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The diversity of the landslide dam structure will result in the difference in the dam body’s
seepage. In this paper, based on two kinds of soil bodies of different particle gradations,
fourteen groups of structures of the landslide dam are designed to generalize different
seepage developments and breaking processes. The study shows that the saturation and
seepage evolution characteristics of the landslide dam’s seepage have a considerable
influence on the landslide dam’s breaking characteristics. An empirical formula is fitted
according to the time-seepage degree curve of the landslide dams of different breaking
processes to predict the breaking forms of the landslide dams before the dam break.
During the water storage process of the landslide dam, the seepage’s saturation process
inside the dam body reduces the stability of the landslide dam, thus affecting the evolution
of the failure process after it has started. In the experiment, it is found that the growth rate of
the seepage degree of the landslide dam is inversely proportional to the growth rate of the
dam breach area. Although the internal penetration of landslide dams is usually
undervalued, the result verifies that the study on the seepage process before the
breaking of landslide dam is conductive for further understanding the breaking
mechanism of the landslide dam.

Keywords: landslide dam, overtopping, dam slope instability, dam breach area, peak flow

INTRODUCTION

Landslide dam is like a knife on the neck of the downstream residents. Once it breaks, the lives and
property of the downstream residents will be devastated (Costa and Schuster, 1988; Casagli et al.,
2003). The larger the capacity of the barrier lake, the more devastating the flood will be. For a long-
lived landslide dam, due to the long-term blockage of the channel, the water quantity in front of the
reservoir will gradually accumulate and increase, so the destructive power after breaking will be
stronger to the downstream. Although the dam failure risk of this kind of barrier lake is still high,
most of its failure is a gradual process. Researchers usually have enough time to enter the site to
collect data, analyze and work out the disposal plan. After manual treatment, the danger of this kind
of dam will be greatly reduced. However, although its storage capacity is small and its destructive
power to the downstream is weak for a short-lived landslide dam, researchers can hardly arrive at the
site in time before its breaking. This kind of landslide dam usually bursts naturally and causes no less
loss to the downstream than the long-lived landslide dam. For example, Tangjiashan landslide dam,
the most dangerous dam in the 2008 Wenchuan earthquake in China (Chen et al, 2009; Cui, 2009),
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had no casualties after manual disposal. However, in 2014, the
Hsiaolin landslide dam was caused by a rainstorm, breaking
naturally within an hour after its formation, causing 398
deaths (Chen et al, 2014). Therefore, it is urgent to study
short-lived landslide dams’ failure mechanisms.

The breaking process of a landslide dam is affected by
numerous factors. The upstream hydrological conditions of
the landslide dam will affect the inflow and the water content
of the dam. The topography of the landslide dam (the width and
the depth of the river channel, the slope of the river banks on both
sides, and the soil properties, etc.) nearby will affect the type and
the physico-mechanical properties of a landslide dam (Costa and
Schuster, 1988). The scholars in relevant fields usually study the
breaking mechanism and breaking process of the landslide dam
based on model tests. Morris et al. (2007) and Hoeg K et al. (2004)
carried out experiments indoors and in the field to study the flow
process when the landslide dam break and how the horizontal
expansion of the breach evolves as a function of dam body
composition. Niu Zhi-Pan (Niu et al., 2012) studied the
breaking mechanism and breaking process under specific
circumstances with “the pile group positioning method” based
on dam models with different seepage conditions and different
particle gradations, with and without channels, and the
considering two cascade dam. Jiang and Cui (2016) carried
out model tests on landslide dams for different dam shapes
and inflows and conducted in-depth research on the breach’s
longitudinal evolution during the dam break. Ding-Zhu et al.
(2017) studied the widening process of landslide dam breaches by
analyzing the dam section data under the tests of different dam
heights and dam slope ratios.

