terization parameter for earthquake ground motion, and is
calculated as follows (Rathje et al., 1998):

Tm ¼
P

iC
2
i
1
fiP

iC
2
i

0:25 Hz � fi � 20 Hz; ð12Þ

where Ci is the Fourier amplitudes of the input motion,
which is shown in the subfigures Fig. 3(a)–(e), and fi is
the discrete Fourier transform frequencies between 0.25
and 20 Hz. The cumulative absolute velocity (CAV) of each
input motion is also labelled in the subfigures. The G3 has
the largest CAV, while G1 has the smallest CAV. Seismic
excitation of the numerical model is applied as horizontal
input motions at the base boundaries in both lateral
directions.

3 Influence of aboveground structure on underground

structure response

3.1 Fundamental period of IUASS

To help understand the role of the aboveground struc-
ture, the fundamental period of the IUASS is first deter-

mined. In the modal analysis, the bottom boundary of
the site is fully fixed, while the lateral boundaries permit
only horizontal displacement. Only the initial state of the
soil is considered here using the linear elastic parameters
in Table 1.

Figure 4 shows the first vibration modes and fundamen-
tal periods for the free field Tf, the aboveground structures
T1, and the structure–soil system Ttotal. As the height of
aboveground structure increases, the fundamental periods
of both the aboveground structures and the structure–soil
system increase. The aboveground structure fundamental
period is always smaller than the corresponding struc-
ture–soil system fundamental period, as soil–structure
interaction reduces the constraint at the base of the struc-
ture. For cases with low aboveground structure (small fun-
damental period) or no aboveground structure, the
fundamental period is mainly governed by the soil, as
shown in Fig. 4(b)–(c). For cases with relatively high
aboveground structure, the fundamental period of the sys-
tem is strongly influenced by the aboveground structure, as
shown in Fig. 4(e). The terms ’low’ and ’high’ for above-
ground structures are defined based on their influence on
the fundamental period of the IUASS in this study. If the
aboveground increases the system period by 20%, it can
be called the high aboveground. Otherwise, it is called
the low aboveground. Under this definition, the 5-story

Fig. 3. Seismic input motions in the simulations and their Fourier amplitude and response spectra: (a) G1 Friuli, (b) G2 Park Field, (c) G3San Fernando,
(d) G4 Loma Prieta, (e) G5 Livermore, and (f) response spectra (5% damping) of the 5 input motions.
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aboveground is low, while the 10- and 15-story above-
ground is high.

Figure 5 shows the comparison of the fundamental per-
iod of the 4 cases and the mean period of 5 seismic input
motions. The mean periods of G1–G3 are less than the fun-
damental period of all cases, while the mean periods of G4
and G5 are larger than the fundamental periods of free
field and IUASS-soil systems with 0 and 5-story above-
ground structures. The mean periods of G1–G5 are smaller
than the fundamental periods of IUASS-soil with 10- and
15-story aboveground.

3.2 Drift ratio

The influence of input ground motion and aboveground
structure height on the drift ratio of underground struc-
tures is analyzed in this section. The drift ratio refers to
the maximum lateral displacement difference between the
top and base of the middle column divided by its height
in underground structure during the earthquake. Figure 6
presents the drift ratios of underground structures sub-
jected to 5 input motions, revealing that the variation pat-
tern of drift ratios does not exhibit consistent correlation
with the increasing height of aboveground structures. For

G4 and G5, where the mean periods of input motions are
larger than the system fundamental period, the drift ratios
demonstrate a consistent increasing trend with increasing
aboveground structure height. However, for G1–G3 with
a mean period smaller than the system fundamental period,
no consistent relationship between drift ratios and the
number of aboveground stories is observed.

When examining the influence of CAV, it can be
observed that for ground motions with mean periods
longer than the fundamental period of the free field (G4
and G5), a greater CAV (G4 > G5) corresponds to a larger
drift ratio, which is consistent with findings from existing
studies (Karmer & Mitchell, 2006). However, for ground
motions with periods shorter than the fundamental period
of the free field (G1, G2, and G3), there is no significant
correlation between CAV and drift ratio.

