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Abstract

Accumulation slopes are extensively distributed in the Three Gorges Reservoir area, China. The seasonal variation of reservoir’s
water level will induce high-frequency microseisms, which may cause landslides in reservoir banks. The study of the dynamic
responses of the slope under earthquakes is the basis of the dynamic stability analysis of the slope. This paper studies the dynamic
characteristics and dynamic responses of accumulation slopes under frequent microseisms by shaking table tests. Different
moisture contents and dens degrees are treated as the key research contents, and a total of nine slope models have been carried
out for experimental studies. The results show that the acceleration responses of the slopes under different working condition
exhibit obvious “altitude effect”. The dynamic characteristics refer chiefly to the inherent properties of the model, containing
damping ratio and natural frequency, and the change of the latter is more sensitive. With the increasing of water content of the
model, the decrease of the natural frequency is less, and the dynamic response shows a linear growth trend. The amplitude of the
reduction of the natural frequency decreases with the increase of the dens degree. The results reveal the instability mechanism of
the accumulation slopes under frequent microseisms and provide reference for the seismic design of the slope engineering.

Keywords Frequent microseisms - Accumulation slopes - Dynamic characteristics - Dynamic responses

Introduction

Earthquakes, as one of the most severe natural calamities in
the mountainous areas, have unexpectedly caused a large
number of slope stability problems, especially earthquake-
induced secondary disasters, which result in massive human
casualties and economic losses (Gorum et al. 2011; Tanoli
et al. 2017). The Ms8.0-magnitude earthquake, happened at
Wenchuan on May 12, 2008, has triggered more than 15,000
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geological disasters such as landslides, collapses, and
mudslides (Huang and Li 2009; Cui et al. 2011; Li et al.
2018), which directly caused 20,000 deaths (Yin 2008;
Wang et al. 2014). After the earthquake, the large number of
accumulation slopes caused by collapses and landslides have
low safety margin. Once the stability condition is destroyed, it
will bring great disaster threat to local residents. In 1985, an
extremely large accumulation landslide with a volume of
about 30 million cubic meters of earth and rock occurred in
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Xintan town, Hubei Province, destroying 1569 houses, 64
wooden ships, and 13 motor boats, resulting in the death of
10 shipmen and the forced suspension of navigation for
12 days (Huang et al. 2009). In 2014, a large amount of gravel
and mud poured into a village after a massive landslide in
Badakhshan Province, Afghanistan, causing more than 2100
deaths and 2000 missing (Zhang et al. 2015). The Three
Gorges reservoir area has also been a region with serious
geologic hazards from time immemorial (Zhang et al. 2012;
Wang et al. 2015); a total of about 2000 landslides have been
discovered, of which accumulation slopes account for 64%
(He et al. 2007; Guo et al. 2017). Since the impounding in
2010, the earthquake frequency in the Three Gorges Reservoir
area has increased significantly (Liu et al. 2009; Liu et al.
2012a). According to statistics data, the earthquake frequency
of being 541 that occurred in 2003 is 10 times larger than that
in 1996~2002. The earthquake frequency in 2004 is 1062,
twice as many as that in 2003, and the intensity has also
increased, with magnitude generally under Ms. 4.0. Since
2008, the induced earthquakes have always been of high fre-
quency, which has been characterized by small magnitude,
shallow hypocenter, and fast energy attenuation (Li and
Huang 2008). Although the reservoir-induced earthquake
has a small magnitude, the focal depth is very shallow, which
makes the energy release relatively concentrated. The site in-
tensity of actual induced local earthquake is much larger than
that of tectonic earthquake with same magnitude. Thus, the
problem of seismic stability of accumulation slopes has also
become increasingly prominent.

At present, from the perspective of the theory of fundamen-
tal mechanics, the evaluation of slope stability under static
load has become gradually mature, but the dynamic charac-
teristics and dynamic responses of slopes under dynamic loads
need to be deeply discussed. Compared with the change of
external factors, such as human engineering activities, rainfall,
and so on which induce landslides, the dynamic responses of
slopes under earthquakes are much more complicated (Zhou
et al. 2013; Tang et al. 2015). Vibration table tests and centri-
fuge model tests are commonly employed to investigate the
dynamic characteristics and dynamic responses of slopes.
However, most of the vibration table tests that have been
conducted are based on soil and rock slopes (Wartman et al.
2005; Wang and Lin 2011); few involves accumulation
slopes. And most of the research is limited to the dynamic
responses and dynamic characteristics of slopes under seismic
waves with different seismic parameters (such as frequency,
type, amplitude, etc.) (Xu et al. 2008), but without considering
the influence of the characteristics of the slope itself (e.g.,
water content of slope, compactness of slope, etc.).

