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Abstract

Time-frequency joint analysis was used to investigate the seismic response of rock slopes containing weak structural planes. Four
three-dimensional finite element models containing infinite element boundaries were modelled: homogeneous slope, anti-dip
slope, bedding slope, and block slope models. The material of the models was elastic material. The influence of the structural
planes on the seismic responses of the slopes was systematically analyzed. The results of time-frequency joint analysis show that
the structural planes impact the propagation characteristics of the waves and the dynamic amplification effect of the slopes. The
wave propagation characteristics and peak ground acceleration distribution of the block slope model are more complex than those
of the other models. The influence of structural planes on the amplification effect of the slopes is discussed. Additionally,
according to frequency-domain analysis, structural planes have a small impact on the natural frequencies and the peak Fourier
spectrum amplitude distribution of the slope but have a significant influence on its dynamic deformation characteristics. The
natural frequencies of slopes can be obtained by using modal analysis and Fourier spectrum analysis. The relationships between
the natural frequencies of the slopes and their dynamic deformation characteristics were analyzed; in particular, the impacts of
low-order and high-order natural frequency on the deformation of the surficial slope were investigated. The applicability of the
energy spectrum in the evaluation of the dynamic deformation characteristics of slopes was discussed. The effects of structural
planes on the seismic failure mode of the slopes are identified according to the analyses of the dynamic responses of the slopes.

Keywords Wave propagation characteristics - Seismic response characteristics - Time-frequency joint analysis - Failure
mechanism - Rock slope - Weak structural planes

Introduction also represent a relevant risk to structures and infrastructures

(Gischig et al. 2015). Engineering experiments have demon-

The terrain in Southwest China is complex, and its topography
is mainly characterized by mountains (Yu et al. 2014; Tang
et al. 2015; Chen et al. 2020; Du et al. 2020). Frequent earth-
quakes resulting in different scales of landslides often occur in
Southwest China (Wei et al. 2014; Zhang et al. 2017). In pop-
ulated mountainous areas, landslides and rockfalls are consid-
erable natural threats to the daily lives of the locals, and they
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strated that the dynamic stability of rock slopes has been an
important topic in geotechnical engineering (Fan et al. 2016).
Multitudes of joints, which constitute weak structural sur-
faces, are widely distributed throughout rock slopes (Li et al.
2019b; Cecconi etal. 2019; Yong et al. 2018; Sun et al. 2019).
Weak structural planes greatly impact the dynamic failure
mode of rock slopes (Liu et al. 2008; Liu et al. 2018a, b;
Song et al. 2018a, b; Liu et al. 2020b). The failure modes of
rock slopes caused by structural planes mainly include land-
slides, collapses, and creep (Wang 2010; Lin et al. 2016; Liu
etal. 2019). The main failure modes of bedding slopes include
slip-shear failure, slip-tensile failure, slip-bending failure, and
bend-tensile failure, as shown in Fig. 1la (Wang 2010). The
typical failure modes of anti-dip slopes are mainly divided
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Fig. 1 Typical failure mode of rock slopes with weak structural planes: a bedding slopes (Wang 2010); b anti-dip slopes (Goodman and Boyle 1987)

into bending toppling deformation, block toppling deforma-
tion, and block bending deformation, as shown in Fig. 1b
(Goodman 1976). Structural plane distributions are highly
complex due to the uncertainties in their geometrical and me-
chanical parameters (Fan et al. 2016; Song et al. 2018a, b),
which makes the seismic failure mode of slopes very compli-
cated. In addition, structural planes have a significant effect on
the seismic response of slopes (Li et al. 2019b; He et al. 2020;
Liu et al. 2020a, b; Song et al. 2020a, b). In essence, the
seismic response of rock slopes is the disturbance effect of
waves propagating in the rock mass (Bettess and
Zienkiewicz 1977), and the presence of numerous structural
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planes results in the obvious anisotropy of the rock mass.
Wave propagation through the structural planes will cause
obvious wave refraction and reflection effects, leading to sig-
nificant changes in the propagation characteristics of the
waves and causing an energy decomposition effect of the
wave field (Lenti and Martino 2012; Kumar and Kaur
2014), which further impacts the dynamic amplification ef-
fects of slopes (Fan et al. 2016; Li et al. 2018; Song et al.
2019; Song et al. 2020a, b). However, due to the existence
of discontinuities in rock slopes, the seismic wave propagation
characteristics in rock masses and their impacts on the dynam-
ic response of slopes are more complex (Kumar and Kaur
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Table 1

Physico-mechanical parameters of material parameters of the slope

Physical and mechanical parameters ~ Density, p/kN/m*

Poisson’s ratio, jt

Dynamic elastic
modulus, £/GPa

Friction angle, ¢ (°)  Cohesive force, ¢ (kPa)

Moderately weathered sandy slate 28.5 0.30
Structural surface 24 0.4

10.0 49.0 2300
0.6 18.1 1200

2014; Zhang et al. 2017; Liu et al. 2018a, b; Zhang et al.
2020). In particular, the seismic failure mechanism of slopes
with different structural planes should be systematically
analyzed.