Figure 7 presents a detailed analysis of the drift ratio
distribution for a 15-story aboveground structure under
input motions G2 and G4, at the moment of maximum
drift ratio of the underground structure. The comparison
reveals distinct dynamic behaviors: for G2, where the mean
period is shorter than the system fundamental period,
opposite racking motions are observed between under-
ground and aboveground structures. In contrast, for G4
with a mean period greater than the system fundamental
period, underground and aboveground structures drift in
synchronous directions. These observations suggest: (1)
under short mean period input motions, high aboveground
structure racks out of phase with the underground struc-
ture and may cause a reduction in the underground struc-
tural drift ratio, while (2) under long mean period input
motions, high aboveground structure racks in-phase with
the underground structure to amplify the drift ratio. This
also explains the observations of Li et al. (2023), where
numerical simulations similarly identified a reduction in
underground structure drift ratio influenced by above-
ground structures under short mean period input motions.
The results demonstrate that the influence of aboveground
structure on the seismic response of underground structure
is strongly affected by complex period-dependent
interactions.

For elastoplastic dynamic analysis, Fig. 8(a) shows the
drift ratio of the 4 cases under different input motions.
The drift ratio variation with the height of the
aboveground structure is generally consistent with that in

Fig. 4. First vibration mode of the free field, IUASS-soil and above-
ground structures, with the fundamental period of free field Tf, IUASS-
soil Ttotal, and aboveground structure T1.

Fig. 5. Comparison of the fundamental period of IUASS-soil system and
the mean period of the input motion.

Fig. 6. Drift ratio of underground structure under different input motions.
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the linear elastic analysis. The difference is that the drift
ratio of the elastoplastic simulation in Fig. 8(a) is generally
smaller than that in Fig. 6. This is mainly due to the differ-
ent accelerations at the surface of the site. Figure 8(b)
shows the acceleration distribution in the free field under
G3. Under the same input motion at the bottom, the accel-
eration in the linear elastic simulation is significantly ampli-
fied, while the acceleration in the elastoplastic simulation is
attenuated due to the nonlinearity and softening of the soil.

These results indicate that when the mean period of
input motion is higher or lower than the fundamental per-
iod of the structure–soil system, the dependence of under-
ground structure drift ratio on aboveground structure
height shows different patterns. Therefore, the relationship

between input motion period and system fundamental per-
iod is a key factor governing the influence of aboveground
structure on interconnected underground structure
racking.

To further quantify the influence of aboveground struc-
ture on the seismic response of underground structure, the
relationship between the force at the base of the above-
ground structure and the racking of the underground struc-
ture is assessed. This force refers to the axial force, bending
moment, and shear force at the base of the middle column.
As solid elements are used for the structure, this force is
calculated from the stress of each element. Specifically,
the 0.83-m-wide middle column is discretized into 4 ele-
ments, and the force is then calculated by integrating the

Fig. 7. Drift ratio of 15-story aboveground structure and underground structure at the moment of maximum drift ratio of underground structure in the
linear elastic simulations: (a) G2, and (b) G4.

Fig. 8. Drift ratio of underground structure in elastoplastic simulations and comparison of horizontal acceleration between the elastic and elastoplastic
simulations. (a) Drift ratio of underground structure under different input motions in elastoplastic simulations, and (b) maximum acceleration at different
depths in the free field under G3 in the elastic and elastoplastic simulations.
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vertical stress and horizontal shear stress from each ele-
ment over their respective widths. Figure 9 shows the cor-
relation among the maximum axial force, bending moment,
and shear force at the base of the aboveground structure
and the drift ratio of the underground structure for the lin-
ear elastic simulations. The horizontal axis represents the
increment ratio of the drift ratio of the underground struc-
ture, while the vertical axis represents the increment ratio
of axial force, bending moment, and shear force at the base
of the aboveground structure. The definition of increment
ratio is as follows:

r ¼ ai � a5
a5

; ð13Þ

where r is the increment ratio, ai can represent the drift
ratio or forces (axial force, bending moment, and shear
force) for the i-story aboveground structure, and a5 is the
drift ratio or forces for the 5-story aboveground structure.
For the case without aboveground structure, the internal
forces of the aboveground structure are all 0, and the incre-
ment ratio of the internal forces is −1. For the 5-story
aboveground structure, all increment ratios are 0. By using
Eq. (12), it is possible to eliminate the influence of soil
response under different input motions, and only analyze
the influence of forces imposed by the aboveground
structures.