Accumulation slope refers to the special geological body
composed of Quaternary deposits or sediments on the earth
surface. The geological conditions of the Three Gorges
Reservoir area are complex, and a large number of
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accumulations are distributed near the river valley, which are
not only large in scale, various in types, complex in origin, but
also frequently cause geological disasters, so they deserve
attention. Accumulation slope is characterized by loose struc-
ture, low safety margin, and wide distribution, sudden, and
strong hazards (Jiang 2012a). Among the accumulation slopes
in the Three Gorges Reservoir area, 30.1% are in the basic
stable state and 69.9% are in the potential unstable state (Tang
2013). The repeated action of the earthquake will cause the
physical and mechanical parameters of the accumulation slope
to decrease continuously, and its stability will become worse
and worse. The previous research results mainly involved the
behavior of the slope in the critical unstable state or under the
strong earthquake (Tao et al. 2014; Massey et al. 2017), but
little attention is paid to the effect of frequent microseisms on
the long-term stability of the accumulation slope. Microseisms
are successive vibrations of the land surface caused by rock
failure or fluid disturbance, constituting the normal back-
ground oscillations of seismograms (Donn 1966). Therefore,
the effects of frequent microseisms on the dynamic character-
istic and dynamic response of accumulation slopes are worthy
of attention. At present, there are few research achievements
on dynamic characteristics and dynamic responses of accumu-
lation slopes, so it is necessary to study the long-term stability
of the accumulation slopes under the action of frequent micro-
seisms. It has important engineering reference value for the
development of reasonable geological disaster prevention and
control schemes in the reservoir area and the reduction of the
damage that geological disasters may cause to people’s lives
and property.

The aim of this paper is to research the dynamic character-
istics and dynamic responses of accumulation slopes with dif-
ferent slope structure, slope moisture content, and compactness
under the frequent microseisms through the model test and
theoretical analysis of the laboratory shaking table tests, and
the relevant conclusions have important reference significance
for further reservoir construction and its prevention, as well as
the control of the geological disaster in the reservoir area.

Experimental design of shaking table model
Similarity relation design

In present study, the model slopes without archetype geometry
size simulate the accumulation slopes in the reservoir area.
Nevertheless, to simulate larger prototype slopes, bigger geo-
metric similarity coefficients should be obtained as much as
possible. According to the bearing capacity and technical pa-
rameters of the shaking table and the boundary condition of
the models (Ye et al. 2012; Yang et al. 2013), this experiment
takes the length of the model, the mass density, and the accel-
eration as the control variables and derives the similarity
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relation between the physical quantities according to the sim-
ilarity theorem (Brand 1957; Wu et al. 2007). The main sim-
ilarity coefficients of the model, which are the ratios of the
corresponding physical parameters of the prototype to those of
the model, are shown in Table 1.

Materials

The similarity relation between the model and the prototype is
realized by the characteristics of similar materials. It is of great
consequence that the selection of similar materials and the
determination of the related parameters, which is related to
the available value of the experimental data. After comprehen-
sively considering a variety of materials, six types of mate-
rials, including barite powder, quartz sand, gypsum, gypsum
retarder, water, and glycerin, were selected as the similar ma-
terials for the model bedrock. Among them, barite powder and
quartz sand play the role of fine aggregate and coarse aggre-
gate, respectively; gypsum and water play a cementing role
after mixing; glycerin takes the role of water retention, and
gypsum retarder can delay the initial setting time of gypsum,
ensuring the construction time of the slope model.

