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ABSTRACT 

Loess is a type of porous, weakly cemented sediment. Due to the unique dynamic characteristics of its structure, loess exhibits 
high seismic vulnerability. Studying the dynamic response of a loess slope supported by frame anchors under earthquake can 
facilitate the effective seismic design of permanent flexible retaining structures in loess areas. In this paper, the model of a loess 
slope supported by frame anchors was established by the finite element software PLAXIS 3D, and the results of numerical 
simulation were verified by a shaking table test. Considering the characteristics of the loess, the dynamic response of the loess slope 
under earthquake was analysed. The results show that the most dangerous section of the loess slope supported by frame anchors is 
on the upper part of the slope under the action of earthquake, and the acceleration response of the slope has “amplification effect”, 
“delay effect”, and “attenuation effect”. The numerical simulation results are in good agreement with the shaking table test results, 
which can be used as a basis for seismic design of frame anchors in loess areas.  
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1.  INTRODUCTION 

Loess is widely distributed, accounting for 9.8% of the total 
land area of the Earth. China has the largest loess distribution and 
thickness in the world. In the loess plateau of northwest China, the 
construction of civil engineering works inevitably involves a large 
number of loess-related slopes. Most of the loess areas in China 
are earthquake-prone areas; historically, there have been many 
earthquakes, which have caused particularly serious earthquake 
damage. This severity of damage is closely related to the special 
structural and dynamic characteristics of loess. 

Numerical simulation analyses and shaking table tests are the 
main means of geotechnical earthquake engineering research. Lin 
and Wang (2006) studied the dynamic behaviour of the slope 
through a large-scale shaking table test. Li et al. (2017) used shak-
ing table tests to study the dynamic interaction of structure-soil-
structure under earthquake excitation. Lin et al. (2018) studied the 
dynamic characteristics of the retaining structure by combining 
numerical simulation with shaking table tests. Currently, signifi-
cant research results have been achieved in terms of slope stability, 
landslide mechanism, slope dynamic response, and slope dynamic 
characteristics. Biondi et al. (2000) studied the seismic response 
of saturated cohesionless slopes. Lin and Yang (2013) analyzed 
the dynamic behaviour of railway embankment slope subjected to 
seismic excitation. Ho (2014) used three-dimensional finite 

element technology to study the parameters affecting slope stabil-
ity. Huang et al. (2015, 2016) predicted the displacement of slope 
based on finite displacement method and analysed the stability of 
geosynthetic-reinforced steep-faced slopes. Based on the response 
surface approach, Parishad et al. (2017) designed the seismic ge-
otechnical robust of cantilever retaining wall. Li et al. (2019) stud-
ied the dynamic behaviour of soil anchorage landslide at different 
frequencies. However, the objects of these studies are mostly rock 
slopes or non-loess slopes.  

In the study of loess slopes, as early as 1999, Wang et al. 
(1999, 2001) proposed the mechanism of earthquake-induced 
high-speed loess landslide, including is loess disintegration, 
oblique throwing, and dusting effects. Subsequently, researches 
focused on instability mechanism analysis, damage mechanism 
analysis, stability analysis, and dynamic response analysis of loess 
slopes have been continuously developed. Tu et al. (2009) ana-
lysed the failure mechanism of rainfall-induced landslides. Zhuang 
et al. (2018) studied the distribution and characteristics of loess 
landslides triggered by the 1920 Haiyuan earthquake. Niu et al. 
(2018) analysed the topographic factors in loess landslide. Qiu et 
al. (2018) studied the response characteristics and preventions for 
seismic subsidence of loess in Northwest China. However, the ef-
fect of retaining structures on loess slopes has not been considered. 