In the linear elastic simulations, the increment ratios of
dynamic forces and drift ratios in Fig. 9 show good corre-
lation. Pearson’s correlation coefficients q between axial
force, bending moment, shear force, and drift ratio are
0.92, 0.86, and 0.91, respectively. All Pearson’s correlation
coefficients exceed 0.8. Figure 9 also performs linear fitting
on the relationship between three forces and drift ratio,
with slopes greater than 1.0 and R2 greater than 0.74. This
indicates a strong linear correlation between the drift ratio
of underground structures and the dynamic forces imposed
by aboveground structures.

For elastoplastic simulations, Fig. 10 shows a similar
relationship between the increment ratio of the drift ratio
and the increment ratio of forces imposed by the above-
ground structure. Pearson’s correlation coefficients q

between axial force, bending moment, shear force, and
drift ratio are 0.78, 0.71, and 0.84, respectively. This indi-
cates that the linear correlation applicable to the linear
elastic simulations also applies to the elastoplastic
simulations.

The results demonstrate that although it is difficult to
establish a directional relationship between the above-
ground structure height and its influence on the drift ratio
of underground structures, the forces imposed by the
aboveground structure on the underground structure exhi-
bit simple linear correlation with its influence on the under-
ground structure’s drift ratio. Therefore, the forces at the
base of the aboveground structure can be a good potential
indicator for the influence of the aboveground structure on
the seismic response of interconnected underground
structure.

It should be noted that the maximum drift ratio of the
underground structure and the maximum force at the base
of the aboveground structure might not occur simultane-
ously. Figure 11 presents the time history of the dynamic
shear force at the base of the 5-story and 10-story above-
ground structures and the drift ratio of the corresponding
underground structure under G2 and G4. When it is a 5-
story aboveground structure, the dynamic shear and the
drift ratio are largely synchronized. However, when it is a
10-story aboveground structure, the shear force is out of
phase with the drift ratio. This trend is observed for all five
input motions. Therefore, when the aboveground structure
height and subsequently fundamental period are relatively
large, there is a phase difference between the forces imposed
by the aboveground structure and the racking of the under-
ground structure, resulting in complex interaction between
the aboveground and underground structures.

3.3 Uplift and settlement

Post-earthquake uplift and settlement of the under-
ground structure can be analyzed in the solid–fluid coupled
elastoplastic simulations, which cannot be reflected in the
linear elastic simulations. Figure 12(a) shows the uplift

Fig. 9. Relationship between the increment ratio of drift ratio and the increment ratio of dynamic forces at the base of the aboveground structures under
different input motions in the linear elastic simulations. (a) Increment ratio of dynamic axial force versus increment ratio of drift ratio with R2 and
Pearson’s correlation coefficient q, (b) increment ratio of dynamic moment versus increment ratio of drift ratio with R2 and Pearson’s correlation
coefficient q, and (c) increment ratio of dynamic shear versus increment ratio of drift ratio with R2 and Pearson’s correlation coefficient q.
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and settlement of the underground structure under differ-
ent input motions. A positive vertical displacement means
uplift, while a negative vertical displacement means settle-
ment. The simulations without the aboveground structure
show uplift under all five input motions. This is because
the weight of the underground structure is smaller than
that of the soil it replaces, being 58.5 and 108 t/m, respec-
tively, causing the underground structure to uplift when the
soil liquefies. When aboveground structure exists, settle-
ment is observed, as the weight of the aboveground struc-
ture plus the underground structure exceeds that of the soil,

being 112.7, 167.0, and 221.3 t/m for the 5, 10, and 15-story
cases, respectively.

There are also significant differences in the vertical dis-
placement under different input motions. Figure 12(b)
shows the liquefaction depth at the bottom of the under-
ground structure for different cases and input motions,
indicating that for the same aboveground structure, the
amplitude of uplift or settlement of the underground struc-
ture is clearly associated with the liquefaction of the soil.
For instance, G3, which has the greatest CAV, also exhibits
the greatest liquefaction depth and vertical displacement.