The accumulation body of this experiment is taken from
the accumulation slope of the Three Gorges Reservoir area,
which is a mixture of clay, sandstone, and mudstone. The
gravel is mainly composed of sandstone and mudstone, with
large mudstone content. The model of the accumulation body
is a combination of soil and rock, which usually distinguishes
“soil” and “stone” according to the particle size. Currently, the
universal threshold of soil and stone is 5 mm (Jia et al. 2010;
Shu et al. 2012). “Stone” is defined as the grain size larger
than 5 mm, while the “soil” is defined as less than 5 mm. At
the same time, the size of particle should meet the condition of
size similarity ratio, so the threshold of soil and stone is fixed
as 2 mm in this test. And the samples with the particle size
below 20 mm are selected to rematch the soil, based on the
new gradation after the conversion of the original gradation of
the soil samples consistent with the similarity ratio.

After retrieving the soil samples, two groups of soil sam-
ples with 100 kg were weighed, and they were dried for 24 h
under the condition of 105 C and screened. Then, the water
content, the dry density, the void ratio, the stone content, and
the average particle gradation were determined. It can be seen
from the screening results (Fig. 1a) that the effective diameter
of the original soil samples is 0.45 mm, the constrained grain
size 1s 9.68 mm, the median diameter is 2.98 mm, the non-
uniform coefficient is 20.58, the curvature coefficient is 1.95.
The dry density of the soil samples is 1921 kg/m?, the natural
water content is 4.11%, and the void ratio is 0.35. 5 mm as a
threshold standard was taken to distinguish the soil and the
stone. Therefore, the stone content is 56.7%, of which the
sandstone content is about 16.2% and the mudstone content
is about 40.5%.

The original soil samples were artificially hammered and
sieved for obtaining the new ones, and they were redistributed
according to the new grading curve (Fig. 1b). With the earth-
rock threshold of 2 mm as the standard, the stone content of
the reconstituted soil is about 55%, of which the sandstone
content is about 15% and the mudstone content is 40%. The
screening results show that the effective diameter of the
reconstituted soil is 0.07 mm, the constrained grain size is
5.5 mm, the median diameter is 1.2 mm, the non-uniform
coefficient is 78.57, and the curvature coefficient is 2.74.
Moreover, the void ratio of the reformulated soil samples is
0.36, almost like that of the original soil samples.

Slope model construction

There are 44.9% of the accumulation slopes in the Three
Gorges Reservoir area with the slope angle of 20°~30°, and
the slopes with slope angle of 40°~50°only account for 2.5%
(Tang 2013); thus, lots of studies (Zhou et al. 2009; Chen
2016) related to the slope with slope angle of 20°~30°have
been conducted. However, some researches (He et al. 2010;
Chen 2015) show that the slope angle has significant effects
on the velocity amplification coefficient, the displacement

Table 1 Similarity factor of key physical parameters in model test

Physical quantity Similarity coefficient Physical quantity Similarity coefficient
Internal friction angle Cy=1 Earthquake acceleration C,=1

Elastic modulus Cp=C,(C =228 Acceleration of gravity Co=C,=1

Area Cs=C?=520 Velocity Cy=(CLCH? =48
Quality Cv= CPCL3 =11,852 Linear displacement W=Cp =228

Bulk density 1 Force Cr=C,C’C,= 11,852
Density Co=1 Strain Ce=C,CLC/Cg=0.7
Cohesion C.=C,CrLC,=22.8 Stress Ce=C,CLC,=22.8
Poisson ratio Cy=1 Frequency Ce=(C,/C)*=0.21
Geometry size CL=228 Time C=(C/CH* =438
Acceleration Ca=C,=1 Damping ratio Ce=1

@ Springer



770 Page4of 11

Arab J Geosci (2020) 13: 770

a 100 p
80 \

60 \

40

20 Sme

Percentage finer by weight (%)

Grain size (mm)

0
100 10 1 0.1 0.01

o
S
S

80

60 \

40

N

20
T~

Percentage finer by weight (%)
/

10 1 0.1 0.01

Grain size (mm)

Fig. 1 Gradation curve of soil sample. a Original soil sample. b Reformulated soil sample

amplification coefficient, and the deformation characteristics
of the accumulation slopes. Therefore, the slope angle of the
model is selected as 45°. In general, the vertical height of the
accumulation slopes in the Three Gorges Reservoir area is
very large. For example, the vertical height of the Shuping
slope (Wang et al. 2008) is 335 m, the vertical height of the
Gongjiafang slope (Huang et al. 2012) is 245 m, and the
vertical height of the Zhujiadian slope (Hu et al. 2015) is
185 m. However, owing to the restriction of the shaking ta-
ble’s carrying capacity, the height of the model is set to
565 mm, which is equal to a real slope with height of 13 m
in accordance with the geometric scaling factor.

