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This study takes the bank collapse at the left bank of Badi Township of the
Lidi Hydropower Station in the Lancang Area as an example. To address the
lack of in-depth research on the prediction model and mechanisms of bank
collapse, this study conducts field drilling surveys, investigates influencing
factors, analyzes causal mechanisms, and proposes prediction methods based
on the geological survey data of bank collapse in the reservoir area. The
study explores the stratigraphic lithology, determines the key parameters for
bank collapse prediction, and studies the failure modes and bank collapse
mechanisms. It also proposes the finite element method of bank collapse to
predict the width and elevation of bank collapse and provides the influence on
the surrounding environment. The results show that the collapsed bank on the
left bank of Badi Township is a high and steep soil-like slope, and forms the
collapse and retreat type of failure mode after impoundment. The Kachukin
method, the bank slope structure method, and the proposed finite element
method are used to predict the width and elevation of the collapsed bank.
The results indicate that the Kachujin method predicts a larger range of bank
collapses and is biased towards safety. In contrast, the prediction ranges of
the bank slope structure method and the finite element method are close.
The bank collapse position is located in the middle and rear of the residential
houses in Badi Township, which is consistent with the on-site investigation
and has strong reliability. The predicted width of the bank collapse is about
34 m and the elevation is about 1,845 m. The research results can be directly
applied to preventing and controlling bank collapse and have powerful practical
application value.

KEYWORDS

reservoir bank collapse, soil slope, impoundment process, retreat type bank collapse,
prediction method of bank collapse

1 Introduction

Reservoir bank collapse means that after the reservoir is filled with water, the
groundwater level inside the bank slope also rises. The rock and soil masses are subjected
to long-term erosion, soaking, wave erosion, and cyclical changes in water levels, which
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are coupled. This leads to a significant reduction in the strength
of the rock and soil mass, a weakening of its structure, and
changes in hydrological and engineering geological conditions.
These factors induce deformation and destruction over a certain
range of the slope, intensifying the occurrence of new slips, collapses,
and retreat of the bank slope, forming a new reservoir bank
shape that adapts to the latest environmental conditions, that is,
reservoir bank reconstruction (Meng et al., 2024; Yang et al., 2023;
Li et al., 2024; Zhang et al., 2024a). The collapse of the reservoir
bank slope is a complex problem involving multiple fields such as
engineering geology and environmental geology. It can harm the
normal operation of the reservoir and the geological environment
of the surrounding areas, resulting in a reduction of land resources
in the reservoir area, serious soil erosion, forced relocation of
surrounding residents, increased river siltation, induced the revival
of ancient landslides, and caused serious hazards. It has become
a major geological disaster affecting the economic development of
the reservoir area and the property safety of the people around
the reservoir (Chen and Peng, 2015; Qin et al., 2021; Zhang et al.,
2024b). One of the most serious consequences of bank collapse
is that it poses a serious threat to railways, roads, and buildings
along the collapsed area, leading to the destruction of farmland and
houses, traffic interruption, damage to public facilities, and other
urgent social problems threatening the stability of life of people on
both sides of the reservoir.

China’s large-scale water conservancy projects, in terms of the
number of reservoirs and total storage capacity, have secured a
leading position globally. During the operation of reservoirs, bank
collapse is an inevitable major geological disaster, especially in
the river reservoirs in the high mountain and canyon areas of
the southwest, where the diversity of topography and landforms
and the complexity of geological conditions, coupled with the
active geological structure and the strong dynamic effect of
reservoir water, have jointly contributed to the diversity of bank
collapse phenomena. These collapse points are widely distributed
and cover a large area of influence. The Lancang River Basin
is primarily characterized by gorge-type reservoirs, with eight
cascading hydropower stations planned and arranged in the river’s
upper reaches, such as the Lidi, Toba,Wunonglong, and other large-
scale hydropower stations mainly for power generation. According
to the investigation, it was found that when the reservoirs in the
basin were filled, as the water level in the reservoir rises, there
may be varying degrees of local adjustments and deformations on
the slopes, leading to new areas affected by landslides, deformed
reservoir shores, and collapses. This has resulted in the subsidence
of infrastructure, collapses, cracks, and deformations in some
houses, severely affecting residents’ normal production and life.
Lidi Hydropower Station is mainly engaged in power generation,
according to incomplete statistics, there are as many as 10 collapsed
bank sections of varying sizes in the area, most of which are
located at the front edge of the existing landslide and the soil
slope section.

Since the 1960s, scholars at home and abroad have
already begun to focus on the problem of reservoir bank
collapse (Duong and Do, 2019; Ji et al., 2021; Yao et al., 2024;
Yin et al., 2022; Zhang et al., 2024c). Bank collapse has always
been a very complex comprehensive geological phenomenon
of bank slope stability, where the bank slopes are directly

affected by reservoir water level, giving rise to various forms
of reservoir bank reconstruction. Scholars have conducted
comprehensive and in-depth research on aspects of bank collapse,
including the influencing factors, the formation mechanism, the
destruction mechanism, the collapse patterns and process, and the
prediction methods.