In recent years, the popularization and application of flexible 
retaining structures based on the anchoring technology in slope en-
gineering has brought fresh progress to dynamic analyses of slopes 
(Han et al. 2010; Ye and Zhu 2012; Castorina 2016; Ye et al. 2019). 
As a new type of flexible retaining structures, the frame anchors 
have played an important role in slope reinforcement engineering 
in loess areas. Researchers have performed preliminary studies on 
the seismic response of slopes supported by frames anchors. Zhu 
and Ye (2011) proposed a simplified analysis method for a slope 
supported by frame anchors subject to a horizontal earthquake 
loading. Dong et al. (2012, 2013) proposed a simplified seismic 
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calculation method for the supporting structure of frame anchors. 
Ye et al. (2014) established a dynamic interaction calculation 
model among fame structure, prestressed anchors and soil under 
seismic, then, the seismic response of prestress of anchors and the 
dynamic response of anchors in the anchoring section under sim-
ple harmonic earthquake action were solved. However, most of 
these studies ignore the characteristics of loess, and the research 
on seismic response still continues to require practical verification. 

Based on the finite element analysis software PLAXIS 3D, 
this paper established a dynamic numerical analysis model of a 
loess slope supported by frame anchors. Considering the charac-
teristics of loess, the dynamic response laws of a loess slope sup-
ported by frame anchors were analysed and verified by shaking 
table tests. The research results can provide suggestions for the 
application of the flexible retaining structure of frame anchors in 
a loess area and evaluate the seismic performance of the anchoring 
system. 

2.  CHARACTERISTICS OF LOESS  

Loess is a porous, weakly cemented Quaternary sediment, 
which is characterized by yellowish colour, large pore size, loose 
structure, vertical joints, containing salts, homogeneous composi-
tion without bedding, collapsibility in water, and so on. 

2.1  Gravity Erosion in Loess 

The complex topography of the loess plateau is caused by 
long-term severe erosion. In soil erosion, gravity erosion and hy-
draulic erosion are the two main erosion types, of which gravity 
erosion has a relatively large proportion, accounting for 28.6% ~ 
67% of the total amount of erosion, so the gravity erosion in loess 
cannot be ignored. Gravity erosion in loess refers to the displace-
ment and destruction of loess due to its own gravity. Gravity ero-
sion on the loess plateau is mainly characterized by loess landslide 
and collapse (Xu et al. 2015). 

2.2  Structural Composition of Loess 

The structure of the loess is formed by diagenesis after the 
accumulation of loess. The structure of loess is mainly composed 
of particles, pores, and aggregates. Most particles are with point-
to-point contacts and point-to-surface contacts. The distribution of 
particles and pores is not uniform. Generally, the pores between 
the loess particles are large. The loess structure formed in different 
regions under different geological environments has different 
characteristics. The structure of loess is closely related to its seis-
mic settlement and collapsible liquefaction. The occurrence of lo-
ess collapsibility and soil destruction is essentially the result of the 
destruction of loess structure (Wang et al. 2019). 

2.3  Dynamic Characteristics of Loess  

The dynamic shear modulus of soil is the dynamic shear stress 
required to produce the unit dynamic shear strain of the soil, which 
reflects the ability of soil to resist dynamic shear deformation. The 
typical curve of dynamic shear modulus of loess with dynamic 
shear strain is shown in Fig. 1 (Wang et al. 2010). It can be seen 
that the dynamic shear modulus is relatively large under small dy-
namic shear strain. With the increase of dynamic shear strain, the 
dynamic shear modulus gradually decreases.  
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Fig. 1  Typical curve of dynamic shear modulus of loess with dy-

namic shear strain (Wang et al. 2010). 

The damping ratio reflects the loss of seismic energy in loess, 
that is the attenuation degree of seismic wave. Wang et al. (2010) 
obtained the linear relationship between damping ratio and dy-
namic shear strain of loess through research: 

100.0344 log ( ) 0.2912d     (1) 

From Eq. (1), we can see that the damping ratio of loess in-
creases with the increase of shear strain d. 

3.  ESTABLISHMENT OF NUMERICAL MODEL 

3.1  Model Size and Cell Division 

The finite element analysis software PLAXIS 3D contains 
many classical and advanced soil constitutive models, which can 
take into account the interaction between soil and structure and the 
influence of dynamic loads. It provides a convenient platform for 
the study of the dynamic response of loess slope supported by 
frame anchors. According to the research objectives, a three-di-
mensional model of loess slope supported by frame anchors was 
established using PLAXIS 3D. The prototype of the model is 
shown in Fig. 2. In order to keep consistent with the shaking table 
test model, the model has a slope height of 1.2 metres and an angle 
of 80 degrees. The anchor has a length of 1.6 m and an angle of 10 
degrees in the horizontal direction. The finite element model is 
shown in Fig. 3. The model is 3.0 m in length, 1.7 m in height, and 
1.2 m in width. The mesh size of the model (Le) is calculated by 
the following formula: 