In this study, the variables of slope model are water content
and dense degree. As mentioned above, the dry density of the
soil samples is 1921 kg/m’®, and the natural water content is
4.11%; so, the moisture content is divided into three levels:
4%, 7%, and 10%. The dense degree is characterized by dry
density, which is divided into three levels: 1700 kg/m3 s
1900 kg/m3, and 2100 kg/m3. Thus, a total of 9 models were
constructed, which consist of bedrock and accumulations. The
width of the models is 400 mm, and the other main dimension
parameters are shown in Fig. 2.

For studying the dynamic characteristics of the slope and
the dynamic responses at different positions, the accelerome-
ter with the number of zero is arranged on the surface of the
shaking table, and eight accelerometers are arranged in the
model, numbered as No. 4 to No. 11 (Fig. 2), respectively.
The data of the No. 0 accelerometer can directly reflect the
actual state of the input wave; the accelerometers of No. 6, No.
9, and No. 10 are distributed along the same height and are
used to analyze the response law of acceleration from the
internal slope to the slope surface.

To observe easily and avoid large lateral deformation dur-
ing model construction, toughened glass materials are used on
both lateral sides of the model box, and steel bars are welded
in the middle of the vertical direction of the model box to
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increase the lateral stiffness. In the direction of vibration,
15 mm of foam plastic and rubber sheet are used as damping
materials to reduce the influence of reflected waves. Due to
the high transparency and wear resistance of toughened
glasses, it is beneficial to inspect the damage process of the
model from the side, so the side of the model does not require
additional treatment. During the pouring of the model, the
bedrock is constructed firstly and then the accumulation body
is constructed. The ratio of materials constituting the bedrock
is quartz sand/barite powder/gypsum powder/water/glycerol =
1.12:0.64:0.24:0.20:0.04, which is determined by compres-
sion tests and shear tests. Since the focus of this paper is not
bedrock, the specific test process has not been described here.

Test equipment

The test was conducted by using shaking table testing system
in the Key Laboratory of New Technology for Construction of

360

Units:(mm)
A Accelerometer

S81

orl1

ST

€S L

0ST

N
60 870

Fig. 2 Schematic diagram of model size and accelerometer arrangement
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Cities in Mountain Area (Chongqing University). The shaking
table testing system is produced by the ANCO company in the
United States, and the hardware of ANCO vibrator mainly
including computer, countertop, actuator, hydraulic power
supply, control cabinet, and so on. The primary technical pa-
rameters were 1.2 m x 1.2 m of table size; 0-50 Hz of frequen-
cy; 1 T of maximum model weight; = 100 mm of maximum
horizontal displacement; += 1.2 g (1000 kg) of maximum hor-
izontal and vertical accelerations.

Loading scheme

To study the dynamic characteristics and dynamic responses
of the accumulation slopes, the white noise, natural wave, and
artificial wave were applied as earthquake waves in the test.
The natural wave was obtained from the Ms 5.1-magnitude
earthquake that occurred at 13:04 on December 16, 2013, in
the Badong County in China. The focal depth of this earth-
quake is approximately 5 km, and the duration is about 7 s,
which is consistent with the characteristics of reservoir-
induced earthquakes (Tao 2006). The magnitude of
reservoir-induced earthquakes is small, generally below level
4. Most of them are microseisms, and the focal depth is ex-
tremely shallow (mostly in the range of 3~5 km). Compared
with the tectonic earthquakes, the reservoir-induced earth-
quakes have a higher shaking frequency and epicentral inten-
sity, and the energy decays more quickly. The peak amplitude
of the natural wave is scaled to four grades: 0.04 g, 0.06 g,
0.09 g, 0.15 g. The artificial wave is sine wave of different
frequencies and amplitudes, it holds the same time as the
natural wave (7 s), and its peak amplitude grade is 0.04 g,
0.15 g, 0.2 g, 0.4 g and frequency class is 5 Hz, 10 Hz,
15 Hz, 30 Hz. Firstly, the measured seismic wave is com-
pressed according to the time scaling factor, and then, the
amplitude of the measured wave is scaled along the whole
time axis to obtain the input wave amplitude of the test. The
shaking table test is a plane strain problem, so the horizontal
one-way vibration is selected as the vibration direction, which
is consistent with the slope inclination.