Reservoir bank collapse is a complex geological dynamic
evolution process, influenced and controlled by many factors.
In practice, it is often difficult to meet the in-depth needs of
bank collapse prediction due to the large scope of the reservoir
bank, poor transportation conditions, and limitations of research
methods (Ma et al., 2023a; Chen et al., 2022). The study of the
mechanisms of bank collapse typically involves an in-depth
investigation of the geological conditions and influencing factors
at the collapse site, including the composition and structure of
the slopes, morphological characteristics, fluctuations in reservoir
water levels, wave action, long-term water immersion, and freeze-
thaw cycles, among other factors (Wang et al., 2020; Zhang et al.,
2022; Chang et al., 2023). Riverbank erosion is one of the most
significant factors in reservoir bank collapse.The characteristics and
factors of the collapse depend on hydrological factors (including
flow velocity, wave height impacting the shore, and reservoir
dynamics) and geological and topographical factors (the attitude
of the eroded rock strata, the physical and mechanical properties
of the soil, and rock mass, the uniformity of the eroded soil and
rock mass, and the morphology of the slope). These two sets of
factors determine the level and extent of the bank collapse. Wang
and Qiao (2013) started from the perspective of river erosion to
study the relationship between the loss of bank slope materials and
the changes in river channel topography, proposing some models
and methods for calculating the amount of erosion and predicting
the bank slope morphology when reaching an equilibrium state.
The most common triggers of bank collapse are the deepening
of riverbed erosion and the scouring of the riverbank, both of
which depend on the flow conditions. The greater the intensity
of the water flow, the greater the likelihood and severity of bank
collapse will correspondingly increase. Therefore, the occurrence
of bank collapse is primarily constrained by the flow conditions,
which are closely related to the flow and boundary conditions.
The water flow conditions play a key role in the generation and
development of bank collapse, being the main driving factor.
Other factors, such as geological structure, stability of bank
materials, and vegetation cover, typically, indirectly affect the
severity of bank collapse by altering the water flow or boundary
conditions.

Through extensive field investigations of landslides, bank
collapses, debris flows, and other geological disasters at large
hydropower stations in the Lancang River Basin, the mechanisms
of bank deformation, failure, and instability can be classified
into types such as erosion-weathering type, collapse type, sliding
type, collapse type, and flow soil type (Zhang et al., 2018). The
collapse type of failure mode can generally be divided into retreat
after collapse, scouring wave ridge type, and collapse type. The
sliding type can be divided into sliding along the base interface
or potential sliding surface, surface sliding, and reactivation of
ancient landslides. Currently, the classification research on bank
collapse modes of reservoir banks at home and abroad is not
systematic and perfect, and it is difficult to meet the needs of bank
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collapse analysis and research in themountainous areas of Southwest
China. Bank collapses in reservoirs in the mountainous areas of
Southwest China are often not a single mode but a combination of
multiple modes (Ji et al., 2021).

Wang et al. (2000) in the past 10 years, through in-depth
investigation and research on dozens of reservoir bank collapse
cases, proposed the “two-stage method” to guide the prediction
and design work of the Waifeng Railway Line (connecting
Waiyang and Fuzhou). Although the “two-stage method” is
used to predict the width of bank collapse, in the application
process, it still needs to be compared and analyzed with the
Kachugin method to comprehensively evaluate its rationality and
make a scientific choice. That is, the applicability of the “two-
stage method” still needs to be further verified and confirmed
through extensive practical application (Han et al., 2022). Ji et al.
(2019) based on a deep systematic analysis of existing bank
collapse prediction methods, combined with the characteristics
of the slope structure of the Three Gorges Reservoir and
the analog reservoir, proposed three bank collapse prediction
methods, the slope structure method (Maihemuti et al., 2015;
Yao et al., 2024; Yin et al., 2022; Huang et al., 2024a), the three-
stage method, and the multiple regression analysis methods,
forming prediction methods for sliding type bank collapse,
collapse type bank collapse, and flow soil type bank collapse.
Scholars (Ji et al., 2018; Zhou et al., 2020; Huang et al., 2024b)
in the theoretical analysis of the collapsed bank, numerical
simulation as an effective method is used to study the stability
of bank collapse and predict the width and elevation of bank
collapse. This paper, based on the traditional finite element
analysis method, has developed a finite element analysis
method suitable for soil bank slopes (Guo and Griffiths, 2020;
Guo et al., 2020; Huang et al., 2024c).

