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Dynamic effective stress analysis
of a site with liquefiable
interlayer: considering vertical
and horizontal ground motion
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Ling-Yu Xu2*
1Jiangsu Earthquake Risk Prevention Center, Earthquake Administration of Jiangsu Province, Nanjing,
China, 2Institute of Geotechnical Engineering, Nanjing Tech University, Nanjing, China

This study uses a fully coupled dynamic effective stress analysis method
to evaluate the seismic response of a site containing silty sand which is a
liquefiable interlayer. A generalized plasticity model is employed to describe
the liquefaction behavior of silty sand under seismic action, and a nonlinear
constitutive model is used to account for the nonlinear and hysteretic
characteristics of non-liquefiable soils. The parameters of constitutive model
were calibrated from the shear wave velocity and results of resonant column
tests on different soils in a borehole. The results indicated that (1) A new spike
with a period of approximately 1 s was observed at the top of the liquefiable
interlayer compared to that at the bottom of the interlayer, reflecting a common
seismic response characteristic induced by the rise in the excess pore water
pressure (EPWP); (2) The low-frequency input motion caused higher EPWP
within the liquefiable interlayer andmore ground settlement at the consolidation
stage; (3) The increase in either peak horizontal acceleration or peak vertical
acceleration of input motions resulted in higher increase in the EPWP and
ground surface settlement. Moreover, the vertical seismic component in near-
field earthquakes has much more significant effect on the ground settlement in
liquefiable sites than that in far-field earthquakes.

KEYWORDS

biot theory, liquefaction, nonlinear constitutive model, resonant column tests, spectral
acceleration

1 Introduction

Earthquakes, as a powerful dynamic force of nature, pose a significant threat to human
society and engineering structures, especially at liquefiable sites, where earthquake-induced
ground damage is particularly severe (Fan et al., 2023; Sui et al., 2024). The destruction
of soil structure and the sharp rise in excess pore water pressure EPWP lead to soil
liquefaction during earthquakes, which in turn causes significant ground settlement and
lateral spreading, severely damaging buildings, bridges, roads, and other infrastructure.
Therefore, it is of great theoretical and practical importance to conduct in-depth analysis
on the liquefaction effects of sites induced by earthquakes.
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FIGURE 1
WX-03 borehole: (A) distribution of the shear velocity of soil layers and (B) finite element mesh.

The seismic response characteristics of liquefiable sites are a
well-established yet challenging topic in geotechnical earthquake
engineering. Scholars have extensively investigated seismic response
characteristics of liquefiable sites through physical model tests,
theoretical analysis, numerical simulation, and field seismic record
analysis. Jia and Wang (2013) showed that interlayer thickness
significantly affects liquefaction resistance of layered sand. Ecemis
(2021) found that the thickness of the silt seam plays a crucial
role in determining the liquefaction resistance of stratified sand
deposits located beneath it. Cubrinovski et al. (2019) emphasizes
the necessity of considering the system response of liquefying
soils when assessing the occurrence and severity of liquefaction-
induced damage. Xiu et al. (2020) noted that the powdery sand
interlayer can effectively impede the transmission of pore water
pressure within layered sand. Adampira and Derakhshandi (2020)

experimentally found that site liquefaction is more severe when
the liquefiable interlayer is thicker and shallower, leading to more
attenuation of peak ground motion and greater ground settlement.
Shen et al. (2022) discovered that the dilatancy of liquefied soil can
significantly amplify the peak horizontal acceleration in liquefiable
layers. Yao and Lin (2023) conducted numerical studies revealing
that the location of liquefiable interlayers significantly impacts the
internal force response of subway station structures. Youd and
Carter (2005) recorded accelerations at liquefiable sites and found
that soil softening or liquefaction has little effect on short-period
response spectral accelerations but can significantly amplify long-
period spectral accelerations. Sun and Yuan (2004) demonstrated
that liquefaction can extend the predominant period of acceleration
response spectra, amplifying long-period spectral accelerations
while slightly suppressing short-period spectral accelerations.
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TABLE 1 Parameters of PZ III model for the silty sand interlayer.

