
https://orcid.org/0000-0003-1152-9957
https://orcid.org/0000-0002-7019-8257
https://doi.org/10.2113/2022/6427717


Since reservoir bank collapse was first proposed by
Savarenski in 1935, such research has become the main work
to be performed before the impoundment of large reservoirs.
Until now, most research has focused on plain area reser-
voirs or rivers [7, 8]. Through geological investigation and
property analysis of bank collapse sites, the main factors
affecting bank collapse have been found to be hydrological,
geological, geomorphological, and groundwater level changes
on bank slopes [9–12]. In recent years, experimental methods
and numerical simulation methods have been applied to
study the stability of slope under the rapid change of reser-
voir water level or rainfall. Based on centrifuge tests on
rainfall-induced instabilities in variably saturated slopes,
Wang et al. indicated that rainfall-induced slope failures usu-
ally follow the slide-to-flow or flowslide failure modes [13].
Song et al. have investigated the influence of rapid water
drawdown on the seismic response characteristics of a reser-
voir rock slope by using numerical dynamic analyses and
shaking table tests [14]. Biniyaz et al. investigated the influ-
ence of the water level fluctuation on the stability of soil
slopes using coupled seepage and slope stability analysis
[15]. Li et al. found DEM can explain rock mass deformation
and is suitable for numerical stability analysis [16].

In contrast to the plain-type reservoir, whose bank slope
is mainly composed of alluvial and proluvial soil, the bank
slope of the river-type reservoir is mainly composed of
weathered residual and strong unloading rock mass owing
to rapid river cutting and significant stress release. The bank
slopes are unsaturated, the groundwater level in the bank
slope is deep, and the influence of seepage during reservoir
impoundment on the bank collapse is not obvious. Large
amounts of observation data show that bank collapse of
large reservoirs is a long-term changing process, and it first
occurs near the water-level fluctuation zone [9–12]. The
effect of waves on bank collapse is mainly reflected in the
impact of periodic wave loads and erosion on the bank slope.
Wave loading on the bank slope is related to the wave type,
wave height, wave length, wave period, and bottom shear
stress [17–19]. Although significant progress has been made
on bank collapse in plain-type reservoirs, very few investiga-
tions have examined the mechanism of bank collapse in
river-type reservoirs in mountainous areas. Existing research
has mainly focused on the genetic types and influencing fac-
tors [11, 12, 18–20]. Some achievements have been made in
terms of factors such as rainfall and reservoir water-level
change, slope geotechnical structure, and topography of
bank collapse [21]. The wave effect is one of the main factors
of bank collapse in river-type reservoirs in mountainous
areas. However, the wave action is only attributed to the ero-
sion of the loose bank slope. No further quantitative studies
have focused on the relationship between bank collapse and
saturation or wave impaction. Most of them have suggested
prediction models for the scale of bank collapse, and there
are no relevant reports on the prediction of bank collapse
occurrence time and possible location by considering the
strength change rate of rock and soil. The mechanism of
the wave-induced reservoir bank collapse has not been
extensively understood. Although most studies propose pre-
diction models for the scale of bank collapse, an accurate

evaluation of the possible location and time of bank collapse
in the process of bank storage has not been proposed.

According to the different geological structures of the
bank slope, the river bank can be divided into hard rock
bank slopes and loose soil bank slopes. Corresponding to
the type of bank slope, waves can be divided into breaking
waves and nonbreaking waves [22]. The waves in mountain-
ous reservoirs are generated mainly by the action of wind.
The wave parameters are related to the wind speed, fetch,
and water depth at the bank slope. However, the relationship
is not a simple function and must be corrected using actual
monitoring data [23, 24]. By comparing the predicted and
measured waves, some improvements in wave prediction
methods have been proposed, and the nonbreaking or
breaking wave run-up was determined more accurately for
ocean areas [25, 26]. There are few corresponding prediction
models for wind-induced waves in mountainous river
reservoirs.

In the present study, the mechanism of bank collapse
caused by saturation and wave impaction of river-type
reservoirs in mountainous areas was investigated. The main
objectives of the present research are as follows: (i) to
develop a damage law of rock and soil under saturation
and wind-generated wave dynamic action, (ii) to explain
the mechanism of bank collapse with different lithologies,
and (iii) to propose a collapse prediction model of critical
wave load. This study contributes to a more comprehensive
understanding of the bank collapse mechanism in moun-
tainous reservoirs.

2. Research Site Descriptions

The whole basin of the Lancang River (including the
Mekong River) is located at 94° to 107°E and 10° to 34°N.
The study area investigated is located in the middle and
lower reaches of the Lancang River, wherein the Huangdeng
and Miaowei reservoirs are located in the middle reaches. It
is a high mountain gorge area, and the main valley is a
typical “V” shaped valley. The Xiaowan and Nuozhadu
reservoirs are located in the lower reaches of the river. The
relative elevation difference of high mountains and gorges
ranges from 3500m to 1000m.

Three field wave-induced collapse monitoring reservoirs
were first arranged in 2008 in the Lancang River, Southwest
China (Figure 1). One site is the Nuozhadu hydropower
station, the normal water level for this site is 812m, and
the total reservoir capacity is 227:41 × 108 m3. The length
of the dam commissioning reservoir was 240 km. Reservoir
storage began on 20 April 2012. During these years, more
than 98 collapses were observed and monitored in accor-
dance with the reservoir storage stages, which corresponded
to different slope materials and wave strengths. The second
research field site was the Xiaowan Hydropower Station.
The total length of the reservoir bank was 587 km (295 km
and 292 km on the right and left banks, respectively). The
normal reservoir water level was 1240m, and the total reser-
voir capacity was 150 × 108 m3. The third research field site
is the Miaowei hydropower station reservoir, with a length
of approximately 62 km, a normal storage level of 1408m,
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and a corresponding storage capacity of 6:60 × 108 m3. In
this case, the highly weathered rock mass with a thickness
ranging from 2 to 20m on the bank slope suffered top-
pling failure. After reservoir impoundment to 1401m,
bank collapse occurred near the water level on the side
of the local highway, critically affecting highway safety
along the river.

3. Research Methods

3.1. Field Wave Element Monitoring and Geological Survey.
Field monitoring includes studying wave parameters and
collapse properties. The geological conditions of 233 collapse
sites in three typical reservoirs during different impound-
ment stages were surveyed.

