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Energy-based analysis of seismic failure mechanism
of a rock slope with discontinuities using Hilbert-Huang
transform and marginal spectrum

in the time-frequency domain

Abstract An energy-based identification method is proposed to
investigate the seismic failure mechanism of landslides with dis-
continuities. The proposed method was verified by using shaking
table tests on a rock slope with discontinuous structural planes.
The results show that it is feasible to analyze the seismic failure
mechanism of the slope by using Hilbert-Huang transform (HHT)
and marginal spectrum based on seismic Hilbert energy. Earth-
quake energy mainly concentrating in the low-frequency compo-
nents (15-17 Hz) and high-frequency components (20-40 Hz), in
Hilbert energy spectrum and the marginal spectrum, respectively,
suggests that they can identify the overall and local dynamic
response of the slope, respectively, in combination with the Fou-
rier spectrum analysis. In addition, the analyses of marginal spec-
trum can better clarify the slope dynamic damage process from the
energy-based perspective, including no seismic damage stage, local
damage stage, and sliding failure stage. The difference of seismic
Hilbert energy between slip mass and sliding body causes their
different seismic responses. The seismic failure mechanism of the
landslide is identified from the energy-based perspective: the seis-
mic Hilbert energy in 20-40 Hz mainly induces the local damage
of the slope above the topmost bedding structural plane, and local
failure develops first at the platform, under 0.297 g; the surface
slope gradually forms a sliding body with the accumulation of
local damage, and the seismic Hilbert energy in 15-17 Hz further
promotes the landslide subject to 0.446 g.

Keywords Seismic failure mechanism - Seismic Hilbert
energy - HHT - Marginal spectrum - Rock slope - Discontinuities

Introduction
A remarkable consistency can be found between the global distri-
bution of landslide zones and seismic zones (Chang et al. 2006;
Zhang and Huang 2018); this finding sufficiently suggests that
earthquakes have a significant effect on the stability of landslides.
Recent earthquakes have demonstrated that the sliding and col-
lapse of a slope during such large-scale events represent significant
seismic hazards, for example, the 2008 Wenchuan earthquake and
the 2010 Yushu earthquake in China (Qi et al. 2010; Xu et al. 2013;
Huang and Li 2014). In addition, multitudes of joints, which
constitute structural planes, are widely distributed throughout
rock masses (Wu et al. 2014; Jiang et al. 2015; Song et al. 2018a, b;
Chen et al. 2020), which can significantly influence the seismic
failure mechanism of rock masses (Fan et al. 2016; Song et al.
2018a). Therefore, the seismic failure mechanism of rock masses
should be paid much more attention due to the complex geological
structure (Jiang et al. 2015; Fan et al. 2016; Song et al. 2018¢).
Seismic damage has close relationship between amplitude, fre-
quency, and duration of the vibration. However, it cannot reflect

the overall vibration and damage results by using a specific ground
motion parameter that reflects a particular property (Peldez et al.
2005; Song et al. 2020). The occurrence of earthquake-induced
landslides is closely related to the peak ground acceleration
(PGA), the frequency components, the energy, the directivity of
seismic waves, etc. (Lenti and Martino 2012). Weak structural
planes in rock slopes have a significant impact on the dynamic
stability of slopes, which results in the complexity of the dynamic
response of slopes (Jiang et al. 2015; Fan et al. 2016). Hence, the
dynamic response characteristics of slopes can be evaluated diffi-
cultly by using PGA in the time domain. The existing researches
were mostly based on the acceleration response of slopes (Yin et al.
2009; Fan et al. 2018; Song et al. 2018a). However, it is rare to
investigate the slope seismic response from the perspective of the
characteristic parameters and the physical quantity of slopes; in
particular, the effects of seismic energy in rock masses on their
dynamic stability were ignored (Chen et al. 2013). Moreover, earth-
quake energy is an essential trigger of earthquake-induced land-
slides (Chen et al. 2013; Fan et al. 2016). Therefore, the seismic
failure mechanism of rock slopes with weak structural planes
needs to be investigated from the energy-based perspective (Fan
et al. 2017).

In recent years, some energy-based energy methods have been
proposed to investigate the rock slope stability (Chen et al. 2013;
Peng et al. 2015; Meng et al. 2016; Fan et al. 2017; Song et al. 2019).
Kokusho et al. (2011, 2014) proposed an energy approach to eval-
uate the travel distance of debris in the process of slope failure
caused by earthquakes using seismic energies of slopes. Peng et al.
(2015) investigated the relationship between the damage of coal
rocks and energy dissipation and release by using triaxial
compression tests. Chen et al. (2015) studied the correlation be-
tween the radiation energy of rockburst and its intensity according
to the radiation energy characteristics of rockburst. Munoz et al.
(2016) used a new energy-based brittleness index to study drilling
performance through rock strength characteristics. However, cur-
rently, there is little study on the relationship between the seismic
energy and the seismic failure mechanism of earthquake-induced
landslides from a perspective of the energy-based method.