Descriptions (unit) Silty sand interlayer

Mfc Failure line constant 1.028

Mgc Critical state line constant 1.89

αf Yield constant 0.45

αg Plastic flow constant 0.45

Kevo Bulk modulus constant 165

Geso Shear modulus constant 300

mv Exponent of bulk modulus 0.5

ms Exponent of shear modulus 0.5

β0 Soil softening constant 10

β1 Soil softening constant 0.135

H0 Loading plastic modulus constant 1,450

HU0 Unloading plastic modulus (kPa) 12,000

γR Reloading plastic modulus constant 12

γU Unloading plastic modulus constant 10

Therefore, site liquefaction may have more severe adverse effects
on long-period and highly flexible structures (Sun et al., 2014).
However, most existing studies focus on unidirectional seismic
excitation, with relatively few studies on the response of liquefiable
sites under both vertical and horizontal seismic excitations.

Horizontal seismic motions are often accompanied by vertical
seismic motions during actual earthquakes. Considering combined
effects of vertical and horizontal input motions can help provide
a more comprehensive understanding of the seismic response of
liquefiable sites, offering a more scientific basis for seismic risk
assessment of engineering structures. Yang et al. (2002) found that
the peak horizontal ground acceleration and frequency content
of spectral accelerations depend on the intensity of the input
motions and the nonlinearity of soils, while the input motion
intensity has minimal effect on the amplification factor of vertical
ground motions. Tsai and Liu (2017) proposed a method for
equivalent nonlinear analysis of soil considering vertical seismic
motion, emphasizing the importance of soil nonlinearity on vertical
seismic wave propagation. Song et al. (2024) found that vertical
seismic components greatly increase the influence of the approach
bridge on the lateral displacement and internal forces of piles in
liquefiable sites. Chen et al. (2018) investigated the impact of vertical
seismic motion on the transient liquefaction of the seabed, finding
that increasing the hydraulic coefficient of the surface soil can
effectively inhibit seabed liquefaction. Xu et al. (2021a) numerically
investigated the effect of vertical seismic motion on the settlement
of pile groups, showing that vertical seismic motion significantly
increases the settlement of pile groups in liquefied sites. Tsaparli et al.
(2016) found that vertical input motion could increase liquefaction

depth and post-liquefaction ground settlement. Thus, the dynamic
response of liquefiable sites under combined horizontal and vertical
input motions is more complex than that under unidirectional
horizontal input motion alone. However, existing research has
rarely considered the impact of the frequency of horizontal and
vertical input motions on the dynamic response of liquefiable
sites, particularly under conditions where liquefiable interlayers
are present.

To address these issues, we thoroughly investigated a typical
boreholewith a liquefiable interlayer in the Yangtze RiverDelta Plain
region of China. A fully coupled dynamic effective stress analysis
method was adopted to evaluate the seismic response of a site
containing a liquefiable interlayer. A generalized plasticity model is
employed to describe the liquefaction behavior of silty sand under
seismic action, and a nonlinear constitutivemodel is used to account
for the nonlinear and hysteretic characteristics of non-liquefiable
soils. The parameters of constitutive model were calibrated from the
shear wave velocity and results of resonant column tests on different
soils in the borehole. The effect of peak horizontal acceleration,
frequency content, and peak vertical acceleration of input motions
on the seismic response of the liquefiable site was discussed.

2 Finite element model

2.1 Site conditions

Figure 1 shows the borehole WX-03 with the distribution of
shear wave velocity of different soils. In the finite element model,
the total thickness of soil layers is taken as 73 m. In this study, the
instrument employed in the field test was the ZD16 hole excitation
wave tester, which utilizes a single-hole method to measure the
wave velocity of the soil layers. This approach allows for the
direct determination of the shear wave velocity in various soil
layers. Following the” GB50011-2010 Code for Seismic Design of
Buildings”, the equivalent shear wave velocity (V se) was confirmed as
185 m/s by averaging the values obtained from five measurements.
Accordingly, this site is classified as a type III. According to the site
investigation, the averaged actual standard penetration test (SPT)
blow count is 7, which is below the critical SPT blow count range
of 11–13, as calculated according to GB50011-2010. Therefore, the
silty sand (i.e., third layer) located between the silty clay layers is
deemed to be potentially liquefiable. The borehole is located near
JiangyinCity in theYangtzeRiverDelta Plain region ofChina, and its
representativeness and uniqueness lie in the presence of a liquefiable
silt interlayer, as shown in Figure 1.