Fig. 10. Relationship between the increment ratio of drift ratio and the increment ratio of dynamic forces at the bottom of the aboveground structures
under different input motions in elastoplastic simulations. (a) Increment ratio of dynamic axial force versus increment ratio of drift ratio with R2 and
Pearson’s correlation coefficient q, (b) increment ratio of dynamic moment versus increment ratio of drift ratio with R2 and Pearson’s correlation
coefficient q, and (c) increment ratio of dynamic shear versus increment ratio of drift ratio with R2 and Pearson’s correlation coefficient q.

Fig. 11. Time history of underground structure drift ratio and dynamic shear force at the base of the aboveground structure. (a) 5-story aboveground
structure under G2, (b) 5-story aboveground structure under G4, (c) 10-story aboveground structure under G2, and (d) 10-story aboveground structure
under G4.
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A similar trend is observed between G4 and G5, where
greater CAV corresponds to larger liquefaction depth
and vertical displacement. Interestingly, G1 and G2,
despite having lower CAV than G5, result in greater lique-
faction depth and vertical displacement. This suggests that
liquefaction is a key factor influencing vertical
displacement.

To evaluate the influence of the aboveground structure,
Fig. 12(c) and (d) further shows the excess pore pressure
time history in the far field and near structure at a depth
of 5 m under G2 and G4. Although increasing structural
height and weight reduce the liquefaction depth, the accu-
mulation of excess pore pressure continues to rise. Under
different input motions, the excess pore pressure in soil
for the 5-story case is consistently lower than that for the
10-story case, while the excess pore pressures for the 10-
and 15-story cases are similar. This trend indicates a posi-
tive correlation between the excess pore pressure and the
vertical displacement of underground structure, which is
directly associated with the change in effective stress in soil
beneath the structure caused by the seismic event.

4 Simplified analysis method for underground structure

seismic response in IUASS

4.1 Simplified analysis method for drift ratio

The previous analysis shows that the forces imposed by
the aboveground structure at its base have a strong linear
correlation with the drift ratio of the underground struc-
ture. These forces should thus be considered in developing
a simplified analysis method for the drift ratio of the under-
ground structure within an IUASS. The forces can be cal-

culated with various simplified methods, such as the mode-
superposition response spectrum and the bottom shearing
force method (International Organization for
Standardization, 2017; MOHURD, 2010). At the same
time, various simplified methods exist for calculating the
drift ratio of underground structures. These two types of
methods can be combined to propose a simplified method
for the drift ratio of underground structures in IUASS.

In combining these two methods, one issue that must be
resolved is whether the peak inertia effect from the above-
ground structure should be directly summed with the peak
kinematic effect from the soil. Figure 11 clearly indicates
that this is not always the case, and the peak force at the
base of the aboveground structure may not occur simulta-
neously with the peak underground structure drift ratio.
Another issue that should be considered is the influence
of soil–structure interaction, especially when using simpli-
fied analysis methods for the aboveground structure that
assume its foundation to be rigid. This may result in an
underestimation of the forces imposed by aboveground
structure using simplified analysis methods compared to
the dynamic analysis method, particularly in soft soil con-
ditions (Wu et al., 2025). Therefore, a simplified method
should take these into consideration when applying the
base forces of the aboveground structure to the under-
ground structure.

A simplified method for the drift ratio of underground
structure in IUASS, appropriately accounting for the
forces imposed by aboveground structure, is proposed in
this study. The force imposed by the aboveground struc-
ture is calculated using the mode-superposition response
spectrum method, which considers the fundamental period
of the aboveground structure and the mean period of the
input motion, while the drift ratio of the underground
structure is calculated using the displacement-based pseudo
static method, which accounts for the characteristics of the
input motion. The modification of the force imposed by the
aboveground structure force is also taken into careful con-
sideration. The proposed method can be summarized as the
following 5 steps:

(1) Conduct modal analysis to obtain the first three fun-
damental periods of the aboveground structure T1,
T2, T3, and displacement modes of the aboveground
structure X1i, X2i, X3i, as well as the fundamental
periods of the free field Tf and the structure–soil sys-
tem Ttotal.