2 2 2
max min max min max min( ) ( ) ( )

20
e

e
r

L x x y y z z        

  (2) 

where (xmax, xmin, ymax, ymin, zmax, zmin) are the boundary dimensions 
of geometric model; re is the relative element size coefficient; re = 
0.5. The established basic soil element of the grid is a 10-node tet-
rahedral unit. The soil layer, structural objects, loads, and bound-
ary conditions are automatically considered in the meshing process. 
The finite element model has a total of 81,502 units and 120,917 
nodes. 
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(a) Side view                                                           (b) Front view 

Fig. 2  Model prototype 

    
(a) Supporting structure                                                           (b) Mesh partition graph 

Fig. 3  Finite element numerical model

3.2 Material Parameters and Computational  
Constitutive Model 

Geotechnical materials exhibit obvious non-linear character-
istics under loading. These non-linear behaviours can be described 
by constitutive models. In this paper, loess was used as the soil of 
the model slope, and the physical and mechanical parameters were 
obtained according to the shaking table test and the loess geotech-
nical test.  

Mohr-Coulomb strength criterion embodies an elastic-plastic 
model, in which the shear bearing capacity of soil is taken into 
account to meet the research needs in calculation and analysis. 
Therefore, the loess slope model was set up as an elastic-plastic 
material and Mohr-Coulomb strength criterion were adopted. Con-
sidering the initial dynamic characteristics of loess and referring 
to Wang’s research (Wang et al. 2010), the dynamic shear modu-
lus of loess is 20 MPa, and the damping ratio is 25%. In the model, 
the frame comprises beams and columns, which were simulated by 
the beam element. The retaining plate was simulated by the plate 
element, the point-to-point anchor element was used to simulate 
the free section of the anchor, and the embedded beam element 
was used to simulate the anchoring section of the anchor. The free 

section and the anchoring section of the anchor were connected 
through rigid contact. The specific material parameters are shown 
in Table 2 (Lv et al. 2004; Shen and Lv 2010). 

3.3  Material Damping 

The material damping in dynamic calculation is caused by the 
viscous properties, friction, and irreversible strain development of 
soil. The material damping caused by irreversible strain develop-
ment of soil is not enough to simulate the real soil damping char-
acteristics. Therefore, additional damping is required to simulate 
the actual damping characteristics. In this paper, this problem is 
solved by Rayleigh damping. In the analysis of structures and of 
elastoplastic systems, Rayleigh damping can suppress the sys-
tem’s self-vibration. The Rayleigh damping matrix C consists of a 
mass matrix M and a stiffness matrix K, i.e., C =M + K,  and 
 are mass damping constant and stiffness damping constant, re-
spectively. In PLAXIS 3D, the values of α and  can be obtained 
by inputting the target damping ratio and considering the predom-
inant frequency of the input seismic wave. In this paper, the value 
of target damping ratio is 25%, and the values of  and  are 1.676 
and 0.033, respectively. 
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Table 1  Soil parameters of the model 

Soil name Unit weight,  (kN/m3) Cohesion, c (kPa) Internal friction angle, () Poisson ratio 
loess 16.4 18 25 0.35 

Table 2  Material parameters of supporting structures 

Parameter Beam, column Free segment of the anchor Anchoring section of the anchor Retaining plate
E (kN/m2) 2.5  107 6.5  104 3.0  107 1.495  106

(kN/m3) 25  22 22 
Beam type Predefined  Predefined 

Predefined beam type Massive rectangular beam  Massive circular beam 
Height (m) 0.8 

Diameter = 0.15 Thickness = 0.15
Width (m) 0.8 

Side friction   Linear elastic 
Ultimate side friction of pile top (kN/m)   200 

Ultimate side friction of pile bottom (kN/m)   0 
Limit reaction force of pile bottom (kN)   0 

 