2.2 Governing equation

In the seismic analysis, the solid and fluid phases of the soil are
modeled using Biot’s theory with the u-p formulation (Biot, 1956;
Zienkiewicz et al., 1999) and the governing equations are given by
Equations 1, 2, respectively:

Mü+Cu̇+Ku−Qp = fu (1)

Qu̇+ Sṗ+Hp = fp (2)
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TABLE 2 Model parameters of non-liquefiable soils at WX-03 borehole.

Soil type Thickness
(m)

Vs (m/s) Density
(g/cm3)

G0 (MPa) Poisson’s
ratio(υ)

c(kPa) φ(°) p´(kPa) b n Rf

Plain fill 1.3 135 1.4 25.5 0.33 7 22 5.9 10,630 2.0 1.42

Silty clay① 7.2 144 2.14 44.4 0.33 36 10.9 39.8 8,060 1.6 1.49

Silty clay② 28 365 1.95 256.7 0.33 28 12.4 494.2 5,915 1.7 0.59

Silty clay③ 3.1 409 2.09 349.9 0.33 38 12.7 693.8 4,641 1.7 0.51

Silty clay④ 12.5 432 2.12 395.3 0.33 58 16.1 798.9 4,095 1.7 0.61

Silty clay⑤ 7 461 2.09 445.2 0.33 56 15.7 915.7 4,096 1.7 0.56

TABLE 3 Key influence factors considered in parametric studies.

Case PHA(g) PVA/PHA Input
motions

1 Kobe-0.3-0.00 0.3 0.00 Kobe

2 Kobe-0.4-0.00 0.4 0.00 Kobe

3 Kobe-0.5-0.00 0.5 0.00 Kobe

4 Kobe-0.5-0.37 0.5 0.37 Kobe

5 Kobe-0.5-0.67 0.5 0.67 Kobe

6 Nahanni-0.5-0.00 0.5 0.00 Nahanni

7 Nahanni-0.5-0.37 0.5 0.37 Nahanni

8 Nahanni-0.5-0.67 0.5 0.67 Nahanni

9 Liuan-0.5-0.00 0.5 0.00 Liuan

10 Liuan-0.5-0.37 0.5 0.37 Liuan

11 Liuan-0.5-0.67 0.5 0.67 Liuan

where M is the mass matrix, u, is the displacement vertor, C
is Rayleigh damping matrix, K is the stiffness matrix, Q is the
coupled matrix, p is the pore water pressure vector, H is the
seepage matrix, S is the compression matrix, and fu and fp are
the external load vectors. Note that a single dot and two dots
above a variable represents the first and second derivative of that
variable with respect to time, respectively. The u-p formulation is
solved by the UWLC program, a fully coupled dynamic effective
stress finite element analysis software, which is adopted in this
study (Forum 8 Co. Ltd, 2005; Xu et al., 2013; Xu et al., 2019;
Xue et al., 2023).

Soil damping plays a critical role in the dissipation of seismic
energy and significantly affects the seismic response of the ground.
In the study, soil damping was modeled by incorporating Rayleigh
damping at small-strain level and bymaterial damping characterized
by constitutive models at large-strain level.