(2) Conduct dynamic free field analysis to determine the
maximum ground acceleration amax, as well as the
soil acceleration ai, displacement di, and shear stress
si at the moment of maximum drift of the under-
ground structure. Determine the subgrade coefficient
Ks. This subgrade coefficient Ks is derived by applying
a unit force F at the target location.

(3) Obtain the maximum horizontal response spectra
ratio amax with the following equation:

Fig. 12. Vertical displacement, liquefaction depth, and excess pore
pressure in the elastoplastic simulations. (a) Vertical displacement at the
bottom of the central column under different input motions, (b)
liquefaction depth below the underground structure under different input
motions, (c) excess pore pressure of far field and near structure at a depth
of 5 m under G2, and (d) excess pore pressure of far field and near
structure at a depth of 5 m under G4.
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amax ¼ amax=g; ð14Þ
where amax is the maximum ground acceleration from free
field analysis, and g is the gravity acceleration. Calculate
the original forces SEK imposed by the aboveground struc-
ture at the base using the mode-superposition response
spectrum method with the following equations:

SEK ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXm
j¼1

Xn
i¼1

F ji

 !2
vuut ; ð15Þ

F ji ¼ ajX jiGi

Xn
i¼1

X jiGi=
Xn
i¼1

X 2
jiGi; ð16Þ

where aj is the horizontal seismic coefficient of jth mode
calculated with the curve in Fig. 13, and Gi is the gravity
load of the ith story.

(4) Modify the computed forces SEK using the proposed
equations:

SEKM ¼ gSEK; ð17Þ

g ¼ max c T total

T 1
� 1

2

� �
; 1

� �
; if Tm < T fffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

T f=T total

p
; if Tm � T f

8<
: ; ð18Þ

where c is an empirical parameter with c = 1.2, based on
the case studies in this paper. When Tm < Tf and the above-
ground structure is low, an amplification factor of max(c
(Ttotal/T1–1/2), 1) is applied. Here, the ratio Ttotal/T1

increases as the aboveground structure height decreases.
When Tm ≥ Tf, a reduction factor of (Tf/Ttotal)

0.5 is intro-
duced, where Tf/Ttotal is always smaller than 1. The ratio
Tf/Ttotal increases as the aboveground structure height
decreases.

The modification considers the influence of both the
possible phase difference between the aboveground struc-
ture base force and the drift ratio of the underground struc-
ture, and soil–structure interaction. Since soil–structure
interaction effect is more pronounced and significant in soft
soil conditions (when the free field fundamental period Tf is
relatively large), the modification is determined by the rel-
ative relationship between the input motion mean period
Tm and the free field fundamental period Tf. When Tm < Tf,

Fig. 13. Flowchart of the proposed 5-step simplified analysis method to obtain the drift ratio of the underground structure in IUASS.
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the forces imposed by the aboveground structure are
amplified. When Tm ≥ Tf, the force imposed by the above-
ground structure is reduced.

(5) Perform a displacement-based pseudo static analysis
of the underground structure, and obtain its drift
ratio.

Figure 14 presents the drift ratios calculated by the pro-
posed simplified analytical method compared with the
results from dynamic analysis, showing good agreement
for different aboveground structure heights and input
motions, with R2 of 0.87 and 0.89 for the linear elastic
and elastoplastic simulations, respectively. It should be
noted that the parameter c adopted in this study is only a
recommended value based on the given soil conditions,
and its applicability under different soil conditions requires
further study.

The effect of the modified equation introduced in Step 4
is further evaluated. Figure 15 shows the drift ratio calcu-
lated without applying the modification in Step 4.
Although the overall slopes without modification are only
slightly different for the elastic and elastoplastic cases, the
R2 are significantly lower compared with the results
obtained after modification, being only 0.68 and 0.63 for
the elastic and elastoplastic cases, respectively. In Fig. 15
(c) and (d), significant underestimation is observed for
low aboveground structure (5-story) under G2, where
Tm < Tf, resulting from the effect of soil–structure interac-
tion. Significant overestimation is observed for tall above-
ground structures (10- or 15-story) under G4, where
Tm ≥ Tf, resulting from the effect of the phase difference
between peak base forces and peak drift ratio. These results
highlight the need for the modifications proposed in Step 4.