3.4  Boundary Conditions and Loading Methods 

To study the dynamic response of a slope, we must first un-
derstand the propagation of seismic waves inside the slope. When 
using finite element analysis software to simulate and analyse the 
seismic response of a slope, an artificial boundary should be intro-
duced to make the soil in the calculation area reflect the dynamic 
response law of the prototype slope as accurately as possible. So, 
it is necessary to consider the error caused by the reflection or re-
fraction of the seismic wave on the boundary. In dynamic analysis, 
boundary effects can be reduced by establishing large numerical 
models. However, it often increases computation time and storage 
space. Therefore, the viscous boundary and free field boundary are 
typically used to generate an infinite boundary effect to prevent 
the distortion or reflection of seismic waves. In this paper, the 
model used viscous boundary conditions. The model lateral 
boundary conditions are normally fixed, the bottom boundary is 
completely fixed, and the top of the model is a free boundary.  

In the numerical simulation, the El-Centro wave was input 
with a peak value of 0.30 g and a duration of 10 s. The curve of 
acceleration time history and Fourier spectrum are shown in Fig. 
4 (we only take the first 10 seconds as seismic excitation). Before 
the excitation of the seismic wave, the static analysis of the loess 
slope supported by frame anchors was conducted to study the de-
formation. Then, based on the static analysis, the local strain was 
reset, and the displacement was cleared. The dynamic analysis of 
the slope was performed by inputting the y-direction seismic 

acceleration at the bottom of the model. The monitoring points 
were arranged at selected positions on the slope (Fig. 3) to obtain 
the deformation of the slope after the seismic excitation. 

4.  SHAKING TABLE TEST 

To study the dynamic response of loess slope supported by 
frame anchors under earthquake conditions, a large-scale shaking 
table test was performed. The results of the test and numerical sim-
ulation are mutually validated to evaluate the seismic performance 
of the supporting structure. The test was performed on a three-way 
electro-hydraulic servo-driven seismic simulation shaking table in 
the Civil Engineering Disaster Prevention and Mitigation Key La-
boratory of Lanzhou University of Technology, Gansu Province, 
China. The test slope is 1.2 m high, and the size of the slope is the 
same as that of the numerical simulation.  

The similarity relations and similarity coefficients of the 
physical quantities of the model are derived based on the gravity 
similarity laws and dimensional analysis methods of the landslide 
model tests (Shen and Lv 2010; Chen et al. 2015). Table 3 lists the 
similitude requirements; among them, elastic modulus E, density 
, and linear displacement x are controlled by model design. The 
time t, frequency f, and acceleration a are controlled by dynamic 
loads. The dimensions of the beams, columns, and plates are con-
verted from that of the actual frame structure according to similar-
ity relations. 

       
(a) Acceleration time history                                              (b) Fourier spectrum 

Fig. 4  Time history of input wave
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Table 3  Similarity relationships of the model test 

Physical quantities Similarity relation Similarity ratio
Strain,   1 
Stress,   = E 1/3.612 
Elastic modulus, E E 1/3.612 
Poisson ratio,   = 1.0 1 
Density,   1 
Length, l l 1/10 
Area, s S = l

2 1/100 
Linear displacement, x X = l 1/10 
Angular displacement,   = 1.0 1 
Concentrated force, p P = El

2 1/361.2 
Surface load, q q = E 1/3.612 
Mass, m m =  l

3 1/1000 
Stiffness, k k = El 1/36.12 
Time, t t = (m/k)1/2 0.190 
Frequency, f f = 1/t 5.262 
Damping, c c = m/t 0.00526 
Velocity, v v = l/t 0.526 
Acceleration, a a = l/t

2 2.770 

Since the test only considers the horizontal seismic action, in 
order to minimize the boundary effect and ensure the soil in the 
model to have the same deformation as the prototype loess slope 
under the earthquake as much as possible, a 100 mm thick poly-
styrene foam board was attached to the side walls of the model box 
along both horizontal vibration directions, so the two side walls 
become flexible boundaries to reduce the influence of the 

boundary effect. In addition, the gravel was glued with epoxy resin 
on the bottom plate surface of the steel plate to make it a rough 
surface to reduce the relative displacement of the contact surface 
between the model box and the loess (Xu et al. 2008). 

