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The progressive failure of earthen check dams triggered by upstream flow is common in
loess gullies on the Loess Plateau of China. However, studies on the formation
mechanism of progressive failure are still unclear. To investigate the failure modes
and progressive failure process of earthen check dams, a physical model test on an
earthen dam influenced by upstream flow was conducted by monitoring and analyzing
hydrologic and mechanical parameters, including water content, pore water pressure,
soil stress, and displacement. The test results indicate that the progressive failure
process of earthen dams is induced by seepage water discharged on the downstream
slope, including slope slide and overtopping. Continuous seepage results in the
occurrence of creep at the toe, gradually driving the deformation and sliding of the
dam slope. The progressive failure begins in the downstream slopes, and this study
focuses on analyzing the initiation mechanism of slope slide. The slope failure presents
retrogressive sliding, including four repeated slip failures, and each sliding presents a
long-time progressive process. This physical model test reproduces the entire life cycle
of earthen check dams and reveals the traction sliding mechanism of dams, which is
consistent with field observation. The aforementioned results provide an important
reference for understanding the failure mechanism of earthen check dams triggered by
upstream flow.
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1 INTRODUCTION

The Chinese Loess Plateau is themost severely eroded area in the world (Hessel, 2006; Fu et al., 2017),
and check dams are important and effective measures for erosion control in plateau catchments that
experience torrents (Romero et al., 2012; Conesa and Lenzi, 2013; Zhao et al., 2017). Up to 2020,
nearly 163,000 check dams have been built, mainly on tributary channels under the project “Gully
Land Consolidation” (GLC) (Jin et al., 2019). However, because of low design standards, most check
dams built without flood discharge facilities or spillways had relatively short lives as they rapidly filled
with sediment or were breached by extreme flood events (Zhao et al., 2017; Fang et al., 2019). For
example, 516 check dams in Yan’An city, China, were damaged by the “7.26” extreme rainstorm on
July 26, 2017 (Yang et al., 2020). Therefore, understanding check dam failure is crucial for risk
assessment and decision-making.
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The failure modes of dams generally include overtopping,
piping, and slope failure (Okeke and Wang, 2016; Rifai et al.,
2017; Zhu et al., 2020; Kouzehgar et al., 2021). These modes are
affected by many factors such as constructionmaterials, geometry
of the dam, upstream flow, and channel bed conditions
(Gregoretti et al., 2010; Chen et al., 2015; Jiang et al., 2020a).
Check dams on the Loess Plateau are most likely to be destroyed
by inflow corresponding to extreme rainstorms (Yang et al.,
2020). Approximately 53% of check dam accidents there are
caused by permeability damage due to upstream inflow (Foster
et al., 2000; Xu et al., 2019). Therefore, it is necessary to study the
seepage failure modes of check dams.

The dam failure process is a complex interaction between
water and sediment, involving hydraulics, soil mechanics, and
sediment movement mechanics (Li et al., 2020). Most dams
experienced a suite of quantitative and qualitative changes
prior to failure (Wang et al., 2018). Seepage is usually
observed during impounding (Jiang et al., 2020b), and seepage
flow could cause a progressive variation of the internal structure
of the dam, leading to dam failure (Dunning et al., 2006; Richard
and Reddy, 2007; Wang et al., 2018). Many model tests
(Gregoretti et al., 2010; Chen et al., 2015; Zhu et al., 2019),
along with field observation (Xu et al., 2019; Zhang et al., 2019)
and numerical simulation (Calamak et al., 2020; Marti et al.,
2020), have been used to study the seepage failure progress and
mechanism of dam-breaks worldwide. However, research studies
on the progressive failure of check dams in the Loess Plateau are
limited.

The progressive failure process of check dams caused by
seepage failure on the plateau is complex due to the
particularity of loess, the special structure of check dams,
extreme rainfall, and unqualified construction and
management (2014; Xu et al., 2019; Yang et al., 2020).
Unfortunately, because most of the check dam controlled areas
on the Loess Plateau contain no hydrometeorological stations (Li
et al., 2016), the research on the failure of check dams is mainly
through field investigation and remote sensing before and after
the dam failure (Xu et al., 2019; Zhang et al., 2019). Furthermore,
real-life dam failure events in the plateau have been poorly
documented because there were few eyewitnesses or lack of
field monitoring, so the details of progressive failure are
unclear, for example, the hydraulic evolution and the erosion
characteristics in progressive failure mode are still unknown (Wu
et al., 2011). The aforementioned research on check dam failure,
whether by field investigation or numerical simulation, must be
verified by physical experiments to better understand the
spectrum of failure processes and mechanisms (Zhang et al.,
2019). The progressive failure mechanism of natural dams is
mainly seepage and overtopping erosion (Cao et al., 2011), but the
seepage and the induced instability of the downstream slope were
less mentioned (Jiang et al., 2019), especially for the progressive
slope failure mode of natural dams (Jiang et al., 2020a).