2.3 Constitutive modeling of soils

2.3.1 Generalized plasticity model for silty sand
interlayer

To simulate earthquake-induced liquefaction of the silty sand
interlayer in the WX-03 borehole, this study employed a modified
generalized plasticity model, Pastor-Zienkiewicz III (PZ III) model,
to represent the silty sand interlayer. The generalized plasticity
model used in the studywas specifically chosen because it can handle
complex behaviors, such as cyclic loading and liquefaction in silty
soils.Thismodel accounts for the plastic strain accumulation during
seismic events, which is crucial in accurately capturing the buildup
of EPWP (Pastor et al., 1990; Xue et al., 2023; Xu et al., 2023). The
generalized plasticity model is originally proposed by Zienkiewic
et al. (1999) and modified by Cai et al. (2002) and calculates the
stress increment (dσ) using strain increment (dε) through an elasto-
plastic matrix Dep. The dε and Dep are given by Equations 3, 4,
respectively:

dσ =Depdε (3)

Dep =De −
DengL/Un

TDe

HL/U +nTDengL/U
(4)

where De is the elastic matrix, HL/U is the plastic modulus, n is
the loading direction vectors, and ngL/U is the plastic flow direction
vector. The subscripts L and U indicate loading and unloading,
respectively. Detailed information about the model is referred to the
literature (Cai et al., 2002; Xu et al., 2023).

The parameters of the PZ III model were calibrated using the
liquefaction resistance (RL), which is estimated based on the shear
wave velocity (Amoly et al., 2016):

RL = 0.68× 10−5 ×V2
s1 (5)

where

Vs1 = Vs(p′0/Pa)
−0.25 (6)

V s and p′0 are the shear velocity and the effective mean stress.
These values were taken at the midpoint of the silty sand interlayer,
where V s= 233.5 m/s and p′0 =106 kPa, resulting in RL=0.357. RL
was defined as the cyclic stress ratio (CSR) needed to produce 2.5%
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FIGURE 2
Comparison between the measurements and model simulations: (A) the G/Gmax ∼ γ relationship and (B) λ ∼ γ relationship.

single-amplitude axial strain over 20 cycles (Amoly et al., 2016).
Equations 5, 6 applied to sandy soils with shear wave velocities
ranging from 120 to 250 m/s. According to Amoly et al. (2016),
the RL value derived from this formula tends to be greater than
the value calculated using the method proposed by Andrus and
Stoke (2000). Table 1 presents the parameters of PZ III model for
the silty sand interlayer.

The generation and dissipation of EPWP were modeled using
a fully coupled dynamic effective stress approach together with
the generalized plasticity constitutive model, which simultaneously
solves the equations of motion and fluid flow in the soil. The
numerical model has been validated through various laboratory
tests and model tests in the literature (Pastor et al., 1990;
Xu et al., 2023).

2.3.2 Nonlinear constitutive model for
non-liquefiable soils

The Wakai and Ugai (2004) model was employed to model
dynamic characteristics of non-liquefiable soils in this study.

The backbone and hysteresis curves of the model are given by
Equations 7, 8 respectively:

τ =
G0γ

1+G0γ/τf
(7)

τ =
aγn +G0γ
1+ bγ

(8)

where τ and γ represent shear stress and shear strain, respectively,G0
is the initial shear modulus and was calculated from the shear wave
velocity, b and n are two model constants, a is the internal variable,
G0 and τf were given by Equations 9, 10, respectively:

G0 = G0,rPa(
p′

Pa
)
m

(9)

τf =
√3
2
(c cos φ+ p′ sin φ)(cos Θ−

sin Θ sin φ
√3
)/Rf (10)

where p′ is the mean effective stress, Pa is the standard atmospheric
pressure, Θ is Lode angle, and G0,r,m, and Rf are model constants.
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FIGURE 3
Time history of Fourier amplitude of the horizontal (EW) and vertical (UD) input motions: (A) Kobe, (C) Nahanni, and (E) Liuan input motions; (B) Kobe
(D) Nahanni (F) Liuan Fourier amplitudes.

To accurately calibrate the parameters of the Wakai and Ugai
(2004) model, this study used the GZZ-50 type resonant column
apparatus to conduct element tests on different soils at WX-03
borehole, obtaining the shear modulus and damping curves of
soils. Resonant column tests were conducted on samples with
diameter of 5.0 cm and height of 10.0 cm. The test procedure is
detailed in (ASTM, 2015). The Wakai and Ugai (2004) model
parameters were then inversely determined using the UWLCmodel
parameter calibration program. As shown in Figure 2, the model’s
simulation results corresponded well with the measurements. Table
2 gives model parameters of non-liquefiable soils at WX-03
borehole.

