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Abstract

The seismic behavior of liquefiable soils can be significantly influenced by many ground motion characteristics. Therefore, it is crucial 

to identify the ground motion characteristics that have the most significant effects on the seismic behavior of liquefiable soils. In this 

paper, a series of nonlinear numerical analyses were performed to investigate the influence of ground motion characteristics on the 

seismic behavior of loose liquefiable soil. The liquefiable soil profiles were built with the same relative densities but different layer 

thicknesses. In order to clarify the effect of the ground motion characteristics on the liquefiable soil mechanism, soil profiles were 

subjected to ground motion sets having different characteristics, such as maximum horizontal accelerations, frequency contents, and 

significant durations. The numerical analyses were performed using the open-source program OpenSees. The results were presented 

and discussed in terms of peak ground acceleration, amplification ratio, maximum excess pore pressure ratio, maximum shear strain, 

and maximum lateral displacement. The results indicated that the maximum horizontal acceleration and the frequency content 

greatly influence the site response behavior of the liquefiable soil. Furthermore, the nonlinear behavior of the soil is more obvious 

on being subjected to long-duration ground motions as compared to shorter duration ground motions having the same maximum 

horizontal acceleration. The findings presented in this study could be helpful when analyzing the seismic response of liquefiable soils 

coupling superstructures.
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1 Introduction 
Earthquakes are one of the natural hazards that have caused 
significant damage to structures, lifelines, and great loss 
of human life. Earthquake-induced seismic waves at a site 
propagate through different geological formations until 
they reach the ground surface. Observations from earth-
quakes such as 1964 Niigata (Japan) and Alaska (USA), 
1976 Tangshan (China), 1999 Kocaeli (Turkey), 2011 
Tohoku (Japan), and the 2010-2011 Christchurch (New 
Zealand) earthquakes showed that many cases of struc-
tural damage or ground failure are caused by soil liquefac-
tion [1–7]. Thus, the site effect of the propagated seismic 
waves through liquefiable soil profiles on existing or new 
structures is a crucial issue in geotechnical or geological 
engineering for a proper understanding of seismic hazards. 

Some previous case studies have investigated the seis-
mic behavior of liquefiable soils during earthquake shaking 
and provided useful insights [8–12]. These works confirmed 

that coupled nonlinear numerical analysis should be used 
for seismic design due to modification of ground surface 
motions during the generation of excess pore water pres-
sure. Youd and Carter [11] and Gingery et al.  [13] inves-
tigated the behavior between soil liquefaction and spectral 
accelerations using ground motions at liquefaction sites. 
They have shown that the characteristics of ground shak-
ing significantly alter due to soil liquefaction. They have 
also reported that soil liquefaction tends to amplify lon-
ger-period spectral accelerations, while the spectral accel-
erations often decrease in amplitude for shorter periods. 
On the other hand, a limited number of researchers have 
used shaking table and centrifuge tests to understand the 
seismic behavior of liquefiable soils and their effects on 
the ground surface [14–16]. For instance, Su et al. [15] per-
formed an experimental study on saturated sand models 
to study the effect of maximum horizontal accelerations 
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(shaking strength) on the behavior of liquefied sand during 
earthquake excitation. Vertical and horizontal displace-
ments, acceleration, and excess pore water pressure mea-
surements were recorded in the experiment to interpret 
test results. Their results indicated that maximum hori-
zontal acceleration has a pronounced effect on excess pore 
pressure buildup, displacements, and amplification ratio. 
Adampira et  al.  [16] conducted a series of shaking table 
tests to evaluate the seismic response of the soil profile hav-
ing liquefiable sub-layers. The results demonstrated that the 
liquefiable sub-layers could alter the main characteristics of 
the seismic site response, primarily depending on the level 
of excess pore water pressure and soil softening in the layer.

