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Loess is widely distributed in the western part of China and its area comprises 6.6% of Chinese territory. Because of the
characteristics of high porosity, low strength, and weak cementation, the loess is characterized by high seismic vulnerability which
has been observed and confirmed by many researchers at home and abroad. The postquake field investigation and the laboratory
study have shown that the ground motion effects, including the amplification effects and slope effects, were obvious in loess sites.
Moreover, the causes of landslides, seismic subsidence, and liquefaction were mainly attributed to this special soil structure and
properties. In this paper, based on the data of shear wave velocity of typical loess in Lanzhou region, combining the results of
dynamic triaxial tests, the numerical analysis of ground motion effects in the loess regions is analyzed. The results reveal how the
groundmotion effects are checked and demonstrated the important role of numerical simulations while studying the characteristics
of ground motions.

1. Introduction

The loess is one kind of typical structural soil and is with
an area of 630,000 km2 which comprises 6.6% of Chinese
territory [1]. Because of the special structure characteristic,
the mechanics and engineering properties are determined.
The loess has the seismic vulnerability which means that
the microstructure and the mechanical properties of loess
will make adaptive changes under the strong vibration and
which can affect the macroscopic strength and deformation
characteristics, even leading to instability and failure [2].
The loess plateau area of China is the place where loess has
most extensive distribution, the largest thickness, and a great
diversity of types [3]. In addition, the loess plateau is one
of the most tectonically active areas of the world and also
one of the most seismically active regions. There were 367
earthquakes with magnitude greater than Ms5.0 occurring
in this region, among which 7 events are with magnitude

equal to or greater than Ms8.0, 20 events are with magnitude
within Ms7.0–7.9, and 71 events are with magnitude within
Ms6.0–6.9 [4]. The postquake field investigation has shown
that the ground motion effects in loess sites during the 2008
Wenchuan Ms8.0 earthquake [5] and the 2013 Minxian-
Zhangxian Ms 6.6 earthquake [6] were obvious which aggra-
vated the earthquake disasters. These earthquakes caused
seriously damage and most severe disasters in the vast loess
region, like landslide, debris flow, soil liquefaction, and so
forth. Therefore, it was very important and pressing to study
earthquake disaster mitigation and prevention in the loess
regions of western China.

The study of the ground motion effect in loess areas is
an issue of growing interest in recent years. In consequence,
many resources have been invested to understand these
phenomena, especially the mechanism of seismic ground
motion. Firstly, the seismic data was recorded in order to
estimate the site effects. Authors such as Cruz et al. [7]
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used data from low intensity events which occurred in 1989
and 1990 to make a preliminary evaluation of site amplifica-
tion effects. The site amplification characteristics had been
identified by Kumar et al. [8] from the frequency bands of
significant amplification observed in the spectral ratios of the
horizontal to the vertical component records. Furthermore,
Hassani et al. [9] used the generalized inversion of the S-wave
amplitude spectra from the strong-motion network data in
East-Central Iran to estimate simultaneously source param-
eters, site response, and the S-wave attenuation. Qadri et al.
[10] analyzed the site response at 13 different sites within
urban settlements of Fateh Jang area, applying the H/V spec-
tral ratio method. In loess areas of China, the ground motion
effects were observed after earthquakes which attracted the
attention of some researchers.There are some examples in the
literature, such as Shi et al. [11], who proposed an experiential
method of evaluating effects of overburden thickness and
topography on groundmotion based on a lot of statistical data
of seismic response of sites. Moreover, Numerical Methods
are used to assess the site effects. Based on the earthquake
damage investigation after Wenchuan Ms8.0 earthquake, site
seismic response analysis of the typical loess tableland was
conducted byWu et al. [12]. Chen et al. [13] studied the effects
of site conditions on earthquake ground motion in loess
sites applying the dynamic finite element analysis method
and pointed out that the magnification is related to the loess
thickness and slope grades, which is in accordance with the
earthquake damage observation. On the whole, there are not
many related studies about the ground motion effects in the
loess regions of western China. Although some conclusions
are drawn after qualitative analysis and calculation, the
quantitative assessment of ground motion effects should be
further investigated.