Therefore, in this study, we conducted a physical model test to
study the failure process of earthen check dams triggered by
upstream flow based on a scaled prototype. To achieve this
objective, variations in water content, pore water pressure, soil
stress, and displacement of the model dam were monitored

during the experiment. Based on these data, we explored and
analyzed the characteristics of the progressive failure process and
the failure mechanism of earthen check dams. The results of this
study provide valuable insights into the failure process of earthen
check dams and thus are useful for preventing future failures.

2 MATERIALS AND METHODS

2.1 Dam Break Event
The study area is located in a small watershed called Xingshuyaozi
in Yan’An city, Shaanxi Province. Earthen check dam #19 that
failed due to seepage in this watershed, as shown in Figure 1, was
chosen as the experimental prototype in the present model test.
The natural dam crest width and the height of check dam #19 are
3.8 and 6.0 m, respectively. The length of the dam was about
37 m, with upstream and downstream slopes of 50° and 45°,
respectively. A small reservoir with a depth of 5 m formed at the
back of the dam from upstream runoff because the check dam had
no spillway or other drainage capabilities. This natural dam was
built in the winter of 2017 under the “Gully Land Consolidation”
project, and it broke on April 30, 2018, due to seepage. Notably,
the failure of the downstream slope is a progressive process
accompanied by four sliding events, which were observed by
cameras (Figure 2). The continuous seepage resulted in the first
sliding of the dam on April 30, 2018 (Figure 2A). With
continuous creep of the dam, the second, third, and fourth
failures of the dam occurred on June 30, July 29, and August
13, 2018, respectively (Figures 2B–D). Finally, the overtopping
occurred due to the four successive slides (Figure 2E). Each dam
breach event is a slow creep process.

2.2 Model Design and Model Materials
To study the mechanism of progressive failure of natural check
dams, we designed a physical model test based on a prototype
dam. According to earthen check dam design data, the size of the
chamber, and topographic features of the dam site, the geometric
proportion of this experiment was determined to be 1:10. Based
on geometrical similarity, the height and crest width of the
earthen check dam model were set at 0.6 and 0.38 m,
respectively. The upstream and downstream slopes of the
model dam were set at 50° and 45°, respectively, the same as
the prototype dam. In order to simulate the hydrologic conditions
of the prototype dam as much as possible in the model test, we set
the height of water storage behind the model dam at 0.5 m,
referring to the ratio of water storage height on-site to the
prototype dam height. The model material is consistent with
the natural dam material, which is homogeneous compacted
loess. The grain size distribution curve of the dam material is
shown in Figure 3, indicating that the dam material consists of
clay (particle diameter less than 0.005 mm), silt (particle diameter
between 0.005 and 0.075 mm), and sand (particle diameter
greater than 0.075 mm), with contents of 29.62, 69.01, and
1.37%, respectively. According to the particle size distribution
test, the median diameters d50, the coefficient of non-uniformity,
and the coefficient of curvature of the soil material are 0.025 mm,
12.71, and 1.83, respectively. The physical parameters of the

Frontiers in Earth Science | www.frontiersin.org January 2022 | Volume 10 | Article 8185082

Zhu et al. Progressive Failure Process of Check Dam

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


material are obtained at 29.29% of the liquid limit and 16.46% of
the plastic limit. The compaction density of the test model is
consistent with the dry density of the natural check dam body,
which is 1.51 g/cm3. The initial moisture content of the
compacted model material is configured at 15%. Under this
moisture content, the strength parameters of the model
material such as cohesion and friction angle are 22.52 kPa and
24.03°, respectively; and the permeability coefficient is 1.46 ×
10−4 cm/s.

2.3 Experimental Apparatus and
Procedures
The physical model test was carried out by a specially designed
chamber in the Geological Hazard Simulation Laboratory at
Chang’an University (Figure 4A). The chamber was 3.6 m in
length, 1.2 m in width, and 1.35 m in height. The gradient of the
bottom of the model chamber made of welded steel was zero. On
clear reinforced glass installed on both sides of the model
chamber, 5 × 5-cm grids were drawn to assist in the

observation of the phreatic line and dam deformation. The
back and bottom of the model chamber were sealed with a
steel disc, while the top and front sides remained open.
Therefore, the bottom, left, and right sides of the model
container formed impermeable boundaries. We located a
storage tank with a length of 0.6 m, a width of 1.2 m, and a
depth of 1.35 m at the head of the chamber. Water can be poured
into it, and we can read the level of water from a liquid level
indicator installed on the side of the tank. The collection pool,
with a length of 1.4 m, a width of 1.2 m, and a depth of 1.0 m, was
positioned at the toe of the model chamber to store water and
mud exiting from upstream.