After the reservoir was filled, the main bank collapses were
found in the area of the No. 4 accumulation body at Nongdu
and the front edge of the No. 3 accumulation body downstream
of Badie Township. Both collapses have led to the subsidence
of the foundation of the Dewen Highway, affecting local traffic.
Additionally, partial erosion and collapse occurred on the near-
water slope of the left bank of Badie Township, but it did not
impact the residents. This paper takes the near-water slope on
the left bank of Badie Township as an example, investigating
the geological conditions, lithology of strata, and groundwater
conditions at the collapse points. The most typical collapse section
is selected as the geological prototype. Based on different water
level elevations, the collapse mode and mechanism of the left
bank of Badie Township are analyzed, and the collapse process
and mechanism of the slope are studied. Prediction and evaluation
methods for bank collapse, such as the Kachugin method, slope
structure method, and the finite element method proposed in
this paper, are used to predict the width and elevation of the
bank collapse on the left bank of Badie Township. This provides
a basis for decision-making in the prevention and control of
bank collapse on the left bank of Badie Township, which is of
great significance for the construction of local resettlement sites,
the safety of the relocation of residents, and the promotion of
sustainable economic development in the areas on both sides of the
reservoir.

2 Reservoir bank collapse prediction
methods and failure mechanisms

2.1 Reservoir bank collapse processes

In the upper reaches of the Lancang River Basin, eight
cascade hydropower stations have been planned and arranged.
After geological disaster surveys, various degrees of landslides,
deformed reservoir shores, collapses, bank collapses, and other
disaster types were found in the reservoir area. Influenced by
different factors, the collapse deformation and destruction patterns
and evolution processes in the reservoir area are also different. On-
site investigations in the Lancang River found a large number of
different bank collapse patterns and mechanisms caused by heavy
rain erosion, reservoir water level fluctuations, andwindwave action
in the accumulation bodies and slopes (Figure 1), which have caused
serious damage to both the rear edge landslides and the traffic lanes
as well as the resettlement sites for villagers.

2.2 The collapse retreat type of bank
collapse failure process and failure
mechanism

Under the continuous scouring and erosion of water flow,
the underwater slope gradually forms a relatively gentle erosion
accumulation area, namely, a shoal. At the same time, the bank wall
after the collapse will show a relatively steep slope, with the lower
part usually exceeding 35°, and the upper part may even reach a
steepness of 70°–80° in the short term. As relentless wind and waves
persistently erode the shoreline, the deterioration of the reservoir
bank escalates, prompting a steady recession of the water’s edge.
Concurrently, the adjacent underwater shallows expand, mirroring
the shoreline’s retreat. This process will cycle repeatedly until the
bankwall above thewater and the shallow area below thewater reach
a relatively stable state (Figure 2). At this stage, the destruction of
the bank wall by the scouring action of water flow and waves has
ended, and the reservoir bank begins to stabilize. In the instance
of a collapse retreat type of bank erosion, it is distinguished by a
rapid pace of withdrawal and an extensive territory over which the
retreat occurs.

3 Engineering overview and causal
mechanisms of the left bank of Badi
Township

3.1 Engineering overview of the left bank of
Badi Township

Thebank collapse impact area on the left bank of Badi Township
is located on the left bank of the reservoir area, opposite the Badie
landslide, about 6 km away from the Lidi Hydropower Station Dam,
and is the location of the Badie Township Government in Weixi
County.This section of the reservoir bank is relatively open, forming
a relatively wide valley section of the Lidi reservoir area. The left
bank is a gentle slope of the floodplain accumulation terrace, while
the right bank is a gentle slope terrace formed by the middle and
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FIGURE 1
Investigate the main failure modes of the Lancang River reservoir bank collapse. (A) Alluvial erosion bank collapse; (B) Scour-notched bank collapse;
(C) retreat-type bank collapse; (D) tractional sliding-type bank collapse.

FIGURE 2
The evolution process of bank collapse with retreat-type. (A) The initial period of water storage; (B) Appearing wave erosion niches and the embryonic
form of underwater shoals; (C) Appearing underwater shoals; (D) The bank wall recedes, and the shoal area expands. (E) Stable bank slope, expansion
and termination of shallow shoals.

lower parts of the Badie landslide. The Lancang River cuts through
the terraces on both sides, forming a narrow “V” shaped river
channel, with the water surface width near the normal water level
of 115–180 m, and the flow direction changes from upstream to
downstream from the SN arc to the EW direction. The upstream
of the left bank terrace is the Gubu Migrant Bridge, and the
downstream is the Badie Gully, which is irregularly shaped on the

plane, with a maximum width of about 350 m. The terrain below
the normal water level of the left bank terrace is relatively gentle,
with a natural slope of 20°–28°. The terrain with a natural slope of
45°–52° is steeper from the normal water level of 1,818 m to the
front edge of 1,840 m, and the natural slope of the terrace above
1,840 m is 8°–12°, which ismostly residential and office, commercial
and other various building areas, with a small amount of farmland.
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FIGURE 3
The topography of the left bank of Badi Township before the water storage.