Additionally, in order to consider the “remoulding effect” of 
the soil, the completed model could only be tested after standing 
for more than 24 hours. The model material was sampled for ge-
otechnical testing, and the physical and mechanical parameters of 
the model material obtained are shown in Table 1. The model soil 
is layered into the model box and evenly tampered to ensure that 
the field compaction rate reaches 90%. The simulated material of 
anchor is steel wire for prestressed concrete with diameter of 5 mm, 
and its tensile strength is not less than 1570 kPa. The arrangement 
of measuring points is the same as that in numerical simulation. 
The shaking table model is shown in Fig. 5. 

In the shaking table test, the El-Centro wave, Lanzhou wave 
and Wenchuan wave were selected as seismic excitations. The test 
was loaded with different spectral characteristics, ground motion 
intensity, and duration of input seismic waves. In the course of the 
experiment, when the acceleration peak or the type of seismic 
wave changed, a slight white noise excitation was added to elimi-
nate the residual effects of seismic excitation and reduce the test 
error. To facilitate comparison with the numerical simulation, only 
the El-Centro wave with an input acceleration peak of 0.15 g was 
adopted as the seismic wave for analysis. The research result of 
the shaking table test on the loess slope supported by frame an-
chors will be presented in another paper.

   
(a) Anchors                                 (b) Frame                               (c) Treatment of bottom boundary 

  
(d) Treatment of side boundary                             (e) Completed model 

Fig. 5  Shaking table test

Polystyrene foam 

Bottom boundary  
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5  COMPARISON OF NUMERICAL SIMULA-
TION AND EXPERIMENTAL RESULTS 

Through numerical simulation, firstly, the static stability of 
the slope under self-weight was studied. Then, seismic excitation 
was input to analyse and compare the deformation characteristics 
under static and dynamic loads. In addition, the dynamic response 
of the loess slope supported by the frame anchors was analysed. 
Finally, the shaking table test was used to verify the results. 

5.1  Static Calculation Results 

According to the numerical simulation results, the contour of 
horizontal displacement and vertical displacement of the slope 
could be obtained (Fig. 6). It can be seen that the displacement of 
the slope under static force is very small, and the horizontal dis-
placement of the slope under static action is primarily concentrated 
at the toe of the slope, with a maximum of 0.30 mm. The top of 
the slope has micro-sedimentation, and the bottom of the slope is 
slightly uplifted. The vertical displacement is concentrated in the 
lower part of the slope, and the maximum displacement at the toe 
of the slope is 0.18 mm. In addition, the distribution of vertical 
displacement presents an arc-shaped block area, with the displace-
ment gradually decreasing from the surface of the slope to the in-
terior of the slope body.  

 
(a) Horizontal displacement contour 

 
(b) Vertical displacement contour 

Fig. 6  Displacement contour under static excitation 

Loess mostly has loose soil and low strength (refer to Section 
2.1). Under the action of self-weight, the soil is gradually com-
pacted. At the same time, the force is transmitted downward and 
to the free surface of the slope, and the force is concentrated at the 
toe of the slope. The soil behind the supporting structure applies 
pressure to the empty surface of the slope and to the toe of the 
slope due to the gravity erosion in loess (Fig. 7), which is finally 
reflected in the form of slight uplift at the toe of the slope. Under 
the action of static force, the displacement value is small, and the 
slope remains generally stable. 

5.2  Dynamic Calculation Results 

Displacement Response of Slope 

The mesh deforming graph of the slope after the earthquake 
is shown in Fig. 8. Comparing with the grid map before the earth-
quake, it can be found that the top of the slope has settlement, and 
the toe of the slope protrudes towards the free surface.  

The displacement contour of the slope and the corresponding 
displacement curves under earthquake are shown in Figs. 9 and 12. 
As shown in Fig. 9(a), the maximum horizontal displacement of 
the slope occurs near the top of the slope after the action of the 
seismic waves. However, under the action of static force, the max-
imum horizontal displacement occurs at the toe of the slope (as 
shown in Fig. 6(a)). That is to say, the most dangerous section of 
the loess slope system strengthened by the frame anchors moves 
up under the action of earthquake, and the most dangerous position 
is in the upper part of the slope. From Fig. 9(b), the maximum 
horizontal displacement reaches 19.82 mm at the measuring point 
W1, while the displacement of the lower part of the slope is very 
small, even negative.  

