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To clarify the feasibility of BFRP (basalt fiber reinforced plastics) anchors instead of steel anchors in the seismic application of
slopes under different vibration strengths, a series of shaking table tests were carried out to strengthen the slope using BFRP
anchors and steel anchors, respectively. By studying the dynamic response recorded in the slope model and the observed ex-
perimental phenomena, the acceleration dynamic response and displacement spectrum dynamic response of the two slope models
were analyzed. The test results show that the deformation stage of the slope reinforced by the two types of anchors is basically the
same during the test, that is, elastic, plastic (potential sliding surface and plastic strengthening), and failure stages, respectively. The
slope is in the elastic stage before the 0.2 g seismic wave, and it gradually enters the plastic stage after the 0.4 g seismic wave.
However, the peak acceleration and displacement of the slope reinforced by steel anchors are greater than those of the slope
reinforced by BFRP anchors under the same working conditions of seismic waves. In addition, we found that the acceleration
response spectrum distribution curve of each measuring point in the short period has an obvious amplification effect along the
elevation, and its predominant period has a forward migration phenomenon with the increase of the height of the measuring
point, which also indicates that the higher frequency seismic wave has a greater impact on the top of the slope. The BFRP anchors,
as a kind of flexible structure supporting slope, can effectively reduce the impact of seismic waves on the slope and attenuate
seismic waves to a certain extent compared with steel anchors. Furthermore, the BFRP anchors can be deformed in coordination
with the slope, which can improve the overall working performance of the slope, especially limit the dynamic response of the
middle and lower slopes. These results can provide a theoretical guide for the seismic design of BFRP anchors for high slopes.

1. Introduction

In the actual anchoring engineering, the conventional
prestressed anchor shows a good antiseismic effect in low
seismic intensity, which can limit the deformation of the
rock mass and improve the stability of the slope [1, 2].
However, the anchored rock mass deforms greatly under the
strong earthquake condition, and it is generally difficult for
the conventional prestressed anchors to continue limiting
their deformation. In addition, the steel anchor is easily
broken owing to its insufficient deformability or overload
under the action of instantaneous impact load, causing slope
instability and failure [3-5]. Furthermore, some corrosive
chemicals in the groundwater and the slope body often cause

aging, damage, or destruction of the conventional pre-
stressed anchor tendon, which leads to the phenomenon of
overall instability and destruction of the anchored slope.
Although technical measures such as hot-dip galvanizing on
the surface, epoxy coating, anchor bracket, and grouting
slurry mixed with preservatives can be adopted in the an-
choring engineering, the problem has not been funda-
mentally solved [6]. With the continuous improvement of
infrastructure, the demand for steel bars is increasing.
However, the iron ore resources used to produce steel bars
are gradually being depleted. Therefore, a nonmetallic an-
chor should be adopted instead of the steel anchor for
geotechnical anchoring engineering. The new material of
basalt fiber-reinforced plastics (BFRP) is gradually used to
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replace the traditional reinforced anchor because it can fully
utilize its relatively high tensile strength and low elastic
modulus. In addition, the BFRP anchor has the advantages
of good stress transfer characteristics, antiseismic and
corrosion performance, which can better adapt to the de-
formation of the slope, effectively solve the corrosion
problem of anchor in the slope; and has obvious antiseismic
effect of the slope [5]. Basalt fibers are gradually gaining
domestic acceptance owing to their advantages of envi-
ronmental protection, corrosion resistance, high strength,
light weight, fatigue resistance, good adhesion to the
grouting body, thermal expansion coefficient similar to
concrete, and tensile strength retention rate equivalent to
steel bars.

Many researchers have done much scientific research on
the mechanical properties, bond strength with cement
mortar, and anchoring performance, and have obtained a lot
of valuable results [7, 8]. In previous studies, scholars have
carried out a lot of research on the basic physical and
mechanical properties of FRP rebars [9-13]. In their con-
clusions, the main factors that affect the degree of corrosion
of FRP bars are temperature, humidity, salt solution, acid-
base environment, ultraviolet intensity, etc., and it was
found that the corrosion of FRP tendons is usually formed
by the deterioration of the fiber or the matrix interface.
Generally, basalt fiber has better resistance in acidic envi-
ronment than alkaline environment [14, 15]. Some re-
searchers [16, 17] have conducted comparative studies on
the corrosion resistance of BFRP, GFRP, and CFRP rebars,
and considered that the corrosion resistance and durability
of BFRP rebars are better than those of GFRP and CFRP
rebars. Furthermore, Urbanski et al. [18] and Zhang et al.
[19] studied the ductility, deformability, ultimate stress, and
damage mechanism of BFRP-reinforced structures and
compared with traditional steel-reinforced structures, in-
dicating that BFRP-reinforced structures have certain
advantages.

In recent decades, BFRP rebars are mostly used to re-
inforce concrete beams and supports [20, 21]. Yuan et al.
[22] studied the influence of the bond performance between
the BFRP sheet and concrete, and proposed a bond strength
model considering the influence of strain energy and BFRP
bond area. Liu et al. [23] studied the bond behavior between
BFRP reinforcement and recycled aggregate concrete (RAC)
by the orthogonal test method, and proposed the influence
of RAC strength grade, volume content, and length of
chopped basalt fiber on the bond stress slip constitutive
relationship. Nerilli and Vairob [24] studied the failure
mode of the BFRP-bar-reinforced concrete support through
the push-pull double-shear test of BFRP concrete speci-
mens, and analyzed in detail the strain mode and the bond-
slip relationship between BFRP and concrete interface.