The scholars usually adopted uniform materials so that the
dam bodies’ mechanical properties did not vary. Consequently,
the test results may differ considerably from the actual situations
(Ming et al., 2020). This is because the seepage characteristics
(refer to the changing mechanism of the flow field inside the dam)
and the soil’s anti-erosion ability in each part of the dam body will
greatly impact the breaking process (Annandale, 2005). The
evolution of breaches (e.g., type, shape, duration) and dam
failure floods (e.g., the shape of the hydrograph and peak
discharge) is dependent on the specific composition of each
landslide dam (Costa and Schuster, 1988; Casagli et al., 2003).
The particle size and physico-mechanical properties of a landslide
dam at different internal parts are quite different, which causes
various changes in seepage evolution and dam failure forms. If the
dam break process is simulated according to a uniform material,
it may not reflect the actual failure process. For example,
Tangjiashan, the biggest landslide dam induced by the 2008
Wenchuan earthquake, its soil structure is mainly composed
of upper and lower parts. The upper part is covered with a
layer of loose gravel soil, and the bottom is accumulated with
strong weathered debris clastic rocks and weakly weathered
clastic rocks (Li et al.,, 2010; Zhenming et al., 2016). In 2014,
the Ludian Magnitude-6.5 Earthquake in Yunnan Province
formed Hongshiyan Barrier Lake on Niulanjiang River. The
composition of the landslide dam is complex. The major
structure of the dam is the up-down structure. The upper soil
layer is mainly composed of isolated stones, block stones, gravel,
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FIGURE 1 | Experimental setup.

and a small amount of sandy soil and isolated block stones (Liu,
2014; Wang and Du, 2015). Due to the loose accumulation of
large rocks and obvious gaps among rocks, the permeability
coefficient of the upper soil layer is likely to be large. The
lower part of the dam body is covered by three soil layers.
The soil layers are different in lithology, but generally, the
permeability coefficient is low, which means that seepage
failure is unlikely to occur. In 2018, Baige Landslide Dam was
formed by two landslides. The material comprising the landslide
dam is mainly comprised of fine particles, but the upstream slope
and the downstream soil body mainly consist of coarse-grained
particles (Cai et al., 2019; Deng et al., 2019; Zhong et al., 2020). As
seepage increases and develops, the physico-mechanical
properties of the substances inside the landslide dam will
change greatly. For example, the shear strength, plasticity
index, and liquidity index will change considerably so that the
physico-mechanical properties of the whole dam body will
change accordingly, and the stability of the dam body will be
greatly different from that before the seepage. Further research is
needed on the mechanics of breach formation and development
of the dam bodies with non-uniform internal mechanical
properties in the process of seepage and erosion by water flow.

This paper carried out model tests based on fourteen kinds of
landslide dams with different structures to study the previous
problems. Such landslide dams have different permeability
characteristics before the formation of the breach. Firstly, the
landslide dam’s saturation and the evolution of the saturation line
under various circumstances are analyzed, and the similarities and
differences are summarized. Afterward, the breaking characteristics
such as the evolution mechanism of the dam breach, the change
process of breach flow are analyzed and summarized under various
circumstances. Finally, the influences of the seepage process on the
dam failure characteristics are investigated.

EXPERIMENTAL TEST
Test Design

Figure 1 shows the overall experiment device. The width of the
experiment section of the water channel is 0.5 m, and the length is
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FIGURE 2 | The particle size distribution of the experiment material.

7 m. The water channel’s sidewalls on both sides of the landslide
dam are made of tempered glass. When the bed slope of the flume
is low, the landslide dam will not break instantaneously. But when
the bed slope of the flume is high, the possibility of instantaneous
dam break of the landslide dam under the same conditions is
greatly increased, and this kind of problem is rarely studied.
Therefore, to simulate the instantaneous dam break of the
landslide dam, the slope of the flume is set at 15°in this
experiment.

In the experiment, the water is supplied by the circulating water
supply system that consists of a reservoir, pump room, water leveling
tower, water supply pipe, and a water return channel. The model’s
inlet head is connected to the water supply pipe, and a valve controls
the incoming water. The inlet head is equipped with water
measuring facilities, water leveling facilities, and rectifying
facilities. The initial inflow of the model is measured by a right-
triangle thin-walled measuring weir. The computational formula is
Q = C,H*?, in which Q refers to the outflow flow, C, refers to the
flow coefficient of the right-triangle thin-walled measuring weir, and
H refers to the head above the weir crest. According to the specific
size of the triangular weir used in the experiment and relevant
application experience, Cy = 1.4. The head above the weir crest is
measured with a measuring needle whose measurement precision is
0.1 mm. The inflow of this experiment is 0.6 + 0.1 L/s.

Three high-speed cameras are used to capture the whole process.
The side camera beside the water channel’s sidewall is used to
capture the dam edge’s saturation by the water flow and the change
of the water level behind the dam. A camera is placed at the top of the
dam to monitor the dam crest’s saturation and the dam breach by
the overtopping water. A camera is placed in front of the dam to
monitor the downstream slope’s erosion by the water flow.