In this study, the data of shear wave velocity of typical
loess in the loess regions of western China are collected, and
the results of dynamic triaxial test are studied as well. On
the basis of the above analysis, numerical analysis of ground
motion effects in the loess regions, mainly including two
parts, is conducted.The first part is the amplification effect of
the loess site, and the seismic responses calculation is carried
out applying the equivalent linear method. The second part
is seismic response of slope, the FEM model of typical slope
was developed, and subsequently the dynamic finite element
analysis is conducted. The results of this research will be
of interest for researchers and civil engineers and provide
some guidance for the resisting earthquake and preventing
disasters in loess areas of China.

2. Shear Wave Velocities and Kinetic
Parameters of Loess

2.1. Shear Wave Velocities of Loess. Dynamic soil stiffness, as
indicated by either shear modulus or shear wave velocity, is
a prerequisite parameter for dynamic analysis of site seismic
response. In this paper, the shear wave velocity structure in
loess regions is analyzed based on the statistical velocity data.

Different types of rocks and soils have different elastic
wave propagation features, which influence the dynamic
response of the sites. In an infinite elastic medium, the shear

wave velocity𝑉
𝑆
and the compression wave velocity𝑉

𝑃
can be

confirmed by applying the following formula:

𝑉
𝑃 = √ 𝐸 (1 − 𝜇)
𝜌 (1 + 𝜇) (1 − 2𝜇) ,

𝑉𝑆 = √ 𝐸2𝜌 (1 + 𝜇) = √𝐺𝜌 .
(1)

In the formula mentioned above (see (1)), 𝐸 is Young’s
modulus, 𝐺 is shear modulus, 𝜌 is the density, and 𝜇 refers
to Poisson’s ratio. It is indicated that the soil with high 𝑉

𝑆
is

regarded to have a greater shear modulus.
For the loess, the wave velocity characteristics vary in

different regions.The wave velocity, especially the shear wave
velocity, influencing the ground effect in the loess regions,
becomes one of the key parameters in calculating. In this
paper, the typical loess plateau region in Lanzhou city is
selected as the research object and the wave velocity data in
this regions are collected. According to the statistical data
provided by Shi et al. [14], 𝑉

𝑆
of typical loess varies from

110m/s to 310m/s and the average value is 220m/s, while𝑉
𝑃
varies from 195m/s to 346m/s and the average value

is 297m/s. Owing to the correlation between the ground
motion parameters and 𝑉

𝑆
, the elementary variation law of𝑉

𝑆
with the increase of the soil layer depth is obtained as

well. Based on the quantitative analysis of the 54-sample test
data, this relationship can be expressed as the simple linear
regression model listed below:

𝑉
𝑆
= 73 + 21𝐻. (2)

In this formula (see (2)),𝐻 refers to the depth and 𝑅-square
is 0.874 when 𝐻 is less than 20m. The data of 𝑉

𝑆
should be

used in the following numerical calculation.

2.2. Kinetic Parameters of Loess. The kinetic parameters of
loess, including the shear modulus and damping ratios, are
changing under the different shear strain amplitude. The
shear moduli, damping ratios, were determined by dynamic
triaxial tests conducted by the Key Laboratory of Loess
Earthquake Engineering, China Earthquake Administration.
The kinetic parameters of typical Lanzhou loess are shown in
Table 1. The dynamic shear modulus ratio 𝐺/𝐺

0
of Lanzhou

loess decreases with the increase of the shear strain, while the
damping ratios 𝜆 increases with the shear strain increasing.

3. Input Seismic Motions

Artificially synthesizing or simulating seismic groundmotion
that satisfies some prescribed engineering properties, that
is, generating artificial ground motion or design ground
motion, is an important issue in earthquake engineering.
The engineering properties of ground motion include three
main aspects, that is, the amplitude, the spectrum, and the
duration. One of the basic topics related to the generation of
artificial ground motion is synthesizing the acceleration time
history compatible with given target response spectrum, that
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Figure 1: The artificial seismic waves with exceedance probabilities of 10% in 50 years: (a) schedule 1 of the seismic waves; (b) schedule 2 of
the seismic waves; (c) schedule 3 of the seismic waves.

is, fitting artificial ground motion with the target response
spectrum.