Note that P-wave velocity is indeed a crucial parameter in
seismic analysis, especiallywhen vertical ground shaking is involved.
However, the calculation process typically focuses on the seismic
effects of vertically propagating S-waves, and P-wave testing is
generally more challenging than S-wave testing (Zhubayev and
Ghose, 2012). Thus, only the shear wave velocity was measured
in this study. In the finite element analysis, the soil was assumed
to be isotropic, so the shear modulus derived from shear wave
velocity results and Poisson’s ratio, were used to calculate Young’s

modulus in the constitutive model for dynamic analysis under
vertical seismic loading.

2.4 Boundary conditions

Static analysis is required before the dynamic analysis.The initial
displacement and strain from the static analysis are reset to zero
before starting the dynamic analysis. The purpose of the static
analysis is to provide the initial stress for the dynamic analysis. In
the static analysis, the lateral boundaries are fixed in the horizontal
direction but are free to move in the vertical direction. In the
dynamic analysis, the two lateral boundaries use the Multi-Point
Constraints (MPC) boundary condition. The bottom boundary of
the model is fixed in both static and dynamic analyses.

3 Results and discussions

To consider the impact of the spectral characteristics of input
ground motions on site seismic response, this study selected three
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FIGURE 4
Effect of PHA on the (A) distribution of EPWP ratio after earthquake, (B) time history of EPWP ratio (C) and vertical displacement (uz).

(i.e., Liu’an, Kobe, and Nahanni) seismic input ground motions
with distinct spectral differences. Figure 3 shows the horizontal
accelerations and Fourier amplitude for these three input motions
with peak horizontal acceleration (PHA) of 0.5 g. It can be observed
that the Kobe input motion has a uniform frequency distribution,
indicating that its energy is evenly distributed across different
frequency components. The Nahanni input motion is rich in high-
frequency components, suggesting that it has stronger energy in
the higher frequency range, which may significantly impact on the
short-period response of structures. The Liu’an input motion is
richer in low frequencies, which may have a greater impact on the
long-period response of structures. The predominant frequencies
( fd) corresponding to the Liu’an, Kobe, and Nahanni input motions
are 0.34 Hz, 1.45 Hz, and 4.02 Hz, respectively. Liuan wave is
considered far-field seismic input motion, whereas Kobe and
Nahanni waves are classified as near-field seismic input motions.

This study also considers the variation of PHA and peak vertical
acceleration (PVA), with PHA ranging from 0.3g to 0.5 g. According
to GB 50011-2010, 2016 and American Society of Civil Engineers,
2017, the general peak vertical ground motion is approximately
2/3 of the peak horizontal ground motion, thus, the ratio of
PVA to PHA varies from 0 to 0.67. The vertical accelerations and
corresponding Fourier amplitude of for PVA/PHA = 0.67 are also
plotted in Figure 3. This study focuses on investigating the effects of
the input motion frequency, PHA, and PVA on the site response at
typical points, including the horizontal acceleration and acceleration
response spectra, excess pore water pressure, and ground settlement.

In Sections 3.1, 3.2, we focus solely on the impact of horizontal
ground excitation, setting PVA = 0. In Section 3.3, we examined the
effects of vertical ground excitation, considering scenarios where

both horizontal and vertical ground shaking occur simultaneously,
with peak acceleration ratios of PVA/PHA = 0, 0.37, and 0.67. Table
3 gives the key influence factors considered in parametric studies.

3.1 Effect of PHA

Figure 4A shows the effect of PHA on the distribution of EPWP
in the silty sand interlayer after the Kobe inputmotion. It can be seen
that when PHA = 0.3g, the EPWP ratio in the entire silt interlayer
was less than unity, indicating that liquefaction did not occur. Note
that the EPWP ratio was defined as the ratio of EPWP to the initial
effective vertical stress. Additionally, the peak value of the EPWP
ratio in the silty sand interlayer also increased as the PHA increases.
Particularly, when PHA = 0.4g, the EPWP ratio at the top of the
silty sand interlayer reached unity, indicating that liquefaction has
occurred (see Figure 4B). Moreover, when PHA increases from 0.4 g
to 0.5 g, the liquefaction depth increased by approximately 7.4% in
the silty sand interlayer.