Numerical analyses are another key tool for under-
standing the site effects of liquefiable soils due to the 
propagation of ground motion during an earthquake shak-
ing [17]. Many previous studies have performed nonlinear 
effective stress numerical studies using hypothetical liq-
uefiable soil profiles [18–20]. In these studies, researchers 
mainly focused on the relationship between excess pore 
water pressures with amplitudes and frequency contents 
of the ground motions. Similarly, various investigators 
have numerically modeled case study examples and inves-
tigated the nonlinear behavior of liquefiable soils [21, 22]. 
In these studies, researchers have discussed the effect of 
excess pore pressure generation on acceleration time his-
tories, as well as response spectra at the ground surface. 

Bouckovalas et  al.  [23] examined seismic recordings 
obtained from the Port Island downhole array and the 
Wild-life Liquefaction Array, during the Kobe and the 
Superstition Hills earthquakes. Also, they performed 
analytical and numerical work on the non-liquefied crust 
overlying liquefied sand profile to investigate the seismic 
response of the layered liquefiable soil. From field case 
studies and numerical analyses, they concluded that liq-
uefied soil layers could attenuate or amplify the ground 
motion relying on the liquefied layer thickness and the 
seismic excitation period. Accordingly, Adampira and 
Derakhshandi [24] performed nonlinear parametric anal-
yses on the layered liquefiable soil profiles and examined 
the influence of maximum horizontal acceleration, lique-
fiable sublayer thickness, and liquefiable sub-layer depth 
on the seismic behavior of the soil profiles during shaking. 
They reported that liquefiable sub-layers played a vital role 
on the intensity of seismic waves and earthquake-induced 
forces. Similar conclusions with regard to the amplifica-
tion or attenuation effects of a layered liquefied soil profile 
were also drawn from Adampira et al. [25].

Considering the studies mentioned above, there are still 
unknown aspects of the seismic behavior of the liquefiable 
soils. It should be noted that these studies generally have 
focused on site response behavior of the layered liquefi-
able soils by taking into account excess pore water pressure 
generation, acceleration-time history, or response spectra. 
More detailed numerical studies on the simple liquefiable 
soil profiles would be beneficial for a  better understand-
ing of simple or multi-layered liquefiable soil profiles. 
This paper aims to investigate the seismic behavior of liq-
uefiable soils considering different ground motion char-
acteristics. For this purpose, a homogeneous soil profile 
comprised of loose sand was utilized during the numer-
ical analyses to represent the liquefiable soil. Nonlinear 
effective stress site response analyses were performed to 
explore the influence of the maximum horizontal accelera-
tion (amax), the frequency content ( fp), and significant dura-
tions (D5–95%) of the earthquake records on the liquefiable 
soil behavior using the OpenSees platform. Moreover, the 
influence of various soil layer thicknesses on the response 
of the liquefiable soil profile was also considered. The seis-
mic site response behavior of liquefiable soils during earth-
quake shaking was discussed elaborately in terms of peak 
ground acceleration (PGA), amplification ratio (AR), max-
imum excess pore pressure ratio (ru,max), maximum shear 
strain (γmax), and maximum lateral displacement (Ldmax). 

2 Numerical modeling
A soil column comprised of a homogeneous liquefiable soil 
with variable thicknesses (H) was used in numerical sim-
ulations, as shown in Fig. 1. The soil profile was built with 
loose sand with a relative density (Dr ) of 40%. The ground-
water table (GWT) was located at the ground surface. 

The soil profile was discretized in sublayers based on 
the rule proposed by [26] in order to allow an appropriate 
wave propagation in the soil profile. This rule suggests that 

Fig. 1 Element discretization and other details of the OpenSees model
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the element size (hmax) after meshing should be hmax ≤ 1/
(8–10)λmin (λmin: the minimum wavelength). The maximum 
mesh sizes used in simulations were set to 1.0 m and 0.5 m 
in horizontal and vertical directions, respectively. The bot-
tom of the model was fixed in both horizontal and vertical 
directions and formed as a rigid base to provide ground 
motion from this layer. Nodes at the same location on the 
lateral boundaries were tied to have equal displacements in 
the X direction and free to move in the Z direction. 