A number of studies have confirmed that the reservoir-
induced earthquakes are continuous and can occur 2—4 times
in 1-3 days (Suzanne 2003; Wang 2004). Due to the similar
magnitude and intensity, the reservoir-induced earthquakes
are difficult to be divided into foreshock, main shock, and
aftershock, so it is more appropriate to take them as a se-
quence. Because of these features, the natural seismic wave
utilized actually in the shaking table test was preprocessed
(Jiang 2012b; Liu et al. 2018): four natural waves of about
7 s (the main shock section) were spliced together as a com-
plete sequence of earthquake wave and then compressed on
the basis of the time similarity coefficient (C;=4).

The amplitude and frequency of the input wave, the load-
ing scheme for this test is shown in Table 2. The first 12

loading conditions are mainly used to analyze the basic char-
acteristics of the dynamic responses. The 500 microseisms
(0.04 g natural waves) and the 500 small earthquakes
(0.15 g sine waves) are mainly used to study the variation
law of the dynamic characteristic parameters with different
times of earthquake action. The reservoir-induced earthquakes
are characterized by the fact that multiple earthquakes of the
same magnitude may occur consecutively in a short time.
From 1959 to 2007, more than 5000 earthquakes with the
magnitude of 1 or so have been monitored in the Three
Gorges Reservoir area (Zhao 2009). In the vibration table test,
an input wave used for excitation model is referred to as a
working condition. After each excitation working condition
is applied, the loading is stopped for observing and recording
the model after vibration, and then, the next working condition
is applied. Thus, the paper applies 50 times of (2 min apart)
natural waves to the model to simulate the damage caused by
frequent microseisms on the accumulation slope. In order to
obtain the dynamic characteristic parameters, the slope model
is scanned by white noise after every 50 times of seismic
loading or there is significant damage.

Dynamic response analysis

The dynamic response of the accumulation slope under the
dynamic load is related to the rock and soil mechanics param-
eters, the dynamic load parameters of the slope, the slope’s
geometry and material impedance contrasts (Massey et al.
2017; Yang et.al, 2018), and the acceleration is an undoubt-
edly convenient and intuitive index for analyzing the dynamic
response (Yang et al. 2005; Srilatha et al. 2013). The measur-
ing instruments are the accelerometers of type 173A500 and
charge sensitivity of 25 pC/g arranged in the model. The ac-
celeration data is analyzed and the influence of the dynamic
load, the structure of the slope, the water content, and the
density on the dynamic response are also studied. And the
acceleration amplification factor is used to depict the dynamic
response of the model. In order to uniformly depict the accel-
eration response law of the model, the amplification coeffi-
cient of peak ground acceleration (PGA), which defined as the
ratio of the acceleration response peak of each measuring
point and the peak value of the measuring acceleration of the
tabletop, is selected as the analysis index.

Frequency effect

Figure 3 shows the varieties of PGA amplification factor of
different models under 0.04 g sine wave with different fre-
quency (5~30 Hz). The results show that the PGA amplifica-
tion factor increases with the elevation in all models under all
conditions, which is consistent with the rock slope (Fan et al.
2016; Feng et al. 2018). With the increase of frequency, the

@ Springer
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Table 2  Loading plan of shaking table test

Condition Amplitude/ Wave type (X-direction) Duration time/s Frequency/Hz Loading times
g