Materials and Data

The erodibility of the landslide deposit is one of the most important
intrinsic factors governing a landslide dam’s erosion process due to
overtopping (Chang and Zhang, 2010). Under the same inflow test,

Breaking Process of Landslide Dam

the higher the soil erodibility is, the larger the breach size is, the
shorter the breach time is, and the higher the peak outflow rate is
(Chang and Zhang, 2010). With different dam structures, the
seepage characteristic and erodibility of the dams differ
considerably, which are the main variables in this study.
Besides, the particle gradation and the proportion of coarse
and fine particles in the soil slope will affect the formation
mechanism of soil failure and debris flow initiation (Cui et al.,
2017; Liu et al., 2020), which are critical issues in the study of
landslide dam breaking mechanism.

Based on the importance of particle grading and the landslide
dam’s internal structure, the dam body is composed of coarse-
grained soil and fine-grained soil to simulate the difference in the
landslide dam’s permeability. The gradations of the soil bodies
composed of coarse-grained soil and fine-grained soil used in this
experiment are shown in Figure 2, and the initial parameters are
shown in Table 1. The coarse-grained soil’s median particle
diameter is 2.8 mm, the nonuniformity coefficient is 1.5, the
water content rate is 8.5%, and the permeability coefficient is
5 x 10~ cm/s. In this study, we consider this type of soil as high
permeability. The fine-grained soil’s median particle diameter is
0.85 mm, the nonuniformity coefficient is 4.4, the water content
rate is 8.7%, and the permeability coefficient is 6 x 10~* cm/s. In
this study, we consider this type of soil as low permeability. The
permeability of the landslide dam made up of these two kinds of
soils is closely related to their location and content. The dam body’s
permeability coefficient is generally between that of the coarse-
grained soil and that of the fine-grained soil. For the landslide dam
with the up-down structure, the permeability coefficient is slightly
lower than 5 x 10~ cm/s. For the landslide dam with the front-back
structure, the permeability coefficient is slightly higher than 6 x
10~* cm/s. In this paper, the mechanism of the seepage characteristic
of the dam is one of the main research objects.

The test arrangements are shown in Table 2. Test 1 and Test 2
are about the landslide dams composed of uniform soil. Such dam
forms are adopted by many researchers and are taken as the
reference group. In order to study practical cases that are
composed of layered soils and the influence thereof on the
breaking process, a variety of possible combinations need to
be considered. In this experiment, Test 3-1, Test 3-2, Test
3-3, Test 4-1, Test 4-2, and Test 4-3 generalize the up-down
structure of the landslide dam, and Test 5-1, Test 5-2, Test 5-3,
Test 6-1, Test 6-2, and Test 6-3 generalize the front-back
structure of the landslide dam to scrutinize the seepage and
breaking characteristics of various structures in actual situations.

Test Methods

Seepage Degree

The development of the saturation lines began before the dam
break, and the seepage evolution before the dam break is an
important influencing factor that induces different dam failure
forms. Therefore, this paper conducted an in-depth analysis of
the seepage evolution before the dam break. To quantify the
development of the saturation line and find the mechanism for
different forms of dam break in the experiment, this paper uses a
dimensionless index p in the experiment to represent the seepage
degree of the landslide dam, which is defined as:
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TABLE 1 | Soil mechanical parameters: dsg is the median particle size; C,, is the coefficient of nonuniformity.

dso(mm) Cu

Coarse-grained soil 2.8 1.5

Fine-grained soil 0.85 4.4
P=1Ly/L (1)

In the formula, p is the seepage degree at a specific moment,
representing the length of development when the front end of the
saturation line develops along the longitudinal direction of the
water channel, L, is the length of development when the front end
of the saturation line develops along the longitudinal direction of
the water channel, and L is the length of the dam body in such
direction. The value-taking method is shown in Figure 3. When
p = 0, there is no or only a small amount of water permeating
through the dam body; when 0 < p < 1, there is a certain amount
of water permeating through the dam body and the seepage
channel inside the dam is developing; and when p = 1, a stable
seepage channel has been formed inside the dam body.

Dam Breach Area

According to the computational formula of the broad-crested
weir, the discharge flow of the dam breach is closely related to the
size of the dam breach. In this study, the cross section of the
breach is assumed to be trapezoidal (Chang and Zhang, 2010).
The change in the depth and width of the dam breach will lead to
the flow change at the dam breach, and the dam breach area will
be affected by the depth and the top and bottom widths of the
dam breach, which can well reflect the law of change in the size of
the dam breach during the dam break. The computational
diagram is shown in Figure 4, and the formula is as follows:

(W, + W) xH

Ay 2

(2)

In the formula, A, is the dam breach area (m?), W,, is the top
width of the dam breach (m), W, is the bottom width of the dam
breach (m), and H is the depth of the dam breach (m).