The negative horizontal displacement indicates that the soil 
moves along the Y axis, that is towards the inside of the slope. It 
indicates that the supporting structure of the frame anchors plays 
a significant role under the earthquake. Under the action of dy-
namic load, the slope body generates relative displacement and 
moves outward. At the same time, the active earth pressure acts on 
the supporting structure, and the anchor enters the working state. 
The force is transmitted to the anchor and then gradually transmit-
ted to the stable soil layer along the length of the anchoring section. 
Finally, the frame and the slope move towards the inside of the 
slope, and the displacement has a negative value (Fig. 10).  

potential circular slip surface

Pile

retaining plate

beam

column

Force

slip zone stable zone

Gravity Erosion in loess

 

Fig. 7  Propagation mechanism of force under static excitation 

Micro-settlement 

gravity erosion in loess
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The horizontal displacement near the slope surface is smaller 
than the area inside the slope surface, and an area of arc-shaped 
belt is formed inside the slope body (Fig. 9(a)). Figure 11 shows 
the shear strain increment of the slope, it can also be noted that the 
shear strain increment forms an obvious arc-shaped belt region in-
side the slope body and passes through the toe of the slope. The 
deformation in this area is more significant than in other areas, 
while the deformation of soil outside the area is relatively small. 
This indicates that the area near the slope surface remains in the 
elastic deformation zone, while the arc-shaped belt area is in the 
plastic zone, i.e., the potential slip zone of the slope. 

Figure 12(a) shows the contour of the vertical displacement 
at the top of the slope under earthquake. Combining with Fig. 

12(b), it can be noted that the vertical displacement of the top of 
the slope fluctuates with time. The farther away from the slope 
shoulder, the smaller the vertical displacement, and the maximum 
vertical displacement at the top of the slope is 11.36 mm.  

The vertical displacement inside the slope gradually de-
creases as it moves away from the slope surface. Its maximum ver-
tical displacement reaches 12.00 mm, which occurs in the middle 
and lower part of the slope (Fig. 12(a)). It reflects the phenomenon 
of stress concentration at the toe of the slope under the action of 
self-weight and earthquake. Unlike the arc-shaped massive plastic 
region under static action, the plastic region under seismic action 
is layered in an arc-shaped belt region. 

       
(a) Before the earthquake                                           (b) After the earthquake 

Fig. 8  Mesh deforming graph 
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(a) Horizontal displacement contour                                                    (b) Horizontal displacement history 

Fig. 9  Horizontal displacement 
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Fig. 10  Propagation mechanism of force under seismic excitation 
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(a) Shear strain increment                                                          (b) Profile A-A 

Fig. 11  Shear strain increment 
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(a) Vertical displacement contour                                                  (b) Vertical displacement history 

Fig. 12  Vertical displacement  

Response of Acceleration 

The acceleration response of slope related to the seismic in-
ertial force is the basic index for evaluating the seismic dynamic 
response of the slope. The acceleration time history curve obtained 
by numerical simulation is shown in Fig. 13. As shown in the fig-
ure, from the bottom to the top of the slope, the peak acceleration 
increases continuously. The peak acceleration of J1 at the bottom 
of the slope reach 0.205 g, and the peak acceleration of J4 at the 
top of the slope reach 0.419 g. It indicates that the “amplification 
effect” of the slope is obvious under the action of seismic waves. 

In addition, the acceleration response has a “delay effect”. 
The time of peak acceleration of J1, J2, J3, and J4 are 0.3 s, 0.5 s, 
0.8 s, and 1.3 s, respectively. It can be seen that the time interval 
between acceleration peaks is increasing. This can be attributed to 
the internal damping of the loess and the transit time difference of 
seismic waves. The “delay effect” of acceleration indicates that the 
slope is vibrating asynchronously at different heights; therefore, in 
actual engineering, the integrity of the supporting structure needs 
to be strengthened to reduce the slope failure caused by the asyn-
chronous vibration of the slope due to the “delay effect”. 
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Fig. 13  Acceleration history of numerical simulation 

In order to compare with numerical simulations, the acceler-
ation time history curves of points J2 and J4 in the shaking table 
test are provided. The duration of the shaking table test is 60 s, and 
the acceleration time history curves obtained are shown in Fig. 14. 