Due to the typical non-stationary random characteristics of
earthquake signals, time domain and frequency domain analysis
cannot process these signals accurately. Hence, the time-frequency
analysis method has attracted the attention of many scholars (Pai
and Palazotto 2008; Fan et al. 2017; Song et al. 2020). Fast Fourier
transform (FFT) and wavelet transform (WT) are commonly used
to process non-stationary random signals. FFT can only provide
the energy distribution with the frequency of wave, but not simul-
taneously clarify the overall and local characteristics in the time
and frequency domains. The WT can clarify the front-back
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asymmetry, but its frequency resolution is poor, especially in the
low-frequency domain (Wang et al. 2013). As the preferred method
to process seismic signals, HHT has an excellent time-frequency
resolution, when the non-stationary signal is described in the
time-frequency domain (Jia 2008; Veltcheva and Soares 2016; Fan
et al. 2017). HHT can overcome the limitations of conventional
signal processing methods (Pai and Palazotto 2008; Wang et al.
2013; Fan et al. 2017). Due to the prominent time-frequency local-
ization ability, HHT has been widely used in the fields of structure
damage detections (Roveri and Carcaterra 2012; Song et al. 2020),
ocean engineering (Veltcheva and Soares 2016), earthquake studies
(Fan et al. 2016), etc. Jia (2008) investigated the fatigue damage of
fixed offshore structures by the HHT method. Han et al. (2016)
studied the damage process of carbon-fiber-reinforced plastic by
using HHT. Cao et al. (2017) investigated the seismic damage evolu-
tion process within a complex site with tilting strongly weathered
layer by using HHT. Fan et al. (2017) investigated the dynamic failure
mechanism of rock slope with a weak zone from a perspective of the
energy-based method by using HHT. The existing studies demon-
strated that the HHT method is adaptive and highly efficient in
processing seismic signals. However, limited research has been con-
ducted regarding the seismic failure mechanism of rock masses with
weak structural planes by using the energy-based method, in partic-
ular, the applicability of seismic Hilbert energy spectrum and mar-
ginal spectrum to the study of the overall or local deformation of
landslides should be further discussed.

In this work, an energy-based identification method of the
seismic failure mechanism of landslides with discontinuities is
proposed based on the HHT and marginal spectrum. To illustrate
the applicability of the energy-based method in evaluating the
seismic response characteristics and failure mechanism of land-
slides under seismic excitation, the Lijiang slope of Jinshajiang
bridge is taken as an example, and large-scaled shaking table tests
are conducted on a rock slope with discontinuous structural
planes. HHT is applied to measure the seismic energy response
of different slope parts. The applicability of seismic Hilbert energy
spectrum and marginal spectrum to analyze the dynamic response
characteristics of the landslide is also discussed in depth. The
seismic damage development process and failure mechanism of
the landslide are clarified by using seismic Hilbert energy, which is
meaningful for further study of the seismic failure mode of the
landslide from the perspective of energy-based transmission
characteristics.

Energy-based method of seismic slope damage

HHT and the theory of marginal spectrum

Huang et al. (1998) proposed a new signal processing method,
namely the HHT method, which mainly includes empirical mode
decomposition (EMD) method and Hilbert spectral analysis
(HSA). HHT method focuses on the intrinsic mode function
(IMF) using the EMD method. The EMD method is an adaptive
data processing or mining method, which can decompose the
signal into a finite number of multi-order IMFs. It is very suitable
for the processing of nonlinear time series, which is essentially the
smoothing processing of data series or signals (Huang et al. 1998,
1999). Before the HSA, the EMD method has been the important
pretreatment step. The specific steps of the EMD method are as
follows. First, the local extreme value of time history curve X(¢)
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should be searched and found. The local maximum and minimum
points are connected by the difference of cubic spline curves to
obtain the maximum envelope and minimum connection curve.
Second, the instantaneous average value m,(t) is achieved by
averaging the extreme connection curves. Finally, the new se-
quence h,(t) with removing the low frequency is obtained by using
the original sequence X(f) minus the instantaneous average m,(t).
The flowchart for the EMD approach is given in Fig. 1. In partic-
ular, the two conditions of IMF are as follows: first, at any time
point, the mean value between the upper and lower envelope
defined by the local extremum point is o; second, in the whole
time domain of the original signal, the number of the extremum
and zero-crossing is o or less than 1. If k,(¢) meets the above two
conditions, then h,(¢) is the IMF; otherwise, h,(t) will be screened
again until the Eqgs. (1) and (2) are satisfied, as follows:

hi(t) = X(1)-m(2) (1)

b (t) = hy(t)—mu(t) (2)

Repeat the screening process k times until the F,(f) is a certain
IMF, and the hy(¢) is as follows:

(1) = by gy (8) = (2) (3)

where the first IMF is denoted as ¢,(t). The c,(¢) is separated from
the original sequence.