Dam Breach Flow
In this experiment, the camera placed at the side of the landslide
dam model monitors the change of the water level behind the
dam in real-time. By analyzing the law of change of the water level
behind the dam, the flow process of the dam breach during the
test can be obtained with the dynamic equilibrium equation of
water quantity. The specific dam breach flow is calculated as
follows:

The following formula is about the relationship between the
water storage in front of the dam V and the water depth h. The
schematic diagram is shown in Figure 5.

Dh? 1 1
Vern-—-|—+———
2 \tana tan(a; — @)

In the formula, V is the storage capacity (m?), D is the width of
the water channel (m), A is the distance between the water surface

3)

The water content rate(%) The permeability coefficient(cm/s)

52 x 107"
6.7 x 107

8.5
8.7

and the upstream slope foot (m), a is the slope of the water
channel (°), and a, is the upstream slope angle (°) of the dam body.

In this test, the process of change of the water level behind the
dam can be obtained through the camera, i.e., after h is known,
the dam breach flow at a certain moment can be calculated with
the dynamic equilibrium equation of water quantity. Before and
after the upstream inflow reaches the dam, it will permeate
through the soil. There is no accurate measuring method for
such part of the flow, and this part of the flow is relatively small,
with little influence on the overall trend of the flow curve.
Therefore, the seepage flow is ignored in the flow calculation
in this test. After adjustment, the dynamic equilibrium equation
of water quantity is as follows:

dv
Qin = Qour +—

I (4)

In the formula, Q;,, is the inflow (L/s), Q.. is the flow at the dam
breach (L/s), V is the storage capacity (m?), and t is the time (s).

TEST RESULT

Breaking Process and Mechanism

Before the barrier lake is fully filled, the internal seepage process
of the dam develops slowly. There is very small overflow or no
overflow, and the dam can remain stable. After the barrier lake is
full, the overflowing water washes the top of the dam, causing the
landslide dam failure. This is the most common way to break a
landslide dam, and many scholars have described and defined this
kind of phenomenon (Costa and Schuster, 1988; Cai et al., 2001).
The breaking process of Test 1, Test 3-1, Test 3-2, Test 3-3, Test
5-1, Test 5-2, Test 5-3, Test 6-1, Test 6-2, and Test 6-3 was
similar to the above phenomenon. According to the experimental
phenomenon and the research of related scholars, this
phenomenon is assumed as overtopping, which is also the
most common breaking mechanism in this experiment.

As the dam that blocks the river, whether it is an artificially
constructed dam or a naturally formed landslide dam, there is a
danger of being damaged by seepage (Wrachien and Mambretti,
2009). In Test 2, Test 4-1, Test 4-2, Test 4-3, before the barrier
lake is full, the internal seepage process of the dam body develops
rapidly. After the soil at the bottom of the landslide dam is
saturated and the shear strength decreases, the upper dam body
loses stability along the shear plane, causing the dam to break.
This phenomenon is assumed as dam slope instability.

Evolution Process of Saturation Line
After the upstream inflow begins to impound in front of the
landslide dam, it is likely to permeate downstream in the form of
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TABLE 2 | Test arrangements for fourteen types of dams.

Test
number

Experiment
category

1 Reference group

3-1 Up-down
structure

3-2

3-3

4-1

4-2

4-3

5-1 Front-back
structure

5-2

5-3

6-1

6-2

6-3

Dam body Approximate
structure content
ratio
of fine-grained
soil
to coarse-
grained
soil
Full-fine 1:0
Full-coarse 0:1
Upper-coarse- 11
lower-fine
3:1
1:3
Upper-fine-lower- 11
coarse 3:1
1:3
Front-coarse- 1:1
back-fine
3:1
1:3
Front-fine-back- 1:1
coarse 3:1
1:3

Seepage Inflow
characteristics
Overall small seepage About
Overall large seepage 0.6L/s

Upper-large-and-lower-small
seepage

Upper-small-and-lower-large
seepage
Front-large-and-back-small

seepage

Front-small-and-back-large
seepage

Dam
crest
length
(cm)

Breaking Process of Landslide Dam

Length Dam Dam
of dam height width
bottom (cm) (cm)
(cm)
68 25.5 50

Case 1

The saturation line

B

L
Case 2

The saturation line

FIGURE 3 | The calculation of the seepage degree. The experiment parameters, including the length of development when the front end of the saturation line
develops along the longitudinal direction of the water channel L, and the length of the dam body L, are shown. Two kinds of experiments are shown: (A) When the
foremost end of the saturation line appears at the bottom of the dam; (B) When the foremost end of the saturation line does not appear at the bottom of the dam.