A simple parameter sensitivity analysis is conducted for
the empirical parameter c as shown in Fig. 16. When c var-
ies from 1.0 to 1.4, R2 remains unchanged, while the aver-
age ratio increases from 1.03 to 1.21. The results show that
small variations in the values of c have a limited effect on

the correlation quality but can cause the simplified analysis
results to be either systematically larger or smaller. The
proposed c is only a suggested value for the cases in this
study, and the calibration of a more reasonable value for
more general cases requires further research.

4.2 Simplified analysis method for vertical displacement

For the vertical displacement of the underground struc-
ture, it is observed that when the mass of the IUASS is less
than that of the free field replaced by the underground
structure, uplift occurs relative to the free field. When the
mass of the IUASS is greater, relative settlement occurs.
In other words, when the total mass ms of the IUASS is
smaller than the free field mass mf of the volume replaced
by the underground structure, relative uplift occurs; when
ms > mf, relative settlement occurs.

Besides the mass of structure, the results in Section 3.3
show that input motion and excess pore pressure develop-
ment significantly influence vertical displacement. Consid-
ering these two factors, a simplified analysis method is
proposed, which introduces the influence of input motion
via free field dynamic analysis, and computes the vertical
displacement of the structure using the excess pore pressure
obtained in free field analysis. The proposed simplified
method follows 3 steps, as shown in Fig. 17:

(1) Conduct free field dynamic analysis to obtain the dis-
tribution of excess pore pressure (EPP) pi along depth
and surface settlement sf.

(2) Locate depth h2 in the free field, where the initial ver-
tical effective stress is the same as that at the base of
the underground structure at h1. Shift the distribution
of excess pore pressure pi vertically by h2–h1 to obtain
a modified EPP distribution. The difference Dpi
between these two distributions is calculated.

(3) Compute the vertical displacement relative to the free
field using the layer-wise summation method. The

Fig. 14. Comparison of the drift ratio calculated by the simplified analysis method and the dynamic analysis method. (a) Linear elastic simulation, and (b)
elastoplastic simulation.
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compression modulus can be calculated with the bulk
modulus and Poisson’s ratio. The calculated relative
vertical displacement is then modified and added to

the free field surface displacement sf to obtain the
total vertical displacement, as expressed in the follow-
ing equations:

Fig. 15. Comparison of the drift ratio calculated by the simplified analysis method without Step 4 modification and the dynamic analysis method. (a)
Linear elastic simulation, (b) elastoplastic simulation, (c) linear elastic simulation under G2, G3, and G4, and (d) elastoplastic simulation under G2, G3,
and G4.

Fig. 16. Comparison of the drift ratio calculated by the simplified analysis method and the dynamic analysis method: (a) c = 1.0, and (b) c = 1.4.
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Es ¼ 3 1� tð Þ
1þ t

K; ð20Þ

s ¼ sf þ b
XDpiHi

Es

; ð21Þ

where Es is the compression modulus, m is the Poisson’s
ratio, K is the bulk modulus, which can be calculated with
Eq. (8), s is the total vertical displacement, Hi is the height
of each layer in the layer-wise summation method, and b is
the modified coefficient, which is obtained empirically to be
1.7 for uplift and 3.2 for settlement.

This method assumes that the vertical displacement of
the underground structure results from the difference in
excess pore pressure between the near field and far field.
To efficiently estimate the excess pore pressure of the near
field, the pore pressure distribution is vertically shifted by
h2–h1. The mechanical rationale for this shift is based on
comparing excess pore pressures under identical initial ver-
tical effective stress conditions. The depth h2 in the free
field is defined as the depth where the initial vertical effec-
tive stress equals that in the near field at a depth of h1. This
shift accounts for the weight of the structure itself, provid-
ing a straightforward adaptation method for applying the
free-field response to estimate the excess pore pressure in
the near field.