Many scholars have adopted the acceleration response to
investigate the seismic response of rock slopes in the time do-
main (Zhang et al. 2017; Li et al. 2018; Zhang et al. 2020).
Time-domain analysis has become one of the most direct and
effective methods used to evaluate the dynamic stability of
slopes (Fan et al. 2016; Li et al 2019a). However, seismic waves
have many complex frequency components, and if a rock mass
is characterized by nonuniformity, nonlinearity, and anisotropy,
it is difficult to fully reveal the influence of the frequency com-
ponents on the wave vibration characteristics in the time do-
main. Some scholars have used Fourier spectrum analysis to
investigate the seismic response characteristics of slopes in the
frequency domain (He et al. 2016; Fan et al. 2017; Song et al.
2019; He et al. 2020), and the results show that frequency-
domain analysis cannot be neglected. To fully consider the char-
acteristics of seismic waves, some scholars used the Hilbert-
Huang transform (HHT) method to investigate the seismic re-
sponse of slopes in the time-frequency domain (Yang et al.

Fig. 2 Location of the study area 99°1§'0"E

99°3Q'0"E

2015; Fan etal. 2016; Song et al. 2020a, b). However, at present,
the study of the seismic response of slopes attaches great impor-
tance to a single domain but ignores the time-frequency joint
analysis, limiting the elucidation of the seismic response char-
acteristics of rock slopes. Given the abovementioned analysis
and the complexity of the seismic response of rock slopes, it is
urgent to establish a time-frequency joint analysis method that
can reveal the seismic response characteristics and failure mech-
anisms of rock slopes from all perspectives.

In this work, the seismic responses of rock slopes with
discontinuities were investigated by using finite element nu-
merical simulation based on the time-frequency joint analysis
method. The time-frequency joint analysis method fully con-
siders the mutual verification and expansion of the analysis
results of the time, frequency, and time-frequency domains.
FEM dynamic analyses are conducted on four models, includ-
ing a homogeneous slope, a bedding slope, an anti-dip slope,
and a block slope. According to the dynamic acceleration
response, modal analysis, Fourier spectrum, and seismic
Hilbert energy spectrum of the slopes, their seismic response
is systematically investigated and compared. The effects of the
frequency components of waves on the dynamic response of
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Fig. 3 a Foliated slate. b Foliated
basalt

slopes were analyzed. The dynamic response characteristics of
slopes are analyzed using an energy-based method, and the ap-
plicability of the energy spectrum in the evaluation of the dy-
namic response of slopes is discussed. The influence of topo-
graphic and geological factors on the seismic response charac-
teristics of the slopes is explored. The impacts of structural
planes on the dynamic responses and failure mechanisms of
the slopes are clarified. The failure modes of the slopes with
different types of structural planes are identified. The time-
frequency joint analysis can further deepen the understanding
of the seismic response of rock slopes and provide theoretical
support and a methodology for research on the dynamic re-
sponses of rock slopes.

Three-dimensional FEM dynamic analyses
Case study

The geographical location of the study area and Jinsha River
Bridge is shown in Fig. 2. The study area is a deep valley
landform, and several faults cross the Jinsha River obliquely.
The bridge site is located in a high mountain valley area with
tectonic denudation. In particular, the metamorphism of the
slope is more intense than the surrounding area, and basalt
schist, slate schist, and phyllite joints and fractures are devel-
oped, resulting in generally fragmented rock masses. The over-
burden and rock mass slope at the front of the bank slope are
generally unstable, as shown in Fig. 3. The bridge site is locat-
ed in a seismic belt, the Zhongdian-Dali seismically controlled
tectonic belt, which has a high seismic activity intensity, and
frequency. Since seismic recording began in the study area,
many earthquakes have occurred there. The average gradient
of the slope is approximately 40°, and the slope surface con-
tains 0—5 m of slope colluvial rubble soil and breccia soil. The
slope contains three weak-bedding-related structural planes
and many toppling structural planes. The lithology of the slope
is mainly composed of moderately weathered foliated basalt,
moderately weathered sand-bearing slate, and a fault fracture
zone (Fig. 4). The slope surface is strongly wind-blown-sand-
bearing slate, and the anchoring and piers of the Jinsha River
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bridge are located in the moderately weathered sand-bearing
slate. In the middle of the slope surface, the platform is approx-
imately horizontal. The geological profile of the slope is shown
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Fig. 4 Engineering geological conditions of the slope: a engineering
geologic map; b the geological longitudinal section (line 1-1" in a) of
the slope
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Fig. 5 Numerical model: a slope generalization model and setting of
boundary conditions; b three-dimensional mesh model

in Fig. 4. The physico-mechanical parameters of the rock mass
and the structural planes are obtained by combining a field test
and laboratory tests, as shown in Table 1.

