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Abstract
Shidaguan Slope (hereinafter short for SDG Slope) is an unstable rock slope with an area of 30.78×104

m2 and a deformation depth of 30-70 m in Maoxian County, Sichuan Province, China. Three
seismometers (P2-P4) with high sensitivity were installed at different locations on the unstable part of the
slope. P2 and P3 were almost at the same elevation (2221 m and 2247 m), while P4 was the lowest (at
2140 m). Another seismometer (P1) sat in a stable location at a higher elevation (2373 m). 99 shallow
earthquakes were analyzed. According to the peak acceleration ratios of three seismometers (P2-P4) on
the unstable part and another seismometer (P1) on the stable part, the points at lower elevations showed
greater seismic ampli�cation (with the ampli�cation coe�cient of 2.64-3.51) than one at a higher
elevation. And points at relatively thinner part (23 m thick) of unstable slope showed greater seismic
ampli�cation than ones at thick part (60-75 m thick). The same rule was also found in studying the site-
epicenter azimuth and earthquake magnitude data. Based on the relationship between ampli�cation
coe�cient and resistivity and rock core, the seismic response ampli�cation was affected by the
lithofacies difference. The lithofacies with resistivity values of 50-100 Ohm.m and RQD values of 0-50 %
incurred seismic response ampli�cation, which was restrained by the below lithofacies with resistivity
values of 10-50 Ohm.m and ROD values of 0 %. When building on slope areas, the lithofacies difference
should be taken into full consideration.

1. Introduction
Researchers had realized a few decades ago that topography made difference to the seismic
ampli�cation effect. For example, Leonov (1960) found during a Ms 7.4 earthquake that the topographic
ampli�cation effect at the top of slopes gave rise to many co-seismic landslides on top of ridges. Later,
more and more researchers combined topography with the seismic ampli�cation effect together. A lot of
researchers suggest that obvious topographic ampli�cation effects usually happen on the top of
mountain slopes, ridges, and hills (e.g., Boore 1972; Celebi 1987; Huang and Chiu 1999; Lee et al. 2009).
Boore (1972) and Bouchon (1973) also found that seismic response showed abnormal ampli�cation at
high elevation when slope base width was similar to wavelength. By analyzing the monitoring data of
over 40 aftershocks obtained by Wang et al. (2012) through monitoring, it was concluded that seismic
response became more intensive while getting closer to free face, showing the non-linear change of
increasing gradually from inside to outside of the slope. Shen et al. (2019) found by monitoring the
aftershocks of the Jiuzhaigou Earthquake that isolated protruding mountains re�ected more intensive
seismic response.

Some recent researches indicate that geology is also an in�uencing factor of ground motion
ampli�cation. Wang et al. (2012) and Ma et al. (2019) discovered that extreme ampli�cation of seismic
response would happen to overburdens and landslide deposits. Based on the seismic data obtained by
Danneels et al. (2008) through �eld monitoring, the thicker overburdens showed a greater ampli�cation
effect than thinner ones. Kleinbrod et al. (2017) concluded by measuring the ambient noise that unstable
part of rock slope revealed a more intensive seismic ampli�cation effect than the stable part. Song et al.
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(2020)’s �nite element numerical simulation analysis results suggested that seismic waves would have
numerous re�ection and refraction at joint faces and amplify around the discontinuities on top of the
slope. However, there are few kinds of research on how does geological conditions affect the seismic
response of a large-scale deep-seated unstable slope. We have set four seismometers on the SDG Slope
in this paper and have made seismic monitoring for nearly two years to get the ground motion
ampli�cation of the unstable slope area and stable slope area in different elevations. Furthermore, we
studied geological conditions through geophysical measurement, for 1) analyzing ampli�cation
characteristics of rock slope in different positions, and 2) explaining the ampli�cation phenomenon with
slope geological characteristics.