FIGURE 4
The topography of the left bank of Badi Township after the water storage.

The geomorphology before and after the water storage is shown in
Figures 3, 4.

3.2 Analysis of the mechanisms and
destruction of the bank collapse

Based on surface surveys and drilling, it is revealed that the
geological strata within the site include the Quaternary Holocene
artificial filling layer (Qml

4 ), which consists of plain fill and waste
slag, primarily composed of blocks, gravel soil, and broken stone.
The filling is dry, loosely to moderately compacted, with the
surface layer being a concrete pavement layer, mainly distributed
along the highway subgrade and the outer slope surface of the
highway. There are Quaternary Holocene colluvial and alluvial
layers (Qcol+dl

4 ), which consist of blocks, gravel soil, and sandy
soil. This layer is densely accumulated, and the thickness revealed
by drilling is greater than 30 m. The geological strata consist of
alluvial sand and gravel, mainly distributed in the riverbed and
along the floodplains on both banks. After impoundment, this

stratum is completely submerged underwater. There is Permian
System lower series phyllite (P1), characterized by dark black
and dark green rocks with a composition of plagioclase sericite
quartz phyllite intercalated with a small amount of metamorphic
sandstone and microcrystalline schist. The statistical analysis of
drilling cores from the Lidi hub and reservoir area indicates that
the proportion of metamorphic sandstone and microcrystalline
schist in the vertical section is less than 8%. As seen in Figure 5,
the surface layer of the affected area is a strongly weathered
rock layer.

4 Analysis of the mechanism and
process of bank collapse

4.1 The phenomenon of bank slope
deformation and destruction

Before the impoundment of the reservoir in 2018, the natural
river water level during the flat-water period was below the
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FIGURE 5
Overburden on the left bank of Badi Township. (A) The alluvial-diluvial strata exposed above; (B) The alluvial layer exposed at the edge of the highway;
(C) The artificial accumulation next to the highway before water storage; (D) The alluvial sand and gravel along the riverbank before water storage.

foundation of the upstream side terrace, and only occasionally
reached the foot of the covering layer during high flood levels.
When the water level was high on the downstream side, the
flood temporarily submerged the first-level terrace, with overall
scouring being relatively minor, and the overall stability of the
bank slope remained stable for a long time. From the time of
reservoir impoundment in 2018 to the start of the rainy season
in 2020, this section was generally in a mostly stable state
according to patrols and monitoring, and no evidence of bank
collapse or deformation had been discovered. At the beginning
of 2020, it was found that local erosion had formed a pit-
like bank collapse on the slope, while a resident living on the
downstream side reported that the soil occasionally collapsed into
the water with a loud noise in front of their house, which they
believed posed a threat to their living (Figure 6A). During the
flood season in 2020, the bank collapse continued to develop, and
the resident reported that the walls of their house had cracks and
deformation (Figure 6B).

Based on on-site investigations, the bank collapse generally
occurred in a pre-predicted position, which is different from the
flake-like collapses in other parts of the reservoir area.The collapses
in this area are mostly in the form of pit-like depressions on
the plane, and the bank reconstruction is relatively slight, without

exceeding the range predicted earlier. According to the investigation,
there are 6 pit-like depressions caused by bank collapse, distributed
over a length of 230 m and usually extended into the bank slope-
like pockets. The diameter of the pits is generally small, with an
average mouth width of 3–5 m, extending into the bank slope by
5–8 m, and the collapse height above the water surface is 1–3 m.
The distance to the nearest house foundation is generally 20–30 m
(Figures 6A–C).The most severe part of the bank collapse is located
below the aforementioned residential area, with 3 pits. The largest
pit is elliptical on the plane, slanting towards the downstream right
bank along the long axis, with a mouth width of about 6–8 m, and
it extends into the bank slope up to about 10 m. The maximum
collapse height is about 5 m, near the water surface of the local
area, is inclined, and the distance from the bank collapse to the
house foundation is about 12 m. Coarse particles are estimated
to be exposed on the section, and the content of fine particles is
relatively small (Figure 6D).

The resident building is a 3-story building. According to the visit,
the foundation was excavated and placed on a relatively compact
alluvial layer, and no cracking phenomena were found in the early
stage. Upon observation of the house walls, no cracks were found on
the exterior walls, while there are some minor cracks on the interior
walls, but no obvious signs of expansion were seen.
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FIGURE 6
The geomorphological status of the bank collapsed on the left bank of Badi Township. (A) Bank collapse at the downstream side of the site; (B) Bank
collapse in the middle of the site; (C) Bank collapse upstream of the site; (D) Bank collapse detail.