Three-dimensional finite element numerical models

ABAQUS/Explicit was used as the solver for the three-
dimensional (3D) FEM dynamic analysis of the slope
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Fig. 6 AS wave: a acceleration time history; b Fourier spectrum

(Che et al. 2016; Song et al. 2020a, b). Considering the
slope properties, the 3D finite element model is
established, and the model scale is the same as the slope.
The geological generalization model of the slope is shown
in Fig. 5a. In finite element dynamic analyses, the
optimization of the model boundary conditions and the
model subdivision size are of great significance for the
accurate simulation of wave propagation in discontinuous
media. Discontinuities such as faults, joints, and fractures
are treated as special joint elements in the continuum
numerical method. To simulate rock mass fractures,
Goodman and Boyle (1987) proposed the finite element
joint element, which is a linear element with four nodes
but without thickness. The accuracy and efficiency of
calculation should be taken into consideration when
conducting grid division. Kuhlemeyer and Lysmer (1973)
proposed that the size of the grid unit should not exceed
1/8—1/10 of the shortest wavelength in the model, the grids
of structural planes should be set as single-layer grids, and
the grids of the rock mass should be set as quadrilateral
grids. Since it is difficult to use a quadrilateral grid with
the considerable gradient of the topography and landform
of the slope, these irregular areas are discretized with tri-
angular grids, and the mesh division is shown in Fig. 5b.
The influence of different physical properties of rock mass
media on wave propagation is considered during dynamic
analysis. The connection mode between the rock mass and
structural surface is set as a nonsurface contact connection
mode using the tie connection method without setting the
viscous damping. Tie connections are used to connect two
surfaces, which makes the physical properties of the sur-
faces the same (Che et al. 2016; Song et al. 2020a, b).
To investigate the effects of structural surfaces on the seis-
mic responses of slopes, four finite element models are
established: model 1 (homogeneous slope), model 2 (anti-dip
slope), model 3 (bedding slope), and model 4 (block slope with
discontinuities). The model size is 1283 x 605 x 559 m>. The
rock mass in the slate area is modelled by a quadrilateral grid,
and the quadrilateral is a square grid with 5 m, which is less
than 1/8—1/10 of the shortest wavelength. An infinite element
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Fig. 7 Acceleration distribution in the process of wave propagation through the slopes: a model 1; b model 2; ¢ model 3; d model 4

boundary is set at the edge of the models to simulate the
semi-infinite ground conditions. Moreover, the material of
the models is regarded as elastic material, and the material
parameters are listed in Table 1. To avoid the adverse
effect of gravity on the rock mass, the geostress balance
calculation is carried out before the FEM dynamic calcu-
lation. A horizontal artificial synthetic (AS) wave
(0.074 g) is applied at the bottom of each of the four
models. The dominant frequency of the AS wave is 4.5—
5.5 Hz, with a duration of 40 s, as shown in Fig. 6.
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Seismic response of slopes based
on time-domain analysis

Wave propagation characteristics through the slopes

To clarify the wave propagation characteristics through the
slopes, the wave propagation process in the models is shown
in Fig. 7. Figure 7 a—c show that in homogeneous and anti-dip
slopes, when waves propagate from the bottom slope to the
platform area, the wave propagation characteristics show an
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Fig. 8 The acceleration-time history of a point at the slope toe of the models: a model 1; b model 2; ¢ model 3; d model 4

obvious acceleration amplification effect with the elevation
along the slope surface. However, an obvious acceleration
phase shift and local weakening effect between the structural
planes can be identified in Fig. 7b, c. This phenomenon sug-
gests that the elevation and structural planes have a magnifi-
cation effect on the slope dynamic response. Figure 7d shows
that the wave propagation characteristics in the block slope are
different from those in the other slopes. The acceleration is
first amplified toward the slope crest along the bedding struc-
tural planes during the process of wave propagation. Local
acceleration amplification and weakening are observed be-
tween the structural planes. This is due to the refraction and
reflection effects of waves between structural planes, resulting
in superposition and cancellation of waves. The block slope is
cut into blocks by bedding and anti-dip structural planes,
resulting in complex wave propagation characteristics in mod-
el 4. The seismic wave propagation path was not only through
bedding structural planes but also along the slope surface. The
wave propagation characteristics of model 4 are more compli-
cated than those of models 1-3.

Dynamic acceleration response

To clarify the seismic acceleration response of the slopes,
taking three points of the slopes as examples, their accelera-
tion time histories are shown in Fig. 8. The Mpga of some
typical points are shown in Fig. 9. In Fig. 9, the monitoring
points (A—E) and (F-I) are located on the slope surface and
inside the slope, respectively. The Mpg, is the peak ground
acceleration (PGA) amplification coefficient, which is the ra-
tio of the PGA of a point to that of the slope toe and represents
the amplification of the earthquake response at a point in the
slope. Figure 9a shows that the Mpg, of the four models
increases gradually with elevation inside the slopes.
Figure 9b shows that the Mpg of model 1 has a tendency to
increase with the elevation at the slope surface; however, the
Mpga of models 2—4 increases with elevation below the plat-
form and then decreases gradually. This is because the effect
of elevation on homogeneous slope amplification is dominant,
while the influence of the slope surface micro-geomorphology
is more prominent in slopes with discontinuities. Figure 9