To monitor the wave parameters, a Mag-310 wave
sensor and manual observations were used in typical bank
collapse areas of the Nuozhadu, Miaowei, and Xiaowan
reservoirs. The Mag-310 wave sensor is a high-precision
sensor based on MEMS, which can output wave height, wave
period, wave direction, and other information through
COM1, and output original MEMS data through com2. It
can monitor wave heights from 1m to 20m and wave
periods from 2 s to 25 s. It includes 16 direction waves. The
original MEMS data were further analysed using MATLAB
software to obtain the time series of the wave height. For
key bank collapse points, a high-resolution digital camera,
a handy wind direction meter, and a wind dynamometer

were arranged on a boat to monitor the wave image at a
given section. Using the wave image observed in the field,
the wave elements were determined using the Ulead GIF
Animator graphics processing software.

Then, the action of waves on bank slopes was deter-
mined for soil or fully weathered rock bank slopes and for
the intake rock slope [27–29]. The cyclic action of the wave
impact total energy on the bank slope can be expressed as a
product of one impact force and the number of wave actions
(Eq. (1)).

E =N∙Fw∙L, ð1Þ

where N is the wave number, L is the wave length (m), and
Fw is the one-wave impact force acting on the bank slope.

3.2. Wave Scour Rate Measurement of Loose Slope. Four sites
were selected in the Nuozhadu reservoir to measure the
scouring rate under different wave conditions. Terrain data
were obtained through a 3D laser topographic survey. The
specific methods were as follows: taking the slope toe line
at the static water surface as the starting line, the measuring
height (y) was 3m, one measuring point was arranged every
1 cm on the measuring line, and one survey line was
arranged every 2 cm along the X-direction. Measured point
data before and after scour were added to the ArcMap layer.
The Kriging method in the spatial analysis toolbox was
selected to interpolate the point data to obtain the terrain
grid file, and then, the surface volume of the processed
terrain grid file was calculated. The observation time was
15 minutes.

3.3. Sampling and Laboratory Tests of Bank Material

3.3.1. Sampling Sites. Representative rock and soil samples
were selected from the banks of three research reservoirs,
Miaowei, Xiaowan, and Nuozhadu. The compressive
strength and impact tests of the rock and shear strength of
the residual soil were carried out after different saturation
times. The sampling locations and methods used are listed
in Table 1.

3.3.2. Laboratory Testing. The uniaxial compressive strength
of the rock at different saturation times was measured using
a YDS-2 multifunction test instrument. The maximum out-
put of the vertical jack was 500 kN, the maximum displace-
ment was 60mm, and the piston area was 122.7 cm2. The
sampling size was 50mm × 50mm × 100mm, and the load-
ing direction was perpendicular to the bedding plane.

A modified impact instrument was used for the rock
saturated impact test. The ZS-100 vertical drilling and coring
machine, a DQ-4 automatic rock-cutting machine, and
SHM–200 double-face grinding machine were used for
coring, cutting, and two face grinding and polishing, respec-
tively. The sample was processed into a standard specimen
with a processing size of 50mm × 25mm. During the test,
the drop hammer was lifted to a certain height and then
allowed to fall freely. When the initial crack occurred, the
impact number was recorded as the initial crack impact

Figure 1: Geographic location map of the Lancang River.
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number N1, and the initial crack resistance energy rocks
were calculated.

The shear strength of the residual slope soil, weathered
soil, and other gravel soil was obtained by direct shear tests
after different wave impaction times.

3.4. Numerical Simulation. Recently, numerical simulation
methods have been widely applied to predict the rate and
scope of bank collapse under the action of waves [30]. The
discrete element method is commonly used to simulate the
wave loads acting on the bank slope [31], as proposed by
Cundall [32]. Based on the structural characteristics of the
rock mass at the bank collapse site and wave elements
during failure, three models were developed to explore the
influence mechanism of the wave cyclic load on bank col-
lapse. When the wave dynamic analysis was carried out in
the UDEC software, the bottom of the model was set as a
viscous boundary, and the other boundary of the model
was a free-field boundary. The stress and deformation
values of each element or node at each step can be calcu-
lated using an iterative solution, and then, the entire pro-
cess of slope deformation and failure can be simulated. In
the calculation steps, the wave load was added at the slope
surface as a dynamic load according to the wave period
and action time.

4. Results Analysis

4.1. Factors Affecting Bank Collapse of Reservoirs in
Mountainous Areas. The bank collapse of the three reser-
voirs is related to the lithology of the bank slope and the
intensity of wave action. The three reservoirs investigated
here (Miaowei, Xiaowan, and Nuozhadu) are located in the
middle and lower reaches of the Lancang River, from
upstream to downstream. In the reservoir area of the
Miaowei hydropower station, 90% of the bank collapses
occurred in the range of 10–20 km from the dam (15% of
the total length of the reservoir), and 90% were distributed
in the residual soil; strong toppling was observed where
strong wave action of the total 33 collapses occurred. When
the water storage of the Xiaowan reservoir reaches 1160m,
the total length of the reservoir is approximately 100 km. A
hundred and three bank collapses occurred with a height
of more than 5m, 38.3% of them were developed in colluvial
soil bank slopes, 35.6% in fully weathered rock bank slopes,
and 13.7% in strongly weathered rock bank slopes. Most of
them were within the range of 15–50 km from the dam,
where the width of the water surface was large, the wind
fetch is large, and the wave action is strong. When the water
storage of the Nuozhadu reservoir reaches 812m, the total
length of the reservoir is approximately 200 km, 20 km away

Table 1: Sampling sites.