A consolidation analysis was performed on the liquefiable site
after earthquake, showing that the EPWP ratio decreased gradually
with the time due to pore pressure dissipation under various
PHAs (see Figure 4B). In the consolidation phase, the dissipation
of EPWP relies on the magnitude of the EPWP following the
earthquake; therefore, the settlement during this phase is mainly
affected by the residual EPWP. The results indicate that the EPWP
in the silty sand interlayer can completely dissipate after 10,000 s.
Furthermore, PHA significantly affected the dissipation rate of the
EPWP. In the case that liquefaction did not occur (PHA = 0.3 g),
the EPWP ratio dropped to around 0.1 after approximately 212 s. In
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FIGURE 5
Effect of PHA on the time history of horizontal acceleration and spectral acceleration at different depths: (A) ax and (B) Sa at z = 0 m; (C) ax and (D) Sa at
z = −8.5 m; (E) ax and (F) Sa at z = −22.4 m.

contrast, the EPWP ratio took about 667 s to decrease to 0.1 when
liquefaction occurred. Additionally, the PHA did not significantly
impact the pore pressure dissipation rate after the silty sand
interlayer liquefied.Moreover, the ground settlement induced by the
earthquake increases with the peak ground motion (see Figure 4C).
When the liquefaction did not occur at silty sand interlayer (PHA
= 0.3 g), the maximum ground settlement was about 36.2 mm.
However, the ground settlement increased by 119% at PHA = 0.4g
and 135% at PHA = 0.5g, indicating that the EPWP associated
to the liquefaction greatly affected the ground settlement. Thus,
the residual EPWP, particularly after seismic events, can result
in prolonged settlement due to the slow dissipation of excess
pressures.Thismay lead to ongoing ground subsidence long after the
earthquake, which poses a risk to long-term stability of underground
structures.

Figure 5 shows the effect of PHA on the acceleration time
histories and Fourier amplitude at typical points, including S1, S2,
and S3 representing the point at the ground surface, the top and
bottom of the silty sand interlayer, respectively. Overall, the peak

horizontal acceleration at the top of the silty sand interlayer was
greater than that at the bottom, indicating that even though the
EPWP in the silty sand interlayer developed during the earthquake,
the peak horizontal acceleration was still significantly amplified for
various PHAs. As the PHA increased, the ratio of the peak horizontal
acceleration at the top of the silty sand interlayer to that at the
ground surface gradually increased. Especially, the peak horizontal
acceleration at the top of the silty sand interlayer was much greater
that that at the ground surface when PHA = 0.5 g. This is primarily
because the silty sand interlayer exhibited significant cyclic mobility
after liquefaction, which in turn leads to larger peak horizontal
acceleration at this point.Moreover, the acceleration at the top of the
silty sand interlayer becomes very small after liquefaction, at 14.7 s
when PHA = 0.4 g and after 14.1 s at PHA = 0.5 g.

Figure 5 further illustrates that the spectral acceleration peak
generally increased as PHA increased. Notably, the spectral
acceleration the top of the silty sand interlayer and the ground
surface exhibited largest spikes centered around a 1-s period,
indicating that the rise in EPWP decreases high-frequency
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FIGURE 6
Effect of PHA on Fourier amplitude of horizontal acceleration at different depths: (A) z = 0 m; (B) z = −8.5 m; (C) z = −22.4 m.

FIGURE 7
Effect of input motion frequency on the (A) distribution of EPWP ratio after earthquake, (B) time history of EPWP ratio (C) and vertical displacement (uz)
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FIGURE 8
Effect of input motion frequency on the time history of horizontal acceleration and spectral acceleration at different depths: (A) ax and (B) Sa at z =
0 m; (C) ax and (D) Sa at z = −8.5 m; (E) ax and (F) Sa at z = −22.4 m.

components of seismic input motions while amplifying the low-
frequency components.TheFourier amplitude also shows the largest
spike at 1 Hz, and the Fourier amplitudes surrounding this spike
gradually increased as the PHA increased (see Figure 6).