4.2 Analysis of the deformation mechanism
of bank collapse

The current geomorphological status of the bank collapse on
the left bank of Badixiang is characterized by typical collapse-
type bank collapse features due to long-term erosion of the slope
toe by the reservoir water level. The soil near the reservoir water
level is softened and eroded, and the upper soil layer peels off
layer by layer under the action of its weight. The overall water
depth in front of the dam is about 30 m, and the shoreline is
relatively straight. However, in terms of fine geomorphological
details, there are many original terrain gullies and cuts in this
area, where the water depth is relatively deeper, the water flow is
prone to form backflow, and the current bank collapse deformation
mostly occurs in these areas. From the longitudinal section, the
original bank slope is a soil slope with a steep gradient (locally
up to 50°–60°), and the stability of the relatively high and
steep soil slope deteriorates after being soaked by the reservoir
water level.

The upper Quaternary deposits exhibit a dual structure, with
the surface layer being a silty loam dominated by fine particles and
relatively weak permeability, while the lower part consists of sand
and gravel with pebbles and cobble-sized particles, with a small
amount of sandy and muddy materials filling the interstices. After
water storage, under the action of wind waves and groundwater,
processes such as scouring or subsurface erosion occur. The finer
particles such as sand and silt within the pores of the gravel and
pebbles are washed out, leaving the coarse particles to collapse
into the water, forming niches on the scoured face. Over time,

the upper soil layer also collapses into the water due to the
lack of support. Since subsurface erosion is a slow process, no
obvious signs of bank collapse were observed in the early stages of
water storage.

From the perspective of hydrogeological conditions, the water
in this section of the reservoir is generally deep, and the impact
of waves and water currents on the bank slope is intense. The
saturation of the soil by the reservoir water not only reduces the
soil’s ability to resist sliding but also, when the water level drops, the
resulting water level gradient and dynamic water pressure, due to
the seepage effect, carry fine particles out of the slope, leading to the
collapse of the coarse particles that are left unsupported. Analyzing
the stress and strain conditions, changes in the stress conditions of
the bank slope after water storage will inevitably lead to local stress
adjustments.

After the reservoir water level rises, the water depth in this
section is relatively deep, and the slope above the water surface is
quite steep. Wind waves and water currents exert infiltration and
erosion effects on the soil, causing the soil at the toe of the slope
near the water storage level to be eroded into a concave shape.
At the same time, due to the dynamic water pressure generated
when the water level drops, fine particles in the soil are washed out,
leaving the coarse particles unsupported, leading to the collapse of
the surface soil. After the bank collapse occurs, its expansion speed
and magnitude are relatively large. Since there are local concave
terrains on the bank slope, the collapses in the affected area occur at
these locations, exhibiting aminor pit-collapse type of bank collapse
morphology.
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FIGURE 7
The cross-sectional profile of the bank collapse section on the left bank of Badixiang Township.

5 Reservoir bank stability analysis and
prediction

5.1 Constructing the calculation model and
selecting parameters

The cross-sectional underwater topography at the bank
collapse section has become less steep compared to the original
terrain, with an overall slope of approximately 25° and minimal
variations in undulation. In comparison with the original terrain,
the equilibrium point is located near the elevation of 1818m
(Figure 7). To evaluate the compaction and other physical and
mechanical properties of the collapsing soil, a large number
of exploration works were carried out in the reservoir area
during the survey process of the Lidi Hydropower Station.
In this survey, multiple sets of heavy dynamic penetration
tests (N63.5) were conducted in two boreholes, and due to
the presence of many large blocks, 23 sets are available for
statistical analysis. Combined with the results of physical and
mechanical tests of the soil and rock mass in other parts of the
Lidi Hydropower Station reservoir and dam area, the physical
and mechanical parameters of the soil and rock mass at the
bank collapse section are proposed as shown in Table 1. To
analyze and evaluate the bank collapse evaluation parameters
of the site in the bank collapse impact area, a rough statistical
analysis of the stable slope angle of the soil at the site and
its surroundings was conducted, and the results are shown
in Table 2.

5.2 Calculation method and result analysis

The Kakuchin Method was first proposed by Kakuchin in
1949 as a reservoir bank collapse prediction method with practical
application value. This method takes the point where the still water
level is reduced by the wave erosion depth as the starting point, and
it is suitable for predicting bank collapses in soil or loess-like soil
layers, widely used in soil and loess areas of reservoirs. Through
detailed on-site geological surveys, the collapse area is located on
the downstream side of the terrace in Badixiang Township, with no
bedrock exposure in the collapse area, and it generally belongs to a
high and steep soil-like bank slope, where the Kakuchinmethod can
be used for predicting the range of bank collapse.