Fig. 9 Change rule of Mpga of 1.4 T } H 1.5 T T =T
the models near the slope surface: 13 b " Modell 1T 14 _,,,ljl,aff‘irffiffi\{, —
a inside the slope; b near the slope ~— Model2 | —— Modell IRV
surface g2 - +xogeiz T T S Modelz
1 b Modeld 77 T | Sipb " Modeld /) T ]
211 ‘ | | 212 —=— Model4 |
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Fig. 10 PGA of the models when input in x-direction: a model 1; b model 2; ¢ model 3; d model 4

shows that the Mpg of models 2—4 increases nonlinearly, but
that of model 1 has a linear increase overall. This is because
the complex combination of structural planes results in the
wave superposition or weakening effect and further leads to
the increase in or dissipation of wave energy and the change in
amplification effect. Therefore, elevation has a great magnifi-
cation effect on the dynamic response of slopes, but the im-
pacts of elevation are different among the models because the
structural planes greatly change the amplification effect of the
waves in the rock mass.

In addition, the PGA distribution of the models is shown in
Fig. 10. The PGA,,,.x is mainly distributed at the slope surface,
suggesting that the magnification effect is mainly concentrat-
ed in that area. Figure 10a shows that the PGA,,, is the largest
at the slope crest, indicating that the slope crest will slide or
collapse during earthquakes. Figure 10b shows that the
PGA, o of the anti-dip slope is mainly distributed in the slope
surface above the platform and is amplified intermittently
along the toppling structural planes, which indicates that the

Table 2 Results of modal analysis of different types of rock slopes
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area above the platform will produce overturning failure dur-
ing earthquakes. Figure 10c shows that the PGA,,« of the
bedding slope is mainly distributed in the platform area, sug-
gesting that the seismic stability of the area near the platform is
the lowest and that the topmost structural plane is the potential
slip surface. Thus, shear sliding failure of the surficial slope
will occur during earthquakes. The PGA distribution of the
block slope is more complex (Fig. 10d), and the PGA,,.« is
distributed in the surficial slope, which suggests that the sur-
ficial slope will experience sliding failure during earthquakes.
Comparing the PGA distributions of the models, the amplifi-
cation effects of the structural planes on the slopes vary and
are closely related to the strike and distribution characteristics
of the structural planes in the slopes. According to Figs. 9 and
10, the MpGamax Of models 1—4 are approximately 1.27, 1.33,
1.39, and 1.45, respectively. The magnitudes of the amplifi-
cation effects of the models follow the order of model 4 >
model 3 > model 2 > model 1.

Order Natural frequency/Hz
Model 1 Model 2 Model 3 Model 4

1 13.945-15.214 12.513-13.341 13.345-14.321 12.039-14.669
2 23.356-24.896 22.873-24.332 23.173-24.621 22.669-24.104
3 27.556-29.874 26.925-29.451 27.225-29.657 26.554-29.002
4 34.492-35.239 33.261-34.876 33.859-35.023 33.51-34.569
5 41.236-42.316 39.695-41.869 40.161-42.039 39.266-41.531
6 46.316-47.698 45.261-46.997 45.694-47.238 44.361-46.352
7 50.1616-51.539 48.161-49.967 49.1261-51.269 47.861-49.213
8 55.16169-56.069 53.861-55.346 54.596-55.869 53.616-54.816
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Table 3 Results of modal

analysis of different types of Order Mode of vibration
slopes
Model 1 Model 2 Model 3 Model 4
1 Torsional mode Shear mode Torsional mode Shear mode
Torsional mode Torsional mode Shear mode Torsional mode
Bending mode Torsional mode Torsional mode Torsional mode
2 Torsional mode Torsional mode Torsional mode Bending mode
Torsional mode Bending mode Bending mode Bending mode
Bending mode Bending mode Torsional mode Torsional mode
3 Bending mode Torsional mode Bending mode Bending mode
Torsional mode Bending mode Torsional mode Torsional mode
Bending mode Torsional mode Bending mode Bending mode

Frequency-domain analysis of the dynamic
response characteristics of slopes

Modal analysis of the slopes

Modal analysis is mainly used to identify the modal parame-
ters of a system, providing a basis for the analysis of the
vibration characteristics of a structural system (Ma et al.
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2015). The modal analysis of the models was performed by
using ABAQUS/Frequency (Song et al. 2019). The first three

vibration modes of the slopes are shown in Figs. 11, 12, 13,
and 14. The first eight natural frequencies are listed in Table 2,
and the modes of the vibration characteristics are shown in
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Fig. 11 Modal analysis of model 1: a first mode; b second mode; ¢ third mode

Table 3. Table 2 shows that the natural frequency basically
linearly increases with the order. The natural frequencies of
the models are similar, but subtle differences can be observed.