Signal X(7)
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Fig. 1 Flowchart for EMD approach (Zhang 2006)
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Fig. 2 Overview of the study area: a location of the study area; b seismic activity distribution map near the study area in the last 6 years
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Fig. 3 The topographic and geological conditions of the Lijiang slope: a the topography of the slope; b the geological section of the slope (Song et al. 2018a)

a(t) = h(t) (4)
‘ a(t) = V(1) + (1) (10)
The h,(t) is defined as c,(t), that is, the first IMF (IMF1). IMF1 is
derived from the original signal, that is,
where the 0(t) is defined as
n(t) = X(t)-c (1) (5) p
w(t) = % (11)

As a new signal, r,(f) was used to repeat the above steps to select
IMF, until the original sequence X(t) was decomposed into n IMF

and a residue r,. The original signal X(¢) is the sum of all IMFs It can be found that the a(¢) and w() are time function. The

plus the final residue, that is,

X(t) = X ¢j(t) + ra(t) (6)
j=1
The HHT Y(¢) of any time series c(t') can be denoted as
!
v(e) = Lo <) gy )
T =t

where Y(f) and C(¢) form a complex conjugate pair, and P repre-
sents the Cauchy principal value. Then, the analytical signal z(¢) is
obtained as

z(t) = C(t) + iY(t) = a(t)e”? (8)
where the instantaneous phase () and amplitude a(t) are found
as

0(t) = arctan+/ Y (¢)/C(t) (9)

Table 1 Physico-mechanical parameters of material parameters of the slope

Hilbert-Huang spectrum, that is, the H(w, t), can be defined as

n .
H(w, 1) = Re Y, a;(t)el (04
j=1

(12)

The HHT marginal spectrum, h(w), is defined as the integration

of the H(w, t) on the time axis. The h(w) is defined as
T

h(w) = [ H(w, t)dt (13)

The Hilbert spectrum of the original signal can be obtained
according to the Hilbert transform (HT), and then, the correspond-
ing marginal spectrum of the original signal will be acquired.

+The Hilbert spectrum shows simultaneously the time, instanta-
neous frequency, and wave amplitude of the original wave in three-
dimensional coordinates, which represents the distribution of seis-
mic Hilbert energy of the original wave as well. Each instantaneous
frequency owns a certain energy, and its amplitude can be obtained
by the marginal spectrum. The marginal spectrum can be used to
measure the contribution of each frequency value to the total Hilbert
energy contribution and corresponds to a Hilbert energy density at

Physical and Density Poisson Dynamic elastic Friction Cohesive
mechanical parameters p/kN/m? ratio p modulus E/GPa angle ¢ (°) force ¢ (kPa)
Lijiang slope Rock mass 28.5 0.30 10.0 49.0 2300
Structural surface / / / 36.1 1200
Model slope Rock mass 285 0.3 0.025 49.0 438
Structural surface / / / 36.1 5.75
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(a)

Fig. 4 The test system: a experimental tank; b scaled model

certain a frequency w. The Hilbert marginal spectrum obtained by
HHT represents the distribution of the energy amplitude of the
seismic wave signal on the frequency axis, which means the cumu-
lative Hilbert energy of the original wave over the entire data span in
the form of probability. In the frequency domain, the damage char-
acteristics in the engineering entity structure can be characterized in
the frequency domain from the perspective of energy using the
Hilbert marginal spectrum.

Identification method for seismic failure of rock slopes

Rock slopes may suffer dynamic damage under seismic excitation. The
seismic damage of any positions in the slope will cause that the
vibration energy of the slope body cannot be transmitted at the slope
part, and the energy dissipation will result in the abrupt change or
violent fluctuation of MSA (Li et al. 2012; Fan et al. 2016, 2017). The

0 ololooc o

(b)

above-mentioned IMF components were carried out HHT to obtain
the instantaneous frequency spectrum and the corresponding margin-
al spectrum with the change of time. Marginal spectrum of each
measuring point in the slope was analyzed; if the PMSA (peak mar-
ginal spectrum amplitude) increases with a slight variation from the
bottom slope to the top slope, this phenomenon suggests that no
dynamic damage appears within the slope. However, when the seismic
intensity reaches a certain value, the PMSA of any part has an abrupt
change, and the PMSA above this part is stable within a small range.
This phenomenon indicates that there is a different seismic response
at some parts of the slope from the others, and seismic damage occurs
in this part, from the perspective of damage analysis. Therefore, for the
slope with discontinuous structural planes, the slope will produce
seismic damage due to the continuous earthquake excitation. The
slope seismic damage will directly destroy the structural integrity of

Table 2 The similarity ratios of the model. Here, L, p, and a are controlling parameters