In this paper, the Lanzhou loess sites are selected as
the study area, and the intensity of seismic ground motion,
history of earthquake damage, and site conditions are con-
sidered as well. Based on the method that takes the power
spectrum and the enveloping curve as double target functions
[15], the artificial seismic waves with exceedance probabilities
62.5%, 10.0%, and 2.0%, respectively, in 50 years, were
synthesized consequently. The maximum amplitudes of the
seismic motions were 47 cm⋅s−2, 160 cm⋅s−2, and 300 cm⋅s−2,
respectively. In this paper, the seismic groundmotion analysis
is conducted under the seismic loading with exceedance
probabilities of 10.0%. The earthquake acceleration time

histories and the spectral characteristics of the artificial
seismic waves with exceedance probabilities of 10.0% in 50
years are shown Figure 1. The predominant frequency of the
artificial seismic waves is about 3Hz. In order to decrease the
influence of randomphase, three time history curves are used
as the input seismic motion.

4. The Seismic Ground Motion Analysis

Ground motion acceleration and response spectra of the
loess regions were determined by site response analyses.
Site response analysis can be performed in one-dimensional
(1D), two-dimensional (2D), or three-dimensional (3D) wave
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Table 1: The kinetic parameters of typical Lanzhou loess.

Index Shear strain (×10−4)
0.05 0.1 0.5 1 5 10 50 100

𝐺/𝐺
0

0.965 0.914 0.885 0.750 0.634 0.288 0.110 0.055𝜆 0.008 0.015 0.031 0.043 0.072 0.129 0.173 0.205

Layer
1

2

n

U

Z

H Loess thickness
from 5 to 60 meters

The loess layer
The bedrock layer

11G1

nnGn

22G2

Figure 2: The two-layer calculation model.

propagation analysis. 2D or 3D analysis is capable of mod-
eling the effects of relatively complex basin geometry or
topography. In this paper, the one-dimensional (1D) equiv-
alent linear method is used for numerical analysis of ground
motion effects in the loess regions [16].

1D wave propagation analysis is based on the assumption
that the response of soil deposits is predominantly caused
by the vertical propagation of shear wave from the bedrock.
Each layer is assumed to be homogenous and isotropic and
is characterized by the shear modulus, soil density, damping
ratio, and thickness. The vertical propagation of shear wave
motion through the system can be calculated based on the
solution to the wave equation. The characteristic of this
method is that the definite calculating parameters, as the
equivalent shear modulus and damping ratios, are used to
describe the complex changes of the soil. Then the iterative
method is applied for dynamic response calculation, and thus
the nonlinear problem is changed into a linear problem.

4.1. Numerical Computing Scheme. The purpose of this study
is to obtain the characteristics of the seismic ground motion,
based on which the numerical computing scheme is applied
(Figure 2). As shown in Figure 2, the two-layer calculation
model contains the upper loess layer and the bottom bedrock
layer, and the thickness of the upper loess layer is set to be a
variable quantity𝐻 which ranges from 5 to 60 meters, while
the thickness of the bottom bedrock layer is invariant as well.
The loess material is modeled by single layer, and 𝑉

𝑆
of the

loess layer is defined from (2) by using thickness of loess layer.
Then the dynamic calculation is carried out with different
loess thickness applying the 1D equivalent linear method.

4.2. Analysis of Response Spectra for Acceleration. Theacceler-
ation spectra under seismic ground motion with exceedance
probabilities of 10% in 50 years, including the three schedules
of artificial seismic waves, were shown in Figure 3. It can be
seen that the response spectrum of the sites with different
loess thickness has approximately the same shape, except for
some difference in the short period. The response spectra
have the obvious tendency toward the direction of long-
period segment, with the increase of the loess thickness.
Moreover, the peak acceleration response spectrum is gradu-
ally increasing with the increase of the loess thickness as well.