Cross section of dam

Breach area

FIGURE 4 | The calculation of dam breach area. W,, is the top width of the dam breach (m), W, is the bottom width of the dam breach (m), and H is the depth of the
dam breach (m), respectively. Different perspectives of dam body: (A) the cross section of the dam; (B) the breach area of the cross section of the dam.
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Lake

upstream slope angle () of the dam body, respectively.

FIGURE 5 | Side view of the dam: h is the distance between the water surface and the upstream slope foot (m), a is the slope of the water channel (), and a4 is the

seepage inside the dam body. Seepage evolution exists in the
whole process from the beginning of water storage to the end of a
dam break. Figure 6 shows the development of the saturation line
at the side of the dam body before the landslide dam breaks, from
the time when the upstream inflow just arrives at the front of the
dam to the instability and collapse of the dam body or the
overtopping and break of the dam body.

The dam body structures of the two groups of landslide dams
in the reference group are full-coarse and full-fine dam structures
(Test 1 and Test 2), respectively. Due to the uniform substances
comprising the dam bodies, Test 1 and test 2’s shapes of the
saturation lines are relatively regular, i.e., the shapes of the
saturation lines are “narrow bottom triangle” and “wide
bottom triangle” respectively, as shown in Figures 6A,B. For
the dam body with the upper-coarse-lower-fine dam structure
(Test 3—1, Test 3-2, and Test 3-3), the permeability of the lower
soil is poor, and the saturation rate is slow when the water level is
low. When the water level gradually rises, the saturation rate at
the junction of the two types of soils is relatively fast. The
saturation line is “protruding in the middle”, as shown in
Figures 6C-E, respectively. For the dam body with the upper-
fine-lower-coarse dam structure (Test 4-1, Test 4-2, and Test
4-3), when the water level is lower than the lower soil, the
saturation rate of the lower soil by the water flow is relatively
fast; as the water level rises, the lower saturation line continues to
develop downstream, while the saturation line of the upper soil
develops slowly; and when the water level reaches the dam crest,
the saturation line of the lower soil is very close to the
downstream slope foot, and the saturation line is “caving in
the middle”, as shown in Figures 6F-H, respectively. For the dam
body with the front-coarse-back-fine structure (Test 5-1, Test
5-2, and Test 5-3), the front half of the dam body is the soil of
high permeability. Such soil below the water level is easy to reach
saturation in a short time; as the water level rises, the saturation
line mainly develops upwards, while the downstream
development is relatively slow; and its saturation line has a
shape of “platform”, as shown in Figures 6I-K, respectively.
For the dam body with the front-fine-back-coarse structure (Test
6-1, Test 6-2, and Test 6-3), the front half of the dam body is the
soil of low permeability. The saturation line develops very slowly
at the beginning, similar to that of the landslide dam with the full-
fine structure, and its saturation line has a shape of “narrow
bottom triangle”, as shown in Figures 6L-N, respectively.

Figure 7A is the seepage degree curves of all tests. On the
whole, the coarse-grained soil layer of high permeability is one of
the important factors affecting the development of the
permeation degree P. As the water level in front of the dam
gradually rises, the seepage degree of the soil layer of high
permeability inside the dam body will increase gradually, while
the shear strength will decrease gradually, thus reducing the
overall stability of the dam body. During the rise of the water
level in front of the dam, the landslide dam may break due to
structural instability. If the landslide dam remains stable during
the water level rise in front of the dam, it will be eroded by the
overtopping water eventually.

The dams’ growth rates of saturation with the full-coarse and
full-fine structures are approximately at two extremes. The overall
growth rate of the seepage degree curve of the landslide dam
composed of fine-grained soil is low and gradually converges. In
contrast, the overall growth rate of the seepage degree curve of the
landslide dam composed of coarse-grained soil is relatively high,
and the value of p reaches 1, which means that seepage channels
have been formed inside it. The seepage degree curves of the
landslide dams composed of the two kinds of soils show different
development at different stages. In the test, the growth rate of the
seepage degree curve of the landslide dam with the up-down
structure remains a high value before the overtopping, which can
be concluded that when the inflow is relatively small, such kind of
landslide dam has a high risk of dam slope instability. In contrast,
the seepage degree curve of the landslide dam with the front-back
structure gradually converges and its value increases slowly, so it
is difficult to form seepage channels in a short time. The dam
slope instability risk of such kind of landslide dam is
relatively low.