2. Sdg Unstable Rock Slope
Figure 1a reveals the epicenter distribution situation of historical earthquakes that have happened around
the study area since 1990. According to the result, the neotectonic movement was relatively intensive,
earthquakes often happened. The epicenters of historical earthquakes that happened since 1990 were
mainly distributed in the southeast part of the study area. The study area has experienced a total of 3466
earthquakes in Ms 3.5-5.0 since 1990 according to Fig. 1b. In addition to the 434 Ms 5.1-7.0 earthquakes,
the study area has mainly suffered from the Ms 7.5 Diexi Earthquake, Ms 7.2 Songpan-Pingwu
Earthquake, Ms 8.0 Wenchuan Earthquake, and Ms 7.0 Jiuzhaigou Earthquake in succession.

The study area (Fig. 2) involves tectonic-eroded Zhongshan River Valley geomorphology. The elevation
difference between the Valley to the back edge of the unstable slope is 2450 m. The average gradient of
the section from the Valley to the place at an elevation of 2000 m is 70°. The average gradient of the
section from the place at an elevation of 2000 m to the peak of the unstable slope is 25°. And the average
gradient of the stable slope on the upper part of the unstable slope is 50°. The outcrops of the study area
are mainly composed of phyllite in the Upper Formation of Devonian Weiguan Group, Quaternary
landslide deposits, Quaternary pluvial alluvial deposits, and Quaternary colluvial deposits.

The rear edge of SDG Unstable Slope is the back scarp of the deep and large tension crack developed by
the sliding. The shear outlet on the front edge is at an altitude of 2000 m. The deformed body covers an
area of 30.78×104 m2 with an average longitudinal length of 540 m and an average width of 560 m. The
slope showed signs of deformation since 2013. In 2014, a collapse with a height of 200 m appeared in
the middle of the front edge. Nearly 6×104 m3 deposits rushed into Minjiang River and developed into
congestion taking up nearly 1/3 of the river channel. Meanwhile, the rear edge of the unstable slope
started to crack. The deformation situation obviously got worse in 2015 and wider and wider cracks
occurred. The slope deformation progress continued in 2016 and suddenly slowed down in July 2017
after some parts of the rear edge and front edge shifted down by more than 10 m.

3. Seismic Monitoring And Seismic Events



Page 4/26

Seismometers were placed on the 40 cm-deep cement base. Each seismometer was equipped with a
high-sensitivity three-component seismic sensor with a sensitivity of 1.2722×1010 cnt/m/s. The
seismometers can collect components of seismic waves in three directions (horizontal EW direction,
horizontal SN direction, and vertical direction) and record data unremittingly for 24 h at the sampling rate
of 200 Hz. Four seismometers in total were set at different locations. Station P1 was set outside the rear
edge boundary of SDG Unstable Slope, at the elevation of 2373 m, which was the highest. Station P2 was
set beside the left boundary of the unstable slope at the elevation of 2221 m, in which the most
signi�cant deformation was developed. Station P3 and Station P4 were located in the middle and lower
part of the unstable slope at the elevations of 2247 m and 2140 m, respectively. Refer to Fig. 3 for the
distribution of monitoring stations on SDG Slope.

Seismic data studied in this paper are three-component data in MSD format. EW, NS, and Z respectively
represent the horizontal east-west direction, horizontal south-north direction, and vertical direction. The
four seismometers in the study area unremittingly recorded seismic data from July 17th, 2019 to March
21st, 2021. According to the earthquake catalog released by China Earthquake Network Center (CENC),
corresponding seismic data were selected out from monitoring data as the research basis in this paper.
99 groups of seismic data with clear seismic waves had been selected in this paper. Figures 4a and 4c
show the relative position of collected earthquake epicenters to SDG Slope, and Fig. 4b shows the
earthquake magnitude ranging from 3.0 to 5.7. The epicenter distance ranged from 28 to 420 km and the
hypocenter depth ranged from 2 to 40 km. These data have given great support to study the seismic
response of SDG Slope. After converting the data into text �les, the waveform data were baseline
corrected and �ltered through the Seismosignal software, then we obtained the three-component peak
acceleration values of every group seismic wave at each monitoring station.