First, we drew an outline of the model dam on the glass of the
chamber according to its proposed shape and size. Then, we
applied a density-controlled method to build the model dam. To
ensure structural homogeneity, six layers of soil, each with a
thickness of 10 cm, were compacted into the model container.
Prior to packing, the soil samples were successively tedded,
crushed, broken, and sieved through 2-mm sieves. The sieved
soil samples were subsequently spread evenly in the model

FIGURE 1 | Location of research area and studying check dam. (A) Research location, (B) remote sensing image of research watershed based on UAV, and (C)
research check dam.

Frontiers in Earth Science | www.frontiersin.org January 2022 | Volume 10 | Article 8185083

Zhu et al. Progressive Failure Process of Check Dam

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


container and compacted with a dry density of 1.50 g/cm3 and a
water content of 15%. After finishing each layer, the interfaces
between each layer were roughed to minimize the boundary
influence on the experimental results. It should be noted that
a 10-cm-thick cushion with a water content of 15% and a density
of 2.0 g/cm3 was laid at the bottom of the model container to
avoid the generation of concentrated seepage at the contact
between the metal plate and the model dam. After
construction, the dam model (Figure 4A) was allowed to
stand for 72 h. During the experiment, water can be
discharged quickly from the water tank to simulate the
upstream flow, and a small reservoir forms at the rear of the
model dam. In addition, the valve behind the storage tank can be
adjusted to keep the water level at the rear of the dam constant
during testing.

2.4 Measurements
We monitored various hydrologic and mechanical parameters,
including water content, pore water pressure, soil stress, and
displacement of the model dam. Ten monitoring points were

FIGURE 2 | Progressive failure process of prototype dam. (A) First slide, (B) second slide, (C) third slide, (D) fourth slide, and (E) overtopping.

FIGURE 3 | Particle size distribution of dam material.
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arranged fully inside themodel dam, and all but two displacement
sensors were located on the central axis of the dam; the locations
of the sensors are shown in Figure 4B. Each monitoring point
contained one pore water pressure sensor (ATJ-6007, with a
measurement range of 0–20 kPa, accuracy = ±0.5%), one soil
stress sensor (ATJ-7002, with a measurement range of 0–200 kPa,
accuracy = ±0.5%), and one water content sensor (EC-5, with a
measurement range of 0–100%, accuracy = ±0.25%). Besides,
there were two displacement sensors (MPS-S-2000MM-V1, with
a measurement range of 0–2000 mm, accuracy = ±0.1%) at the
crest of the model dam, which monitored the generation and
evolution of crevices at the dam crest. All sensors have factory
calibrations that give us the needed conversion formulas. Sensors
automatically send pore water pressure, soil stress, water content,
and displacement through an iDAQ-1800 dynamic data
acquisition instrument. The data acquisition rate was five per
second. All of the sensors connected to the corresponding data
acquisition instruments were calibrated before the test. To
capture the deformation evolution of the check dam, three
digital video cameras collected side, front, and vertical views,
as shown in Figure 4A. Based on the images of the dam
morphology change, the deformation strain field of the model
dam can be analyzed by the image processing technique DIC (He
et al., 2020).

3 RESULTS

3.1 General Features
The failure progress of the test model lasted 258.2 h from seepage
to dam breach. Three significant features of the progressive failure
were observed: seepage on the downstream slope, sliding of the
downstream slope, and overtopping (Figure 5). The seepage stage

lasted 24 h. The slope sliding stage began at the 24 h mark and
lasted 232 h until the final overtopping at 256 h. Figure 5A shows
that in the seepage stage, water was driven by hydrodynamic force
under the upstream slope, causing the soil there to reach the
saturation point. At this point, the toe of the downstream slope
begins to creep, generating tension cracks in the middle part of
the downstream slope extending to both sides (Figure 5B). Crack
formation announces the arrival of the sliding stage, also a
complex progressive process. Figure 5B depicts views of four
different sliding events, which lasted 21, 35, 70, and 106 h,
respectively. Note that the volume of each slide gradually
increases and shows an obvious retrogressive tendency, that is,
the slope progressively fails from toe to crest. After the multiple
sliding of the downstream slope, the height of the dam decreases,
and water behind quickly overflows the crest, forming a breach
and rapidly destroying the dam (Figure 5C).

3.2 Characteristics of Progressive Failure
The progressive failure process of the model dam is
comprehensively reflected by the morphological changes of the
dam slope and the variations monitored by the sensors in the dam
body. The detailed progressive characteristics of each stage are
analyzed in the following section.