Soil layers were built up using eight-node BrickUP 
element based on the u–p formulation  [27] to simulate 
fully coupled soil response. Each node has three degrees 
of freedom (DOF) for translational displacements (u) of 
a soil skeleton and one DOF for pore water pressure (p). 
An  advanced constitutive model, Pressure Dependent 
Multi Yield02 (PDMY02) [28], was used in this study to 
represent the nonlinear monotonic or cyclic response of 
the soil under drained or undrained conditions. This model 
is an elastoplastic model based on the multi-yield-surface-
plasticity theory  [29]. The model uses a non-associative 
rule to define the dilative or contractive behavior of soils.

The PDMY02 model parameters used in this study 
(Table 1) are selected based on calibrated values for the 
liquefiable Nevada sand (Dr = 40%) by Demir [30], includ-
ing octahedral shear modulus of the soil (Gmax,oct), bulk 
modulus of the soil (Br ), maximum octahedral shear strain 
(γmax,r ), cohesion (c), triaxial friction angle (ϕt

°
xc) phase 

transformation angle (ϕp
°
t), number of yield surface (NYS), 

contraction (c1, c2, c3), and dilation parameters (d1, d2, d3).
Moreover, in this study, the ability of the calibrated 

model parameters given in Table 1 for predicting typical 
element level monotonic and cyclic behavior of the liquefi- 

able soil was also investigated and numerical results were 
compared with the laboratory test measurements performed 
by Arulmoli et al. [31] (Fig. 2 and Fig. 3). It is seen that 
a reasonable match with the experimental study under dif-
ferent effective confinement pressures (40, 80, and 160 kPa) 
was achieved using calibrated parameters for drained 
monotonic triaxial compression test. Also, the simulation 
capability of the model under undrained cyclic direct sim-
ple shear test (CDSS) generally captured the cyclic behav-
ior of the measured data to an acceptable degree. 

3 Ground motion characteristics
Ground motions contain a tremendous amount of infor-
mation. Thus, identifying a ground motion may be com-
plicated. There are various characteristics to express 
a ground motion. However, ground motions are character-
ized by their maximum horizontal acceleration, frequency 
content, and duration of the motion for engineering pur-
poses [32]. In this study, different records were chosen in 
the numerical simulations covering a wide range of max-
imum horizontal accelerations, predominant frequencies, 
and significant durations. Details of ground motion char-
acteristics and records used in numerical analyses are pro-
vided as follows.

Table 1 PDMY02 model parameters [30]

Parameter Description Value

ρ (ton/m3) Density 1.96

pref (kPa) Reference effective confining stress 100

Gmax,oct (MPa) Octahedral low-strain shear 
modulus 50

γmax,r (%) Maximum octahedral shear strain 0.1

Br (MPa) Bulk modulus 122

d Pressure dependency coefficient 0.5

c (kPa) Cohesion 0.1

ϕt
°
xc Triaxial friction angle 32

ϕp
°
t Phase transformation angle 27

c1, c2, c3 Contraction and dilation 
coefficients

0.025, 4.5, 0.2

d1, d2, d3 0.1, 3.0, 0.0

NYS Number of yield surface 20
Fig. 3 Comparison of measured and simulated CDSS results 

(Test No: 40-08, CSR = 0.181, σv' = 80 kPa)

Fig. 2 Comparison of measured and simulated drained monotonic 
triaxial compression test results for Dr = 40%
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3.1 Maximum horizontal acceleration (amax)
In order to investigate the effect of maximum horizontal 
accelerations on the seismic behavior of the liquefiable 
soil, the soil profile was excited by the scaled versions of 
a ground motion given in Fig. 4. The ground motion was 
scaled to amax = 0.05 g, 0.1 g, 0.2 g, 0.4 g and 0.8 g for repre-
senting weak-to-strong input motion intensities with apply-
ing the same frequency content. 