Owing to the mature performance and technology of
BERP rebars, it is gradually used in slope reinforcement
engineering. Lei et al. [25] and Liu [26] carried out exper-
iments to analyze the soil slopes supported by non-
prestressed BFRP and FRP bolts, respectively, and proposed
relevant values and recommended design parameters for the
soil slopes supported by BFRP bolts. Jin et al. [27] and Ho
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et al. [28], respectively, proposed the use of GFRP and FRP
to reinforce the slope, and the reinforcement effect was
evaluated through numerical theory and experiment. Fur-
thermore, Huang et al. [29, 30], and Kim and Lee [31]
established models to predict the effect of slope reinforced by
new composite materials, and the experimental results
showed that the proposed prediction model achieved high
prediction accuracy.

In the past, scholars’ studies on BFRP mainly focused on
its physical and chemical properties, bonding properties
with concrete, and slope reinforcement. Despite many
studies, dynamic response of BERP-reinforced slopes under
seismic loadings is mainly based on theoretical analysis and
numerical simulation, and in some cases, the engineering
practice for antiseismic design in reinforcing the slopes is
still largely based on experience. Furthermore, the use of
large-scale model tests to study the dynamic response
characteristics of BFRP anchors in slope reinforcement
engineering under earthquake action is still lacking.
Therefore, to clarify the reinforcement effect of BERP anchor
cables in the protection of high slopes in high-intensity
earthquake areas, the large-scale shaking table test was used
to study the dynamic response characteristics and the failure
mode of the slope strengthened by BFRP anchor (cable)-
+frame structure. Meanwhile, the effect of the slope
strengthened by BFRP was compared with that of traditional
reinforced anchor (cable) + frame structure. The study re-
sults help us to better understand the dynamic response
characteristics of BFRP-reinforced slopes and provide a
scientific basis for the dynamic rational design of BFRP
anchor cables to reinforce high slopes.

2. Shaking Table Test Design

2.1. Project Overview. In this study, the fully weathered
basalt slope of the Xiangshui River (K5 + 620~K5 +700) on
the Gongdong expressway was selected as the experimental
prototype. The geological disaster point along the Gongdong
expressway and the location of the Xiangshui river slope are
shown in Figure 1.

The slope of the Xiangshui river has a pile number of
K5 + 620,000~K5 +700,000. It is located in Wool Meadows
Village, Xundian County, with a total length of about 100 m
and a course of approximately 13°. The terrain of the slope
body where the section is located fluctuates greatly, with
gullies developed and vegetation at both ends of the slope,
and the stratum is fully weathered basalt. The slope body has
sliding traces along the bedrock, and the sliding direction is
30° from the direction of the line. It can be judged that there
has been a history of sliding here. The gullies on the left side
are close to the slope body, while the gullies on the right side
are about 200 m away from the slope body, and the terrain
on the right side is 5m away from the slope body.

The slope is 36 m high, and the excavation slope is a
tertiary slope. The height of the first grade is 16 m, and the
second- and third-grade slopes are 10 m with the design
slope rates of 1:0.75 and 1: 1, respectively. The renderings of
the Xiangshui river slope before and after excavation are
shown in Figures 2 and 3, respectively.
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FiIGUure 1: Geological disaster points along the Gongdong
Expressway.

2.2. Overview of Shaking Table and Boundary Treatment of the
Model Box. The shaking table test was conducted in the
Loess Seismic Engineering Laboratory of Gansu Seismo-
logical Bureau. The shaking table of the laboratory is a
vertical horizontal bidirectional shaking table of
VPS~600ES~2, with a shaking table size of 4m x 6 m. The
maximum load mass is 25 t; the maximum displacement is
250 mm in the X direction and 100 mm in the Z direction;
and the working frequency is 0.5-50.0 Hz [32].

In this shaking table model test, the rigid model box is
used, which is welded with 2cm thick steel plate and
equilateral angle steel as its main frame. The inner groove
size of the model box is 2.9 m x 1.4 m x 1.85m, and the long
side of the model is made of 2 cm thick transparent glass-
fiber-reinforced plastic, which facilitates easy observation of
the changes of the model [33], as shown in Figure 4. This test
is a horizontal one-way vibration test, which uses a 2 cm-
thick steel plate for enclosure in the horizontal vibration
direction of the model box. Owing to the seismic wave
reflection on the boundary and the change of the system
vibration form, a certain error will be brought to the test
result, which is the so-called “model box effect”. Since the
rigid model box was used in this test, three measures have
been taken to control the boundary condition design [34]:
(1) Control the plane size of the structure model. (2) Coat the
inner surface of the model box with petroleum jelly and set a
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FIGure 2: Xiangshui River slope before excavation.
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FIGURE 4: Schematic diagram of the model box.

foam layer on the side and back of the box. The foam layer
mainly simulates the elastic support effect of the truncated
medium soil on the finite field soil medium and provides
partial damping, which reduces the seismic wave reflection
effect on the model boundary. (3) To avoid the relative
sliding between the soil and the bottom of the model box, a
layer of 5 cm thick debris with a particle size of about 2 cm is



laid on the model box bottom plate to increase the friction,
and the bottom plate is treated as a friction boundary.

2.3. Similar Relationship Design of the Shaking Table Model
Test. Owing to the limitation of the size of the shaking table,
the input load, and the test site, it is almost impossible for the
model size to completely conform to the prototype.
Therefore, the usual shaking table tests are majorly scale
tests, and the similarity between the prototype and the model
is similar to that of the model test. The model test can achieve
the expected results through comprehending and using the
basic principles of the similarity theory correctly [35]. In
the 1g shaking table model test, the gravity acceleration of
the model is consistent with the prototype. Therefore, the
gravitational acceleration should be selected as a control
parameter. The similarity ratio that the acceleration of
gravity should satisfy is C, =1 [36]. The “1g” environment
refers to the conventional gravity environment relative to the
centrifugal shaking test.