It is concluded that the increase in PHA results in a rise
in EPWP within the silty sand interlayer, an increase in ground
surface settlement, and a significant acceleration amplification at
the top of the silty sand interlayer. These results demonstrate that
PHA significantly impacts dynamic responses of ground containing
liquefiable interlayers, and the presence of liquefiable interlayers
may amplify the propagation effect of seismic input motions,
resulting in more intense responses at the ground surface and
in structures. These findings are important for understanding
seismic liquefaction phenomena, assessing earthquake risks, and
designing seismic mitigation measures in the case of the ground
containing liquefiable interlayer.

3.2 Effect of input motion frequency

Figure 7 shows that liquefaction occurred in the silty sand
interlayer under different input motions with identical PHA of
0.5 g. Moreover, the liquefaction depth was significantly greater
under Nahanni and Liuan input motions compared to that under
Kobe input motion. This is because the former two motions have
richer low-frequency components; as shown in Figure 3, the Fourier
amplitude within 1 Hz for these two motions is significantly greater
than that of the latter. Additionally, the liquefaction depth caused by
the Nahanni input motion was about 9.1% greater than that under
the Liuan input motion. This was mainly due to the richer high-
frequency components of the Nahanni motion, which can generate
higher oscillatory EPWP in deeper soil layers. However, the Liuan
input motion, which is rich in lower frequencies, resulted in higher
residual EPWP in the silty sand interlayer. This further caused
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FIGURE 9
Effect of input motion frequency on Fourier amplitude of horizontal acceleration at different depths: (A) z = 0 m; (B) z = −8.5 m; (C) z = −22.4 m.

the slowest dissipation rate of EPWP at the top of the silty sand
interlayer and the greatest ground settlement at the consolidation
stage. Moreover, the maximum ground settlement under the Kobe
input motion is only about 29.9% of that under Liuan input motion,
primarily because the overall EPWP was lowest in the silty sand
interlayer under Kobe input motion.

Figure 8 shows that the frequency content of input motions
had a minimal impact on the peak horizontal acceleration at the
bottom of the silty sand interlayer. However, the peak horizontal
accelerations at the ground surface and the top of the silty sand
interlayer under Kobe input motion were significantly higher than
those under Nahanni and Liuan input motions. This is mainly
because the liquefaction of the silty sand interlayer occurred after
the peak of Kobe input motions, but the liquefaction occurred
before the peak of Nahanni and Liuan ground motions. Moreover,
a new spike with a period of approximately 1 s was observed
at the top of the silty sand interlayer compared to that at the
bottom of the silty sand interlayer (see Figures 8D–F). This reflects
a common seismic response characteristic induced by the rise
in EPWP within the silty sand interlayer. Moreover, a spike was
observed at around 3 s in the spectral acceleration at both top and
bottom of the silty sand interlayer, and the spectral acceleration with
T > 2 s is not affected by the generation of EPWP in the silty sand
interlayer.

Figure 9 further shows that Fourier amplitude of the
high-frequency components (i.e., frequency larger than 3 Hz)
significantly decreased after the Nahanni input motion passed
through the silty sand interlayer. In contrast, there was a notable
increase in the amplitude around 1 Hz at the top of the silty sand
interlayer, which corresponds to the peak spectral acceleration
observed at T = 1 s.