3.2 Frequency content (fp)
In this study, the predominant frequency ( fp ) was selected 
to define the frequency content of a ground motion and 
investigate its influence on liquefiable soil behavior. 
Nonlinear effective stress analyses were conducted con-
sidering a group of five ground motions with different fp 
values. For this, the soil profile was subjected to real earth-
quake excitations, namely Imperial Valley (IV), Loma 
Prieta (LP), Düzce (DZ), Coyote Lake (CL), and Cape 
Mendocino (CM). All input motions were linearly scaled to 
maximum horizontal acceleration amax of 0.20 g. Details of 
these input motions are described in Table 2. The acceler-
ation-time histories and corresponding Fourier amplitudes 
of the selected input motions are given in Fig. 5.

3.3 Significant duration (D5–95%)
D5–95% can be explained as the time interval at which a spec-
ified amount of energy is dissipated (5 and 95% of the Arias 
intensity (Ia ) of the ground motion). The Ia value measures 
the acceleration of transient seismic waves to determine 
the intensity of shaking. Selection of the candidate D5–95% 

Fig. 4 A sample of acceleration time history used for maximum 
horizontal acceleration simulations

Table 2 Some characteristics of the input motions used in frequency 
content simulations

Earthquake ID Record No Ia (m/s) fp (Hz)

Imperial Valley, 1979 IV HVP-315 1.57 0.29

Loma Prieta, 1989 LP HCH-090 1.21 1.10

Duzce, 1999 DZ DZC-180 2.01 2.32

Coyote Lake, 1979 CL G02-050 0.59 4.83

Cape Mendocino, 1992 CM SLH-090 1.14 7.22

Fig. 5 Acceleration time histories and Fourier amplitudes of the earthquake motions (a) CM, (b) CL, (c) DZ, (d) LP, and (e) IV
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values was made from the Chi-Chi (Taiwan) earthquake. 
Fig. 6 illustrates acceleration and Arias intensity time his-
tory records of the selected motions. A significant duration 
range of D5–95% = 5.8–80.9 s was used during simulations. 
Also, all records were scaled to a constant acceleration of 
amax = 0.20 g to provide maximum acceleration consis-
tency. The list of the selected Chi-Chi earthquake records 
and the relevant information is given in Table 3.

4 Results
In this section, the effects of ground motion characteristics, 
such as maximum horizontal acceleration, frequency con-
tent, and significant duration on the seismic soil behavior 
were evaluated in terms of PGA, AR, ru, γmax, and Ldmax. 
Moreover, numerical analyses were performed considering 
variable soil layer thicknesses. The thickness (H) of the liq-
uefiable soil layer was considered in order of 5, 7, 10, 15, 
and 20 m during simulations.

4.1 Effect of amax values
4.1.1 Response of peak ground accelerations (PGA)
Fig. 7 presents the variation of peak ground accelerations 
(PGA) throughout the soil profile with different maximum 
horizontal accelerations for the layer thickness of H = 10 
m. It is seen that from Fig. 7, the PGA values in the lique-
fiable soil are significantly influenced by the amax values. 
An increase in amax from 0.05 g to 0.2 g led to an increase 
in PGA values. However, PGA values decreased when amax 
exceeded 0.2 g. When the soil was shaken under strong 
amax values, the soil tended to undergo significant attenua-
tion due to the isolation effect of the soil liquefaction [33].

In order to clearly demonstrate the effect of amax on 
the PGA values, soil profiles having different layer thick-
nesses were shaken, and results were presented in terms 
of PGA and amplification ratio (AR). AR is the ratio of the 

maximum horizontal acceleration of the soil surface to the 
acceleration of base ground motion. Fig. 8 shows an exam-
ple of the effect of amax on the developed peak ground 
accelerations and amplification ratios with the variation 
of the thickness of the soil layer. In general, the trend for 
the relationship shows that increasing amax increases the 
PGA values for all layer thicknesses used in the analy-
ses. On the other hand, while the increase of the liquefi-
able layer thickness leads to a slight change in PGA val-
ues for amax ≤ 0.2 g, the effect of H values is more evident 
on the PGA value for amax > 0.2 g. It can be concluded 
that from Fig. 8(a), accelerations transferred to the ground 