1 0.08 White noise 1 30 1

2 0.04 Sine wave 7 30 1

3 0.04 Natural wave 7 32 1

4 0.04 Sine wave 7 5 1

5 0.04 Sine wave 7 10 1

6 0.04 Sine wave 7 15 1

7 0.04 Sine wave 7 30 1

8 0.04 Natural wave 7 32 1

9 0.06 Natural wave 7 32 1

10 0.09 Natural wave 7 32 1

11 0.15 Natural wave 7 32 1

12 0.08 White noise 2 30 1

13-62 0.04 Natural wave 7 32 50/every 2 min

63 0.08 White noise 3 30 1

Repeat 13-63 loading conditions until the action of 500 microseisms

525-574 0.15 Natural wave 7 32 50/every 2 min

575 0.08 White noise 3 30 1

Repeat 525-575 loading conditions until the action of 500 microseisms

variation range of PGA amplification factor under high-
frequency conditions is greater than the low-frequency condi-
tions in the same model. As shown in Table 3, the higher-
frequency input motions (30 Hz) are similar to the natural
frequency of the model slope. Therefore, the effects of ampli-
fication are likely to be larger when excited by earthquakes
with predominant frequencies similar to the fundamental fre-
quency of the slope.

For the models with different moisture contents (Fig. 3a,
b, c), the variation range of PGA amplification factor under
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Fig. 3 PGA amplification factor of models under seismic waves with
different frequency. a Model with moisture content of 4%. b Model
with moisture content of 7%. ¢ Model with moisture content of 10%. d
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high-frequency conditions is greater than that under low-
frequency conditions, and this trend continuously enhances
with the increase of moisture content.

For the models with different dry densities (Fig. 3d, e, ),
the variation range of PGA amplification coefficient of the
model with low dry density is larger than that with high dry
density at 30 Hz. Actually, at this condition, the variation
range of PGA amplification factor of the model with dry den-
sity of 1700 kg/m® increases by 29.7% compared with the
model with dry density of 2100 kg/m?®, and the amplification

351 , .
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Model with dry density of 1700 kg/m®. e Model with dry density of
1900 kg/m’. f Model with dry density of 2100 kg/m®
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Table 3  Natural frequency and damping ratio of the model

Sequence number of white noise ~ Natural frequency =~ Damping ratio

Sequence number of white noise ~ Natural frequency ~ Damping ratio

WNI1 39.3969 0.1080
WN2 37.8976 0.1013
WN3 39.9969 0.0916
WN4 36.8596 0.0962
WNS5 40.3875 0.0911
WNo6 36.7784 0.1222
WN7 33.2911 0.1181
WN8 34.3100 0.1297
WN9 33.0599 0.1123
WNI10 33.1287 0.1455

WNI11 34.3037 0.1162
WNI2 31.1288 0.1319
WNI3 28.8602 0.1739
WNI14 30.2478 0.1560
WNI5 28.3103 0.2063
WNI6 29.2790 0.1646
WN17 29.1727 0.1863
WNI8 30.4976 0.2087
WNI19 29.8414 0.2134
WN20 30.3570 0.2278

factor is remarkable. While this phenomenon is not distinct at
5 or 10 Hz, the maximum variation is found at intermediate
density (1900 kg/m’) at 15 Hz.

Amplitude effect

Figure 4 shows the varieties of PGA amplification factor of
different models under natural wave with different wave am-
plitude (0.04 g, 0.06 g, 0.09 g, 0.15 g). The results show that
the PGA amplification factor of all models decreases with the
increase of the amplitude of the loading wave, and the reduc-
tion at the slope shoulder (the point with the highest elevation)
is greater than that at slope foot (the point with the lowest
elevation).

Compared with the variety curves of the models with dif-
ferent moisture contents (Fig. 4a, b, ¢), the PGA amplification
factor is increasing gradually with the increase of moisture
content.
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Fig. 4 PGA amplification factor of models under seismic waves with
different amplitude. a Model with moisture content of 4%. b Model
with moisture content of 7%. ¢ Model with moisture content of 10%. d

Compared with the variety curves of the models with dif-
ferent dry densities (Fig. 4d, e, f), the greater the dry density is,
the larger the variation of PGA amplification factor at the
same height of the slope surface is, and the PGA amplification
factor is increasing gradually with the increase of dry density.