Sampling location
Lithology Sample number Test type

Reservoir Bank

Miaowei
Right Slate M01-1~M01-14 Compression test

Left Metamorphic quartz sandstone M02-1~M02-14 Compression test

Nuozhadu
Right Granite N01-1~N01-14 Compression test

Right Gravelly sandstone N02-1~N02-14 Compression test

Xiaowan Right Silty mudstone X01-1~X01-14 Compression test

Nuozhadu

Right Granite N11-1 Impact test

Right Sand stone N13-1 Impact test

Xiaoheijiang right Granite gneiss N15-1 Impact test

Miaowei
Left Metamorphic quartz sandstone M11 Impact test

Right Slate M12-1~M12-3 (3 loads) Impact test

Nuozhadu (23)

Left (27 samples)
Completely weathered granite NL02-1~NL02-12(A4)

10 groups of saturated direct
shear test; 3 groups of natural
state, 12 groups of direct
shear after wave impact

Completely weathered sandstone NL03-1~NL03-15(B5)

Right (42 samples)

Completely weathered granite NL04-1~NL01-18(B6)
Completely weathered mudstone NL06-1~NL01-12(A4)
Completely weathered sandstone NL01-7~NL01-12(A4)

Miaowei (19 groups) Right (57 samples)

Qcol-dl
MR01-1~MR01-12(A4) 4 groups of saturated direct

shear test, 6 groups of direct
shear after wave impactMR03-1~MR03-18(B6)

Completely weathered slate
MR04-1~MR04-12(A4) 4 groups of saturated direct

shear test, 5 groups of direct
shear after wave impactMR05-1~MR05-15(B5)

Xiaowan (8 groups) Right (24 samples)
Silty clay XR01-1~XR01-12(A4) 1 group in natural state;

3 groups of direct shear after
saturated impactSilt XR02-1~XR02-12(A4)
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from the dam, mainly distributed in sandstone, with only
one bank collapse. Within the range of 20–50 km away from
the dam, the lithology of the bank slope is mainly fully
weathered granite and eluvial slope, and the number of bank
collapses in this area accounts for 50% of the total 97 col-
lapses. The average wave height in this area was approxi-
mately 2.5m, the wave period was 2–5 s, and the wave
impact was strong.

The volume difference before and after scouring is the
accumulated scouring sediment volume during monitoring,
which is the scouring rate (see Table 2). According to the
wave scour rate measurement of loose slopes, the scouring
effect of waves on the bank slope shows that the higher the
silt content, the greater the scouring rate, while the percent-
age of coarse sand increases, and the scouring rate decreases.
The influence of velocity on the scouring rate is very obvi-
ous, and the scouring rate increases gradually with an
increase in velocity. The influence degree of scour rate from
high to low is the flow direction, velocity, percentage content
of 0.5-1mm particles, density, and percentage content of
0.075-0.25mm particles. Because the bank of the Nuozhadu
reservoir is mainly composed of strongly weathered granite
with high density, the wave-scouring effect is not obvious.
This means that wave scouring is not the main factor of
bank collapse in mountainous reservoirs.

Ten typical bank collapses caused by wave cycle impact
have the same characteristics as the logarithmic helix shape
in the Nuozhadu reservoir (Figure 2(a)). Figure 2(a) shows
that within 5m above the stable water level, the bank col-
lapse surface is anticoncave, which is consistent with the
height of wave action. A good correlation exists between
the wave height and the bank collapse scale (Figure 2(b)).
The statistical results (Table 3) of the Miaowei reservoir
show that there is a good correlation between the water
depth and wave height, with a correlation coefficient of
0.944. Most of the collapses occur at a water depth of more
than 50m in the Miaowei reservoir. This indicates that satu-
ration and wave action are the main factors leading to bank
collapse.

Field investigations show that bank collapse has the fol-
lowing characteristics: (1) bank collapse mainly occurs
within 30 days after the stable water level is reached at the
section where the strength of rock and soil changes signifi-

cantly after saturation. (2) The bank collapse was located
in the area where the water surface was wide, the water
was deep, and the wave action was strong. Generally, the
average wave height is more than 2.0m and the wave period
is 2–5 s. (3) The bank collapse sites all have groove shapes
near the wave action zone caused by wave erosion and
impact. Wave scouring is not the main cause of collapse.

4.2. Strength Degrading under Saturation Time

4.2.1. Uniaxial Saturated Compressive Strength with Different
Saturation Time. Slate, granite, metamorphic quartz sand-
stone, silty mudstone, and sandstone were selected for the
compressive strength test under different saturation times.
The saturation time was arranged as 0.1, 6, 12, 24, 36, 48,
84, 168, 252, 3364, 20504, and 588672 h. The test results show
that the rate of change in compressive strength after 28 days
(672 h) was very small (Figure 3). After 168 h (7 d) of satura-
tion, the strengths of metamorphic quartz sandstone, slate,
and silty mudstone were 43%, 35.5%, and 37.9% of the natu-
ral compressive strength, respectively. Strongly weathered
granite and gravelly sandstone were 52.2% and 64.3%,
respectively. The rate of change of the rock uniaxial compres-
sive strength under saturation time is mainly affected by the
rock mass strength and structure. During the first 144 h of
saturation, the compressive strength decreased rapidly. The
change law of strength is similar for hard and soft rock,
which shows a logarithmic function with natural saturation
time by regression analysis (Eq. (2)):

Rc′= −2:247lnlnRc0 + 5:4247ð Þ ln tð Þ + 0:849Rc0 + 3:3884,
ð2Þ

where Rc′ is the uniaxial compressive strength under satura-
tion time (MPa), Rc0 is the initial uniaxial compressive
strength (MPa), and t is the saturation time under natural
conditions (h).

4.2.2. Results of Direct Shear Test of Saturated Loose Bank
Slope. As can be seen from Table 4, cohesion changes faster
in different saturated states. The internal friction angle
changes slowly, and the soil saturation weakens the cohesive
strength between particles.

Table 2: Scouring rate measurement results.

Testing sites
0.075-0.25mm particle content

(%)
0.5-1mm particle content

(%)
Density
(g/cm3)

Average wave velocity
(cm/s)

Average scour rate
(cm3/cm2·min)

No. 1
65 0 1.45 15 0.0241

65 10 1.65 25 0.0959

No. 2
70 0 1.55 30 0.0926

70 10 1.75 20 0.0747

No. 3
75 5 1.75 15 0.0067

75 15 1.55 25 0.1281

No. 4
80 5 1.65 30 0.1772

80 15 1.45 20 0.0769
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4.3. Strength Deterioration under the Coupling Action of
Wave and Saturation

4.3.1. Saturated Rock Impact Test Results. According to the
wave monitoring results (see Section 3.1), three types of
impact energy were used to simulate the wave action in the
test. The samples were saturated for 21 days before the
impact test. The impact hammer is 0.5 kg; the impact dis-

tances are 0.5m, 0.3m, and 0.1m; and the corresponding
impact energies are 2.5, 1.5, and 0.5 J, respectively. The
impact frequency was set to 5 s. The initial crack energy of
the rock was calculated according to Equation (3). The
appearance of a crack is the mark to judge the initial crack,
and the rock impact test results are listed in Table 5.