Table 3 Chi-Chi earthquake records used in the study

Record No Ia (m/s) amax (g) fp (Hz) D5–95% (s)

CHY028 0.35 0.2 1.18 5.8

TCU045 0.18 0.2 1.32 10.8

TCU128 1.14 0.2 0.26 20.7

CHY044 2.72 0.2 0.28 40.0

CHY094 3.70 0.2 0.15 80.9

Fig. 6 Acceleration time histories of Chi-Chi earthquake records

Fig. 7 Variation of PGA with amax for H = 10 m
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surface were reduced as the thickness of the liquefiable 
soil layer increased. Similar conclusions for the H vs PGA 
relationship were reported by Bouckovalas et al. [23] and 
Adampira and Derakhshandi [24] for multi-layered lique-
fiable soils.

During the weak-to-medium intensities (amax = 0.05 g 
and 0.1 g), accelerations were completely amplified over the 
entire layer thickness range (Fig. 8(b)). It is also observed 
that an increase in the amax value leads to an attenuation 
of accelerations (AR < 1.0), especially for amax higher than 
0.2 g. The results imply that maximum horizontal accel-
erations and liquefiable layer thickness have an important 
role on the amplification or de-amplification behavior of 
the liquefiable soil.

4.1.2 Response of maximum excess pore water pressure 
ratios (ru,max)
Due to seismic loading, excess pore water pressures can 
be developed at loose soil deposits. Variation of maxi-
mum excess pore water pressure ratios (ru = Δu/σ'v0) with 
respect to amax and H at two different depths are presented 
in Fig.  9. As it is illustrated in Fig. 9, the susceptibility 
of the soil to liquefaction increases as the amax increase 
from a value of 0.05–0.2 g. However, for larger values of 
amax(amax ≥ 0.2 g), the excess pore water pressure ratios 
fluctuate around 1.0 that indicating liquefaction in the 

soil profile for both depths. Nonetheless, the ru,max is not 
significantly influenced by the change in thickness of the 
liquefiable layer when amax exceeds 0.2 g. The ru,max val-
ues generally increase as a consequence of the increase 
in the value of layer thicknesses for amax < 0.2 g, meaning 
that soil layers having higher thickness have higher excess 
pore pressures.

4.1.3 Response of shear strains (γmax) and lateral 
displacements (Ldmax)
The curves in Fig. 10 show the maximum shear strain and 
maximum lateral displacement distribution of the soil 
profile under weak-to-strong acceleration intensities. It is 
noticeably seen from Fig. 10(a) that the increase of amax 

leads to an increase in the shear strain level of the soil. 
For instance, when amax increases from 0.05  g to 0.8  g, 
the maximum shear strain on the soil profile reaches 
from 0.035% to 4%. This is expected because liquefi-
able soils exhibit nonlinear behavior when soil layers are 
subjected to strong motions, which leads to the develop-
ment of large shear strains in soil. Inspecting Fig.  10(a) 
also reveals that the soil shear strains for the lower H val-
ues are usually lower than those at the higher thicknesses 
during amax < 0.2 g. On the contrary, thinner soil layers 
are exposed to more shear strains than the thicker ones at 
higher acceleration levels (i.e., amax = 0.8 g). 

Fig. 8 Change of PGA and AR with amax for different layer thicknesses 
(a and b)

Fig. 9 Simulation results of ru,max at different depths for different  
amax and H values 
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Fig. 10(b) shows that maximum lateral displacements 
at the ground surface follow a similar trend to that of 
the maximum shear strains observed on the soil profile. 
As expected, the values of Ldmax linearly increase with the 
increase in amax and H values. This can be explained by 
the reduction of the soil strength and stiffness of the soil 
that occurs when the earthquake acceleration increases. 