In general, the calculation of the similarity ratio between
the prototype and the model can be obtained based on the
dimensional analysis method. When the dimensional
analysis method is used to derive the similarity relationship
of the shaking table test, all parameters are included in a
characteristic equation. Therefore, similar designs for soil,
structure, and seismic waves cannot be achieved, respec-
tively, and the deduction results require that each parameter
meets the similarity ratio requirements when the model is
similarly designed, which is almost impossible to achieve in
physical model tests.

With reference to your suggestions and previous studies
[37], we introduce a separate similar design method for
soil-structure interaction model tests. After sorting all the
physical quantities, the functional relation between the
physical quantities can be written as follows:

f=(Lp g0o6& EA F,mu, 1,G, I c, M,a, t, ¢, 4, p, w).
(1)

After the control parameters are selected, the similarity
ratios of the other parameters can be derived from these
three parameters. Equation (1) can be rewritten as

f=(L, P> g,s, E, A, F,m, u, 1,G, I, ¢, M, a, t, , A, y, w).
o

(2)
The second separation of the characteristic equation is as
follows:
9
é’oﬂ :<L3 p) Ea T, C ¢ ))
! =(L,p, 2 ¢ EAF (3)
Anchorcable = | 1> P> O') & > >

g
A”nchorcable = (L’ P> E; e, EA, F)

By separating the parameters of the relevant charac-
teristic equations of the soil-structure interaction model test,
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the single-value condition physical quantities can be divided
into 4 types according to the importance of the model test:
the control parameters with the highest weights, key pa-
rameters with larger weights, related parameters with
smaller weights, and irrelevant parameters with the smallest
weights, as shown in Table 1.

According to the above classification, the similar design
of this experiment mainly analyzed the control parameters
and key parameters, while ignoring the secondary param-
eters. To make the design of the test model reasonable and
meet the size of the shaking table system, the similarity ratios
of the control parameter geometrical size L, density, p and
acceleration g are C; =20, C,=1, and C, =1, respectively.
The similarity ratios of other parameters can be derived from
these 3 parameters, as shown in Table 2.

The “singularity” produced by some parameters is rel-
atively large after calculation, and it is very difficult to make
the model material fully meet the calculation requirements
of similar scales in the model test. However, considering that
the main purpose of this test is the acceleration response of
the slope under earthquake action, not the slope itself, the
secondary parameters of these similar materials can be
ignored.

2.4. Model Test Materials. According to the geological survey
data of the Xiangshui river slope, the overlying soil of the
landslide prototype is mainly silty clay and gravel soil,
the underlying rock layer is fully weathered basalt, and
the bedrock is strongly weathered basalt. To be more in line
with the engineering prototype, the design of the landslide of
the model slope is carried out as the fully weathered basalt
formation, and the base rock part of the slope is designed as
the strongly weathered basalt formation. In the shaking table
tests, the soil can be considered as having normal consoli-
dation, which can neglect the influence of the difference in
consolidation ratios of the prototype slope and the model
slope under excavation conditions [38, 39]. The physical and
mechanical parameters of fully and strongly weathered
basalts in the prototype slope are shown in Table 3.

For fully weathered basalt, the rock mass is very broken,
and the bond strength between the blocks is not high. The test
used river sand particles to simulate the slope rock blocks and
the clay to simulate the cement between the rock blocks.
Considering that there are many factors influencing the
strength index of similar materials in rock and soil, this
experiment adopted an orthogonal design method to perform
direct shear test on the shear strength parameters of similar
materials, using cohesive force and internal friction angle as
the control indexes. Four mixing ratios were selected for the
test, and the physical parameters obtained from the test are
listed in Table 4. It should to be noted that the inherent
cohesion is considered in the test, while the cohesion caused
by the matrix suction is ignored. The neglect of this secondary
parameter is within the allowable range.

The test results obtained in the model in Table 4 are
calculated according to the similarity ratio and compared
with the physical parameters of the fully weathered basalt in
the prototype of the slope body to obtain Figure 5.
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TasLE 1: Classification for variables by the importance degree.

Parameter type Soil Anchor cable Seismic wave
Control parameters Lop g Lpg Lop g

Key parameters 7,6 ¢, 0 o, ¢ EA, F a, t, w
Related parameters G, F Ay, & ma,u m, u —
Irrelevant parameters E I, A, M, t 7,G Lo Mat ¢ Ay w 0.7, EGLAF

Here, L is the length, p is the density, g is the gravity, m is the mass, a is the acceleration, o is the normal stress, 7 is the shear stress, ¢ is the strain; y is the shear
strain; c is the cohesion, ¢ is the internal friction angle, E is the elastic modulus, G is the shear modulus; A is the area, F is the pull out force, u is the Poisson’s
ratio, t is the time, w is the frequency, M is the bending moment, I is the moment of inertia; and A is the damping ratio.

TaBLE 2: Model design similar parameters.

Model composition Physical quantity Similarity Similar parameters
Shear stress 7 C, =C,C.Cy 20
Soil Cohles%on c Cc =C,CC, 20
Internal friction angle ¢ C, 1
Normal stress ¢ C,=C,C,C, 20
Norrsnal stress @ C, = ng 1Cy 210
train ¢ .
Anchor cable Tensile stiffness EA Cpa=C pCiC 4 20°
Pull out force F Cy=C,C;C, 20°
Acceleration a C,=¢C, 1
Seismic wave Time ¢ C, =CP°C* 4.47
Frequency w C,= CEO‘SCS‘S 0.22

TaBLE 3: Physical parameters of fully weathered basalt.

Item Cohesion (kPa) Internal friction angle (") Compression modulus Es (MPa) Base friction coefficient (i)
Fully weathered basalt 35 18 15 0.40
Strongly weathered basalt 50 20 42 0.50

TaBLE 4: Shear strength test results of material mix ratio (kg).