The results of the simplified analysis method are shown
in Fig. 18 against the dynamic analysis results. The average
ratio between the two sets of results is 1.09, with an R2 of
0.97, indicating that the proposed simplified analysis
method agrees well with the dynamic analysis method for
all the cases. Additionally, it only requires performing the
free field dynamic analysis, making it relatively easy to
implement in practice. The only requirement of the method
is that the free field dynamic analysis must employ a solid–

fluid coupled method and adopt a soil constitutive model
that can appropriately simulate excess pore pressure devel-
opment. It should be noted that the parameter b adopted in
this paper is only a recommended value based on the given
soil conditions, and its applicability under different soil
conditions requires further study.

A simple parameter sensitivity analysis is conducted for
the empirical parameter b as shown in Fig. 19. When
b = 1.5/3, the average ratio is exactly 1.00, and when
b = 1.8/3.4, the average ratio increases to 1.14, while the
R2 remains unchanged. The results show that small varia-
tions in b have a limited effect on the correlation quality
but can cause the simplified analysis results to be either sys-
tematically larger or smaller. The proposed b is only a sug-
gested value for the cases in this study, and the calibration
of a more reasonable value for more general cases requires
further research.

4.3 Validation of the proposed simplified methods

To validate the proposed simplified analysis methods
for drift ratio and vertical displacement, an additional
17 cases were analyzed, as shown in Table 4. Cases No.
5 and 6 employ 3 additional input motions while adopting
both linear elastic and elastoplastic simulations. Cases
No. 7–10 use input motion G2 and G3 to investigate
the influence of mass and stiffness of the aboveground
structure using linear elastic analysis. Case No. 11 adopts
a 4-story aboveground structure. Cases No. 12 and 13
adopt different PGAs in both linear elastic and elastoplas-
tic simulations. The 3 additional input motions G6, G7,
and G8 are shown in Fig. 20. Note that G8 has a signif-
icantly greater period compared to the ones in Fig. 3, with
Tm = 1.01 s.

Figure 21 presents the drift ratio results for the valida-
tion cases. The average ratio between the simplified analy-
sis method results and dynamic analysis results is 1.02∶1,
with an R2 of 0.90, indicating good agreement. Figure 21
(b) shows the results under G8, G2, and G4 in more detail.
These results confirm that the proposed simplified analysis
method can effectively evaluate the drift ratio of under-
ground structures under a wide range of input motion
mean period, PGA, and aboveground structure mass and
stiffness.

For the validation of the simplified analysis method for
vertical displacement, the judgement for uplift or settle-
ment is first assessed for Case No. 11 with 4-story above-
ground structure under G2. Figure 22(a) shows the
vertical displacements at the ground surface for the 4-
story case and 5-story case (Case No. 2 in Table 2). The
vertical displacement of the far field is also provided, show-
ing 1.6 cm of settlement. The 5-story case results in 2.6 cm
settlement, while the 4-story case demonstrates significantly
reduced settlement of only 0.2 cm, resulting in relative
uplift compared to the free field. This is because the struc-
ture mass of 101.9 t/m is slightly smaller than the replaced
soil of 108 t/m. The simulation results agree with the uplift

Fig. 17. Flowchart of the 3-step simplified analysis method to analyze the
vertical displacement of the underground structure in IUASS.
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and settlement criterion proposed for the simplified
method.

The simplified method to calculate the vertical displace-
ment is assessed using Cases No. 5, 6, and 11–13 using the

elastoplastic simulation. Figure 22(b) compares the vertical
displacements obtained from dynamic analysis and the
simplified analysis method for these cases. This result
showcases that the proposed simplified analysis method

Fig. 18. Comparison of the vertical displacement calculated by the simplified analysis method and the dynamic analysis method. (a) All 20 simulation
cases, and (b) under G2, G3, and G4.

Fig. 19. Comparison of the vertical displacement calculated by the simplified analysis method and the dynamic analysis method: (a) b = 1.5/3.0, and (b)
b = 1.8/3.4.

Table 4
Validation cases with different input motions and numbers of aboveground structure stories.