Figure 8 reflect the dimensionless relation between pand T. T
=t/t, in which ¢ refers to the difference between the present
moment and the moment when the upstream inflow just arrives
at the front of the dam, i.e, the current survival time of the
landslide dam and ¢, refers to the difference between the moment
when the dam slope instability or the overtopping occurs and the
moment when the upstream inflow just arrives at the front of the
dam, i.e., the life of the landslide dam.

By fitting the lateral points of the dam slope instability data
and the overtopping data, respectively, we can obtain that:

P° = 0.4¢"7*T — 0.39¢74T (5)
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1.225
In the formula, P is the upper limit of the overtopping domain, 14 =L x 0.98(—) (8)
P? is the lower limit of the dam slope instability domain, and the s

values of P° and P? range from 0 to 1; the value of T also ranges t, can be calculated with the following formula:
from 0 to 1. Both p and T are dimensionless quantities.

By substituting p = Ly/L and T = t/t, into Eq. 5 and Eq. 6, we t, = Ve 9)
can obtain: Qn=Q
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In the formula, L° and LY are permeation distance
parameters, L is the bottom length of the landslide dam,
V,, is the storage capacity (m®), Q;, is the inflow (m’/s),
and Q, is the seepage flow (m?®/s). For the landslide dam
that is damaged by overtopping, the seepage flow is usually
small. Thus, in the process of practical application, compared
with the situation in which the inflow is relatively small, Q,
can be ignored.

When an existing landslide dam has not broken yet after its
formation, if its L, is known, the possible breaking form of the
dam can be judged based on the following circumstances:

when T'<0.73:

If Ly>L° the landslide dam has a high risk of dam slope
instability;
If Ly < L% the landslide dam has a high risk of overtopping.

when T >0.73:

If Ly > L% the landslide dam has a high risk of dam slope
instability;
If Ly < L°, the landslide dam has a high risk of overtopping.

Analysis of the Breaking Process

Figure 9 shows the breaking situations of the landslide dam
under different tests. The change process of the dam breach area
of the landslide dam in the test is shown in Figure 7B. The dam
breach area of the landslide dam damaged by dam slope
instability (Test 2, Test 4-1, Test 4-2, and Test 4-3) is much
larger than that of the landslide dam damaged by overtopping
(Test 1, Test 31, Test 3-2, Test 3-3, Test 5-1, Test 5-2, Test 5-3,
Test 6-1, Test 6-2, and Test 6-3). Its dam breach area increases
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FIGURE 8 | The dimensionless relation between p and T: p is the
seepage degree, and T is the dimensionless parameter of time. The
expression of curve one is Eq. 5, the expression of curve two is Eq. 6. The
shaded area is the uncertain domain. Above the uncertain domain is the

dam slope instability domain. Below the uncertain domain is the overtopping
domain.
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sharply in a short time, from which we can see that the
development of the landslide dam damaged by dam slope
instability is violent. For the dam body with the upper-coarse-
lower-fine dam structure (Test 3-1, Test 3-2, and Test 3-3),
because of the coarse-grained soil in the upper part, the growth
rate of the dam breach area is relatively high at the beginning, but
when flow begins to erode fine-grained soil in the lower part, the
development becomes extremely slow. This is because when the
dam body is high, the potential energy of the overtopping water is
great so that the water flow can wash away more silt. When the
dam height is low, the low hydraulic gradient makes the water
flow less dynamic so that the water flow can only wash away
limited silt. As a result, the lower eroding force and the larger
anti-erosion ability of the soil in the lower part make the breaking
time longer.

Table 3 shows the specific values of seepage and breach
parameters of overtopping landslide dams. It can be seen in
Figure 7B that the overtopping water flow is an important factor
in determining the expansion speed and final size of the dam breach
at the breaking stage of the landslide dam. The overflowing water
flow is inversely correlated with the seepage flow when the inflow is
constant. In the overtopping process, the greater the amount of
overflow per unit time is, the greater the hydro energy will be, and
the more intense the scouring to the dam body will be. For example,
the landslide dam represented by Test 1 has the lowest growth rate of
seepage degree, indicating that its seepage flow is the lowest, its
overtopping flow is the highest, the scouring to the soil on the surface
of the dam is more violent, and the dam breach area may be larger.
By further analyzing in the tests of this paper in which the breaking
form is overtopping, we found that the growth rate of the dam
breach area during overtopping and dam break is inversely
proportional to the growth rate of the seepage degree before the
dam break and that the final dam breach area is also inversely
proportional to the final seepage degree before the dam break. The
fitted curve is shown in Figure 10, and the fitting formula is as
follow:

a
=_ 1
y x+b (10)

In the formula, y is the parameter represented by ordinate, x is
the parameter represented by abscissa, a and b are fitting
parameters, and the specific values are shown in Figure 10.