4.2 Effect of fp values
4.2.1 Response of peak ground accelerations (PGA)
Fig. 11 shows the variation of PGA values in the liquefi-
able soil layer (H = 10 m) computed during different earth-
quake loadings. It is observed from Fig. 11 that the change 
in fp has little influence on the PGA distributions. For all 
numerical analyses, PGA values in the soil slightly change 
through the soil profile. 

Fig. 12(a) and (b) displays the variation of PGA and AR 
values with respect to predominant frequency and layer 
thickness, respectively. Fig. 12 indicates that increasing 
the frequency content of the ground motion from 0.29 Hz 
to 7.22 Hz does not noticeably influence the resulting peak 
ground accelerations and amplification ratios. AR  val-
ues oscillate around 1.0 as fp increases during numerical 
simulations. Similarly, the change of PGA and AR values 
with the increment of layer thicknesses is not pronounced. 
In general, numerical predictions exhibit minor accelera-
tion discrepancies at thicknesses between 5 and 20 m.

4.2.2 Response of maximum excess pore water pressure 
ratios (ru,max)
The excess pore pressures developed in a saturated soil 
layer can be significantly influenced by the frequency con-
tent of a ground motion [34]. The maximum excess pore 
water pressure ratios in the soil with varying frequency 
content and layer thickness are presented in Fig. 13. Larger 
ru,max values are predicted when using ground motions that 
have lower frequency content. The maximum excess pore 
water pressure during IV, LP, and DZ motions reaches 
nearly each respective initial vertical effective stress 
(ru = 0.8–1.0) near the ground surface. However, the soil 

Fig. 10 Simulation results of (a) maximum shear strains and (b) lateral 
displacements for different amax and H values

Fig. 12 Change of PGA and AR with fp for different layer thicknesses 
(a and b)

Fig. 11 Variation of PGA with fp for H = 10 m
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profile does not reach the liquefaction state (ru < 0.8) under 
CL and CM motions in the case of higher fp values. This is 
due to the predominant frequency of the ground motion. 
As it is known, the soil stiffness decreases during lique-
faction and the fundamental frequency of the soil profile 
shifts to lower values [35, 36]. Therefore, the soil becomes 
more sensitive to seismic loading when its fundamental 
frequency is closer to the predominant frequency of the 
earthquake motion. Also, while ru,max values decrease as 
the layer thickness increases at the middle of the soil pro-
file, variations in H have no serious effects on the ru,max 
values near the ground surface.

4.2.3 Response of maximum shear strains (γmax) and 
lateral displacements (Ldmax)
Maximum shear strain and maximum lateral displace-
ment behavior of the soil under different frequency content 
and layer thickness are shown in Fig. 14(a) and Fig. 14(b), 
respectively. It is clear that the frequency content of input 
motions significantly influences the shear strain and lat-
eral displacement response of the liquefiable soil. In accor-
dance with the  results above, generally larger shear strains 
are predicted throughout the soil profile when using input 
motions with lower frequency content. When the soil is 
subjected to ground motions with the lower predominant 
frequency, the accumulation of shear strain is more and 

therefore, larger lateral displacements are observed at the 
ground surface (Fig. 14(b)). Lateral displacements are rel-
atively high during IV, LP, and DZ motions, reaching the 
maximum 17 cm for H = 20 m. However, it is only about 
1.0–2.0 cm for the same layer thickness during CL and CM 
motions. As discussed above, this is related to the reduc-
tion of stiffness and soil softening during ground motions 
with lower frequency content. It should also be noted that 
when the liquefiable layer thickness is increased, larger lat-
eral shear strains and lateral displacements are obs
erved during low-frequency contents ( fp ≤ 2.32 Hz). For 
instance, the values of γmax and Ldmax increased by approx-
imately 98% and 135% as the thickness of the liquefiable 
layer increased from 5 m to 20 m during the IV motion.