W =N1mgh, ð3Þ

whereW is the initial crack energy of impact crushing, N1 is
the impact time, m is the impact hammer mass, h is the
impact height, and g is the gravitational acceleration.

As shown in Figure 4, the total energy of the initial
broken increases with the strength impact energy ratio.
Using the ratio E0 of compressive strength Rc to the initial
impact energy J (named as strength impact energy ratio),
the relationship between rock types and the initial strength
impact energy ratio can be established as Equation (4), with
a correlation coefficient of 0.90. This can be used to judge the
antiwave impact energy of slope rocks under wave cycle
impaction.

E0 = 782:9 Rc

J

� �0:3312
: ð4Þ

Under the condition of low impact energy, the damage
variable of granite increases slowly with an increase in the
cyclic impaction number. However, when the single impact
energy increases to a certain extent, the damage variable
increases rapidly with an increase in the number of cyclic
impaction. The cumulative damage of sandstone increases
with an increase in cyclic loading times, and the impact
damage effect is cumulative. That is, the damage degree of
the first time is the largest, and those of the last two times
gradually decrease. Under different impact loads, the failure
characteristics of the slate after impact were microjoints and
small cracks. Most of the joints and fissures intersect with
each other. Under cyclic loading, the failure of the rock
mainly started from the sample end. With an increase in
the number of cyclic impacts, the specimen absorbs more
energy. This promotes the increase in microcrack nuclei,
expansion, merging, and the formation of macrocracks.
When the cumulative damage increases to the macro level,
the stiffness of the rock decreases, and the compressive
strength decreases owing to the large number of macro-
cracks. When the damage reaches the macro level, the sand-
stone can be broken with less energy, and the failure end will
be crushed owing to the increase in crack propagation.

4.3.2. Strength Deterioration of Loose Slope under the
Coupling Action of Wave and Saturation. Samples were
taken from the bank slope above the wave action zone in
the natural state and were saturated after 30, 60, and 90 days
of wave action. The wave energy is obtained by field mea-
surements and statistics, and the load of a single wave acting
on the bank slope is referred to in the literature [29]. The test
results are presented in Table 6.

Table 6 indicates that for the highly weathered rock mass
and accumulated soil, the internal friction angle reduction
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factor μ30 is approximately 0.70, for a duration of 30 days
under saturation and wave action. When the initial internal
friction angle of the soil was greater than 30°, the strength

change under wave action was slow (Figure 5(a)). The inter-
nal friction angle of the soil is proportional to the antiwave-
impact broken energy (Figure 5(b)). The reduction rate of

Table 3: Main collapse under wave action in the Miaowei reservoir.

SWL (m) Collapse no.
Depth of
water (m)

Max wave
height (m)

Collapse property
Height above
SWL (m)

Horizontal
depth (m)

Angle (°) Rock character

1364

L006 45.0 2.2 30.0 3.0 84.0
Toppling and highly

weathered sandstone and slate
L013 42.5 1.8 4.0 0.5 82.9

L014 40.3 1.8 5.0 0.5 84.2

R004 49.0 2.4 5.0 1.0 78.7 Colluvium

R011 47.0 2.0 6.0 1.0 78.0 Toppling and highly
weathered sandstone and slateQD14 (first) 50.0 2.7 137.0 5.0 81.0

1401

K84 + 980 60.0 3.0 8.0 1.0 82.9 Colluvium

K86 + 900 59.0 3.0 30.0 3.0 84.2 Toppling and highly
weathered sandstone and slateK89 + 900 55.0 2.9 20.0 5.0 75.9

K96 + 700 39.0 1.7 50 2.0 85.4 Colluvium

K71 + 400 87.0 3.5 140.0 5.0 87.9
Toppling and highly

weathered sandstone and slateL006 82.0 3.2 66.0 10.0 81.4

QD14 (second) 87.0 5.1 102.0 9.0 80.0

y = –4.868ln(x) + 47.062 

y = –4.954ln(x) + 91.935 
R2 = 0.9987

y = –5.18ln(x) + 67.75 
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Figure 3: Relationship between saturation time and compressive strength.

Table 4: Shear test results of loose soil with different saturation times (22 groups).

Lithology Parameter Unsaturated
Saturation time

1 day 3 days 7 days 14 days 28 days

Granitic residual soil
Cohesion 36.4 36.1 35.5 33.2 29.4 25.3

Internal friction angle 25.3 24.8 24.5 24.1 23.8 23.2

Completely weathered slate
Cohesion 25.2 23.7 / 18.7 16.4 15.1

Internal friction angle 21.0 21.0 / 20.4 20.2 20.1

Completely weathered sandstone
Cohesion 39.0 37.6 / 34.3 31.2 28.2

Internal friction angle 23.0 22.8 / 22.0 21.6 21.2

Colluvial soil
Cohesion 90.3 85.5 80.1 74.8 70.2 67.2

Internal friction angle 24.7 24.6 24.3 23.8 23.2 22.2
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the internal friction angle under the coupling effect of satu-
ration and wave action is smaller (Figure 5(c)) than that of
cohesive, which indicates that bank collapse is less likely to
occur. The saturated friction angle φ∗ under wave action
energy E with the initial friction angle φ can be expressed
as follows:

φ∗

φ
= 0:0001φ − 0:005ð ÞE3 − 0:0007φ − 0:0295ð ÞE2

+ 0:0012φ − 0:0527ð ÞE − 0:001φ2 + 0:0656,

where φ is the initial friction angle (°), and E is the wave
action energy (×109 J).

Equation (5) indicates that the friction angle decreases
under wave action, and saturation is the mechanism of
collapse for the loose bank slope.