Mix ratio Cohesive soil River sand Gypsum powder Water Cohesion Internal friction angle
Mix ratio one 1.5 2.5 0.19 0.2 2.0 14.93
Mix ratio two 1.0 3.0 0.5 0.37 2.0 31.0
Mix ratio three 1.5 3.0 0.3 0.3 1.6 14.97
Mix ratio four 1.5 3.0 0.3 0.4 2.4 12.69

From Figure 5, the cohesive force and internal friction  anchors. Since the test mainly studies the dynamic slope-
angle, which are measured by mix ratio three, are closer tothe ~ fixing effect of BFRP anchors and steel anchors, the pre-
physical and mechanical parameters of the fully differentiated ~ stressed anchors used in the prototype slopes are all 4 mm-
basalt. Therefore, the rock mass is simulated according to the diameter BFRP and steel anchors. In addition, the exposed
mixing ratio of clay, river sand, gypsum, and water in a mass  length of the anchor is 10 cm, which is used to install the
ratio of 5:10:1:1. The material densities of the fully and the = frame and anchor. The antislide pile is simulated by a pine
strongly weathered strata were 2.04g/cm’ and 2.26g/cm’,  pile with a cross-sectional size of 8 cm x 6 cm, a pile length of
respectively. During the model filling process, different ~ 80cm, and the lengths of the cantilever section and the
compaction times of the soil body can be controlled and filled =~ embedded sections are 40 cm. Furthermore, we drilled holes
according to the different weathering degrees of the base rock ~ at positions 10cm and 20 cm away from the top of the
and the sliding body of the stratum model. To ensure the  antislide pile, with a hole diameter of 4 mm, as reserved holes
continuity of the sliding process of the model slope, the Teflon ~ for the two anchor cables passing through the lowermost
film is used to simulate the sliding belt in this test, and the layer of the slope, as shown in Figure 6(a). During the filling
viability of using Teflon plastic to simulate the sliding belt in ~ process of the model, the antislide piles in the left and right
the shaking table test is verified by some experts [34, 40]. slopes were fixed first, followed by filling layer by layer, and

Considering that prestressed anchors are more difficult ~ then the steel and the BFRP anchor cables were implanted in
to implement in the model tests, it is difficult to find a  the left and the right slopes, respectively. What we need to
suitable anchorage simulation material based on the 1:20  clarify is that the angle between the anchoring cables and the
similarity ratio in the selection of similar materials for  horizontal plane is 20°, and the anchor cables should be
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FIGURE 6: Schematic diagram of materials for model slope body. (a) Antislide pile. (b) Left slope steel anchor cable. (c) Right slope body

BFRP anchor cable.

straight and not bent when inserting it into the reserved hole
of the antislide pile. The implantation process of the anchor
cables on the two antislide piles on the left and right slopes is
shown in Figures 6(b) and 6(c).

2.5. Model Making and Measuring Point Layout. During the
filling process, the steps of layered filling and layered
tamping are used. Each layer is filled with a thickness of
approximately 20 cm, and the ramming times of the sliding
bed exceed that of the sliding body. A Teflon plastic film is
used to simulate a sliding belt at the interface of the sliding
bed and the sliding body. The anchor is placed in advance
during the slope body filling process and the anchors should
pass through the Teflon film hole. In this test, a 5cm thick
polystyrene shock-proof foam was used in the middle to

divide the model into two panels to prevent the interaction
between the models. The left piece was an antislide
pile + steel anchor + frame structure to reinforce the slope,
while the right piece was an antislide pile+BFRP
anchor + frame structure to reinforce the slope. The filling
process of the model is shown in Figure 7.

The acceleration sensor used in the test was a DH301
three-phase capacitive acceleration sensor, and the detailed
parameters of the acceleration sensor are listed in Table 5.

A total of 15 acceleration sensors were employed in this
experiment; one acceleration sensor was arranged on the
shaking table and 7 acceleration sensors were arranged on
each of the two left and right slopes, as shown in Figure 8.
Acceleration monitoring section I is set in the middle of the
second-grade slope, whereby 3 acceleration sensors are
arranged vertically, and 4 acceleration sensors are arranged
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(a)

(©)

Figure 7: Filling process of test model. (a) Model material filling. (b) Anchor arrangement. (c) Frame installation and locking. (d) Model

production completed.

TaBLE 5: Main technical indicators of DH301 series three-way capacitive acceleration sensor.

Model DH301 Numbering 121005
Sensitivity (mV/m-s2) Y)/(Za:;:sfggg Frequency range (Hz) (+3 dB) X/Zyazg ()(:;1()5(? 0
Range +20 m/s’ Install resonance 12kHz
Acceleration overload 5x10" m/s> Lateral sensitivity <5%
Supply voltage DC8V~DC16V Input Side
Operating temperature -20~80°C weight ~9¢g
Installation method Bonding Dimensions 13 x15x 8 mm

vertically in section II. The position of the left slope sensor is
the same as that of the right slope, and the acceleration
sensor numbers in the left slope are L1-L7 (R1-R7 in the
right slope) in corresponding order. Since only the hori-
zontal seismic action is loaded in this test, only the hori-
zontal channel of the sensor is used in the test.

2.6. Design of the Test Loading Scheme. The seismic wave
employed in this test is the form widely used by scholars in the
field of seismic research globally, that is, the EL-Centro wave.
This wave was the first seismic wave with a maximum ac-
celeration of more than 300 gal captured in the United States in
1940 [41]. In the shaking table test, if the time compression
ratio of seismic wave is less than 1: 3.16, it will cause the seismic
wave spectral components to be too complex and produce
distortion, which will lead to adverse effects on the acquisition
and processing of test data [42]. The seismic waves in the test
were not compressed in a similar ratio, and the original wave of

the EL-Centro wave was input during the test. The acceleration
time history curve of the EL-Centro wave at the measuring
point of the shaker table when the peak value of the input wave
was 0.1 g (case 1) is shown in Figure 9(a). The sampling interval
was 0.00156 s, and the main vibration time was approximately
25-65s, a total of 40 s. In addition, the excellent frequency of
the Fourier spectrum is 1.0-2.5Hz, and the maximum am-
plitude is approximately 0.015, as shown in Figure 9(b).