Parameters Dimension analysis Dimensionless (1T) item Similarity ration
1 Density (p) M] L] Controlling parameter Co=1
2 Physical dimension (L) [L] Controlling parameter C_ =400
3 Elasticity modulus (E) IM] [L]'[T]2 me=E/pL Cg= CpCL =400
4 Poisson’s ratio (y) - 1 C,=1
5 Cohesive force (c) v (L7 me=c/L C.=C, =400
6 Internal fraction angle (¢) - 1 Cp=1
7 Stress (o) M1 (L1117 g =0/L Co=C =400
8 Strain (¢) - 1 Ce=1
9 Time (£) [T] 1 Ci=1
10 Frequency (w) (17" T =W/t C,=C =1
1 Displacement (s) [L] ms=s/pLa Cs=CpC.C, =400
12 Velocity (v) [L] (1" = vipLa Cy=CoC.C, = 400
13 Acceleration (a) - Controlling parameter C,=1
14 gravitational acceleration (g) [ [’ Ty=gla Cy=C=1
15 Damping ration (\) - 1 C\=1
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Fig. 5 The test model: a schematic diagram of the model; b cross-sectional illustration of the model and the layout of accelerometer monitoring points

slope, with the PMSA above the damaged part of the slope changing
abruptly undoubtedly. The study steps of the slope failure mechanism
using the Hilbert marginal spectrum are as follows: first, the acceler-
ation time history of all measuring points was broken down by using
EMD to get many IMFs. Second, HHT was performed on each IMF to
obtain the corresponding instantaneous frequency curves and mar-
ginal spectrum. Third, the seismic Hilbert energy distribution of
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Fig. 6 Input artificial synthetic waves: a time history; b Fourier spectrum
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the slope was determined according to the Hilbert marginal
spectrum of measuring points, and the damage location of the
slope was further inferred. Finally, the seismic damage evolu-
tion process and mechanism of the slope are clarified accord-
ing to the change rule of the PMSA at different parts in the
slope from the energy-based identification method, in combi-
nation with the dynamic damage phenomena.
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Table 3 The test loading sequence

Vibration direction

No. 1 2 3

Amplitude (g) 0.074 0.074 0.148

0.148 0.297 0.297

Application of the energy-based identification method in a landslide
under seismic excitation

Case study

The study area is located in the transition zone between the
southeastern edge of the Yunnan-Kweichow plateau and the
Qinghai-Tibet plateau in southwest China. Strong neotectonics
movements characterize the area, and several faults pass through
the region. The study area is the deep valley landform of the Jinsha
River. The valley is dominated by a V-type valley shape, and there
are no developed terraces. The Jinshajiang bridge in tiger leaping
gorge is located at the junction of Lijiang city and Digingzhou
Shangri-la county, Yunnan province, China (Fig. 2a). The bridge
site is located in the area of tectonic denudation canyon; under the
influence of regional tectonics, the dynamic metamorphism of
each rock formation near the bridge site is active. In recent years,
the distribution of seismic activities near the study area is shown
in Fig. 2b. In Fig. 2b, the location refers to the Jinsha river bridge.
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Due to the frequent earthquakes in the study area, the stability of
rock slopes has a significant impact on the Jinsha river bridge.
Hence, the seismic stability of rock slopes with complex geological
structures has been a significant problem. To investigate the seis-
mic stability of rock slopes, taking a natural bank slope, that is, the
Lijiang slope as an example, the topography of the Lijiang slope is
shown in Fig. 3a. The gradient of the Lijiang slope is about 40°.
Lijiang bank mainly has three bedding weak structural planes and
many toppling weak structural plane. The topography of the slope
and its geological profile are shown in Fig. 3b. The physical and
mechanical parameters of the rock and weak structural surfaces in
the slope needed for constructing the model were obtained ac-
cording to a series of laboratory tests, as listed in Table 1.

Shaking table tests

The bi-directional electric servo shaking table is controlled by a
direct control system and input vibration wave, and the horizontal
and vertical seismic loads can be simulated using the shaking
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Fig. 7 The measuring points when input AS wave (0.074 g) in x-direction: a acceleration-time curve; b Fourier spectra
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table. The vibration frequencies of the shaking table are 0.1-70 Hz
in horizontal and o.1-50 Hz in vertical, respectively. The maximum
acceleration of the input seismic wave is 1.7 g and 1.2 g in hori-
zontal and vertical, respectively. An experimental tank with inte-
rior dimensions of 2.8 X 1.4 X 1.4 m was developed for the tests
(Fig. 4a). In the tests, the model geometry (L), mass density (p),
and seismic acceleration (a) were regarded as the basic dimension,
with scaling C; = 400.000, C, = 1.000, and C, = 1.000, respectively.
To simulate the prototype slope in the model test, the law of
similitude is applied, based on Buckingham’s 7 theorem of simi-
larity, which is based on dimensional analysis and gives the trans-
formation from a function of dimensional parameters to a
function in the present study (Fan et al. 2016). The similarity
constant of physical quantities in the tests is as shown in Table 2.
Lijiang slope is the prototype of this model (Fig. 3). By the simi-
larity calculation, the material parameter of the model can be
calculated. The y, ¢, ¢, G, and p are 0.30, 0.048 MPa, 49°,
25 MPa, and 28.5 KN/m?, respectively. Water, steel, slag, sand, and
gypsum were used to simulate the rock in the model, and their
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Fig. 9 EMD results of the input AS wave (0.074 g): a IMF1-6; b the corresponding instantaneous frequencies of the IMFs

ratios are 2.1:5:4:1.3. As the model is large, it is difficult to construct
the model by integral casting, and prefabricated blocks are used to
build the model. After the similarity ratio calculation, it is found
that the physical and mechanical parameters of gray board are
close to the structural surface of the model, which is used as the
simulated material. The model slope is 0.89 m high and 1.86 m
long, as shown in Fig. 4b. Prefabricated blocks were stacked in four
layers to construct the model slope. According to the direct re-
duction tests, gray paperboard was adopted to simulate the struc-
tural surfaces. The model slope is shown in Fig. 4b.