4.4. Numerical Simulation of Wave Action on the Slope
Stability. The QD14 toppling body collapse of the Miaowei
hydropower station was used to analyse the mechanism of
a wave acting on a bank slope via numerical simulation.
The reservoir began to impound water on 29 July 2016.
Monitoring points BQ1-2 and BQ1-3 were arranged in the
strongly toppling area and extremely toppling area, and

BQ1-1 was arranged in the weakly toppling area. After 1
December 2016, TP-BQ1-2 and TP-BQ1-3 were damaged
due to collapse. Three electric wind speed meters and
hand-held wind meters were arranged to monitor the wind
speed and direction near the upstream area of QD14.
QD14 first failed on 1 December 2016 at 3 : 00 p.m. From
29 July to 1 December 2016, during these 123 days, the
wind-generated wave height was 2.70m on average, and
the wave period was 5 s. The second failure occurred on 13
June 2018 from the early morning of 12 June 2018 to the
night of 13 June 2018. There was a strong wind of 27.8m/s
(wind force grade 10), resulting in a wave height of 5.1m
and duration of 2 days, with an average wave period of 2 s.
The water saturation and general wave action time were
345 days, and an extreme storm generated a wave action
time of two days. The failure surface was between strongly
toppling and weakly toppling rock mass (Figure 6(a)). From
June 2016 to August 2018, the accumulated deformation of
BQ1-1 was less than 35mm (Figure 6(b)).

4.4.1. Geological Condition and Calculation Parameters. The
QD14 toppling slope is composed of purplish red and grey-
ish green slates mixed with siltstone and fine sandstone.
From the surface to the inside, the slope was divided into
an extremely toppling area (BQ = 175), strongly toppling
area (BQ = 225), weakly toppling area (BQ = 322), and
untoppled area (BQ = 410). The initial calculation parame-
ters are presented in Table 7.

4.4.2. Calculation Scenarios and Boundary Condition. Calcu-
lation scenarios are detailed in Table 8.

The UDEC model was defined from 1275m to 1550m
(275.0m in Y and 300.0m in X directions). The slope
material was assumed to be elastic-plastic. After fixing the
displacement boundary on both sides and at the bottom,
the initial stress field of the slope was solved only under
gravity.

4.4.3. Analysis of Results. Model 1: Deformation Analysis of
Slope under Pure Saturation State. In this model, only the
rock mass softening of the slope was considered (according

Table 5: Rock impact test results (sample: diameter 50mm, height 25mm, and volume 50 cm3).

Lithology
Sample
number

Impact energy
J/nm

Saturated uniaxial
compressive
strength/MPa

Impact number of
initial cracks

Initial splitting
energy/J

Failure
characteristics

Granite
N11-1 0:5 kg ∗ 0:5m = 2:5 160 1132 2830.0 5 cracks

N11-2 0:5 kg ∗ 0:3m = 1:5 168 2490 3735.0 1 crack

Granite gneiss N15-1 0:5 kg ∗ 0:1m = 0:5 165 11257 5628.5 1 crack

Sandstone N13-1 0:5 kg ∗ 0:1m = 0:5 84.8 8786 4393.0 1 crack

Metamorphic quartz sandstone M11 0:5 kg ∗ 0:3m = 1:5 137 2043 3064.5 1 crack

Slate

M12-1 0:5 kg ∗ 0:5m = 2:5 18.1 475 1187.5 Multiple cracks

M12-2 0:5 kg ∗ 0:3m = 1:5 13.3 1327 1990.5 Multiple cracks

M12-3 0:5 kg ∗ 0:1m = 0:5 12.2 5369 2684.5 1 crack
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to 123 days of saturation). The deformation of the rock mass
below 1340m elevation in the extremely toppling area
increased slightly with an increase in the water level, the
top displacement of the rock mass in the Y-direction in
the extremely toppling area was 40–75 cm, the middle area
displacement was 40–70 cm, and the bottom area displace-
ment was 28–40 cm. The X-direction and Y-direction dis-
placement of the B2-1 and C-1 series monitoring points
were at the top of the strongly toppling area and weakly top-
pling area. The X-direction displacement of the slope top in
the weakly toppling area was 5–8 cm (Figure 7(a)), the Y
-direction displacement was 2–6 cm, the X-direction dis-
placement of the top of the strongly toppling area was 10–
15 cm, and the Y-direction displacement was 14–24 cm. Fur-
thermore, no continual failure surface was formed, but the
displacement was larger than that before the reservoir
impounded.

Model 2: Deformation Analysis of Slope at a Wave Height
of 3.0 M and Period of 5 s. When the reservoir impoundment
reached 1360m, 123 days of softening and 123 days of nor-
mal wave action were considered, and there was an obvious
displacement differentiation zone between the extremely
toppling area and the strongly toppling area. The X-direc-
tion deformation in the extremely toppling area is close to
100 cm near the water surface (Figure 7(b)) and 50–100 cm
in the strongly toppling area, and the weak toppling weakly
toppling area is less than 5 cm.

Model 3: Deformation of the Slope under General and
Rain Storm. After a saturated and normal wave action of
345 days and an extreme storm wave action duration of 2
days, the reference point 5A-1 in the middle of zone A and
near the water surface and wave action area, the maximum
displacement in the X-direction was 260 cm (Figure 7(c))
and 200 cm in the Y-direction. The maximum displacement
is 290 cm in the X-direction and 240 cm in the Y-direction
of reference monitoring point 8A-1, located at the top of

the extremely toppling area. The Y-direction displacement
of reference monitoring point 8C-1, located at the top of
the weakly toppling area, is 2–6 cm, which is close to the
actual monitoring displacement value. The entire rock mass
in the extremely toppling area of the slope exhibits sliding
deformation toward the valley.

The numerical simulation results show that the bank
slope plastic strain at the shallow part near the wave
action zone is directly affected by the wave cyclic loads.
This results in an extreme increase in the displacement,
with the first damage of the bank slope occurring near
the wave action zone. Under the action of waves generated
by extreme storms, the toppling body produces accelerated
deformation in an extremely toppling area near the wave
action zone.

5. Discussions

The plain reservoir bank is dominated by coarse-grained
soil. To date, many researchers have studied the main factors
and mechanisms of coarse-grained, noncohesive, and cohe-
sive homogenous soil bank collapse. These factors usually
include slope angles, material diameters, water-level fluctua-
tions, wave heights of reservoir water, and soil density
degrees [33]. The mechanism of bank collapse is the change
in the physical and mechanical properties of the rock and
soil under the action of reservoir water, buoyancy force
when the water level is still, and seepage force when the
water level rises and falls on the stability of the bank slope
[12, 16, 34]. Some researchers have analysed the erosion
effect of waves on bank slopes by considering the wave-
current interactions, but few have studied the mechanism
of bank collapse from the perspective of wave impact dam-
age. Only a few experimental studies on cohesive lateral
bank erosion [35, 36] and mountainous river-type reservoirs
have been reported in the literature [37, 38]. This is not

Table 6: Direct shear test results of saturated and wave impaction.