Dynamic characteristic analysis

The dynamic response of the slope is closely related to the
dynamic characteristic, which is the internal cause of the dy-
namic response. As the natural frequency and damping ratio
are closely related to the damage degree of slope, the paper
chooses them to reflect the dynamic characteristics. After
stimulating the model by white noise, the acceleration time
history curves of all measurement points are obtained, and
then the transfer function is inversely calculated, and the dy-
namic characteristic parameters can be obtained by combining
the transfer function curve. According to the data analysis
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Model with dry density of 1700 kg/m®. e Model with dry density of
1900 kg/m’. f Model with dry density of 2100 kg/m®
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software of MATLAB and Microsoft Excel, the transfer func-
tion method (Eduard 2000; Duarte and José 2011) is utilized
to obtain the dynamic characteristic parameters of slope (nat-
ural frequency and damping ratio), as presented in the
Formula (1).

Ty (f) = Pyx(f)/Px(f) (1)

where Ty ( f) is the transfer function of the input signal (x)
of the measurement point on the table and the output signal (y)
of the measurement point inside slope, Pyy(f) is the cross-
power density spectrum function between the input signal
and the output signal, Py,(f) is the self-power density spec-
trum function of the input signal, and £1is the signal frequency.

Taking the model with moisture content of 7% and dry
density of 1900 kg/m® as an example, its natural frequency
and damping ratio are shown in Table 3. To observe the trend
of the natural frequency and damping ratio more intuitively,
the curve in the loading process is shown in Fig. 5. The results
show that, as the loading process is carried out, the natural
frequency of the model generally presents a downward trend,
with a decrease of 22.9%; the damping ratio shows an upward
trend with an increase of 110.9%. Due to the internal crack
propagation, the macro-mechanical properties of the accumu-
lation slope under frequent microseisms deteriorate. Each time
the earthquake acts, the slope will suffer a certain amount of
damage, which will continue to accumulate until the failure
occurs. In the OA section (the initial stage of the test), the
natural frequency exhibits a weak upward trend with the max-
imum increase of 2.5%; the damping ratio exhibits a weak
downward trend with a decrease of 15.6%. This result is due
to the fact that vibration intensity is low in the early stage of
the test, the slope model is more compact after shaking, and
the dynamic load enhances the stability of the model. In the
AB section (the middle stage of the test), the natural frequency
decreases gradually in the form of leaping, with a decrease of
29.9%; the damping ratio increases in the form of leaping,
with an increase of 126.5%. Obviously, the model damage
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Fig. 5 The curves of the natural frequency and damping ratio of model
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gradually increases and the shear modulus decreases with
the loading. The damping ratio and natural frequency, which
reflect the dynamic characteristics of the model, are changing
significantly. The repeated cycles of the dynamic load make
the state of the accumulations cyclically change between loose
and compact. Therefore, the load of a certain adjacent stage
shows a leaping trend, while the overall trend remains un-
changed. In the BC section (the final stage of the test), when
the weak part of the slope is deformed and destroyed under the
action of seismic waves, the remaining part of the model re-
enters into a new relatively stable stage. This part will only
undergo a new deformation and damage when the number of
loadings is more or the intensity of seismic waves is greater.
The transfer function curve needs smooth processing when
solving dynamic characteristic parameters through the transfer
function, which will reduce the accuracy of the damping ratio;
so, the variation curve of the damping ratio fluctuates greatly.
At this moment, the displacement of the accumulations tem-
porarily stops increasing.

The influence of moisture content on the dynamic
characteristics

Taking the three models with dry density of 2100 kg/m?
(moisture content of 4%, 7%, and 10%, respectively) as an
example, which are shown in Fig. 6, the effect of water con-
tent on the dynamic characteristics is analyzed. In the initial
period, the natural frequency of the model with low water
content (4%) is obviously higher than that with high water
content (10%), and the former is 12.2% higher than the latter.
By contrast, the damping ratio of the former is 27.4% lower
than that of the latter. It indicates that the moisture content is
unfavorable to the dynamic characteristics of the model.

In the early period of vibration compaction, the higher the
water content is, the smaller the degree of vibration compac-
tion of the model is. In the stage of the damage development,
the natural frequency of the model with low water content
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Fig. 6 The curves of natural frequency and damping ratio of the model
with different moisture content (the dry density = 2100 kg/m®)
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decreases by 8.1% and the damping ratio increases by 68.7%.
Nevertheless, the natural frequency of the model with high
moisture content decreases by 13.3%, and the damping ratio
increases by 86.4%. It shows that reducing the moisture con-
tent is beneficial to mitigate the development of damage and
variation rate of the dynamic characteristics, contributing to
the dynamic stability of the model.