Starting from the flood season of 2020, the bank slope gradually
experienced continuous stripping collapse towards the bank. On 22
May 2021, the intensity of the bank collapse intensified, with the
slope occasionally experiencing a stripping collapse of soil into the
water, gradually developing into a retreat-type bank collapse similar
to a pit collapse. For the prediction of bank collapses of this type,
both the general two-stage method and the bank slope structure
method are very applicable.

5.2.1 The Kakuchin method
The starting point of the Kakuchin Method is the design low

water level minus the wave erosion depth, and the boundary point
is the maximum wave erosion height. The reservoir bank slope
is divided into above-water and underwater parts. Based on this
boundary point, the appropriate above-water stable slope angle and

Frontiers in Earth Science 08 frontiersin.org

https://doi.org/10.3389/feart.2024.1501648
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


An et al. 10.3389/feart.2024.1501648

TABLE 1 The physical and mechanical parameters of the bank collapse area.

Stratigraphic
name

Bulk density
(g/cm3)

Allowable
bearing capacity

(kPa)

Compressive
modulus Es
(0.1–0.2)

Internal friction
angle tanφ

Cohesion c (kPa)

① Gravelly soil 2.0 200–250 3–8 0.45–0.1 25–35

② Sand and pebble
gravel

2.2 400–450 45–50 0.50–0.55 5–10

③ Permian slate 2.7 800–1,000 550–750 0.7–.08 300–500

TABLE 2 Recommended value for predicting stable slope angle of bank collapse.

Stratigraphic name Stable slope angle
above water α(°)

Submerged stable
slope angle β(°)

Water level
fluctuation zone

stable slope angle γ
(°)

Abrasion angle θ(°)

① Loose overburden layer 10–25 15–40 18–30 18

② Sand and blocky gravelly
soil

12–28 30–69 19–32 20

underwater stable slope angle are selected to predict the width and
elevation of the bank collapse (Ma et al., 2023b; Zhang et al., 2024d),
as shown in Figure 8.TheKakuchinmethod predicts thewidth of the
reservoir bank collapse as in Formula 1:

S = N[(A+ hp + hb)cot α+ h2 cot β− (A+ hp)cot γ]

h2 = hs − hb − h1 (1)

5.2.2 The bank structure method
Based on the previously determined parameters for bank

collapse prediction, the width of the bank collapse on the left bank
of Badixiang Township is predicted using the universal bisection
method. The universal two-stage method only considers the dead
water level and the normal water storage level, and the prediction
parameters only take into account the erosion angle and the above-
water stable slope angle. Using the dead water level as the starting
point for the bank collapse, the specific prediction steps for the
width of the bank collapse on the left bank of Badixiang Township
are as follows:

(1) Draw the calculated stratigraphy and geological section of
the bank slope where the left bank of Badixiang is located,
as shown in Figure 8.

(2) Indicate the normal water storage danger level (normal water
storage elevation 1818.0 m) and the dead water level line
(design low water level 1,814 m).

(3) Starting from the intersection point O of the dead water level
line with the slope surface profile, use the scouring angle of
the loose covering layer soil θ1 =18° as the inclination to
draw the prediction line for the lower part of the normal
water storage bank collapse, intersecting with the base-rock
boundary at point A.

(4) Taking point A as the starting point, with the scouring angle of
sand and gravel, crushed stone soil θ2 =20° as the inclination,
continue to draw the bank collapse prediction line, intersecting
with the normal water level line of the reservoir at point B.
It can be observed from the figure that line AD is steeper
than the base-rock boundary, indicating that the strongly
weathered rock mass within this range is relatively safe and
will not experience bank collapse. Therefore, the base-rock
boundary between points A and B is this section’s predicted
bank collapse line.

(5) Taking point B as the starting point, with the stable slope angle
of the loose covering layer abovewater γ=45° as the inclination,
draw the bank collapse line to intersect with the topographic
line at point C. BC is the predicted bank collapse line above
the normal water storage level.

(6) The horizontal distance between points C and F, denoted as S
represents the final predicted horizontal impact width of the
bank collapse. According to the elevation on the geological
profile, the elevation at point C is the expected impact elevation
for the bank collapse profile.

After the Lidi Hydropower Station is filled to an elevation of
1818.00 m, the covering layer soil between elevations 1814.00 m
and 1818.00 m will become unstable and collapse under the
action of reservoir water level fluctuations and waves, resulting
in frontal bank collapse. Taking a typical section of the bank
slope, as an example, the final bank collapse elevation is calculated
to be 1843.0 m, with a bank collapse width of approximately
35.24 m. The houses of the residents of Badixiang Township and
most of the Dewen Highway are distributed between elevations
1840.00–1850.00 m. It is predicted that after the normal water
storage of the reservoir, bank collapse and reshaping within
this reservoir bank range will occur, which may endanger the
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FIGURE 8
Prediction of bank collapse at the left slope of Badi Township by bank slope structure method.

safety of public rental housing construction and disrupt road
traffic safety.