4. Drilling And Geophysical Investigation Methods
Two methods, electrical resistivity tomography and drilling, have been applied for geological conditions
investigation at four monitoring sites. Detailed investigation routes and drilling positions are shown in
Fig. 3a. Electrical resistivity tomography widely applied to various rock slope investigations is a kind of
high-e�ciency geophysical investigation method for collecting rich data (Jongmans and Garambois
2007). The method contains two parts, measuring and picture processing. By applying DC to
underground media in shallow layers, arranging electrodes along the section to receive current from
conductive media, and calculating apparent resistivity, we can know about the conductive performance of
underground media and obtain the distribution situation of resistivity along the section. The apparent
resistivity is the maximum in the distribution area of the gravel layer, relatively high in the shallow layers
of bedrock, and the minimum in the distribution area of clay soil (Zhang 1979).

Three vertical sections have been determined according to the positions of monitoring sites in this paper
and Wenner showing strong anti-interference capacity and stable observation results has been used for
ERT measuring (Fig. 3a) (Schrott and Sass 2008; Naudet et al. 2008; Jongmans et al. 2009). The three
vertical sections are respectively distributed upstream, midstream, and downstream of rock slope. The
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GeoERT IP 2401 distributed high-density electrical prospecting apparatus and multi-functional digital DC
system (240 channels, current measuring precision of ± 0.1 %) jointly developed by Lanzhou University
and Beijing Geodesics Exploration Company, with the electrode spacing of 10 m and exploration depth
reaching 140 m is applied in the study. All apparent resistivity sections are obtained after 5 times of
iteration. The RMS deviation of the last iteration is controlled around 10 % to get the 2D apparent
resistivity section along the measured section.

5. Data Processing And Methods

5.1 Seismic data analysis
All seismic events are recorded simultaneously by seismometers. Fig. 5 shows the three-component
original records of the four seismometers. Before further analysis, we test the quality of the recorded
seismic signals with the signal-to-noise ratio. After being pre-processed by baseline correction through
Seismosignal software, the selected seismic data were �ltered within the frequency scope of 0.5-20 Hz
with Butterworth band-pass �lter. The three-component peak acceleration of the seismic data recorded by
seismometers can be directly obtained through the software. Taking the Monitoring Station P1 in the
stable area as the reference, corresponding ampli�cation times representing the relative difference of
ampli�cation coe�cients at different sites can be obtained by comparing its peak acceleration with the
three monitoring sites in the unstable area.

The horizontal-to-vertical spectral ratio (referred to here as HVSR) method is used to evaluate the
ampli�cation effect of local ground movement. This method was originally used to estimate the local
�eld effect with ambient noise records (Nakamura 1989), then widely used to study the �eld response of
different study areas under strong movement (Lermo and Chávez-García 1993; Panzera et al. 2017).
Recently, the method had also been used to estimate the ampli�cation effect of slope and landslide (Del
Gaudio and Wasowski 2007). We have obtained corresponding resonance frequencies by studying the
peaks of HVSR curves and took them as the indications for �eld resonance properties. Although the
HVSR curve peak cannot present the actual ampli�cation coe�cient, it can be regarded as the indicator
for the relative difference of ampli�cation coe�cient because of the complicated geological and
geomorphological conditions of landslide areas (Del Gaudio et al. 2013). In this method, the data
including hypocenter, propagation path, and media are consistent with the data of the same earthquake
measured by the same seismometer. So the in�uence of these factors on studying the local seismic
ampli�cation effect of landslides can be eliminated by this method. The calculation method of HVSR is
shown as Equation (1):

Where H1ij(f), H2ij(f) and Vij(f) respectively represent the Fourier spectrums of horizontal SN component,
horizontal EW component, and vertical component of Field J in the earthquake event I.
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The Geopsy software was applied to calculated HVSR curves. For every earthquake event, we converted
three-component seismic waves into Fourier spectrums using the fast Fourier transform (FFT) method
applied to 10 % cosine-tapered windows, then used the window function named Konno-Ohmanchi (Konno
and Ohmachi 1998) to smoothen spectrums and calculated HVSR curves through Equation (1) at last.

5.2 Drilling and Electrical Resistivity Tomography
Drill rock stone with the φ 75 mm diamond drill bit and double-layer rock core pipe for continuous coring.
Among the rock core obtained by drilling, the ratio between the accumulative length of all rock core
sections longer than 10 cm and the drilling footage can re�ect the integrity of rock and development of
crack in the strata of this section.