4.3 Effect of D5–95% values
4.3.1 Response of peak ground accelerations (PGA)
It is well-known that ground motion duration may strongly 
influence on liquefaction-induced earthquake dam-
ages  [30]. For this, Fig. 15 explicates the peak ground 
acceleration-significant duration (PGA–D5–95%) relation-
ship obtained from numerical simulations for H = 10 m. 
The PGA values initially increase with increasing D5–95%, 
however, PGA decreases as D5–95% increase after the value 
of D5–95% = 20.7 s between 0–4 m depths. On the other hand, 
there is essentially no distinct trend between PGA and D5–95% 

Fig. 13 Simulation results of ru,max at different depths for different fp 
and H values 

Fig. 14 Simulation results of (a) maximum shear strains and (b) lateral 
displacements for different fp and H values
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at depths lower than 4.0 m. In order to give a more clear pic-
ture of the effect of significant duration on PGA and AR vari-
ations, numerical analysis results are plotted in Fig. 16(a) 
and Fig.  16(b) for the soil profiles with the different lay-
ers thicknesses. According to the results shown in Fig. 16, 
as previously described in Fig. 15 for H = 10 m, increas-
ing the significant duration of the ground motion rises 
PGA values at the ground surface for all given layer thick-
nesses for durations between 5.8 s and 20.7 s, and hence, 
there is a slight amplification (AR > 1.0) at these durations. 
Moreover, long significant durations (i.e., 40 s and 80.9 s) 
increase the nonlinear effects on the seismic response of 

liquefiable soil, such as the cyclic degradation that produces 
soil strength and stiffness decrease. Therefore, PGA values 
tend to undergo an attenuation as duration increases in the 
case of D5–95% > 20.7 s. Also, the PGA variation is signifi-
cantly influenced by layer thickness during long D5–95% val-
ues, and thinner soil profiles are exposed to higher PGA 
values if compared with thicker ones.

4.3.2 Response of maximum excess pore water pressure 
ratios (ru,max)
Fig. 17 presents the influence of D5–95% and layer thick-
ness on ru,max for two depths. In general, the thickness 
of the soil profile does not significantly affect the excess 
pore water pressure ratios. The discrepancy of ru,max val-
ues for different layer thicknesses is not pronounced at 
two depths. Additionally, ru,max is observed to be reached 
ru,max  =  1.0 except for D5–95% = 10.8 s during significant 
durations near the ground surface, which indicates the 
occurrence of liquefaction in the soil profile. This may be 
due to the imposed energy of the ground motion (TCU045) 
to the liquefiable soil profile, which has lower arias inten-
sity as compared to the other motions. A similar trend is 
seen from Fig. 17 at the middle depth of the soil profile 
that while ru,max oscillates around 0.4–0.7 during numeri-
cal simulations for D5–95% ≤ 10.8 s, it achieves nearly 1.0 in 
the case of D5–95% > 10.8 s.Fig. 15 Variation of PGA with D5–95% for H = 10 m

Fig. 16 Change of PGA and AR with D5–95% for different layer 
thicknesses (a and b)

Fig. 17 Simulation results of ru,max at different depths for different 
D5–95% and H values 
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4.3.3 Response of maximum shear strains (γmax) and 
lateral displacements (Ldmax)
Finally, the effect of significant duration is analyzed in 
Fig. 18 in terms of maximum shear strains and maximum 
lateral displacements. The nonlinear effects are seen to be 
more obvious for long significant durations since the shear 
strains and lateral displacements caused by the large dura-
tion motions such as CHY044 (40.0 s) and CHY094 (80.9 s) 
events are higher than the ones caused by small duration 
motion such as CHY028 (5.8 s) and TCU045 (10.8 s) events. 
γmax and Ldmax increases become more evident as signif-
icant duration increases. Thus, γmax and Ldmax drastically 
increase after the significant duration of 10.8 s and reach 
the maximum value of approximately 13% (D5–95% = 80.9 s, 
H = 10 m) and 65 cm (D5–95% = 40 s, H = 20 m), respec-
tively. As explained above, this is due to the stiffness and 
strength behavior of the soil. The longer D5–95% values 
cause to undergo of the soil a larger number of load rever-
sal cycles and then softening, resulting in a higher accumu-
lation of shear strains and lateral displacements at higher 
levels of significant durations even for maximum accelera-
tion level of ground motions of 0.2 g. Remarkably, the max-
imum lateral displacements (Fig. 18(b)) at the ground sur-
face increase as layer thickness increases. The Ldmax in the 
H = 20 m condition is about 5.0 times greater than that in 
the H = 5 m condition.