Analysis of the Breach Flow

Figure 11 shows the flow curves, Table 4 shows the flow
characteristics of the dams. Although the landslide dams’
structures are different, most of the flow curves increase to the
peak first and gradually decrease. It can be seen that compared
with the landslide dam with overtopping as the breaking form, for
the landslide dam with dam slope instability as the breaking form,
the duration of dam break is concise, and the peak flow is
tremendous. As for the landslide dam with overtopping as the
breaking form, most of their flow curves have only one peak
point, but a few curves have two peak points, which is result from
the irregular variation of the dam breach. For a uniform dam
body, its dam breach flow usually peaks after its crest and
downstream slope are scoured and reduced to a certain extent
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FIGURE 9 | The breaking situations of fourteen types of dams: (A) Test 1; (B) Test 2; (C) Test 3-1; (D) Test 3-2; (E) Test 3-3; (F) Test 4-1; (G) Test 4-2; (H) Test
4-3; (I) Test 5-1 (J) Test 5-2 (K) Test 5-3 (L) Test 6-1 (M) Test 6-2 (N) Test 6-3.

(Chang and Zhang, 2010), while for a non-uniform dam body, its
flow during the dam break and the moment when the peak flow
occurs need to be determined according to a specific test. For
example, the landslide dam’s peak flow with the upper-coarse-
lower-fine structure appears relatively early, and the duration of
the dam break is relatively long. The main reason is that the
erosion resistance of the upper soil is weak, the potential energy of
the overtopping water is large, and the scouring ability is strong,
so the dam height is reduced quickly, and the peak flow occurs.
After the upper soil with weak erosion resistance is washed away,
the lower soil has strong erosion resistance and poor permeability
coefficient, and the scouring ability of the water flow is weakened

to a certain extent as the dam height is reduced, so the erosion rate
of the dam body by the water flow becomes slower.

The severe break stage refers to the period of the relatively
large growth rate of dam breach area within the duration of
the landslide dam break. The comparison between the
moment when the peak flow occurs and the severe break
stage is shown in Figure 11. t, is the moment when the peak
flow occurs, and T; is the duration of the severe break. The
average t,/T; of the six groups of dams is about 0.82, and the
standard deviation of ,/T; of the six groups of dams is about
0.17. Thus, it can be seen that the moment when the peak flow
occurs usually appears at the end of the severe break stage.
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TABLE 3 | The parameters of the seepage and the dam breach.

Test number

The growth rate
of the seepage
degree (s7)

1 0.0031 0.165
3-1 0.013 0.48
3-2 0.003 0.15
3-3 0.017 0.81

5-1 0.0085 0.5

5-2 0.0049 0.24
5-3 0.01 0.61

6-1 0.004 0.24
6-2 0.0028 0.12
6-3 0.0023 0.10

The erosion of water flow on the landslide dam has a
significant impact on the failure process. For the experiment’s
each test, we collected the flow velocity (V) data at two different
moments when the breach is eroded by the water flow, as shown
in Figure 11. Because the real-time water depth data could not be
obtained, we decided to use the average water depth value during
the breaking process to calculate the range of Floude number. The
calculated Froude number ranges from 0.26 to 8.27. The Floude
number of landslide dam is almost greater than one when the
breach is eroding by overflowing water. According to the Froude
similarity criterion, the prototype and the experiment will be
similar under gravity when the Froude number of the prototype is
close to that of the experiment.

DISCUSSION

Fourteen settings of structures of landslide dam were performed
to investigate the influence of the development of seepage on the
breaking process of the landslide dam. Through analysis, an
empirical formula to evaluate the breaking form of the
landslide dam on the spot was presented, the relationship
between the growth rate of the dam breach area and the
growth rate of the saturation degree, and the final dam

The final seepage degree

The growth rate

Breaking Process of Landslide Dam

The final breach area

of the breach (cm?)
area (cm?/s)
13.48 675
6.5 585
11.63 582
9.08 545
10.49 564
9.26 648
7.81 429
11.28 556
11.97 658
14.94 822

breach area and the final saturation degree were proposed,
as well as the mechanism of the moment when the peak flow
occurs was found. Combined with early identification of high-
risk areas of landslide dam and life prediction of landslide dam
(Chen et al., 2019a; Chen et al., 2019b; Nian et al., 2020), the
pre-burst disaster assessment of the short-lived landslide dams
could be more effective.