Lithology of bank slope Shear strength Natural state
Saturated wave action energy/J μ30

0:344 × 109 1:02 × 109 2:04 × 109 30 days

Silty
Internal friction angle (°) 25.0 21.0 18.0 17.4 0.72

Cohesive (kPa) 12.5 11.7 11.3 10.9 0.90

Silty clay
Internal friction angle (°) 23.0 19.3 16.5 16.2 0.72

Cohesive (kPa) 67.8 65.3 63.5 62.4 0.94

Residual and colluvial soil
Internal friction angle (°) 28.0 22.4 18.3 17.5 0.65

Cohesive (kPa) 31.3 30.1 28.7 27.9 0.92

Highly weathered marl
Internal friction angle (°) 38.6 37.0 35.0 34.2 0.91

Cohesive (kPa) 56.8 55.2 54.9 54.3 0.96

Highly weathered mudstone
Internal friction angle (°) 40.3 38.7 36.8 34.0 0.91

Cohesive (kPa) 21.4 20.6 20.1 19.7 0.94

Highly toppled slate
Internal friction angle (°) 25.0 23.0 19.0 17.0 0.76

Cohesive (kPa) 25.0 23.5 22.4 22.1 0.90

Highly weathered granite
Internal friction angle (°) 26.5 24.2 20.0 16.3 0.75

Cohesive (kPa) 13.8 13.2 12.7 12.5 0.92
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quantitatively sufficient to fully understand the mechanism
of bank collapse in mountainous areas. However, owing to
the deep unloading of the river, the bank slope in the moun-
tainous area is mainly composed of residual and completely
weathered rock mass. The mechanism of bank collapse after
impoundment is significantly different from that of a plain-
type reservoir. Most bank collapse is concave in shape,
which is consistent with the flow pattern of the wave impact.

So far, there is a lack of research on bank collapse caused by
periodic wave impacts.

5.1. Mechanism of Bank Collapse in the Mountainous
Reservoir. Bank collapse mainly occurs in the water-level ris-
ing stage, accompanied by an increase in the sloping under-
water depth and water surface width. In this process, the
wind-induced wave action on a steep bank slope is
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strengthened. Owing to the impact of waves, the geometric
shape of the bank slope after bank collapse is concave in a
certain height range. The bank collapse in the mountainous
area is mainly related to the rock and soil structure of the
bank slope, submergence depth, water surface width, and
the intensity of wind-induced wave action. The height and
angle of the bank slope were not the main factors. Wind-
induced wave action is the main external force of mountain-
ous reservoir bank collapse and shoal formation [39].

5.1.1. Rock Failure Process under Wave Action. The results of
the in situ wave scour rate and laboratory strength test show
that the influence of waves on bank collapse of river-type
reservoirs is mainly manifested in two aspects. One is scour-
ing (similar to a plain reservoir), which causes the bank
slope to form a cavity in the wave action zone. This effect
mainly occurs in the loose soil or completely weathered
residual slope with a slope angle of less than 30° and a cohe-
sive slope of less than 90 kPa. Because the cohesion between
particles rapidly decreases after the slope saturates, it is easy
to carry loose particles under the action of waves and coastal
currents, leading to slow bank collapse [40]. Wave velocity
had the most significant effect on wave scouring. The second
is the damage to the rock and soil structure caused by the
striking wave cyclic impact load. For a rock bank slope, the
cyclic impact load leads to the opening of existing joints or
the generation of microcracks in the rock body, which causes
the rock structure to break gradually. This effect is related to
the strength of a single wave and the characteristics of the
rock structure. A loose bank slope can easily lead to the
generation of internal microcracks. This leads to an increase
in the saturation velocity and a reduction in the internal fric-
tion angle, directly leading to local block collapse of the bank
slope. Wave amplitude, velocity, and slope structural charac-
teristics were the main factors determining the failure mode

(Table 9). A strong impact load causes cracks on the surface
of the soil mass, structural damage, and further splitting of
water. This significantly reduces the internal friction angle
of the soil mass. When the average wave velocity is 2.5m/s
and the wave height is 2.0m, bank collapse occurs at the
bank slope with an internal friction angle of less than 30°.
When the extreme hurricane wave height is 5.1m and the
wave velocity is 3.5m/s, bank collapse occurs on the fully
weathered slate slope. The same result was obtained by a
numerical simulation.

5.1.2. Failure Mechanism of Rock Slope under Wave Impact
Action. If the primary energy of the wave cyclic impact is
small, the impact is not sufficient to break the rock mass.
However, when the concentrated stress of the stress wave
at the crack end exceeds the strength of the rock, new cracks
will occur in the rock, and the damage in the rock will con-
tinue to accumulate [41]. With an increasing number of
impact cycles, the internal damage to the rock increases.
The damage variable of the rock increases slowly with the
cyclic impact number at a small impact energy condition.
When the single impact energy increases to a certain extent,
the damage variable increases rapidly with an increase in the
impact cycle number, but the relationship is not linear.
Compared with the influence of frequency f , amplitude A
has a more obvious influence on the impact failure of the
rock. Under the action of high amplitude (A = 400 kPa),
rocks with different frequencies f (A3, A7, A10, and A13)
finally fail, but the required impact times are quite different.
The degree of weakening of the impact resistance varies with
rock strength. For example, granite is brittle and has strong
cementation; the tensile stress caused by mineral expansion
is also strong; therefore, the impact failure energy required
is large. However, slate, with a low compressive strength,
requires less fracture energy. The rock strength is the main

Table 7: Calculation of initial rock mechanics parameters in UDEC.

Material
Deformation
modulus/GPa

Shear
modulus/GPa

Poisson’s ratio
Bulk

density/kN∗m-3 Internal
friction angle/°

Cohesion/MPa
Dry Saturated

Extremely toppling area 0.5 0.18 0.35 22.0 25 27 0.08

Strongly toppling area 1.0 0.37 0.34 23.0 26 33 0.34

Weakly toppling area 3.75 1.50 0.28 26.0 27 36 0.40

Untoppled area 18.0 7.44 0.21 26.5 27 41.7 0.65

Table 8: List of calculation scenarios.