Twenty-three three-component capacitive accelerometers were
embedded inside the model (Fig. 5). XTDIC 3D optical deforma-
tion measurement system was used to collect the displacement
data of slope surface. Three measures were taken in these tests to
minimize the impacts of reflections of seismic waves from the
boundaries of the model box. First, transparent rubber cushion
is set at the bottom of the model box, which can play a good
cushioning role in the test process and avoid friction and slip
between the model slope and the model box. Second, a buffer
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Fig. 10 Seismic Hilbert energy spectra of measuring points at the internal slope and the surface slope when input AS wave in x-direction (0.074 g): a A2; b A7; c A13; d

A10; e A16; f A18

layer was set at the bottom of the scaled model, and its material is
the same as the model, whose purpose is to allow free deformation
of the model boundary, and also simulate the infinite boundary
conditions in the model. Third, the acceleration sensors are ar-
ranged in the middle section of the model to minimize the
adverse influence of the model box boundary on the data
collection. An artificial synthetic (AS) wave was used in the
tests; taking the input AS waves (0.074 g and o0.297 g) as
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examples, their corresponding acceleration-time curve and
Fourier spectrum are shown in Fig. 6. Two seismic excitation
loading directions were applied in the tests: the vertical or z-
direction and the horizontal or x-direction. The seismic wave
loading sequences are shown in Table 3. The original
acceleration-time history collected in the tests needs to be
pre-processed by using MATLAB, mainly including filtering,
baseline calibration, and smoothing processing.
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Fig. 11 The change rule of PSHEA with elevation when input in x-direction: a inside the slope; b near the slope surface

Energy-based identification for slope damage

Analysis of seismic Hilbert energy spectrum
To investigate the seismic response of the slope in the time-
frequency domain, the relationship between frequency compo-
nents and the dynamic response of the slope should be discussed
first. Taking input AS wave in the x-direction as an example, the
acceleration-time histories and corresponding Fourier spectra of
the typical monitoring points inside the slope subject to 0.074 g are
shown in Fig. 7. Four predominant frequencies can be identified in
Fig. 7, but the f, is similar to that of the input AS wave (Fig. 6b);
hence, the f,, f;, and f, are the natural frequencies of the slope.
Taking input 0.148 g AS wave as an example, the peak Fourier
spectra amplitude (PFSA) of each natural frequency are shown in
Fig. 8. The PFSA of the all monitoring points is extracted, and the
distribution cloud picture of the PFSA is drawn by using Surfer 10
software. The color code and contour line in Fig. 8 represent the
distribution of the PFSA values. Figure 8 shows that the low-
frequency components (14-16 Hz) and the high-frequency compo-
nents (>20 Hz) mainly induced the overall and local dynamic
response of the slope body above the topmost bedding structural
plane (surface slope), respectively.

The EMD results of AS wave under 0.074 g and their corre-
sponding instantaneous frequencies are shown in Fig. 9. It can
be found that the first six IMFs (IMF1-IMF6) almost contain all

PSHEA

0.16
Seismic intensity/g

(a)

Fig. 12 The change rule of PSHEA with seismic intensity when input in x-direction: a inside the slope; b near the slope surface
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amplitude components of the original seismic wave. The Hilbert
energy spectrum of the original signal was obtained by summa-
rizing all the Hilbert spectra of IMFs. The propagation charac-
teristics of the seismic energy of the slope in the time-frequency
domain can be clarified according to the analyses of the seismic
Hilbert energy. The seismic Hilbert energy spectrum of the
typical monitoring points when input in x-direction subject to
0.074 g is shown in Fig. 10. Compared with the Fig. 10a-c and d-
f, both the shape and peak value of seismic Hilbert energy
spectrum of the surface slope (above the topmost structural
plane) changed significantly, compared with that of the internal
slope (below the topmost structural plane). The frequency com-
ponents near the peak value of Hilbert energy spectrum of the
surface slope have become more abundant when the seismic
wave pass through the topmost structural plane, and the seismic
Hilbert energy spectrum gradually developed from a single peak
in Fig. 10a-c to multiple peaks in Fig. 10d-f. It can be found that
seismic Hilbert energy mainly distributes in 15-22 s and 10-
20 Hz, on the time axis and on the frequency axis, respectively.
In particular, the peak seismic Hilbert energy amplitude
(PSHEA) occurs in the 15-18 Hz, which indicates that the 15-
18 Hz has an impact on the energy distribution of waves in the
slope. This phenomenon suggests that the bedding structural
plane has a magnifying effect on the energy propagation of
seismic waves, but has less influence on the time and frequency
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of the peak energy of seismic waves. Moreover, the variation
rule of PSHEA of typical monitoring points is shown in Fig. 11.
Figure 11 shows that the PSHEA increases with the slope eleva-
tion, indicating that elevation has an amplification effect on the
wave energy transmission of the slope. It is noting that the
PSHEA increases rapidly above the topmost structural plane,
while that increases slowly below the structural plane, which
indicates that the bedding structural plane has an amplification
effect in the seismic wave energy transmission.