U, Magnitude
+1.250¢+00
- +1.146¢+00
+1.042¢100
+9,376e-01
+8.334¢-01
+7.292¢-01

+3.125e-01
+2.083e-01
+1.042e-01
+0.000e+00

1* Bending mode (15.214 Hz)

U, Magnitude
+1.177e+00
+1.079¢+00

- +9.811e-01
+8.830e-01
+7.849¢-01
+6.868¢-01
+5.887¢-01
+4.906¢-01
+3.925¢-01
+2.943¢-01
+1.962¢-01
+9.811e-02
+0.000e+00

274 Bending mode (24.896 Hz)

U, Magnitude
+1.367e+00
+1.253e+00
#1.139e+00
+1.025¢+00
“9.115e-01
+7.976¢-01

- +6.836¢-01
+5.697e-01

557e-01
+3.418e-01
+2.279-01
+1.139¢-01
L. +0.000e+00

4" Bending mode (29.874 Hz)

@ Springer



1326 D.Song et al.
U, Magnitude U, Magnitude U, Magnitude

+1.021e+00 +1.096e+00 +1.109¢+00
+9.360e-01 +1.005¢+00 - +1.016e+00

- +8.509e-01 +9.136e-01 - +9.238e-01
+7.658e-01 +8.223e-01 +8.314e-01

4 +6.807e-01 7.309¢-01 - +7.390e-01

- +5.956e-01 +6.396e-01 . +6.466e-01

- +5.105e-01 +5.482e-01 +5.543e-01

+ -01 +4.568¢-01 +4.619¢-01
+3.404e-01 +3.655¢-01 +3.695¢-01
+2.553¢-01 +2.741e-01 +2.771e-01
+1.702¢-01 +1.827e-01 +1.848e-01
+8.509¢-02 +9.136e-02 +9.238e-02
+0.000e+00 +0.000e+00 +0.000e+00

1% Shear mode (12.513 Hz)

U, Magnitude U, Magnitude
- +1.015e+00 +1.096e+00
- +9.304e-01 :;?2;::0010
- +8.459e-01 - 49:13
- +7.613e-01 - +8.223e-01
+6.767e-01 - +7.309e-01
- +5.921e-01 - +6.396e-01
gl e
- +4.229¢-0 - +4.5
- +3.383¢-01 - +§,{z’:';.;e-g}
- +2.538e-01 - +2.741e-
- +1.692¢-01 +1.827e-01
- +8.45%¢-02 +9.136e-02
+0.000e+00 +0.000e+00

3" Torsional mode (22.873 Hz)

(b)

U, Magnitude U, Magnitude
+1.199e+00 +1.027e+00
+1.099e+00 +9.413¢-01
+9.994e-01 +8.557e-01

- +8.995e-01 +7.701e-01
- +7.995e-01 +6.846e-01
6.996e-01 +5.990e-01
5.997e-01 +5.134e-01
4.997e-01 +4.279¢-01
+3.998e-01 +3.423e-01
+2.998e-01 +2.567¢-01
+1.999¢-01 +1.711e-01
+9.994e-02 +8.557¢-02
+0.000e+00 +0.000e+00

4™ Torsional mode (26.925 Hz)

1** Bending mode (23.468 Hz)

3" Bending mode (28.648 Hz)

15t Torsional mode (12.945 Hz) 2™ Torsional mode (13.341 Hz)

(a)

U, Magnitude
+1.046e+00
+9.588e-01

- +8.716e-01
+7.845e-01
+6.973e-01
+6.101e-01

- +5.230e-01
+4.358e-01

- +3.486e-01
+2.615¢-01
+1.743e-01
+8.716e-02

- +0.000e+00

2" Bending mode (24.332 Hz)

U, Magnitude
+1.149e+00
- +1.053¢+00
+9.573e-01
+8.616e-01
+7.658e-01
+6.701e-01
+5.744¢-01
+4.787¢-01
+3.829¢-01
+2.872e-01
- +1.915e-01
- +9.573e-02
- +0.000e+00

5" Torsional mode (29.451 Hz)

Fig. 12 Modal analysis of model 2: a first mode; b second mode; ¢ third mode

The presence of different types of structural planes changes
the stiffness of a slope, thus changing the natural frequency of
the slope to a certain extent but not obviously changing the
corresponding mode. Table 3 and Figs. 11, 12, 13, and 14
show that shear deformation, torsional deformation, and bend-
ing deformation are the main deformation modes of the
slopes. The first three deformation modes of the homogeneous
slope mainly include torsion and bending (Fig. 11). The first-
order mode shows that the slope mainly presents overall tor-
sional and bending deformation (Fig. 11a), of which the de-
formation at the slope crest is the largest, indicating that the
dynamic failure deformation of the slope crest will occur first.
The second- and third-order modes show that the local defor-
mation is mainly manifested in the top of the slope area
(Fig. 11b, ¢). According to the modal analysis, the deforma-
tion is greatest at the slope crest, and the top slope is prone to
instability. Figure 12 shows that the deformation modes of the
anti-dip slope mainly include shear, torsion, and bending. The
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first mode indicates that the shear and torsional deformation
mainly occurs at the slope crest. The second and third modes
show that the local deformation is mainly manifested in the
slope crest and platform area. Figure 13 shows that the first
three deformation modes of the bedding slope mainly include
shear, torsion, and bending. The first mode indicates that shear
and bending deformation occurs along the entire surface of the
slope. The second- and third-order deformation modes show
that the local deformation is mainly manifested in the platform
area. The surficial slope above the topmost structural plane,
especially the platform area, is the main deformation area. The
surficial slope and the topmost structural plane were the po-
tential slip mass and surface, respectively. Figure 14 shows
that the natural vibration modes of the block slopes with dis-
continuities mainly include shear, torsional, and bending de-
formation. The first mode shows the shear and torsional de-
formation on the whole, suggesting that earthquakes mainly
trigger the shear deformation of the slope surface. The second-
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Fig. 13 Modal analysis of model 3: a first mode; b second mode; ¢ third mode