The apparent resistivity 2D section obtained by image processing of electrical resistivity tomography is
processed through the least-mean-square algorithm (Loke 1999) and RES2DINV software and obtained
by defective data points elimination, topographical correction, RMS convergence-constraint method,
and the least-squares inversion successively. During the least-squares inversion process, it is applicable
to adapt to different types of geological structures by adjusting the damping coe�cient and smoothness-
to-�ltering ratio (Naudet et al. 2008).

6. Results

6.1 Peak Acceleration Ratio Curve Characteristics
Take the Monitoring Station P1 located at the highest altitude in the stable area as the reference, the
ampli�cation times calculated based on the ratios of Monitoring Stations P2, P3, and P4 in the unstable
area to the reference are presented in Fig. 6. With the elevation change, the three-component peak
acceleration ampli�cation times of seismic waves show the same trend, which results in a “ convex ” type
response. All the three-component ampli�cation times of the three monitoring stations in the unstable
slope area are greater than 1. The three-component ampli�cation times at Monitoring Station P2 are 1.56,
1.74, and 1.71, at Monitoring Station P3, are 1.49, 1.67, and 1.47, at Monitoring Station P4, are 1.39, 1.66,
and 1.49. Among them, ampli�cation times of Monitoring Station P2 are the largest.fac

The aspect of SDG slope is 78°. The intersection angles between SDG Slope aspect and the connecting
line of hypocenter and SDG Slope are divided into �ve classes, which are 0–30°, 30–90° (for too little
data of 30–60° and 60–90°, these two groups are integrated as a whole for statistical analysis to prevent
the in�uence of random error), 90–120°, 120–150° and 150–180°. The PGA ampli�cation times of three-
component seismic waves at monitoring stations are shown in Fig. 7. It can be seen from Fig. 7 that the
peak acceleration grows when the intersection increases. In other words, the peak accelerations of
monitoring stations are the smallest when the intersection angle is 0–30°, namely, the seismic waves
travel in the opposite direction of the slope. When seismic waves travel in the same direction of the slope,
namely the intersection angle is 160–180°, the peak accelerations of monitoring stations are the largest.
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According to the comparison results of the mean ampli�cation times of three monitoring stations in the
same intersection scope, as shown in Fig. 8, the ampli�cation times of Monitoring Station P2 is the
largest, followed by Monitoring Station P3, and the ampli�cation times of Monitoring Station P4 is the
smallest.

6.2 HSVR Curve Characteristics
The HVSR curves obtained by calculating the seismic data monitored at monitoring sites can be found in
Fig. 9. At Station P1, HVSR curves are ampli�ed signi�cantly in the frequency scope of 12.1–14.8 Hz,
with a mean peak value of 2.6. At Monitoring Station P2, curves are signi�cantly ampli�ed in the
frequency scope of 5.6–6.2 Hz with a mean peak of 3.51. At Monitoring Station P3, the curves are
signi�cantly ampli�ed in the frequency scope of 2.8–3.9 Hz with a mean peak of 3.01. And at Monitoring
Station P4, the curves are signi�cantly ampli�ed in the frequency scope of 2.5–3.2 Hz with the mean
peak of 2.64. By putting peak ampli�cation coe�cient mean values across the entire frequency range of
all monitoring sites in Fig. 10, it is found that the ampli�cation effect of monitoring stations on the
unstable slope in the lower part is more intense than the monitoring station on the stable slope in the
upper part, which is same as the peak acceleration ratio conclusion. Regarding the three monitoring
stations on the unstable slope, the ampli�cation coe�cient of Monitoring Station P2 is greater than
Monitoring Stations P3 and P4.

6.3 Rock Core and Resistivity
Six kinds of lithology can be obtained by drilling (as shown in Fig. 11). The deposits loose of shallow
overburden at the depth of 5–14 m are composed of yellow silty soil with gravel which is slightly wet and
plastic. Moderately weathered phyllite can be observed at the depth of 7–20 m, with the rock structure
damaged in some parts and relatively developed cracks. The intensely weathered fragmented rock mass
can be observed at the depth of 5-60m, showing fragmented structure. The gray-black silty clay observed
at the depth of 40–70 m is extremely weathered phyllite, slightly wet, plastic, mixed with a small amount
of broken stone. And the gray-black carbon phyllite in Upper Formation of the Devonian Weiguan Group is
visible at the depth of 20–80 m. No groundwater is detected throughout the drilling process.