4.3. Analysis of Peak Ground Acceleration. The peak ground
acceleration of the loess sites with different thickness under
seismic groundmotion, with exceedance probabilities of 10%
in 50 years, is studied in this paper. In order to quantify the
amplification effect of the loess site, the amplification coeffi-
cient which is the ratio of peak ground acceleration (PGA)
to input seismic acceleration is introduced in this paper. The
distribution of the PGA amplification coefficients is shown
in Figure 4. The dynamic response of the sites with different
loess thickness reflects obvious amplification effects. As the
soil layer thickness increases, the amplification coefficients
have nonlinear increase, and the average coefficient increases
first and then decreases. The minimum value of the average
coefficient reaches 2.0, while the maximum value reaches 2.8.
Then the nonlinear characteristics of the amplification effect
in loess sites, under the seismic ground motion, could be
observed as well.

4.4. Analysis of Maximum Shear Strain. Themaximum shear
strains under seismic ground motion with exceedance prob-
abilities of 10% in 50 years, including the three schedules
of artificial seismic waves, were shown in Figure 5. It is
concluded that the maximum shear strains of the loess sites
first increase and then decrease with the increase of the soil
layer thickness, which is analogous to the distribution of the
PGA amplification coefficients. The minimum value of the
average shear strain reaches 2.4E−4, while themaximumvalue
reaches 3.4E−4 when the thickness of the overburden in loess
region is about 35m.

4.5. Analysis of Spectra’s Characteristic Periods. The char-
acteristic period is an important engineering parameter of
acceleration response spectrum reflecting the characteristics
of seismic motion and the site property.

The distribution of the characteristic periods is shown
in Figure 6. It can be found that the characteristic period
of the seismic response spectrum gradually increases with
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Figure 3: Acceleration spectra under seismic ground motion with exceedance probabilities of 10% in 50 years: (a) schedule 1 of the seismic
waves; (b) schedule 2 of the seismic waves; (c) schedule 3 of the seismic waves.

the increase of the soil layer depth, while the growth rate
decreases with the increasing overburden thickness. The
variation lawof the characteristic periodswith the loess thick-
ness, presenting the logarithmic variation characteristics, can
be fitted by (3), and the 𝑅-square is 0.9935∘.

𝑦 = 0.1005 ln (𝑥) + 0.052. (3)

In the formula mentioned above (see (3)), 𝑥 is the loess
thickness, and y refers to the characteristic period.

5. The Study of Slope Effect with Finite
Element Method

5.1. Numerical Model and Mechanical Parameters. Through
the above analysis and discussion, the amplification effects
of soil sites on ground motions are presented. And, on this
basis, the influences of the loess slope on the amplification
effects of the seismic ground motion are studied as well.
The two-dimensional (2D) finite element analysis model of
the typical loess slope is built according to the numerical
computing scheme mentioned above. In order to correspond
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Table 2: Soil mechanics parameters of the finite element model.

Lithology Thickness
(m)

Density
(kN⋅m−3) Elasticity modulus

(MPa) Poisson ratio Cohesion
(kPa)

Frictional angle
(∘)

Loess 60 16∼19 140∼350 0.35 32∼46 18
Bedrock 10 23 1200 0.2 120 34

The Schedule 1 The Schedule 2
The Schedule 3 The average
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Figure 4: The distribution of the PGA amplification coefficient.
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Figure 5: The distribution of the maximum shear strains.

to the above 1D calculation, the two-layer calculation model
contains the upper loess layer and the bottom bedrock layer
which are considered.The loess material is modeled by single
layer, which contains 12 layers, and the thickness of each layer
was set as 5 meters. The different densities and mechanical
parameters, agreeing with the above 1D calculation, were
endowed as well.

The analysis model of the loess slope was shown in
Figure 7; the slope angle of the finite element model was set
as 45 degrees. The element of the model was set as the plane
strain element. Moreover, in order to decrease the effect of
boundary conditions on train vibration, the model combined
finite element and infinite elementmethodology, inwhich the
bottom boundary was fixed and the two side boundaries were
set as infinite elements. In view of the research purposes and
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Figure 6: The distribution of the characteristic periods.

significance, onemonitoring profile AB, along the free face of
loess slope and twelve observation points from C to D, was
arranged in the model.