The dimensionless blockage index (DBI) is a practical
method to evaluate landslide dams’ stability (Ermini and
Casagli, 2003). After calculation, the DBI values of 14
groups of tests are 0.97, which means the landslide dams in
our experiment are stable dams. However, they all broke in
2 min, and their stability is quite different (life span, flow rate,
etc.), which is due to the great influence of the internal
structure and particle size of the dam on the breaking
mechanism. Therefore, it is necessary to pay more attention
to the internal structure of the landslide dams.

The relationship between the growth rate of the dam breach
area and the growth rate of the seepage degree and the final dam
breach area and the final seepage degree may not be applicable to
all situations, and the development of landslide dam failure is also
affected by many factors. But judging from this experiment’s
results, this relationship between them is established when only
the dam structure is changed.

a=0017,b=6.78,R>*=0.8
[ ]
L

Growth rate of breach area (cm?/s) >

0 0003 0006 0009 0012 0015 0018
Growth rate of seepage degree (s™)

degree and the dam breach area. a and b are fitting parameters.

FIGURE 10 | (A) The relationship between the growth rate of seepage degree and the growth rate of dam breach area; (B) The relationship between the seepage
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TABLE 4 | The flow characteristics of the dams.

Test number

The duration of dam

The severe break stage

break (s) (s)
1 50 0-30
2 11 0-11
3-1 80 0-10
3-2 70 0-70
3-3 63 0-10
4-1 18 0-18
4-2 20 0-10
4-3 10 0-10
5-1 50 0-25
5-2 75 0-70
5-3 55 0-17
6-1 53 0-30
6-2 60 0-50
6-3 60 0-45

The moment when

Peak flow (L/s)

the peak flow

occurs (s)

25 2.38
8 6.96
10 2.23
40 1.44
10 3.79
16 15.41
11 10.31
7 8.8
20 2.41
55 3.06
10 2.76
31 3.28
30 1.85
40 2.22

In this experiment, the Froude number ranges from 0.26 to 8.27.
According to the Froude similarity criterion, the prototype and the
experiment will be similar under gravity when the Froude number of
the prototype is close to that of the experiment. Therefore, this
paper’s conclusions will be further applied. Scale effect is a major
problem in this field’s research, especially for model experiments. In
the past, when researchers studied similar problems, they often
considered macroscopic factors such as similar particle size, similar

dam shape, or similar gravity (Gregoretti et al., 2010; Zhao et al,
2016; Jiang and Cui, et al.,, 2016; Zhou et al.,, 2019; Liu B. X et al,
2020). However, it is difficult to make model tests similar in
experimental phenomena to meet these conditions. To make the
experimental phenomena closer to reality, the similarity of coupled
water and soil motion is also necessary (Nian et al., 2020). Due to the
limitations, researchers can only make the experimental models
meet similarity criteria as much as possible. Experiments that can
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make the model more similar to the prototype will be our research
direction in the future.

CONCLUSION

(1) This paper, based on the model tests of 14 groups of landslide
dams of different structures, the breaking forms of landslide
dams in the experiment are mainly divided into two
categories, namely, overtopping (Test 1, Test 3-1, Test
3-2, Test 3-3, Test 5-1, Test 5-2, Test 5-3, Test 6-1, Test
6-2, Test 6-3) and dam slope instability (Test 2, Test 4-1,
Test 4-2, and Test 4-3). This paper discussed the influence of
seepage on the breaking form of landslide dam and found
that as for the landslide dams with different structures, the
saturation lines show different shapes during seepage failure.
The physical quantity of seepage degree is introduced to
quantify the development degree of the seepage channel
inside the dam body, and based on analysis it is found
that the higher the seepage degree is, the higher the
probability of the occurrence of dam slope instability to
the landslide dam will be, and that the lower the seepage
degree is, the greater the probability of the occurrence of
overtopping to the landslide dam will be. According to this
phenomenon, this paper derives the empirical formula on
seepage length L, to evaluate the breaking form of the
landslide dam on the prototype and mitigate disasters,
risks, and the consequences thereof.

The dam breach area of the landslide dam damaged by
dam slope instability is much larger than that of the
landslide dam damaged by overtopping. By further
analyzing in the tests of this paper in which the
breaking form is overtopping, we found that the growth
rate of the dam breach area during overtopping and dam
break is inversely proportional to the growth rate of the
seepage degree before the dam break and that the final dam

()

3)
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