V
er

tic
al

 d
is

pl
ac

em
en

t (
m

m
) 

A
cc

el
er

at
io

n 
(g

) 

Time (s) 

Time (s) 



Ye et al.: Dynamic Response Analysis of Loess Slope Reinforced by Frame Anchors Based on Numerical Simulation and Shaking Table Test      97 

 

    
(a) Point J2                                                                       (b) Point J4 

Fig. 14  Acceleration history of shaking table test

It can be noted that the peak value of the acceleration at point J4 is 
0.427 g, and the time of peak acceleration is 15.69 s. The peak value 
of acceleration at point J2 is 0.348 g, and the peak acceleration ap-
pears at 5.17 s, which indicates that the higher the monitoring point, 
the larger the peak value of acceleration. Additionally, there is a 
difference in the time when the peak value appears, which is con-
sistent with the change rule of numerical simulation results. 

To describe the law of slope acceleration response under seis-
mic action more accurately, the peak ground acceleration amplifi-
cation coefficient (MPGA) was defined as the ratio of the accelera-
tion peak value of the measured dynamic response at each moni-
toring point PAi to the input acceleration peak value PA0. 

0/PGA Ai AM P P   (3) 

The MPGA measured by numerical simulation and shaking ta-
ble test is shown in Fig. 15. As shown in the figure, the numerical 
simulation results are similar to shaking table tests. When h/H is 
0.5, the MPGA is smaller than the value for h/H = 1.0 (where h is 
the position of the measuring point, and H is the total height of the 
model). In the range of slope height, the MPGA exhibits a drum-like 
distribution. The amplification factor at the lower part of the slope 
is less than 1.0, and PGA “attenuation effect” exists.  
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Fig. 15  Peak ground acceleration amplification coefficient 

The amplification effect of PGA depends on the proximity of 
the natural frequency of slope and the main frequency of load. The 
closer the two, the more obvious the amplification effect. On the 
contrary, when the amplification effect is weak, the case of re-
sponse attenuation and amplification coefficient less than 1.0 will 
occur (Wang et al. 2018). 

It can also be observed in Fig. 15 that the MPGA of the numeri-
cal simulation is smaller than the results of the shaking table test. 
In the numerical simulation, the soil parameters do not change dur-
ing the earthquake. However, in the shaking table test, the parame-
ters of the soil actually changed due to the earthquake; therefore, 
the acceleration response is different from the numerical simulation. 

Stress Analysis of Frame Columns 

The slope maintains a stable state under natural conditions 
and has a certain degree of anti-sliding force. After the supporting 
structure is applied, the slope will generate more sliding force be-
cause of the deterioration of the surrounding environment and 
other conditions. As a force transmission structure in the support-
ing structure of frame anchors, the frame distributes the excess 
sliding force or earth pressure of the slope body to the adjacent 
anchors, then it transmits the force by the anchors to the stable soil 
through the gripping force between the anchoring section and the 
mortar as well as the friction force between the anchors and the 
surrounding soil body. Thus, the slope is in a stable state under the 
anchoring effect.  

Previous studies have shown that the frame beam is an auxil-
iary force-bearing member that only plays a spatial synergistic role 
(Dong et al. 2014). Therefore, only the frame column is investi-
gated here. Figure 16 shows the envelope diagram of the shear 
force and the bending moment of the column according to the nu-
merical simulation. The shear value Qmax is 69.9 kN, the Qmin is 
108.9 kN, the bending moment value Mmax is 179.5 kN·m, and 
the Mmin is 24.34 kN·m. As can be noted in the Fig. 16, the pos-
itive and negative shear forces are alternately distributed along the 
height of the column, and a sudden change occurs near the position 
of anchors.  