Since horizontal earthquakes are the main cause of
landslides and damage to the retaining structures, EL-
Centro waves were used in the X-direction loading method
in this shaking table test [43]. To determine the influence of
the changes in the slope natural vibration frequency and
damping ratio on the dynamic parameters of the test model
during the test, a sine sweep frequency of 0.05 g (0.1-50 Hz)
was input when the acceleration peaks before and after the
test changes.

There are 10 working conditions in this test (excluding
the white noise). To meet the seismic design requirements of
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Figure 9: EL-Centro wave acceleration time history curve and Fourier spectrum. (a) EL-Centro wave acceleration time history curve.

(b) EL-Centro wave Fourier spectrum.

the prototype area, the peak values of input waves are 0.1
(0.15),0.2,0.3, and 0.4 g, respectively. In addition, to explore
the failure mode of the slope model under the action of
strong earthquakes, seismic wave excitations of 0.6g, 1.0g
and 1.4 g were, respectively, designed to load the model. The
loading system is shown in Figure 10.

3. Analysis of Test Results

3.1. Analysis of the Acceleration Amplification Factor. To
study the amplification effect of the slope response accel-
eration, the acceleration amplification factor (PGA) in the
slope body is defined as the ratio of the peak acceleration
value at each measuring point to the peak acceleration value
of the vibration table. We considered the acceleration
magnification factor of R7 measuring point of section II in
the right slope as an example. Suppose the maximum value
in the acceleration time-history curve of R7 measuring point

under a certain seismic wave is max (R7), while the maxi-
mum value in the acceleration time history curve is max
(table), then the acceleration amplification factor « is

. max (R7)
" max (table)

(4)

The relationship between the acceleration amplification
factor of the BFRP and the steel anchors supporting the slope
and the peak value of the input seismic wave under the
action of the horizontal EL-Centro wave in each working
condition is shown in Figures 11 and 12. With the increase in
the peak value of the input wave, the acceleration amplifi-
cation factors of sections I and II in the left and right slopes
have obvious segmentation, which can be divided into
(1)-(5) stages. When the peak value of the input wave is not
greater than 0.2 g, that is, under the excitation of the small
amplitude of seismic waves, the stress state of the slope body
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is at stage (1). It can be considered that the slope body is
basically in the elastic stage, and the acceleration amplifi-
cation factor of each measurement point follows the peak
value of the input wave. The increase shows a linear de-
creasing trend. When the peak value of the input wave is
0.2g~0.3 g, it can be considered that the slope body is in the
plastic stage ((2)), and the acceleration amplification factor
changes from a strong elastic characteristic to a strong plastic
characteristic. Meanwhile, when the peak value of the input
wave is 0.2g, the relationship between the acceleration
amplification factor of each measuring point and the peak

value of the input wave shows a “sawtooth” distribution. This
is because after the action of the 0.2 g seismic wave, the slope
body was partially destroyed, and the change in the slope
geometry and the force status had an impact on the
propagation law of acceleration. When the peak value of the
input wave is 0.3~0.4 g, the slope body is in stage (3). With
an increase in the peak value of the input wave, the accel-
eration magnification coefficient of each measuring point
decreases sharply. This indicates that in this process, the
dynamic shearing of the modulus decreases, the damping
ratio increases, and a sliding surface or potential sliding
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slope body is in a plastically enhanced state during the

surface may be generated in the slope, which is consistent
with the study of Chen Chen et al. [44]. For monitoring
section I, when the input wave peak value is 0.4 g~0.6 g, the
slope body is in a plastically strengthened state ((4)); when
the input wave peak value is 0.6 g~1.4 g, the slope body is in
the destruction stage ((5)). For monitoring section II, the

process when the input wave peak value is 0.4 g-1.0g; ((4))
when the input wave peak value is 1.0 g~1.4 g, the slope body
is in the stage of destruction ((5)).

From Figures 11(b) and 12(b), the magnification factors of
the measurement points R5 (L5), R6 (L6), and R7 (L7) under
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the action of a seismic wave of 0.4 g-1.0 g increase again, and
the increase in the acceleration amplification factor at the
measuring point R7 (L7) at the top of the monitoring section II
is particularly evident, indicating that after the action of the
0.4 g seismic wave, the left and right sides of the slope slip zone
and the slope body at the position of the sliding body began a
further deformation stage. This deformation phenomenon
should mainly be reflected by the collapse of the soil at the top
of the slope. When the peak value of the input wave is 1.4 g, the
acceleration amplification factor values of the measuring points
R5 (L5), R6 (L6), and R7 (L7) are significantly reduced.
Combined with the analysis of the test phenomenon, it can be
observed that the slope surface flow, antislide pile top dis-
placement, and other phenomena appear on the slope body,
which indicates that the slope body has suffered serious damage
under the action of seismic waves in this working condition.

Based on the above analysis, the deformation state of the
slope supported by steel and BFRP anchors is consistent under
the earthquake action of various working conditions. To an-
alyze the dynamic response of the slope body at the main
deformation stage, 0.15 g, 0.4 g, and 1.4 g working conditions of
the slope body under elastic, plastic, and failure conditions,
respectively, are selected as the characteristic working condi-
tions. These three working conditions are regarded as low,
medium, and strong earthquakes, respectively.