and third-order modes mainly cause the local deformation of
the surficial slope.

Given the abovementioned analysis, according to the anal-
ysis of the natural modes of the models, structural planes have
a small impact on their natural frequency, but natural frequen-
cies have a significant effect on the dynamic deformation
characteristics of slopes. The high-frequency component of
seismic waves (>22 Hz) mainly causes the local deformation
of the surficial slope. The low-frequency component of seis-
mic waves (12—15 Hz) mainly causes the overall deformation
of the surficial slope. In addition, the structural planes have a
significant influence on the dynamic deformation of a slope,
and the seismic deformation mechanism of a slope can be
inferred by modal analysis. The high-frequency component
of waves mainly caused the local deformation to first occur
at the surficial slope. When the local deformation accumulates

to a certain value, the low-frequency component induces the
sliding failure of the slope.

Dynamic response of the slopes using Fourier
spectrum analysis

To further study the influence of structural planes on the seis-
mic response of slopes, taking point E as an example, FFT was
applied to the acceleration-time history of the models to obtain
their corresponding Fourier spectra (Fig. 15). The first three
natural frequencies of the models are basically similar, which
are 12-15, 22-24, and 27-29 Hz, respectively. To investigate
the relationship between the natural frequency and the seismic
response of the slopes, taking models 2—4 as examples, the
distribution characteristics of the peak Fourier spectrum am-
plitude (PFSA) of the first-order natural frequency are shown

@ Springer



1328 D.Song et al.
U, Magnitude U, Magnitude U, Magnitude
-8:“037000 +1.130¢+00 +1.033¢+00
+9.502¢-01 +1.036e+00 -\) 469¢-01
8e-01 +9.415e-01 ’§ 90§c—0l
+7.774e-01 +8.473¢- os‘é#"ﬁ:
'g Oll'l’L'-g} «(,‘o'aé.:.o]
.047¢
+5.183¢-01 +5.165¢-01
=
3.455¢-01 2 34430
: +2.824e-01 +2.582¢-01
+1.728e-01 +1.883¢-01 +1.722¢-01
- +8.638¢-02 +9.415¢-02 +8.608e-02
+0.000e+00 +0.000e+00 +0.000¢+00

1% Shear mode (12.039 Hz)

15t Torsional mode (14.59 Hz) 2" Torsional mode (14.669 Hz)

U, Magmitude

+1.083¢+00

+9. ”L-c 01
e-0

80Se-
+9.024e-02
+0.000¢+ 00

1** Bending mode (22.699 Hz)

U, Magnitude

~ +1.136e+00
+1.041¢+00
+9.467e-01
+8.520e-01
+7.574e-01
+6.627e-01
+5.680e-01
+4.733e-01
+3.787e-01
+2.840e-01
+1.893e-01
+9.467¢-02
+0.000e+00

37 Bending mode (26.554 Hz)

U, Magnitude
+1.112¢+00
+1.019¢+00
+9.268e-01
+8.341e-01
- +7.414e-01
o +6.487e-01
H.Sblc-Ol

+
- +18"|e—01

(b)

N

2" Bending mode (23.172 Hz)

U, Magnitude

+1.087¢+00
+9.967e-01
+9.061e-01
. +8.155e-01
+7.249¢-01
.342¢-01
+9.061e-02
om +00

3™ Torsional mode (24.104 Hz)

U, Magnitude

- +1.023e+00
+9.376e-01
+8.524¢-01
+7.672¢-01
+6.819¢-01
+5.967e-01
=5.114e-01

- +4,262e-01
+3.410e-01
+2.557¢-01
+1.705e-01
+8.524e-02
+0.000e +00

4" Torsional mode (28.223 Hz)

(©)

U, Magnitude
+1.292¢+00
+1.185e+00
+1.077¢+00
+9.694e-01
+8.617¢-01
+7.510e-01
16.462¢-01
+5.385¢-01
S +4.308e-01
+3.231e-01
+2.154¢-01
+1.077e-01
+0.000¢+00

4™ Bending mode (29.002 Hz)