In the process of the damage development, although the
variation trends of the models with different water contents
are different, as the damage of a certain energy level of vibra-
tion develops to the end, the difference in dynamic character-
istics among the models with different moisture contents is
getting smaller and smaller, indicating that the difference of
moisture contents has no obvious effect on the residual
strength of the models.

The influence of dry density on the dynamic
characteristics

Taking the three models with water content of 4% (dry density
of 1700 kg/m®, 1900 kg/m>, 2100 kg/m®) as an example,
which are shown in Fig. 7, the effect of dry density on the
dynamic characteristics is analyzed. Before the application of
dynamic load, the dry density has a significant influence on
the initial natural frequency of the model but no obvious effect
on the damping ratio. This phenomenon shows that the change
of the natural frequency is more sensitive than that of the
damping ratio, and it is more convincing to use it as an index
for judging the damage degree of the model. In addition, the
greater the dry density is, the less damage the model has.

In the stage of vibration compaction, the natural frequency
of the model with dry density of 1700 kg/m’ increases by
5.7% while the damping ratio decreases by 9.3%. However,
the natural frequency of the model with dry density of
2100 kg/m® increases by 0.17% and the damping ratio de-
creases by 3.5%. It is because the model with small dry den-
sity is more loose, and it is easier to compact under the action
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Fig. 7 The curves of natural frequency and damping ratio of the model
with different dry density (the moisture content = 4%)

of the initial low-intensity vibration load compared with the
model with large dry density.

With the increase of the vibration times, the model entered
the cumulative stage of damage. In terms of the natural fre-
quency, the model with small dry density has a larger reduc-
tion and faster damage development. Additionally, the model
with large dry density increases more and the damage de-
velops faster from the aspect of damping ratio. Since the nat-
ural frequency is more suitable than the damping ratio as an
index of the model damage, the smaller the dry density is, the
faster the damage of the model will develop.

With the application of the dynamic load close to the end,
the natural frequency of the model with dry density of
1700 kg/m® is 18.5% lower than that with dry density of
2100 kg/m®, while the damping ratio is 33.1% lower. The
evaluation index is based on the natural frequency, so the
damage of the model with small dry density is lower than that
with large dry density at the end of the loading. And the
variation between them is large, indicating that the difference
of the dry density has a significant influence on the residual
strength of the model. In addition, as the dry density increases,
the effect of the difference in dry density on the residual
strength of the model gradually weakens.

Conclusions

Based on the design of the similar relationships, the selection
of the similar materials and the design of the shaking table
model test, which is carried out on the slope models with
different moisture contents and dry densities, the main con-
clusions are as follows.

1. The acceleration responses of slopes under different con-
ditions exhibit “elevation effect”. The elevation effect em-
bodied the vertical amplification of acceleration response,
that is, the greater the elevation is, the stronger the re-
sponse is.

2. Under the action of different frequency conditions, the
variation range of PGA amplification factor under high-
frequency conditions is greater than the low-frequency
conditions, and the greater the frequency and water con-
tent are, the smaller the dry density is, the more obvious
the phenomenon is.

3. Under the conditions of different acceleration amplitudes,
the PGA amplification factors of all models decrease with
the increase of the amplitude of the loading waves, the
reduction at the shoulder position is greater than that at the
slope foot, and the greater the moisture content and dry
density are, the more obvious the phenomenon is. This
result is almost the same as that in the soil slope (Xu et al.
2008) and rock slope (Liu et al. 2012b).

@ Springer
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4. The natural frequency is more sensitive than the damping
ratio for the parameters representing the dynamic charac-
teristics. The reduction of water content is beneficial to
slow down the change rate of dynamic characteristics and
is conducive to the dynamic stability of the model, while
the moisture content has little effect on the residual
strength of the model. The smaller the dry density is, the
faster the damage develops; and the greater the dry den-
sity is, the less impact the dry density on the residual
strength of the model has.

This paper has revealed the dynamic responses and dynam-
ic characteristics of accumulation slopes under frequent mi-
croseisms. In further researches, the numerical simulation will
be applied to study the effect of reservoir water level on the
stability of accumulation slopes and the failure modes.
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