3.2. Slope Failure Analysis. During the test, the deformation
of the two left and right slopes was recorded in the form of
photos and sketches, as shown in Figures 13-15. After the
seismic wave input of 0.3 g, the slope supported by the right
BFRP anchor did not show obvious damage, but the slope
supported by the left steel anchor the phenomenon of soil
seismic subsidence appeared in the third-grade slope. Under
the action of a seismic wave with a peak input acceleration of
0.6 g, the lateral cracks on the top of the right slope under the
action of 0.4 g of seismic wave continued to develop. After
the 0.6g seismic wave loading was completed, the crack
length was 45 cm, which was an increase from the original
15cm, and the crack width also increased, as shown in
Figure 13(a). In addition, under the action of a 0.6 g seismic
wave, the slope body supported by the left steel anchors had
three parallel diagonal cracks at the position of the secondary
slope slip zone, all of which were oriented toward the foot of
the slope, as shown in Figure 13(b).

When the input wave peak value is 1.4 g, the left and
right slope bodies are damaged in different degrees. The
exposed length of the steel bolt at the top of the left slope
reaches 14 cm, and the exposed length of the BFRP bolt is
smaller than that of the steel bolt (about 8 cm), as shown in
Figure 14(a). Furthermore, the slope flow phenomenon
appeared on the surface of the two slopes, a large amount of
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F1GURE 15: The final deformation of the slope. (a) Top view of slope deformation. (b) Deformation of the right slope. (c) Deformation of left slope.

soil on the slope body was peeled and collapsed, and the
slope flow supported by the right BERP anchor was mainly
manifested in the middle of the slope. At the lower position,
the slope flow supported by the left-side steel anchors is
mainly reflected at the upper position of the slope, as shown
in Figure 14(b). It can be observed from Figure 14(c) and
14(d) that under the action of a seismic wave of 1.4 g, the
antislide piles of the two left and right slopes have a forward
tilt phenomenon, and the displacement of the pile top is
approximately 2 cm.

The failure process of the anchors under the action of an
earthquake is first that the axial force of the anchors reaches
the limit and yields, and then the sliding body undergoes a
large horizontal deformation, which causes the anchors to be
damaged by a large shear force at the weak structural surface.
It also exacerbates the development of horizontal

deformation of the sliding body and eventually leads to the
failure of the anchor-supported slope. However, the pro-
tective mechanism of BFRP anchors and steel anchors when
reinforcing the slope is slightly different:

(1) The slope protection mechanism of steel anchors
under seismic loadings is that the steel anchors
produce restraint forces on the shear deformation
and relative displacement of the slope. This restraint
mainly includes preventing the slope body from
sliding along the weak surface, preventing shear
failure surface in the slope body, and preventing
relative rotation of the blocks in the slope. Therefore,
steel anchors can well limit the deformation of the
rock mass and improve the stability of the slope in
the case of low seismic intensity.
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However, under the conditions of strong earth-
quakes, the anchored rock mass deforms greatly, and
it is generally difficult for conventional prestressed
steel anchors to continue to limit its deformation. At
this time, the anchors as the rigid structure are easy
to be broken owing to their insufficient deformation
capacity or overload under instantaneous impact
load, leading to slope instability. Therefore, the BFRP
is used to replace the traditional steel anchors.

(2) The slope protection mechanism of BFRP anchors
under seismic loadings is to make full use of its
relatively high tensile strength and low modulus of
elasticity, increase the shear strength of the anchor,
improve the stress state of the slope, and make the
anchor have better stress transfer characteristics. In
addition, when the anchors are damaged under the
action of an earthquake, BFRP anchors as the flexible
structure can allow the slope to appear as proper
displacement, and the flexibility and ductility of the
anchor can coordinate the deformation of the slope.
Furthermore, BFRP anchors can consume part of the
seismic wave energy through multiple refraction and
reflection of seismic waves, resulting in a smaller
impact of seismic waves on BFRP anchors’ sup-
porting slopes.

In addition, the macroscopic damage phenomenon during
the test in Figure 15 also shows that the two supporting
structures have different protection mechanisms. Figure 15(a)—
15(c) are the final deformation of the top of the slope, left slope
and right slope, respectively. It can be obtained from
Figure 15(a) that three transverse tension cracks appear on the
left slope at the embedding position of the sliding belt on the
top of the slope, and the strike of the cracks is parallel, while a
transverse tension crack appears on the top of the right slope,
which connects with the widest transverse crack on the left
slope. At the same time, by comparing Figure 15(b) and 15(c),
there are three diagonal cracks near the sliding zone after the
secondary slope of the left slope, while there are no obvious
oblique cracks along the slip zone of the right slope, and it is
found that the soil collapse at the top of the left slope is more
serious. Furthermore, the exposed length of the BFRP anchors
are smaller than that of the steel anchors when the slope is
finally damaged, which shows that the BFRP anchors can
improve the stability of the slope in support engineering and
make the overall working performance of the slope better.

4. Discussion

4.1. Analysis of Changes in Acceleration Response Spectrum.
For the acceleration measurement points, the data collected
in the shaking table test are the curves of acceleration with
time at different measurement points. The data cannot
express the dynamic damage mechanism of the slope under
the action of seismic waves and its excellent periodic changes
(law). Therefore, this section introduces the response
spectrum analysis method often used in seismic wave
processing. Through the shape of the acceleration response
spectrum, the dynamic response characteristics of the slope
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can further be analyzed, which can provide an important
reference for the design of slope management (value).

To study the variation law of the acceleration response
spectrum of the slope supported by BFRP and steel anchors
along the elevation, in this section, the input wave peak value
is selected as a low earthquake (0.15 g), medium earthquake
(0.4 g), or strong earthquake (1.4 g). The acceleration mea-
surement points at the left and right of the two slopes in
section II under the action of earthquake (1.4 g) are con-
sidered as the research objects. Their numbers are R5 (L5),
R6 (L6), and R7 (L7) respectively, and each measurement
point is away from the bottom of the slope. The vertical
distances are 0.85m, 1.15m, and 1.45m, respectively.
Figures 16-18 show the acceleration response spectrum
curves of each measurement point at the left and right of the
two slopes in section II under the action of low, middle, and
strong earthquake seismic waves, respectively. The engi-
neering method is used to calculate the acceleration response
spectrum. The commonly used damping ratio is 5%, and the
response spectrum curve is smoothed by the 25-point ad-
jacent average method in the Origin software, which aims to
clearly express the excellent period of the acceleration re-
sponse spectrum.