Fig. 14 Modal analysis of model 4: a first mode; b second mode; ¢ third mode

in Fig. 16. Figure 16 shows that the PFSA of the surficial slope
is significantly larger than that of the internal slope.
Comparing the PFSAs of models 1-4, it can be found that
the PFSA distributions of the models are similar, indicating
that structural planes have little effect on the PFSA distribu-
tion but have a great impact on their PFSA values. To further
clarify the natural frequencies on the PFSAs of the slopes,
taking model 4 as an example, their PFSAs during the first

0.012
3 — Modell
2 0.009 f3 — Model2
=, 0.006 Model3
g% — Model4
£ 0.003 i
[

0
30 40 50 60
Frequency/Hz

Fig. 15 Fourier spectrum of the slope crest
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three natural frequencies are shown in Figs. 16d and 17. The
PFSA during f; is mainly concentrated in the surficial slope,
while the maximum PFSA during /> and f; is mainly concen-
trated in a localized area of the surficial slope. This indicates
that /; mainly influences the surficial slope dynamic response
and that f; and f; mainly affect the local deformation of the
slope. That is, the low-frequency band of seismic waves has a
controlling effect on the integrity of the slope deformation, and
the high-frequency band mainly has an influence on the local
deformation of the slopes. In addition, the PFSA of the models
is shown in Fig. 18. The PFSA of models 2—4 increases
nonlinearly with elevation, but that of model 1 increases line-
arly overall. This suggests an obvious elevation amplification
effect, and structural planes also have a great impact on the
amplification effect of slopes. By comparing the PFSA results
of the models, their amplification effects follow the order of
model 4 > model 3 > model 2 > model 1, which is consistent
with the result of the time-domain analysis.
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Fig. 16 Distribution of the PFSA during f; of models 2—4: a model 2; b model 3; ¢ model 4

Energy-based dynamic response analysis decomposition (EMD) (Huang et al. 1998). The EMD method
of the slopes in the time-frequency domain is an adaptive data processing or data mining method that can

decompose the signal into several IMFs. All the instantaneous
The HHT method focuses on the concept of the intrinsic mode  frequencies, Hilbert spectra and their marginal spectra of the
function (IMF) with the help of empirical mode  original signal are obtained by using HHT to transform all the

PFSA

(a) (b)

Fig. 17 Distribution of the PFSA of different natural frequencies of model 4: a f5; b f
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IMFs. The Hilbert spectrum can be obtained by HHT for dif-
ferent IMFs, and then, the Hilbert spectrum can be integrated to
obtain the corresponding marginal spectrum. Then, the Hilbert
spectrum amplitudes of all the IMFs can be squared to obtain
the corresponding energy spectrum, and the seismic Hilbert
total energy spectrum of the original seismic signal can be
obtained by summing up the energy spectra of all the IMFs.
Taking point A (slope toe) and point C (platform) as ex-
amples, the seismic response characteristics of slopes can be
identified by using the seismic Hilbert energy spectrum
(Fig. 19). The peak Hilbert energy spectrum amplitudes
(PHESASs) of points C and A increase to a certain extent,
and their energy spectrum characteristics are similar in homo-
geneous slopes. In models 2—4, when the seismic energy prop-
agates from point A to point C, the spectral amplitude of point
C increases substantially and the frequency components near
the PHESA become more abundant, as the amplitude of the
frequencies increases as well. In addition, Fig. 19 shows that
the Hilbert energy spectra at points A and C of the homoge-
neous slope are characterized by a single peak value.
However, in models 2—4, when the seismic wave energy prop-
agates from points A to C, the energy spectrum changes from
a single peak value to multiple peak values. This change oc-
curs because the structural surfaces in models 2—4 influence
the seismic energy propagation characteristics in the slopes.
Figure 19 shows that the PHESAs of the models appear near
17 s and 15 Hz, suggesting that the structural plane has little
influence on the position of the PHESA but has a great influ-
ence on the spectral characteristics. Therefore, structural
planes mainly impact the peak value of the seismic Hilbert
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energy spectrum and enrich the frequency component near
the peak value.

In addition, taking points A—E (at the slope surface) and
points F—I (inside the slope) as examples, the change in
PHESA is shown in Fig. 20 at these points. The PHESA of
model 1 increases linearly with elevation, while that of the
other models shows a nonlinear increasing trend because the
structural surfaces influence the seismic wave energy trans-
mission and cause the elevation amplification effect to exhibit
an obvious nonlinear change. Combined with frequency-
domain analysis, the position of the PHESA is similar to that
of the first-order natural frequency of slopes in the frequency
axis, which indicates that the seismic energy is mainly con-
centrated in the first-order natural frequency band. The seis-
mic Hilbert energy spectrum can better reflect the overall de-
formation characteristics of a slope; that is, the seismic Hilbert
energy spectrum is suitable for the analysis of the overall
dynamic response of a slope.