5.2.3 Finite element method proposed in this
paper

The collapses occurring in loose accumulation bodies all
manifest step-by-step, and based on the actual analysis of more than
20 cases of bank slope collapses in the Lidi Hydropower Station
reservoir area of the Lancang River Deqin-Weixi section, a set of
prediction methods for the range of collapses induced by different
controlling factors is explored.

1. Analysis of the Main Controlling Factors Affecting the Range
of Reservoir Bank Collapse.

The factors considered in predicting the range of collapses
mainly include:

Hydraulic Conditions: Collapses are caused by frequent changes
in reservoir water levels, with both rising and falling water levels
affecting the stability of the bank slope. Therefore, the impact of
the reservoir water level is mainly reflected in two aspects, First,
the change in the water level difference of surface water affects the
stability of the bank slope, with the indicative index represented by
the elevation difference ∆ h between the reservoir water level and
the shear outlet of the collapsed mass. Second, the frequent changes
in the reservoir water level cause changes in the groundwater level
within the slope, mainly the impact of changes in water pressure on
the stability of the bank slope, with the indicative index represented
by the pore water pressure coefficient ru.

The composition of slope materials: This includes the material
components that make up the slope (particle size composition),
degree of cementation, compaction, etc., which reflect the physical

andmechanical properties of the slopes.The indicative index can use
strength parameters, namely the dimensionless cohesion strength
ratio (c/γH), the internal friction angle φ, and the strength ratio
between non-uniform rock-soil layers c2/c1 = tan φ2/ tan φ1.

The geometric form of the slope:Themain factor for the stability
of loose accumulation bodies is the steepness and height of the
terrain. The indicative index is the slope angle β and the custom
slope height ratio D (defined as the ratio of the slope height H
to the total slope height (or the depth of the geological layer H1),
as shown in Figure 9.

2. Prediction equation of bank collapse stability based on the
circular sliding surface search.

Combining the above analysis of the bank collapse range
of various loose accumulation bodies with different causes in
the Lidi Hydropower Station reservoir area (a total of 20 sites),
representative cross-sections of bank collapses are selected, and
different controlling factors related to the collapses are listed. The
relationship curves for slopes with angles less than 45° show a linear
change, while the relationship curves for slopes with angles greater
than 45° all have a clear turning point of the safety factor. Under
different foundation depth ratios, slopes are divided into gentle
slopes (β <45°) and slightly steeper slopes (β >45°) with a boundary
line of a 45° slope angle. The relationship curves between the
factors affecting the stability of gentle slopes are shown in Figure 10,
FS/ tan φ as the fitting regression equations between the dependent
variable and the three influencing factors, as shown in Formula 2.
The correlation coefficient R2 of the regression equation is 95.91%,
indicating very high fitting accuracy. This suggests that changes
in strength characteristics and geometric form have a significant
impact on the stability of gentle slopes, and all three are sensitive
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FIGURE 9
Generalization model for prediction of collapse bank range.

FIGURE 10
The relationships of flat slopes have three influence factors. (A) The relationship between strength parameters and slope angle with stability; (B) The
relationship between strength parameters, foundation depth ratio, and stability.

influencing factors. The regression equation is as follows:
FS

tan φ
= 0.646(c2/c1) − 0.032 β− 0.769D+ 2.47

R2 = 95.91%
(2)

From the regression equation, it can be derived that the stability
of loose accumulation bodies or soil slopes in the Lidi Hydropower

Station reservoir area is positively correlated with the strength ratio
of different soil layers, and negatively correlated with the terrain
slope angle β and the custom slope height ratio D. The range of
bank collapse is negatively correlated with the strength parameters
c, φ, and the terrain slope angle β, and positively correlated with the
water level elevation and the area of the groundwater seepage surface
on the potential sliding surface.
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FIGURE 11
The calculation profile of the left bank of Badi Township.

FIGURE 12
The potential sliding surface of the left bank of Badi Township.

Selecting the bank collapse section on the left bank of Badixiang
Township, as shown in Figure 11, the comprehensive internal
friction angle of the covering layer at the collapse section is
approximately 42° < 45°. The stability of the bank collapse and
the range of instability can refer to Formula 2, and based on the
parameters in Tables 1, 2, the position of the potential sliding
surface and the morphology of the sliding surface can be calculated,
as shown in Figure 12.

The potential sliding surface of the front edge bank collapse at
the Cuzhong resettlement site can be seen in Figures 11, 12. The

bank collapse area takes into account themain loads such as the self-
weight of the slope, the base of the upper building, and the static
water pressure. Two critical sliding surfaces appear in the slopes,
with the instability mode being the shallow and deep instability of
the slopes. The deeper sliding arc is in contact with the base to form
a deep instability mode, while the shallower sliding arc does not
intersect with the base, is relatively shallow, and finally emerges and
converges on the right bank of the slope. The safety factor FS of
the shallow sliding surface is 1.058, which is basically in a state of
poor stability to basically stable according to the standard of stable

Frontiers in Earth Science 12 frontiersin.org

https://doi.org/10.3389/feart.2024.1501648
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


An et al. 10.3389/feart.2024.1501648

TABLE 3 Prediction results of bank collapse of the left bank of Badi Township.