3.3 Effect of PVA

Figure 10A shows the effect of PVA on the distribution of EPWP
ratio after earthquake. In this comparison, the PVA/PHA varies from
0 to 0.67. It can be observed that the liquefaction depth increased as
PVA increased.This is because the increase in PVA resulted in higher
EPWP within the silty sand interlayer, especially causing significant
oscillations of EPWP (see Figure 10B), which is consistent with
results reported in the existing literature (Xu et al., 2021b).
Additionally, the lowest dissipation rate of EPWP was observed at
PVA/PHA = 0.67, further indicating that higher PVA induces greater
residual EPWP in the silty sand interlayer. The numerical results
also confirms that the ground settlement increased with increasing
PVA, as also reported by Tsaparli et al. (2016). This study further
investigated the impact of input motion frequency on the maximum
ground settlement under both horizontal and vertical inputmotions.
As the PVA/PHA increased from 0 to 0.67, the maximum ground
settlement under Nahanni input motion increased by 28%, followed
by 22% under Kobe input motion, and 4% under Liuan input
motion (see Figure 10C). This indicates that the vertical seismic
component in near-field earthquakes has much more significant
effect on the ground settlement in liquefiable sites than that in
far-field earthquakes. Thus, the adverse effect of vertical seismic
motion with combination of the input motion frequency should be
carefully considered in practical engineering. As shown in Figure 12,
the vertical seismic motion had minimal effect on the horizontal
seismic response of liquefiable sites, including the acceleration time
history and spectral acceleration. A new spike with a period of
approximately 1 s was observed at the top of the silty sand interlayer
compared to that at the bottom of the silty sand interlayer, reflecting
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FIGURE 10
Effect of PVA on the (A) distribution of EPWP ratio after earthquake, (B) time history of EPWP ratio (C) and vertical displacement (uz).

FIGURE 11
Effect of PVA on the maximum ground settlement for various input motions.

a common seismic response characteristic induced by the rise
in EPWP within the silty sand interlayer. Moreover, a spike was
observed at around 3 s in the spectral acceleration at both top and
bottom of the silty sand interlayer, and the spectral acceleration with
T > 2 s is not affected by the generation of EPWP in the silty sand
interlayer.

In summary, the interaction between vertical and horizontal
ground motions can significantly affect the seismic response of
liquefiable soils. In our study, the vertical ground motion influences

the generation of excess pore water pressure, while the horizontal
motion contributes to shearing and displacement of the soil layers.
The interaction is particularly important in near-field seismic events
where vertical acceleration can amplify the liquefaction potential.
Moreover, we recommend that engineers consider both horizontal
and vertical seismic components when designing foundations for
structures in liquefiable areas. In particular, structures in regions
with rich low-frequency seismic input, such as near-field earthquake
zones, should be designed to accommodate increased ground
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FIGURE 12
Effect of PVA on the time history of horizontal acceleration and spectral acceleration at different depths: (A) ax and (B) Sa at z = 0 m; (C) ax and (D) Sa at
z = −8.5 m; (E) ax and (F) Sa at z = −22.4.

settlement and the potential for deeper liquefaction. Additionally,
the use of ground improvement techniques, such as soil compaction
or drainage systems, may be necessary to reduce the risk of long-
term settlement.

4 Conclusion

A typical borehole with a liquefiable interlayer in the Yangtze
River Delta Plain region of China was thoroughly and numerically
investigated in this study, the following conclusions were
obtained.

• The increase in PHA leads to a rise in EPWP within the
silty sand interlayer, an increase in ground settlement, and a
significant acceleration amplification at the top of the silty sand
interlayer. The acceleration at the ground surface becomes very
small after liquefaction of the silty sand interlayer.

• The liquefaction depth was significantly greater under Nahanni
and Liuan input motions compared to that under Kobe input

motion.This is because the former twomotions have richer low-
frequency components.

• The Liuan input motion, which is rich in lower frequencies,
resulted in higher residual EPWP in the silty sand interlayer.
This further caused the slowest dissipation rate of EPWP at
the top of the silty sand interlayer and the greatest ground
settlement at the consolidation stage.

• Theground settlement generally increasedwith increasingPVA.
As the PVA/PHA increased from 0 to 0.67, the maximum
ground settlement under Nahanni input motion increased by
28%, followed by 22% under Kobe input motion, and 4% under
Liuan input motion. This indicates that the vertical seismic
component in near-field earthquakes hasmuchmore significant
effect on the ground settlement in liquefiable sites than that in
far-field earthquakes.

The findings are particularly relevant for sites with similar soil
compositions, such as those with liquefiable interlayers. However,
the methodology, including the fully coupled dynamic analysis and
the use of generalized plasticity models, can be applied to other
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regions with different soil conditions by recalibrating the model
parameters based on local soil characteristics.
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