Influence of structural planes on the dynamic
failure mode of a slope

According to the dynamic response characteristics using time-
frequency joint analysis, the dynamic failure modes of the
models can be inferred (Fig. 21). Figure 21a shows that a
homogeneous slope crest area will slide along a certain curved
surface during earthquakes. The magnification effect of the
surficial slope in the bedding slope is significantly larger than
that of the internal slope (Fig. 21b). The dynamic
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Fig. 19 Seismic Hilbert energy
spectrum of the slopes: a model 1;
b model 2; ¢ model 3; d model 4 05
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magnification effect of the platform area is the largest, indi-
cating that dynamic damage first occurs near the platform, the
damaged area gradually extends to the entire surficial slope
with continuous earthquake excitation, and the surficial slope
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will be damaged along the topmost plane. Figure 21c shows
that the surficial slope of the anti-dip slope will exhibit

overturning and sliding failure along the sliding surface during
earthquakes due to the maximum magnification effect

@ Springer



1332 D.Song et al.
Fig. 20 The peak seismic Hilbert 1.8 T n T T 1.8 N n T T
' - | —— Modell I - —— Modell | |
energy spectrum amplitude of the 5 1O . Model2 | 5 15| —— Model2 - [V i
slopes: a inside the slope; b at the é 14 é —— Model3 i |
slope surface oml2 Sgl2p— Modeld ~~~ L
LEY Eroo| A
A 08 % ! 1
A .x S = N N N—
E os ER N
0.4 0.3 : : : :
40 130 220 310 400 490 40 130 220 310 400 490
Elevation/m Elevation/m
(a) (b)
Slip mass Slip mass

Slip surface

Potential slip mass

/
Potential slip surface

Failure initiation area

Slip surface

ol

(@

Cracks

Slip mass

Slip Surfac

(b)

Cracks

Slip mass

Slip surface

(©

(d)

Fig. 21 Analysis of failure modes of the model slopes: a model 1; b model 2; ¢ model 3; d model 4

occurring in the surficial slope. Moreover, the failure mode of
the block slope is the most complex (Fig. 21d). As the slope is
divided into blocks by bedding and topping planes, cracks will
appear in the structural planes of the surficial slope during
earthquakes. As the seismic force increases, blocks will

Fig. 22 Seismic failure of model
4 in the shaking table test: a
dynamic failure phenomenon of
the slope; b dynamic failure mode
of the slope (Song et al. 2018a)

P G|

gradually form. Finally, the surficial slope will overturn and
slide in the form of blocks. The failure phenomena of the
block slope in the shaking table tests are shown in Fig. 22.
The sliding failure of the surficial slope is in the form of a
block, which is consistent with the analysis results of model 4.
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e

Rock foundation
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Therefore, structural surfaces have an important impact on the
dynamic failure mode of rock slopes.

Conclusion

The dynamic response characteristics of four models with
elastic material were investigated using time-frequency joint
analysis. Some conclusions were drawn:

*  Structural planes influence the seismic response and wave
propagation characteristics of slopes. The PGA, PFSA,
and PHESA of the homogeneous slope increase linearly
during an earthquake, while the other models show a
strong nonlinear increasing trend. In the time domain,
the characteristics of the wave propagation in the slopes
are affected by structural planes, which is mainly mani-
fested as the local amplification and reduction effects
caused by multiple wave refractions and reflections and
then influences the distribution characteristics of the PGA.
In the frequency domain, the inherent characteristics of the
rock slopes are closely related to the distribution of the
structural planes. Structural planes only slightly impact
the natural frequency of slopes but clearly influence their
vibration modes. In the time-frequency domain, the inclu-
sion of structural planes mainly changes the energy spec-
trum from exhibiting a single peak to multiple peaks and
enriches the frequency component near the peak.

*  According to the analyses of PGA, PFSA, and PHESA, the
order of the dynamic amplification effects of the models is
as follows: model 4 > model 3 > model 2 > model 1. The
slopes have obvious elevation and slope surface amplifica-
tion effects. Compared with that of the homogeneous slope,
the surface micro-topography magnification effect of the
slope containing structural planes is more obvious. The
PGA,..x appears in the platform area with great slope var-
iation in the jointed slopes, and the PGA,,,. of the homo-
geneous slope appears at the slope crest.

» The seismic response of slopes from the perspective of the
frequency and time-frequency domains can clearly reveal
the interaction mechanism between waves and rock
masses. According to the Fourier spectrum and modal
analysis, the natural frequency of a slope is closely related
to its dynamic response. Structural planes have little im-
pact on the PFSA distribution of a slope but have a great
effect on its value. The low-order natural frequency of a
slope mainly has a controlling effect on the whole defor-
mation of the surficial slope, and the high-order natural
frequency primarily causes local deformation of the surfi-
cial slope. The seismic Hilbert energy is mainly concen-
trated in the first-order natural frequency band, and the
Hilbert energy spectrum may be suitable for evaluating
the overall dynamic deformation characteristics of slopes.

Nonetheless, this paper only considers the analysis of the
elastic domain, without considering the plastic deformation of
the slope subject to earthquake excitation. Therefore, to further
verify the applicability of the time-frequency joint analysis
method, it is necessary to further simulate the dynamic failure
process of a slope by using the discrete element method.
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