In addition, we have recorded the RQD values of rock core drilled at three places (Fig. 12). The RQD value
of the rock core throughout the drilling depth of borehole Z01 (P4) is close to 0 %. For borehole Z02 (P2),
the RQD value is close to 0 % above 23 m, around 10 % at the depth of 8 m and 12 m, greater than 50 %
below 23 m, and 80 % at the maximum. For borehole Z03 (P3), the RQD value is close to 0 % at the depth
of 0–62 m, then surges to 50 % at maximum while getting deeper.

The underground resistivity distribution of the whole section line is investigated by electrical resistivity
tomography method. Figure 13 only presents the underground lithofacies' apparent resistivity distribution
around four monitoring sites, as only the local seismic response at monitoring sites is studied in this
paper. On the stable part of SDG Slope, only relatively complete bedrock mass with the resistivity greater
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than 400 Ohm.m is distributed under P1. On the unstable part of SDG slope, the rock mass above 10 m at
P2 shows the resistivity alternately presented in high and low values. At the same site, the resistivity
ranges from 50 to 100 Ohm.m at the depth of 10–25 m and is greater than 300 Ohm.m below 25 m. The
resistivity of P3 seems alternately high and low above 5 m, changes in the range of 10–50 Ohm.m at the
depth of 5–55 m and is greater than 300 Ohm.m below 55 m. For P4, the resistivity is alternately high and
low above 15 m, in the range of 10–50 Ohm.m at the depth of 15–70 m and above 300 Ohm.m below 70
m.

We have divided the underground structure of the three monitoring sites (P2, P3, and P4) in the unstable
area into six types according to the lithological characteristics of boreholes, rock core RQD values, and
apparent resistivity values, which are the loose deposit of shallow overburden, moderately weathered rock
mass, fragmented rock mass, highly weathered phyllite, rock mass at the inferred slip surface and phyllite
(Fig. 14). According to the borehole histogram in Fig. 13, the Monitoring Station P2 (Z02) is composed of
lithofacies 1 above 7.2 m, lithofacies 2 at the depth of 7.2–19.1 m, lithofacies 5 at the depth of 19.1–
22.8 m, and lithofacies 6 below 22.8 m. The Monitoring Station P3 (Z03) is composed of lithofacies 1
above 5.4 m, lithofacies 3 at the depth of 5.4–56.5 m, lithofacies 5 at the depth of 56.5–61 m, and
lithofacies 6 below 61 m. And the Monitoring Station P4 (Z01) is made of lithofacies 1 above 13.5 m,
lithofacies 3 at the depth of 1.5–42.3 m, lithofacies 4 at the depth of 57.1–70.5 m, and lithofacies 4 at
the depth of 70.5–75 m, without bedrock (lithofacies 6).

7. Discussion
We found based on the �eld monitoring data that compared with the higher elevation P1 located on the
stable part of SDG slope, P2, P3, and P4 located on the unstable area of SDG slope at a lower altitude
have larger ground motion response ampli�cation coe�cient. Even the Stations P2 and P3 similar in
elevation have different ground motion response ampli�cation coe�cients. If ranking the four stations by
seismic response ampli�cation coe�cients, P2 is the largest, followed by P3, P4, and P1 in succession.
The same rule is also found in the site-epicenter azimuth. With the increasing intersection between SDG
Slope aspect and the connecting line of hypocenters and SDG Slope, the seismic ampli�cation coe�cient
of the monitoring station grows (Fig. 7). The growth is caused by the full re�ection of vertically incident
seismic waves on the surface of the slope when the epicenter is on the back of the slope, which leads to
the superimposition of seismic wave and acceleration multiplication and makes the seismic
ampli�cation effect more obvious (Cho and Kaneko 2004; Tang et al. 2009; Li et al. 2013). Besides, the
seismic response is ampli�ed abnormally on the top of ridges, and slopes, and tower-like rock mass
(Celebi 1987; Huang and Chiu 1999; Shen et al. 2019). When the incident wavelength is equivalent to
terrain width, the seismic ampli�cation response in higher places is more intensive, while lower places
have no ampli�cation response or less intensive ampli�cation response according to Boore (1972) and
Bouchon (1973). The same phenomenon is also revealed by Luo et al. (2020) and He et al. (2020)
through numerical simulation (e.g., Celebi 1985; Luo et al. 2020; Shen et al. 2019). To judge if our terrain
meets the conditions of elevation ampli�cation, we applied the empirical formula for theoretical
resonance frequency for topographic effect calculation (Geli et al. 1988).
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  (2)

in which Vs is shear wave velocity, L is the base width of a slope, and ft is the topographic resonance
frequency.