In Figures 16-18, the trend of acceleration response
spectrum at each measurement point of the slope supported
by BFRP and steel anchors is basically the same, with ob-
vious peak characteristics. In the short period
(T=0.02~0.22 s), the response spectrum distribution curve
of each measuring point has obvious amplification effect
along the elevation, while in the remaining long period (low
frequency part), the amplification effect of the response
spectrum curve of each measuring point along the elevation
is not obvious. In addition, with the increase of the pre-
dominant period, the amplitude of the response spectrum
decreases, and the amplitude of the acceleration response
spectrum is basically 0 when the predominant period is 2 s.

From the perspective of seismic wave energy transfer, the
higher the strength and rigidity of the rock and the soil, the
more conducive it is for the transfer of energy, and the more
obvious is the acceleration amplification effect along the
vertical, horizontal, and open surfaces of the slope. It shows
that the slope near the monitoring section has better in-
tegrity; therefore, the slope acceleration response is closely
related to the local damage mode of the slope rock and soil.
To more clearly show the difference of the slope strength-
ened by BFRP and steel anchor, the acceleration response
spectrum amplitude and predominant period of each
measuring point in Figures 16-18 are extracted, as shown in
Table 6.

It can be obtained from Table 6 that the response
spectrum amplitudes of L5 and L6 in the middle of the left
slope reinforced with steel anchors are close, while the re-
sponse spectrum amplitudes of L7 in the upper slope and the
other two measurement points in the middle slope are
relatively different. Taking the 1.4 g seismic wave loading
condition as an example, the acceleration response spectrum
amplitude of L6 is 30.35 m/s? and that of L7 is 38.62 m/s’,
which is 27.1% higher than that of L6, indicating that the
accumulated damage may occur in the soil near L7, which
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leads to the difference. However, the response spectrum
amplitudes of R7 in the upper slope and R5 and R6 in the
middle of the right slope were reinforced with BFRT
anchors, and there is no obvious zoning feature along the
elevation. The results show that compared with the slope

supported by steel anchors, BFRP anchors can improve
the overall stability of the slope, especially limit the dy-
namic response of the middle and lower part of the slope.
Although the model is damaged under the action of 1.4 g
seismic wave, the BFRP anchor can still exert the flexibility
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and ductility of its material, and effectively delay the
failure time of the slope.

Furthermore, under the same working condition of
loading seismic waves, the amplitude of the acceleration
response spectrum of the right slope reinforced by BFRP
anchor is smaller than that of the corresponding mea-
surement point of the left slope reinforced by steel anchor,
indicating that the dynamic response of the left slope is more
severe under the action of the seismic wave. Taking the
response of L7 and R7 under 1.4g seismic wave loading
condition as an example, the acceleration response spectrum
amplitude of R7 is 35.66 m/s>, and that of L7 is 38.62 m/s’,
which is 1.08 times of R7. This is because the flexible effect of
BFRP anchor itself makes it play a certain role in energy
dissipation of the seismic wave, which effectively reduces the
impact of the seismic wave on the slope itself, and leads to
the phenomenon of smaller amplitude of acceleration re-
sponse spectrum in the right slope. In addition, with the
increase of the peak value of the input wave, the predom-
inant frequency of the left and right slopes decreases (the
predominant period increases), which indicates that the
nonlinear characteristics of the slope become more obvious.
The soil has a filtering effect on the high-frequency seismic
wave and an amplifying effect on the low-frequency seismic
wave.

4.2. Analysis of the Change Law of the Displacement Spectrum.
The seismic response spectrum mainly reflects the impact of
earthquakes on the structure and can characterize the
natural frequency (period) of the structure, which is widely
used in evaluating the dynamic response of the structure. It
has been reported that soil slope or rock slope as a structure

will change its natural frequency (period) when a large local
deformation or failure occurs. Therefore, in this section, the
acceleration response measured at the measuring points R5
(L5), R6 (L6), and R7 (L7) in the left and right slopes are
selected to calculate the respective displacement spectra (S,)
of the two slopes. Figure 19 shows the displacement spec-
trum distribution of the left and right slopes under the action
of low earthquakes (0.15g), moderate earthquakes (0.4 g),
and strong earthquakes (1.4 g).

In Figure 19, when the peak value of the input wave
increases, the values of the displacement spectra in the two
left and right slopes also increase. In addition, under the
three operating conditions, the characteristic period cor-
responding to the maximum value of the displacement
spectrum is 0.8 s, indicating that the seismic wave at 1.25 Hz
has the greatest influence on the deformation of the slope.
When the characteristic period is greater than 1.5s, that is,
the seismic wave frequency is less than 0.67 Hz and the
characteristic period is less than 0.4s, that is, the seismic
wave frequency is greater than 2.5Hz, the displacement
spectra of the left and right slopes are small.

In Figure 19(a), under the action of low earthquakes, the
displacement spectrum amplitudes of the two left and right
slopes are less than 5.3 cm. As the height of the arrangement
along the measuring point increases, the displacement
spectrum also increases, and the displacement spectrum
values of the measuring points L7 and R7 at the location are
the largest, respectively, 5.25 cm and 4.71 cm. Moreover, the
displacement spectrum value of each measuring point in the
left slope is greater than that of the corresponding measuring
point of the right slope. In the remaining two working
conditions, the displacement spectrum also shows the same
distribution law. In Figure 19(c), under the action of strong
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TABLE 6: Acceleration response spectrum amplitude and predominant period under various working conditions.