Combined with the analytical results in Fig. 8, the low-
frequency components mainly cause the overall deformation
of the slope, suggesting that the seismic Hilbert energy reflects
the overall deformation characteristics. In addition, the change
of PSHEA with elevation is shown in Fig. 12. The PSHEA in-
creases gradually from 0.074 to 0.297 g, suggesting that no large
dynamic deformation occurs in the slope. But the PSHEA de-
crease from 0.297 to 0.446 g, which indicates that the seismic
energy propagation characteristics are abnormal with seismic
wave energy dissipating, and the slope began to damage after
0.297 g. Figure 12 also shows that the PSHEA of the measuring
points (A10, A16, and A18) in the surface slope is larger than
that of the measuring points (A2, Ay, and A13) inside the slope,
resulting in different dynamic responses between the internal
slope and surface slope. This indicates that the slope body
below the topmost bedding structural plane is the sliding bed,
and the surface slope is the potential slip mass. Therefore,
according to the analyses of the seismic Hilbert energy, the
dynamic failure evolution process of the earthquake-induced
landslide mainly includes no seismic damage stage (0.074-
0.297 g) and sliding failure stage (0.297-0.446 g).

High-fréquency
"L’bzﬁq’d"}"” ””””””

Amplitude

Analysis of marginal spectrum

To further investigate the position and the seismic failure devel-
opment process of the slope, the marginal spectrum of the slope
was analyzed. Figure 9 shows that the IMF2 and has the apparent
characteristics with rich frequency components, large amplitude,
and high identification degree; hence, the IMF2 is used to obtain
the marginal spectra of the slope. The marginal spectrum of the
typical measuring points in the slope can be obtained, as shown in
Fig. 13. Figure 13 shows that the marginal spectrum amplitude is
much larger in 20-40 Hz, indicating that energy focused on the
high-frequency components. In combination with the analytical
results in Fig. 8, the high-frequency components mainly induced
the local deformation of the slope; hence, the marginal spectrum
can be used to identify the dynamic local damage of the slope. The
PMSA (peak marginal spectrum amplitude) with elevation is
shown in Fig. 14. Figure 14 shows that the PMSA increases with
elevation inside the slope from 0.074 to 0.148 g, suggesting that no
damage deformation appears inside the slope. However, a sudden
decrease between A1o and A16 can be found subject to 0.297 g. The
rapid decrease of PMSA suggests that the wave energy cannot
propagate completely in the slope, and seismic damage begins to
occur near the platform area between Aio and A16. The PMSA
between the A13 increases with the elevation inside the slope
subject to 0.297 g, but a sudden decrease of PMSA can be found
above A18, suggesting that the seismic damage occurred in the
surface slope. Figure 14 also shows that PMSA decreases abruptly
above the A10 at the slope surface subject to 0.446 g, implying that
the seismic damage continues to develop upwards in the surface
slope above A1o, and dynamic damage appears at the top slope.
Particularly, the PMSA of the measuring points in the surface slope
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Fig. 13 The marginal spectrum of monitoring points when input in x-direction (0.074 g): a inside the slope; b near the slope surface
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Fig. 14 The change rule of PMSA when input in x-direction: a inside the slope; b
near the slope surface

(A10, A16, A18, A19, and A20) under 0.446 g are smaller than that
under 0.297 g, which indicates that the surface slope is the main
seismic damage area. Additionally, the distribution of PMSA in the
slope when input in x and z-directions is shown in Fig. 15. In
Fig. 15, the distribution cloud picture of the PFSA is also drawn
by using Surfer 10 software. When no dynamic damage appears in
the slope, the PMSA shows an increasing trend with the elevation
subject to 0.074 g and 0.148 g, suggesting that the wave energy
propagation through the slope is regular, and no damage occurs
before 0.148 g. However, the PMSA near the platform is smaller
than that of the surrounding area when the seismic intensity is
0.297 g, suggesting that the seismic damage occurs at the platform,
resulting in the abnormal energy transmission near the platform
area. In particular, the PMSA of the surface slope is smaller than
that internal slope under 0.446 g, which indicates that the sliding
failure of surface slope occurs along the topmost structural plane.
Therefore, the seismic damage of the slope can be clarified by
analyzing the PMSA distribution (Fig. 15), according to identifying
the regions where the energy cannot be transmitted.