Figure 17 shows the strain distribution along the height direc-
tion of the column in the shaking table test. It can be noted that the 
strain distribution is alternatively distributed in positive and negative 
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Fig. 16  Distribution of bending moment and shear force of columns 
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Fig. 17  Strain distribution of the column (shaking table test)

directions, which is similar to the distribution of shear force in the 
numerical simulation. From the distribution of numerical values 
(Figs. 16 and 17), the values at both ends of the column are smaller 
than those in the middle. That is, the shear force, bending moment, 
and strain of the column all correspond to the form of “small in 
both sides and large in the middle”. 

Analysis of Internal Force of the Anchor 

The internal force of the anchor obtained by numerical simu-
lation is provided in Fig. 18. It is found that the axial force, shear 
force, and bending moment of the anchor are enlarged to different 
degrees under the excitation of seismic waves.  

Since the free section of the anchor and the anchoring section 
of the anchor are simulated by different elements in the software 
of PLAXIS 3D, the free section of the anchor is equivalent to a 

linear spring, and its axial force does not change. Therefore, this 
paper provides a numerical simulation of the distribution of the 
axial force of the anchorage section (Fig. 19). It can be observed 
that the maximum axial force of the anchor appears at the junction 
of the free section and the anchoring section. 

From the numerical distribution in Fig. 18(a), after the earth-
quake, the axial forces of the anchors in rows 1, 2, 3, and 4 were 
135.6, 206.1, 299.7, and 225.5 kN, respectively. The numerical 
distribution of axial force of the anchor from top to bottom along 
the slope height exhibits a feature of “smaller-larger-larger-
smaller” variation, and the maximum axial force appears in the 
third row of anchors. Figure 19 shows the axial force distribution 
of the anchor in the middle of the frame of the shaking table test 
model. The relationship between the axial force and strain of the 
anchor can be reflected by the following formula: 
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Fig. 18  The internal force of the anchor 

 

Fig. 19  Axial force distribution of anchors (numerical simulation) 

a rF E A    (4) 

where F is the axial force of the anchor; Ea is the elastic modulus 
of anchor;  is the strain of the anchor; Ar is the sectional area of 
the anchor. As can be seen from Eq. (4), the strain of anchor can 
reflect its axial force response. It can be noted that the maximum 
strain also appears in the third row. Adopting one of the rows of 
anchors (such as the third row) as the research object, it can be 
observed that the strain distribution along the long direction of the 
anchor presents a “single peak” variation, and the strain peak ap-
pears at the junction of the free section, and the anchoring section 
and its maximum strain is 230.75 . 
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6.  CONCLUSIONS 

Through the mutual verification of the numerical simulation 
and the shaking table test, and considering the characteristics of 
loess, the dynamic response law of a loess slope supported by 
frame anchors was analysed. The following conclusions were ob-
tained: 
 1. The supporting structure of the frame anchors plays a signif-

icant role under the earthquake. The most dangerous section 
of the loess slope system strengthened by the frame anchors 
moves up under the action of earthquake, and the most dan-
gerous position is in the upper part of the slope. Therefore, 
the upper part of the slope must be primarily supported.  

 2. Under the action of earthquake, the loess slope supported by 
frame anchors has an elastic zone near the slope surface and 
an arc-shaped belt-shaped plastic zone inside the slope body. 
The shear strain increment forms an obvious arc-shaped belt 
region inside the slope body and passes through the toe of the 
slope, which is a potential slip zone of the slope. 

 3. Under the action of seismic wave, the “amplification effect” 
of slope is obvious. In addition, the acceleration response also 
has “delay effect” and “attenuation effect”. In actual engi-
neering, in consideration of “amplification effect”, the upper 
structure of the slope should be strengthened. In addition, the 
integrity of the supporting structure needs to be strengthened 
to reduce the slope failure caused by the asynchronous vibra-
tion of the slope due to the “delay effect”. 

 4. As the force transmission structure in the supporting structure 
of the frame anchors, the internal force distribution of the 
frame column displays the form of “small on both sides and 
large in the middle” under the earthquake.  

 5. The distribution of the axial force of the anchor from top to 
bottom along the slope height exhibits a “smaller-larger-
larger-smaller” variation. The strain distribution along the 
long direction of the anchor presents a “single peak” variation, 
and the strain peak appears at the junction of the free section 
and the anchoring section. 
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