Input peak Measuring point Amplitude (m/s®) Predominant period (s)
L5 411 0.16
R5 3.51 0.16
L6 4.22 0.16
Low shock (0.15g) R6 410 0.16
L7 4.84 0.14
R7 4.38 0.14
L5 10.98 0.18
R5 9.80 0.20
. L6 11.82 0.18
Middle shock (0.4 g) R6 11.41 0.18
L7 13.76 0.16
R7 12.65 0.16
L5 28.40 0.20
R5 26.79 0.20
L6 30.35 0.20
Strong shock (1.4 g) R6 28.86 0.20
L7 38.62 0.18
R7 35.66 0.18
Sd
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FIGURE 19: Displacement spectrum of the slope body under the action of low, middle, and strong earthquakes. (a) Displacement spectrum
under alow earthquake (0.15 g). (b) Displacement spectrum under a moderate earthquake (0.4 g). (c) Displacement spectrum under a strong
earthquake (1.4 g).
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earthquakes, both slopes are damaged. The maximum dis-
placement spectrum of the left slope is at the measuring
point of L7, and its value is 39.5 cm, while that of the right is
at R7 and its value is 34.3 cm. The results indicate that when
the BFRP anchor is used in slope supporting engineering, it
can enhance the deformation limit of the slope body, which
is beneficial to improve the seismic performance of the slope
body.

The displacements of the left and right slopes under
various conditions are shown in Figure 20. For the left and
right slopes, the slope displacement also increases with the
increase of the input peak acceleration. When the peak value
of the input wave is 0.2 g and 0.4 g, the displacement of the
left and right slopes, respectively, has a sudden change.
The reason is that, the slope changes from the elastic stage to
the plastic stage under the action of 0.2 g seismic wave, and
the sliding surface of the slope is formed under the action of
the 0.4 g seismic wave. We were convinced that as the cu-
mulative damage inside the slope increased, cracks gradually
increased (consumption of seismic energy) and the filtering
effect became more and more intensified. In the plastic
enhancement stage, the amplitude of the dynamic stress
intensity factor of the rock mass increased to its fracture
toughness, resulting in a sharp decrease in the number of
microscopic cracks and a significant increase in the damage
rate. The accelerated expansion into macroscopic cracks and
the slope displacement increases gradually. Furthermore, the
integrity of the slope rock mass is seriously damaged and its
bearing capacity is significantly weakened (critical instability
stage), and further penetration of macro cracks will promote
the failure of the model.

Comparing Figure 20(a) and 20(b), it can be found that
the displacement of the slope reinforced by steel anchor is
greater than that reinforced by the BFRP anchor, except for
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the R5 under the seismic action of the 0.6 g. Taking the 1.4 g
extreme seismic wave loading condition as an example, the
displacement of L5, L6, and L7 is 35.86, 35.97, and 39.55 cm,
respectively, while the displacement of R5, R6, and R7 is
34.19, 34.88, and 35.38 cm, respectively, which is 95.3%,
96.9%, and 89.4% of L5, L6, and L7, respectively. In addition,
the displacement change of the upper measuring point L7 on
the left slope is more obvious than that of R7 of the right
slope. When the slope is destroyed under the action of an
earthquake, BFRP anchors as the flexible structure can allow
the slope to appear as proper displacement, and the flexi-
bility and ductility of the anchor can coordinate the de-
formation of the slope. It shows that the seismic effect of
BFRP anchor in slope support is better than that of steel
anchor, and it can limit the displacement of the slope better.
Furthermore, the macroscopic test phenomenon also
confirmed from the other side that the deformation and
damage caused by the BFRP anchored slope are less than
that of the steel anchored slope. These research results show
that when the BFRP anchor is used as a flexible material in
slope support engineering, it can make full use of its ad-
vantages, such as higher tensile strength, lower elastic
modulus, and better ground stress transfer characteristics,
relative to steel anchor. It can effectively adapt to the de-
formation of the slope, reduce the seismic damage caused by
the different dynamic responses of the slope at different
height positions, and has good antiseismic performance.

5. Conclusion

To study the dynamic response of the slope reinforced by
BFRP anchors under earthquake and verify the possibility
and superiority of BFRP anchors instead of steel anchorsin a
high-intensity earthquake area, a large-scale shaking table
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test of two kinds of anchors for slope reinforcement was
carried out. The acceleration dynamic response and dis-
placement dynamic response of slopes with BFRP and steel
anchors are compared, and the conclusions are as follows:

(1) The slope model reinforced by BFRP and steel an-
chors showed a significant deformation stage during
the seismic wave loading process, that is, elastic,
plastic (potential sliding surface and plastic
strengthening), and failure stages, respectively. The
slope model was in the elastic stage before the 0.2 g
seismic wave, gradually entered the plastic stage after
the 0.4 g seismic wave, and was basically destroyed
under the 1.4 g seismic wave.

(2) The peak acceleration and displacement of the slope
reinforced by steel anchors are greater than those of
the slope reinforced by BFRP anchors under the
same working conditions of seismic waves. Fur-
thermore, the BFRP materials can absorb and reflect
part of the energy, and the flexibility effect of BFRP
anchors has an obvious energy dissipation effect and
a certain attenuation effect on the seismic wave.

(3) With the increase of the amplitude of the loading
seismic wave, the predominant frequency of the
slope model decreases, which indicate that the
nonlinear characteristics of the slope has become
more obvious. The soil has a filtering effect on the
high-frequency seismic wave and an amplification
effect on the low-frequency seismic wave.

(4) When the BFRP anchors as a flexible structure to
reinforce the slope, it can allow proper displacement
of the slope, which can play a role in coordinating the
deformation of the slope compared to steel anchors.
Furthermore, the BFRP anchors can improve the
overall stability of the slope. It can especially restrain
the dynamic response of the middle and lower parts
of the slopes.
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