Case No. Input motion Linear elastic or elastoplastic Aboveground structure stories Other information

5 G6, G7, G8 Both 5 –
6 G6, G7, G8 Both 10 –
7 G2, G3 Linear elastic 10 Half mass for aboveground structure
8 G2, G3 Linear elastic 10 Twice the mass for aboveground structure
9 G2, G3 Linear elastic 10 Half stiffness for aboveground structure
10 G2, G3 Linear elastic 10 Twice the stiffness for aboveground structure
11 G2 Elastoplastic 4 –
12 G4 Both 10 PGA = 0.1g
13 G4 Both 10 PGA = 0.3g

J.-K. Yu et al. / Underground Space 27 (2026) 92–111 107



achieves good prediction of underground structure vertical
displacement for different input motions and aboveground
structure conditions.

5 Conclusions

This study conducts linear elastic and elastoplastic
dynamic simulations to analyze the drift ratio and vertical
displacement of the underground structure within an
IUASS under seismic loading. Based on the patterns
obtained from the dynamic analysis, simplified analysis
methods for drift ratio and vertical displacement prediction

are proposed for the underground structure in an IUASS.
The main findings are summarized as follows:

(1) The mean period of input motion and the fundamen-
tal period of the structure system significantly affect
the drift ratio of the underground structure. When
the mean period of input motion is greater than the
fundamental period of the free field, an increase in
aboveground structure height increases the drift ratio
of the underground structure. When the mean period
of input motion is smaller than the fundamental per-
iod of the free field, an increase in aboveground struc-

Fig. 20. Additional seismic input motions for validation in the simulations and their Fourier amplitude and response spectra: (a) G6 Imperial Valley,
(b) G7 Kobe, (c) G8 KBU, and (d) response spectra for G6, G7, and G8.

Fig. 21. Comparison of the drift ratio calculated by the simplified analysis method and the dynamic analysis method. (a) All validation cases, and (b)
validation cases of G8, G2, and G4.
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ture height could reduce the drift ratio of under-
ground structure, as the motion of the aboveground
structure becomes out of phase with that of the
underground structure. The dynamic simulation
results also reveal a strong correlation between the
forces at the base of the aboveground structure and
the drift ratio of the underground structure.

(2) The weight of the structure and input motion signif-
icantly affect the vertical displacement of the under-
ground structure. When the weight of IUASS is less
than that of the soil replaced by the underground
structure, uplift relative to the free field is observed.
When the weight of IUASS exceeds that of the soil
replaced by the underground structure, settlement
occurs. Elastoplastic dynamic simulation results
reveal a strong correlation between the vertical dis-
placement of the underground structure and the
excess pore pressure in the soil.

(3) A simplified calculation method for the drift ratio of
underground structures in an IUASS is proposed.
The proposed method applies a force from the above-
ground structure base to the underground structure
in the displacement-based pseudo static analysis
method to determine the drift ratio. A key procedure
is that the force from the aboveground structure is
modified from the base force obtained using the
mode-superposition response spectrum method, with
the modification accounting for the influence of the
mean period of input motion and the fundamental
period of the aboveground structure.

(4) A simplified calculation method for the vertical dis-
placement of underground structures is also pro-
posed. Uplift or settlement is first determined by
comparing the weight of the IUASS with the weight
of the soil replaced by the underground structure.
The vertical displacement value is then calculated
via the layer-wise summation method by considering

the near field excess pore pressure increment com-
pared to the free field generated during shaking under
the influence of the IUASS.

(5) The proposed simplified methods are shown to be
able to accurately predict the drift ratio and vertical
displacement of the underground structure for the
40 dynamic simulation cases used to analyze the sys-
tem response pattern. More importantly, another 21
cases that expand the range of input motion and
aboveground structure characteristics are simulated
and used to further independently validate the simpli-
fied methods, showing excellent agreement between
predicted and dynamic simulation results for both
drift ratio and vertical displacement over a wide
range of conditions.

It should be noted that the proposed simplified methods
are validated against numerical simulations in this study.
Future experimental studies should be conducted to further
validate and possibly improve the methods, as all numeri-
cal simulations are under a 2D plane strain condition. A
wider range of soil conditions should also be considered
in future studies.
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