Before dynamic calculation, we used the 1D equivalent
linear method to calculate the dynamic response character-
istics of free field soil. And then the soil values of dynamic
shear modulus and damping ratio were finally decided while
the maximum shear strain occurred. In our 2D finite element
dynamic analysis, the soil was regarded as an elastic-plastic
material and the elasticity modulus is decided according to
the wave velocity mentioned above. Moreover, the Mohr-
Coulomb yield criterion was adopted as well [17], and the
soil mechanical parameters for finite element numerical
calculation which are shown in Table 2 were obtained by
triaxial tests [18].

5.2. The Amplification Effect on Loess Slope. It is discovered
long ago that the slope effect of seismic acceleration exists
under the seismic actions, which means the slopes have the
amplification effect on the acceleration and causemore severe
earthquake damage. In this paper, the slope effect is studied
by using the plane strain FEM, and the seismic loading
uses one schedule of earthquake acceleration time histories
mentioned above, in order to make a comparison of the
results between 1D and 2D.

The distribution of the peak acceleration from observa-
tion point C to point D, with different loess thickness, is
analyzed and compared with the results of loess amplification
effect mentioned above, which is shown in Figure 8. It can
clearly be seen that the characteristics of the amplification
of the peak acceleration applying the different method are
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Figure 8: The distribution of the amplification coefficient applying
different method.

basically coincident. In general, the results reflected that the
amplification coefficient increased with increasing depth.

And on this basis the amplification of the acceleration
along the free face of loess slope was studied as well. The
acceleration time histories of different feature points which
are located at the top of the slope and at the slope toe were
extracted, respectively. In Figure 9, it is depicted that the peak
acceleration of the position at the top of the slope can reach
414 cm⋅s−2, while the peak acceleration of the position at
the slope toe reaches 313 cm⋅s−2. Moreover, the amplification
coefficient at different positions of the monitoring profile AB
along the free face was obtained, which is compared with the
amplification coefficient of different observation points from
C to D (Figure 10). As shown in Figure 10, the amplification
coefficients at different positions along the free face show a
significant increase of 9.5%.The comparing result reflects the
obvious slope effect on seismic acceleration.

5.3. Displacement Analysis of Loess Slope. Figure 11 illustrates
the time-horizontal displacement curves of different obser-
vation points A and B in the model, located at the top of
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Figure 10: The comparison of amplification coefficient.

the slope and at the slope toe, respectively. The displacement
increased nonlinearly as the increase of the earthquake
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Figure 11: The comparing of the horizontal displacement curve of
different observation points.

duration time, presenting a maximum displacement at the
time when the peak acceleration appeared. As observed in
Figure 11, the horizontal displacement of the point A at the
top of the slope is greater than point B at the toe of loess
slope. the maximum deformation of point A reaches 2.0
centimeters, while the value of point B is only 1.5 centimeters.
The increased amplitude of the displacement at the top of the
slope is about 33%, compared with the value at the toe of loess
slope. It can be considered that the cracks or even the collapse
occurred under the seismic load because of the difference in
deformation.

6. Conclusion

In this work, the dynamic response of natural loess field
under the effect of earthquake load was studied applying
the equivalent linear method. Moreover, a FEM model of
typical slope was developed and subsequently used to check
the dynamic response of side slope.The following conclusions
can be drawn from the results of this study:

(1) The dynamic response of the sites with different loess
thickness reflected obvious amplification effect. As
the thickness increased, the amplification coefficient
had an increasing tendency. Therefore, the nonlinear
characteristics of the amplification effect could be
observed as well.

(2) The characteristic period of the seismic response
spectrum gradually increased with the increase of the
soil layer depth, and the variation law of the charac-
teristic periods with the loess thickness presented the
logarithmic variation characteristics.

(3) The characteristics of the amplification of the peak
acceleration applying the different method were basi-
cally coincident, reflecting the fact that the amplifica-
tion coefficient increased with increasing depth and
the obvious loess slope effect under seismic loading.

(4) If the conditions of loess sites are much more com-
plex, one-dimensional calculation results can not

reflect the influence of topography, and two- or three-
dimensional analyses should be taken into account.
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