Numerical model
Water
level/m

Wave
height/m

Wave
period/s

Circumstances Duration of wave action/h Wave energy✦/kJ

Model 1 1360 0.00 0.0 No wave action 0 0

Model 2 1360 2.70 5.0 Normal wave action 2952 63763.2

Model 3 1401 5.10/strong 2.0/strong
Normal wave + short-term
extremely storm wave action

2952+8280+48 49,582,808,640+4320

✦Reference Eq. (1) to calculate wave energy.
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factor determining the initial fracture energy. A single
impact load has an important impact on the initial crack
energy of rock failure. Rock damage is a logarithmic func-
tion of the impact load for a relatively small load and an
exponential function for a large impact load. Owing to the
small impact force of a single wave, it must take a long time
to destroy the rock slope. Therefore, the possibility of rock
slope collapse under wave action is small. If there are numer-
ous cracks in the rock, the rock will soften to a certain extent.
The stiffness and the damage speed will increase, which indi-
cates that if rock discontinuity develops, the damage caused
by impact is easier and the time is shorter than that of the
intact rock slope. Under the impact load, the original micro-
cracks cause stress concentration to start nucleating and
expanding under the load. This results in local shear failure
of rocks, transgranular failure of rocks and minerals, and
intergranular failure between minerals. The microcracks in
these rocks gradually develop, expand, and extend until the
final penetration, and macrocracks appear, thus, damaging
the rock materials [42]. Therefore, after impoundment, the
wind-generated wave height has a significant influence on
bank collapse.

5.1.3. Mechanism of Loose Bank Slope Collapse. When waves
act on loose soil banks, the soil cohesion decreases after
saturation, and the first stage of wave action is scouring
to carry particles, which is generally completed within 30
days after impoundment. Scouring causes small-scale col-
lapse. After the collapse forms a relatively steep slope,
the continuous action of the wave impact load plays a
major role. Furthermore, the internal friction is reduced,
and the structure is destroyed. Collapse mainly occurs
with a significant strength reduction after saturation and
a strong wave-scouring effect.

Bank collapse that first occurs in the soil is easy to
scour. According to Table 2, the scouring rate has a signif-
icant causal relationship with wave velocity and soil den-
sity. From high to low, the factors influencing the scour
rate are wave velocity, wave height, percentage of 0.5-
1mm particles, density, and percentage of 0.075-0.25mm
particles. For the silt content (A), coarse content (B), soil
density (C), and wave velocity (E) in the bank slope as
independent variables, the mathematical regression analy-
sis method was used to establish a prediction model of
the four factors and scouring rate. Through standard nor-
malisation, the relationship between each factor and scour

rate was established, and the nonlinear formula of the total
scour rate can be obtained as follows.

Sr = 0:25 0:35eA + 0:50 B + 0:90ð Þ2 − 0:18 1:75C − 095ð Þ2�
+ 0:05E − 1:65

�
:

ð6Þ
The regression coefficient R2 is 0.915.
The change in the internal friction angle after the impact

load is related to the type of soil. The change in colluvial soil
is the largest, followed by silt, silty clay, and fully weathered
granite. The change in fully weathered marlstone and fully
weathered argillaceous sandstone is the smallest.When the ini-
tial internal friction angle of the soil is more than 30°, the
change rate under the wave impact is small. The change in
cohesion under wave impact was not obvious when the wave
load was small. For loose soil with small initial cohesion, the
cohesion decreases significantly after saturation and wave
impact, and the impact of waves on the loose soil is more obvi-
ous than that on the soil with large cohesion. A bank slope with
low cohesion is also easily eroded by waves. With the reflection
of waves, the particles are removed, the bank slope forms a
scouring trough, and the upper rock or soil is prone to collapse.

A typical feature of weathered residual soil is that it con-
tains a large number of microcracks. The macrodamage
under an impact load is essentially a process of damage
accumulation and crack development. Damage to the sam-
ple is reflected in two aspects. At the macro level, each
impact produces an irrecoverable residual plastic strain. At
the micro level, the energy absorbed by the sample is used
for friction loss between mineral particles, the propagation
of original microcracks, and the initiation of new cracks.
The essence of the wave cyclic impact is to damage the soil
structure and reduce the friction between particles.

The strain-time relationship of typical loose soil under
the action of dynamic load when the soil sample was
damaged is shown in Figure 8(a). Taking strongly weath-
ered granite soil as an example, when the amplitude is Fw,
f = 5Hz, the relationship between the number of impacts
and the strain is illustrated in Figure 8(b) [43]. It is obvious
that the soil broken time is related to the amplitude and fre-
quency of the wave action.

5.1.4. Antiwave Impact Broken Energy of Saturated Rock and
Soil. The evolution of reservoir bank collapse is rock or soil
strength reduction and structural damage under saturation

Table 9: Wave load and failure mode of bank slope.

Wave impact
loading conditions

Low amplitude
(wave height less than 1.0m)

Medium amplitude
(wave height between 1.0 and 2.5m)

High amplitude
(wave height greater than 2.5m)

Mode of wave
action

The main wave action is erosion;
the bank slope will not be

damaged by impact

Wave erosion and impact occur at the same
time, and the ultimate failure of residual
slope depends on the degree of structural

damage and the development law of
cumulative plastic deformation

The impact effect is dominant. Loose
bank slope can be easily damaged,

and rock slope depends on
weathering degree and rock structure.

Failure model Gradual retreat of bank slope Gradually formed small-scale bank collapse Large scale collapse can easily occur

14 Lithosphere

Downloaded from http://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/doi/10.2113/2022/6427717/5521707/6427717.pdf
by guest
on 28 March 2023



and wave cyclic impact action, forming a certain depth cav-
ity in the bank slope. With an increase in the cavity depth,
the upper rock and soil mass lose support and collapse.
Therefore, bank slope collapse is mainly related to the anti-
wave impact broken energy of the bank slope material and
wave action strength.