To prevent calculation from being affected by the shallow surface lithofacies, shear wave velocity shall
be the shear wave velocity of bedrock. According to Wang et al (2018) and Luo et al. (2021), we set the
bedrock shear wave velocity of phyllite formation at 2000 m/s. For the hill slope where SDG Slope is
located, we set the base width of the slope at 2000 m. By Equation (2), we obtained that ft is 1 Hz. While
corresponding frequencies of the maximum amplitudes of Monitoring Stations P2, P3, and P4 are 5.6-6.2
Hz, 2.8-3.9 Hz, and 2.5-3.2 Hz respectively, which are quite different from the calculation result. So we
speculate that the ampli�cation effect intensity of unstable mass is decided by the geological conditions.

As researchers reported that overburden and loose soil �ltered high-frequency seismic waves and
ampli�ed low-frequency ones (Wang 2012; Luo et al. 2021). It was found by Danneels (2008) through
�eld monitoring that the thick loess overburden had a more intensive ampli�cation response than the
thinner one. And Ma at el. (2019) also found that the ampli�cation effect of the site above slope deposit
was far greater than bedrock by monitoring the ampli�cation effects of two places in the same elevation
at slope toe. Burjánek et al. (2012) argued that the elastic modulus of unstable rock mass was lower than
complete bedrock. Seismic impedance occurred at the boundary of broken rock mass and perfect
bedrock, which may capture incident waves. Unstable rock mass played the role of a resonator, making
standing waves develop in the broken rock mass. While the surface of the slope as a free face showed
the largest amplitude. The minimum mean value of the ampli�cation coe�cients at the three monitoring
sites in the unstable slope area is 2.64. According to the HVSR standard of SASAME (2004), it can be
regarded as the ampli�cation effect that exists when the ampli�cation coe�cient is greater than 2. And
when the ampli�cation coe�cient is 4, the rock slope is very weak according to Kleinbrod et al. (2017). As
ampli�cation coe�cient mean value obtained by us in this paper up to 3.5, it can be concluded that SDG
Slope is very weakened.

Seismic impedance can be found on the boundary of weak rock mass and bedrock. Danneels (2008)
found that the loess overburden with the minimum apparent resistivity of only 5 Ohm.m and the
underlying bedrock with the minimum apparent resistivity of 300 Ohm.m had led to 6 times the seismic
ampli�cation. Ma at el. (2019) found that the seismic ampli�cation up to 20 had been caused by the
impedance contrast between the rock layer with the resistivity of 3500 Ohm.m and the one with the
resistivity of 2500 Ohm.m. As HVSR curve amplitude is directly proportional to impedance contrast of
seismic wave (Oubaiche et al. 2012; Uebayashi et al.; 2012; Hartzell et al. 2017), the HVSR curve
amplitude can re�ect the magnitude of the impedance contrast. However, the seismic response
ampli�cation coe�cient in the unstable part of the slope monitored by us is only 2.64-3.51, smaller than
the ampli�cation coe�cient monitored by Danneels (2008) and Ma et al. (2019). The minimum bedrock
resistivity in our study area is about 300 Ohm.m, while the apparent resistivity of rock mass (lithofacies
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2) below Monitoring Station P2 with the highest ampli�cation coe�cient is 50-300 Ohm.m, with the
resistivity difference far smaller than the values reported by Danneels (2008) and Ma at el. (2019).
Although the relationship between resistivity difference and seismic ampli�cation is still unclear yet, the
resistivity difference may be the cause of the small seismic ampli�cation coe�cient. In addition, both
epicentral distance and earthquake magnitude are smaller than the reports of Danneels (2008) and Ma
et al. (2019) may also be the reasons for the small seismic response ampli�cation. We speculate that the
fragmentation degree of rock mass gets worse along with the deformation of the unstable slope, which
results in the increase of apparent resistivity between unstable body and bedrock and rising of seismic
ampli�cation coe�cient.