Prediction method Prediction width of the collapse bank (m) Prediction elevation of the collapse bank
(m)

Kachujin method 38.018 1848.0

Bank slope structure prediction method 35.24 1843.0

The proposed finite element method 33.754 1845.0

state division. The shallow sliding surface is located near the main
road of Badixiang Township, and the deep critical sliding surface
is mainly concentrated on the Dewen Highway at the top of the
slope. The estimated final bank collapse elevation is 1843.0 m, and
the bank collapsewidth is about 33.754 m.The calculation results are
quite consistent with the actual collapse situation, and the collapse
and sliding are mainly concentrated on the main road inside the
front edge.

If this slope is not systematically and permanently treated to
greatly enhance its resistance to erosion and self-stability, it can be
judged that with the passage of time, the slope will further deform
and relax, or when the environmental conditions change, the risk of
overall instability of the slope is still large, especially under abnormal
conditions such as heavy rain and earthquakes.The potential sliding
surface may develop into a deeper sliding surface, whichmay lead to
the collapse and destruction of the housing in Badixiang Township.

5.3 Comparison of calculation results

5.3.1 Comparison results
The engineering region belongs to the Dianxi Mountain and

Plain geomorphological unit, located in the Sanjiang Trough Fold
System I-level tectonic unit. It has been determined the bank slope
gradient, slope surface morphology, valley cutting condition, as well
as the composition of the bank material, bank slope structure, and
the distribution of special strata. Three different methods were used
to predict the range of bank collapse, and the calculation results are
displayed in Table 3.

Comparing the calculation results in Table 3, the Kakuchin
method predicts a larger width and elevation, with a larger bank
collapse range, and the results are biased towards safety. The bank
slope structure method and the finite element method used in this
paper predict similar finalwidths and elevations of the bank collapse,
with not much difference, indicating that these two methods are
more appropriate and the results are reliable.The locations predicted
by the bank slope structuremethod and the finite elementmethod in
this paper are also relatively close, located in the middle and slightly
towards the rear of the housing in Badixiang Township, which is
consistent with the on-site investigation results.

5.3.2 Impact of bank collapse on the surrounding
environment

The left bank of Badixiang Township is a broad terrace formed
by flood and alluvial deposits. The front edge of the covering layer
has a steep slope, which, after water storage, experiences slight

pit-collapse type bank collapses due to the weakening of the soil’s
physical and mechanical properties and seepage effects. The overall
range of the bank collapse is not large and is in line with the early
predictions.

According to the analysis, it is unlikely that the natural state
of the left bank slope of Badixiang Township will produce a large-
scale bank collapse, and the possibility under heavy rain conditions
is also not significant. However, there is a potential for a large-scale
bank collapse on the front edge under earthquake conditions. Most
of the residential houses in this area were newly built during the
construction period of the Lidi Hydropower Station and are located
near the top of the slope. The load of the buildings has a certain
impact on the stability of the slopes.

The analysis suggests that, given the current minor bank
collapses and considering the proximity to a resident’s house
downstream, which has affected the residence’s safety, it is
recommended to relocate and resettle. At the same time, it is
recommended to take appropriate protective measures for the front
edge of the slope and to strengthen the inspection and monitoring
measures during the operation period of the power station.

6 Conclusion

This study focuses on the left bank collapse in Badi Township
located in the reservoir area of Lidi Hydropower Sta-tion as its
research subject. It investigates the collapsemodes andmechanisms,
proposes the finite element method of this paper, and predicts
the width and elevation of the collapse. The main conclusions
are as follows:

(1) The terrace where the collapse section is located is a river
alluvial fan of the third order, with a flat surface topography
and a higher and steeper soil-like slope at the front edge. The
groundwater in the collapse area is mainly pore water in the
covering layer, receiving lateral replenishment.

(2) After impoundment, the soil bank slope was eroded by wind
and waves, forming a retreat-type collapse. In May 2021, it
collapsed again under the inducement of rainfall and human
activities.

(3) The Kakuchin method predicts a larger range, biased toward
safety, while the bank slope structure method and the finite
element method of this paper predict a similar range, with
strong reliability. The expected collapse width is about 34 m,
and the elevation is about 1,945 m.

(4) Considering the safety of nearby residences, relocation and
appropriate protectivemeasures for the front edge of the slopes
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are recommended, along with strengthened inspection and
monitoring during the power station’s operation period.
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