The antiwave impact broken energy refers to the total
energy of wave action corresponding to the failure of saturated
rock or soil mass, which is related to the quality index BQ of the
rock mass [44] or soil mass. When the bank slope is composed
of a rock mass with an intact structure and large antiwave
impact broken energy, collapse does not occur easily. Gener-
ally, when the wave impact energy of a rock mass is greater
than the critical antiwave impact broken energy of bank col-
lapse, bank collapse stops and the bank becomes stable.

Geological statistics of bank collapse and the statistics of
cumulative wave action intensity indicate that there is no
collapse within 3 years after reservoir water impoundment,
under the condition of a BQ value greater than 280. The rock
mass quality index BQ of the bank slope collapse is less than
280, and the wave action energy is mostly larger than 45 ×
106 J. According to the impact tests, the relationship between
the wave impact energy and the uniaxial compressive
strength of the intact rock sample is shown in Figure 9,
and the final unit broken energy Er0 can be calculated using
the following equation.

Er0 = 0:0009Rc
1:7358: ð7Þ

For loose soil bank slopes, the deformation and failure
process of soil under cyclic impact load is a process of energy
dissipation and damage generation and accumulation. Gen-
erally, it shows the growth of cumulative plastic deformation
and soil failure. According to the results of field monitoring
and laboratory tests, when the cumulative strain reached
90%, the slope collapsed. Equation (8) can then be used to
judge whether bank collapse occurs in the soil [43].

Es =
σ1 − υσ3ð Þn
Ei tð Þ

≥ 0:90, ð8Þ
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where σ3 = σ1 tan2ð45° − φ′/2Þ − 2ctantan ð45° − φ′/2Þ, σ1 =
Fw/A, ν is Poisson’s ratio of soil (ν is 0.30~0.35 for
completely weathered residual soil of granite), Es represents
the antiwave impact broken energy of soil, n is the wave
action number, EiðtÞ is the deformation modulus at the
failure time, and c is the cohesion.

5.2. Collapse Evolution in the Mountainous Reservoir. In
view of the coarse-grained soil bank slope being widely
distributed in plain reservoirs, owing to the material and
structural conditions of the bank slope, the time of bank col-
lapse is short [45, 46]. Some researchers divide bank collapse
into three stages [36, 38]. For river-type reservoirs, the soft-
ening of rock and soil and the wave impact makes the bank
collapse take a longer time, and the bank collapse process
can be described in six steps. First, when the reservoir water
rises to a certain level, the slope material is saturated by the
wave acting near the SWL (step I). After a certain period of
time, the strength of the slope material decreased, and a
small collapse occurred near the water surface (step II).
Next, after the wave acts straight on the bank slope for a cer-
tain duration, small collapse induces a larger collapse above
the SWL (step III). In step IV, the wave action becomes
increasingly strong on the steeper slope, resulting in a larger
collapse in step V. Finally, when the bank collapse material
accumulates at the foot of the slope, the intensity of the wave
action decreases, and the bank collapse becomes weak. With
continuous accumulation of the upper bank collapse mate-
rial at the slope foot, the slope angle underwater decreases.
To a certain extent, the bank slope is subjected to a shallow
water wave. After further deposition, the effect of the wave
on the original bank slope disappears, and it changes to that
of a shallow water wave, which causes scour and siltation of
the silted slope. When the energy of the wave action disap-
pears, the bank slope becomes stable. At this time, the bank
collapse process is terminated. After underwater accumula-
tion, a stable slope angle is formed, and the bank collapse
ceases to develop (step VI).

Site monitoring also shows that bank collapse mainly
occurs on a bank slope 5–30 km away from the dam site.
The upstream area of the reservoir pertains to a small water
storage depth and a narrow water surface. The shallow water
wave was the main wave under the same wind force. There-
fore, a few bank collapses occurred in this area. Under the
action of the wave, the area with the smallest wave and
strongest wind wave action corresponds to a reservoir
impoundment depth of more than 50.0m.

The duration of bank collapse of river-type reservoirs in
mountainous areas is much longer than that of plain-type
reservoirs. It has been nearly 30 years since the impound-
ment of the Manwan Reservoir in 1993, and there is still
scope for new bank collapse and expansion of the original
bank collapse. Since the impoundment of the Nuozhadu res-
ervoir in 2012, bank collapse is also increasing, all of which
are due to the failure of the underwater bank slope to make
wave action disappear. Based on the lithology, the collapse
occurrence time can be divided into four stages: less
than 30 days, 30 days to 1 year, 1 to 5 years, and more
than 5 years.

6. Conclusions

In this study, field geotechnical property surveys, laboratory
tests, and numerical simulations were employed to investi-
gate the mechanism of bank collapse and propose a collapse
prediction model of the critical wave load in a mountainous
area reservoir. The main conclusions are summarised as
follows:

(1) The bank slope in mountainous reservoirs is mainly
composed of weathered rocks and residual soils.
Deep unloading is a serious problem. The effect of
waves on bank collapse is mainly reflected in the
impact of periodic wave loads. The collapse occur-
rence times of different lithologies can be divided
into four stages: less than 30 days, 30 days-1 year,
1-5 years and more than 5 years, and 85% occurs
within 30 days during the reservoir water-level rising
stage

(2) Bank collapse first occurs in the fully weathered and
colluvial soil slope, where the cohesion was less
than 90 kPa, the internal friction angle was less
than 30°, and the strength decreased significantly
after saturation. The cohesion of the loose slope
reduces quickly under saturation after reservoir
water impoundment, and the internal friction angle
changes due to the action of wind-induced wave
impaction

(3) The structure of the unloading rock mass is damaged
by cyclic wave loading impacts. When the wave
height is less than 2m, the influence of waves on
bank collapse is negligible. When the wave height is
larger than 5m, the collapse in unloading and top-
pling rock slope is highly likely to occur under the
impact of waves. The velocity and height of the
wind-generated waves are the key factors causing
structural cracking. Bank collapse occurs in the area
20–50 km away from the dam of the reservoir and a
water depth of more than 50m

(4) The antiwave impact broken energy of different rocks
and soils has been proposed based on laboratory
experiments and field monitoring. This can be used
to predict the location and occurrence time of bank
collapse. The present study provides a framework
for the further prediction of bank collapse. However,
the proposed method is lack of considering the topo-
graphic features, thus, it needs to improve the predic-
tion accuracy on considering the bank slope terrain
on its stability in the future research
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