In addition, the PMSA with the seismic intensity is shown in
Fig. 16. It can be seen that the PMSA of the internal slope (A2,
As, A6, A7, and A13) gradually from 0.074 to 0.446 g (Fig. 16a),
indicating that no dynamic damage appears inside the slope
under earthquake excitation. The PMSA of the surface slope
(A10, A16, A18, A19, and A20) increases from 0.074 to 0.297 g
(Fig. 16b), suggesting that no seismic damage appears in the
surface slope. But a decrease of PMSA of the surface slope can
be found after 0.297 g, suggesting that seismic failure occurs in
the surface slope. Combined with Figs. 13, 14, 15, and 16, the
seismic damage process of the landslide can be identified as
follows: no seismic damage stage (0.074-0.148 g), local damage
stage (0.148-0.297 g), and sliding failure stage (0.297-0.446 g).
Local seismic damage initiates to occur firstly near the plat-
form under o.297 g and further continues to expand in the
surface slope with the sliding body forming gradually; then,
when the earthquake excitation reaches 0.446 g, the surface
slope began to slide along the topmost bedding structural
plane.

Seismic failure mechanism of the slope using energy-based method
Seismic failure mechanism determines the occurrence and devel-
opment of slope failure under earthquake excitation (Fan et al.
2017). Figure 17 shows that no large deformation appears in the
slope before 0.148 g, and penetrating cracks occur along the joints
at the platform area, causing local failure in this area, when it is
0.297 g When it reaches 0.446 g, all the blocks appear in the
surface slope, and the surface slope will slide along the uppermost
bedding surface. The seismic damage phenomenon of slope is
consistent with the analytical results of marginal spectrum. More-
over, the dynamic failure mechanism of the slope during earth-
quakes can be interpreted from an energy-based perspective. With
the continuous seismic excitation, when the incident wave reaches
the slope surface, it will be superimposed on the reflected wave. The
Hilbert energy under earthquake action is stored in the surface slope,
which is larger than the internal slope. The difference of seismic
Hilbert energy between the sliding bed and the sliding body mainly
causes different dynamic responses between them, which is an im-
portant reason for the dynamic failures in the structural plane. Due
to the impact of the structural planes on the distribution of seismic
Hilbert energy, the seismic Hilbert energy of the surface slope is
larger than that of the internal slope. According to the analyses of
the marginal spectrum, the seismic Hilbert energy in the high-
frequency components (> 20 Hz) mainly induced the local damage
of the slope and initiated the dynamic failure in the middle and crest
of the surface slope. Local failure results in the enlargement of pores
in the structural planes of surface slope and further leads to the
increase of energy dissipation. The seismic Hilbert energy in the 15-
17 Hz will magnify the seismic response of the surface slope due to
the resonance effect and trigger the overall damage of the surface
slope. In the process of shear failure in the structural plane, seismic
Hilbert energy is dissipated gradually in the structural plane with
increasing seismic intensity. The energy dissipation reaches the larg-
est subject to 0.446 g, resulting in the decrease of the seismic Hilbert
energy of the surface slope (Fig. 12), which leads to that the surface
slope slides along the topmost structural plane.

In addition, the slope surface displacement and the layered
removal of the damaged model are used to further verify the
seismic failure mode of the slope (Figs. 18 and 19). By selecting
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Fig. 15 Distribution of PMSA under different seismic intensities: a input in x-direction; b input in z-direction
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Fig. 16 The change rule of PMSA with seismic intensity when input in x-direction: a inside the slope; b near the slope surface

optical measuring points at different elevations of the slope sur-
face, the displacement of the slope surface is analyzed, as shown in
Fig. 18. The points are located in the middle section of the slope
surface, and the surface displacement is measured by the XTDIC
3D optical deformation measurement system. Figure 18 shows that
the slope surface displacement is mainly concentrated above the
topmost bedding structural plane, while the surface displacement
below it is very small, which indicates that the surface slope is
mainly deformed and damaged area. Figure 19 shows that when
the damaged model is dismantled, it is obvious that the slope body
below the superstructure surface is not damaged, which also indi-
cates that only the surface slope body is damaged. Therefore, the
topmost bedding structural plane is the slip surface, and the
surface slope body is a sliding body.

In addition, taking the measuring points in the sliding body
(A10 and A20) and in the sliding bed (A4 and A13) as examples, the
difference in the acceleration-time histories (A10-A4 and A20-A13)
is shown in Fig. 20. An obvious difference can be identified
between sliding body and sliding bed. Before the slip plane is
formed, when the seismic intensity is less than 0.297 g, the accel-
eration differences of A20-A13 are larger than those of A1o-Ag,
suggesting that a nonuniform seismic response in the slip mass
and the seismic response of the slope crest is much larger. The
differences in acceleration between the slip mass and the sliding
bed increase gradually with the seismic intensity, suggesting that
the corresponding deformation difference between them increases.
The slip surface forms subject to 0.446 g, and the acceleration
differences of A20-A13 and A10-A4 are similar, implying that the
seismic response in the slip mass tends to be stable after the
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Fig. 17 Dynamic failure phenomenon of the under different seismic intensity: a 0.148 g; b 0.297 g; ¢ 0.446 ¢
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Fig. 18 Displacement of the slope surface when input AS wave: a input in z-direction; b input in x-direction

formation of the slip surface. This phenomenon further verifies the
previous conclusion that the difference of seismic response be-
tween the sliding bed and the slip mass mainly causes the occur-
rence of the landslide using energy-based method.