We also found that the seismic response is inversely proportional to the thickness of the unstable slope.
In other words, the seismic response of Monitoring Station P2 in the thin part of the unstable slope is
more intensive than that of Monitoring Stations P3 and P4 in the thick part of the unstable slope, which is
totally contrary to the conclusion of Danneels (2008) who took overburden as the object to study and
found that the ampli�cation intensity was directly proportional to the thickness. Different from
Monitoring Station P2, a layer of fragmented rock mass containing mud (Lithofacies 3) with the
resistivity of 10-50 Ohm.m and gray-black silty clay (Lithofacies 4) exist between bedrock and Lithofacies
2 in both Stations P3 and P4. According to Danneels (2008), the apparent resistivity of the surface layer
of loess is also less than 50 Ohm.m, and the apparent resistivity of the underlying bedrock is greater than
300-1200 Ohm.m, but the apparent resistivity of the central part is 50-300 Ohm.m, so overall the apparent
resistivity increases with increasing depth. While a weak layer with the apparent resistivity of 10-50
Ohm.m is developed in the substructure of Monitoring Stations P3 and P4, which may restrain the
seismic response (Xu et al. 2003; Hartzell et al. 2017). So weak layer may play a seismic isolation effect
between two lithofacies with greater elastic modulus.

8. Conclusion
By calculating the peak acceleration ratio with station P1 as the reference point, it is found that the three
monitoring stations at lower altitudes in the unstable area show an obvious ampli�cation effect. The
seismic impedance ratio at the boundary of fragmented rock mass and bedrock makes the unstable
slope exhibit the seismic ampli�cation effect, by which we can identify the slope scope. If the intersection
between seismic wave propagation direction and slope direction reduces, the seismic response
ampli�cation coe�cients of the three monitoring stations in the slope area increase. Namely, the seismic
response is the maximum when the epicenter is on the back of a slope. If there is low-resistivity �ne-
grained soil in the unstable rock mass, the �ne-grained will absorb the shock under certain conditions,
weakening the seismic response on the surface of a slope.
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Figure 1

a Location of Study Area and Situation of Historical Earthquakes Happened Since 1990, b Annual
Occurrence Frequency of Historical Earthquakes in Different Magnitudes Happened Since 1990 around
Study Area
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Figure 2

Full View of SDG Slope
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Figure 3

a Plan Layout of Monitoring Sites in Geophysical Survey Diagram (Red stars are seismic monitoring sites,
blue lines are sections obtained by electro-physical survey, yellow circles are boreholes), b Field
Installation Diagram of Seismometer, c Section Map (Showing the locations of the four seismometers)
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Figure 4

a Epicentral Distribution Recorded from July 2019 to April 2021 (earthquakes of different magnitudes are
represented by different colors of starts), b Magnitude Distribution in Monitored Earthquake Statistics, c
Distance between Epicenter and Rock Slope and the site-epicenter azimuth (Epicentral distance is drawn
long the radius of the diagram)
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Figure 5

Three-component Acceleration Time Curves Recorded by Four Seismometers on April 26, 2020

Figure 6

Ampli�cation Times of Station P1: a Horizontal EW Direction, b Horizontal SN Direction, c Vertical
Direction
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Figure 7

Changes of Ampli�cation Coe�cient with Site-epicenter Azimuth: a P2, b P3, c P4

Figure 8
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Changes in Ampli�cation Coe�cients of P2, P3, and P4 in Different Intersections

Figure 9

HVSR Curves Chart of Monitored Seismic Data: a Station P1, b Station P2, c Station P3, d Station P4.
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Figure 10

Ampli�cation Coe�cients Obtained by HVSR Method
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Figure 11

Histogram of Boreholes
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Figure 12

RQD Values of Boreholes at Three Monitoring Stations
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Figure 13

Resistivity Layout of Underground Structures at Four Monitoring Sites
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Figure 14

Lithofacies Characteristics, RQD, and Apparent Resistivity