5 Conclusions
The influence of ground motion characteristics on the 
seismic behavior of liquefiable soils with different thick-
nesses was studied in this paper. To this end, a homoge-
nous liquefiable soil profile was modeled in the OpenSees 
platform. Based on the numerical analyses performed, the 
main conclusions of this study are:

•	 The increase in maximum horizontal accelerations 
(amax) increases peak ground accelerations (PGA), 
shear strains (γmax), and lateral displacements (Ldmax) 
for all layer thicknesses (H). On the other hand, a 
threshold acceleration of amax = 0.2 g totally changes 
the seismic behavior of the soil in terms of amplifi-
cation ratio (AR) and excess pore pressure ratio (ru). 
When the threshold acceleration is exceeded, the soil 
profile is totally liquefied (ru = 1.0), and accelerations 
at the ground surface are attenuated (AR < 1.0). More 
clearly, for events under strong input motion inten-
sities (e.g., amax ≥ 0.2 g), soil behaves nonlinearly, 
inducing considerable modulus reduction and damp-
ing ratio increase as well as the large energy con-
sumption with the propagation. Thus, the high fre-
quency component attenuates rapidly and results in 
de-amplification of amax. 

•	 Despite the slight influence of the frequency content 
( fp ) on PGA and AR, the fp value plays an import-
ant role in the overall behavior of the liquefiable 
soil in the case of ru, γmax, and Ldmax. Larger ru val-
ues are predicted when using ground motions that 
have lower frequency content. In accordance with 
the results of ru, larger γmax and Ldmax are predicted 
during earthquakes with low-frequency contents due 
to the increase of soil nonlinearity and damping. 
In addition, the quantity of γmax and Ldmax are consid-
erably increasing as H increases.

•	 Using the longer significant duration (D5–95%) brings 
an attenuation of PGA values as well as an increase 
of ru and γmax, which subsequently cause greater lat-
eral displacement damage. Therefore, when the soil 
is subjected to a ground motion with a longer signif-
icant duration, the soil nonlinearity is greater than 
that of the shorter duration, specifically at higher soil 
profile thicknesses.

In this study, a homogeneous liquefiable soil profile 
was considered for conducting the nonlinear liquefaction 
analysis. Since the real soil profile in the field is multi-lay-
ered and inhomogeneous, the influence of ground-motion 

Fig. 18 Simulation results of (a) maximum shear strains and (b) lateral 
displacements for different D5–95% and H values
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characteristics on the seismic behavior of the liquefiable 
soil could be different from the results given by this study. 
Despite a number of limitations, the results obtained 
within this study provide a baseline for demonstrating the 
seismic behavior of homogeneous liquefiable soil under 
different ground motion characteristics. Further investiga-
tions are required by detailed numerical analyses for the 
better understanding of the effects of ground motion char-
acteristics on liquefiable soils considering different soil 
profile variations.

As emphasized in this study, soil nonlinearity causes 
significant attenuation of ground surface accelerations for 
the liquefiable soil profile under strong input motions. This 
phenomenon may be seen favorable for the seismic design 
of structures, but the shear strains and displacements are 
amplified pronouncedly concurrently. In practice, such 
behavior should be carefully handled by engineers in 
the seismic resistant design of new structures or seismic 
requalification of existing structures located in areas sus-
ceptible to liquefaction. 
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