Discussion

To verify the results of energy-based method, the Fourier spectral
ratio was used to clarify the dynamic response of the slope as well.
The point A2 at the bedrock is selected as the reference point.
Taking the input horizontal 0.074 g AS wave as an example, the
Fourier spectrum ratio curves of four measuring points (A6, A1o,
A16, and A20) are shown in Fig. 21. Taking the first natural
frequency (f,) as an example, the change rule of peak Fourier
spectral ratio amplitude (PFSRA) with seismic intensity is shown
in Fig. 22. Figure 22 shows that the PFSRA presented a gradual
increase before 0.297 g and a decrease after 0.297 g. This indicates
that after 0.297 g, the seismic response of the slope changed
greatly, and the slope began to be damaged. By comparing the
analysis results of the energy-based method (Figs. 12 and 16),
PFSRA and PHSA have the similar change rules, which indicates
that Fourier spectrum ratio and Hilbert energy spectrum can
better reflect the overall deformation of the slope. Therefore, the

Hilbert energy spectrum mainly reflects the overall energy trans-
mission characteristics of the slope; however, it is difficult to
accurately analyze the specific damage locations of slope from
the perspective of local damage, because the seismic Hilbert energy
spectrum is doped with many frequency components of all IMF
energy spectra. Compared with the seismic Hilbert energy spec-
trum, the marginal spectrum represents a certain Hilbert energy
spectrum of the IMF with a high identification degree. The mar-
ginal spectrum can better reflect the transmission characteristics
of energy and clearly identify the local seismic damage.

Conclusions

An energy-based identification method of seismic damage of a
slate slope with discontinuities was proposed based on HHT and
marginal spectrum. Some conclusions can be drawn.

1. The HHT and its marginal spectrum are feasible to clarify
changes of seismic Hilbert energy in the seismic failure mech-
anism of the slope. Elevation has a magnifying effect on the
energy propagation of seismic wave. The PSHEA and PMSA
increase with the elevation and reach the maximum at slope
crest. The bedding structural plane has a certain aggregation

Fig. 19 Removal of the first and second layered slope: a after the removal of the first layer; b after the removal of the second layer
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Fig. 20 Acceleration difference between the sliding mass and the sliding bed in the tests

largest in the low-frequency (15-17 Hz) and the high-frequency
components (>20 Hz), respectively. The Hilbert energy spec-
trum and marginal spectrum can be used to identify the overall
deformation and local deformation, respectively. The seismic
Hilbert energy in the slip mass is larger than the Hilbert energy
in the sliding bed, and the difference of seismic Hilbert energy
between the sliding bed and the sliding body mainly causes the
occurrence of the landslide.

The analyses of seismic Hilbert energy spectrum show that the
dynamic failure evolution process of the landslide mainly
includes no seismic damage stage (0.074-0.297 g) and sliding
failure stage (0.297-0.446 g). The analyses of the marginal
spectrum suggest that the seismic failure developing process
of the slope mainly includes no seismic damage stage (0.074-
0.148 g), local damage stage (0.148-0.297 g), and sliding failure
stage (0.297-0.446 g). Compared with Hilbert energy spec-
trum, the marginal spectrum is obtained from the IMF with a
high identification degree and can better reflect the transmis-
sion characteristics of energy and identify the destructive de-
velopment process of the landslide from a local perspective.
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Fig. 22 The peak values of the Fourier spectrum rations during the first natural frequency (f;) when input AS wave in x-direction: a inside the slope; b near the slope

surface

3. The dynamic failure mechanism of the slope can be identified
from the energy-based perspective by using seismic Hilbert
energy. Due to much more seismic Hilbert energy dissipating
in the topmost structural plane during the formation of the slip
surface, local damage initiates to occur firstly at the platform
under 0.297 g, and further continues to expand with the sliding
body forming gradually; then, the surface slope began to slide
along the topmost bedding structural plane subject to 0.446 g.
The seismic Hilbert energy in the high-frequency components
mainly induces the local deformation of the surface slope.
When the local deformation of the surface slope accumulates
to a certain amount, the surface slope gradually forms a sliding
body with the development of dynamic failure, and the seismic
Hilbert energy in the low-frequency components further pro-
motes the occurrence of the landslide.

However, the model is a simplified model of a slope with two
perpendicular, persistent discontinuity sets, which is an unfa-
vorable kinematic setting and is also representative only of
specific cases. Moreover, the proposed energy-based method
not considers the seismic Hilbert energy distribution character-
istics in the time domain, resulting in the difficulty of deter-
mining the specific failure time of the landslide under
earthquake excitation. The seismic failure mechanism of land-
slides with complex geological structures should be further
investigated based on the energy-based method by using HHT
and marginal spectrum.
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