3.2.1 Characteristics of Seepage Flow
Figure 6A plots the evolution line of capillary flows inside the
dam at different moments obtained by the camera. The capillary
flow line started upstream and gradually moved downstream in a
vertical shape. The basic water level, along with the trapezoidal
dam shape and significant capillarity of compacted loess, induced
the aforementioned features of the capillary flow evolution. Note
that the capillary flow line in the dam crest is distributed above
the static water level because of the strong capillarity of

FIGURE 4 | Schematic diagram of the experimental setup. (A) Developed model test chamber and (B) sensors layout in the test model.
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compacted loess (see area affected by capillarity in Figure 6A).
With the development of the phreatic line, the spill point of the
seepage gradually moved upward toward the dam crest, causing
the soil below the spill point to become saturated and softened,
resulting in the reduction of its strength. Then, the seepage flow
leads to the creep deformation of the downstream slope. The
strain field during seepage processed by DIC is shown in
Figure 6B, which indicates that the displacement, which is
reflected by the concentrated strain at the toe, gradually
moved upstream. This continuous creep at the toe of the dam
contributed to the instability of the downstream slope.

The responses of water content, pore water pressure, and soil
stress can better reveal the seepage process described earlier
(Figure 7). Figure 7A shows the variation of water content
response to seepage with a range of 15–45%. Notably, three
variations of water content behavior are evident: 1) The water
content increases to the maximum value in a short period of time
after the capillary line reaches the monitoring sensors and then
remains constant (e.g., W-1 and W-4); 2) the water content
gradually increases to the maximum value and then remains
constant (e.g., W-9 and W-10); and 3) the variation of the water
content shows a hysteresis reflection with different sensors. This

FIGURE 5 | Progressive failure process of model dam by vertical view and front view. (A) Seepage, (B) slide of downstream slope, and (C) overtopping.
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hysteresis reflection of water content relates to the distance
between the moisture sensor and the water storage behind the
dam. It is precisely because of the different sensor positions
that a lag in content water evolution was observed. According
to Figure 7A, the water content response sequence was, in
turn, upstream sensors (W-1, W-4, and W-8), then middle
(W-5 and W-9), and downstream sensors (W-3, W-7, and W-
10). This hysteresis reflection of water content corresponds to
the evolution process of the seepage flow (see Figure 6A and
Figure 7A).

Figure 7B illustrates the variation of pore water pressure
with time during seepage. Obviously, the pore water pressure
is a time-dependent value with a range of 0.1–4.9 kPa. Once
the seepage reaches the sensor position, the pore water
pressure increases rapidly. For example, the pore water
pressure at P-1 has the largest value of 4.9 kPa because the
P-1 sensor is closest to the reservoir and at the lowest
position. Notably, as the seepage channel completely
formed at the bottom of the dam, the pore water pressure
dissipated. For example, the pore water pressure at position
P-3 dropped to 0.40 kPa. The pore water pressure is also a
position-dependent value. Compared to sensors inside the
upstream dam, the pore water pressure of sensors inside the
downstream dam showed a hysteresis reflection due to the
long seepage distance (see Figure 7B). For example, the pore

water pressure of the sensors P-1 and P-4 responded first,
with a sharp increase at 0.13 and 2.60 h, respectively. The
sensors located at the downstream toe of the slope responded
in turn at the time of 21.40 h.

The soil stress of some sensors has an obvious response to
seepage flow (Figure 7C), such as the fluctuation change of soil
stress at the sensors S-2, S-4, and S-5 that corresponds to the
changes in the moisture content and pore water pressure. For
example, the soil stress of the sensors S-4 and S-5 drops sharply at
1.0 and 5.1 h, respectively, and then decreases continuously with
time. The decrease in soil stress corresponds to the rise in water
content because when the seepage flow reaches these positions,
the increase in the water content reduces the cohesion of the soil,
resulting in a sharp drop in the lateral pressure. The soil stress of
the sensor S-2 located at the bottom of the dam recorded
fluctuating, increasing, and decreasing trends. This is because
the continuous seepage leads to a reduction in soil strength, and
thus, the lateral pressure between the dam and soil changes
constantly.

In general, during the seepage stage, the capillary line
continues to spread downstream and the water content of the
dam soil rises gradually, resulting in an increase in pore water
pressure and a drop in soil stress. Continuous seepage leads to
creep deformation of the downstream slope, which in turn leads
to eventual slope sliding.

FIGURE 6 | Evolution of the capillary line inside the dam. (A) Positions of the capillary line at different times during seepage process and (B) strain field of model dam
during seepage from side view by DIC.
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3.2.2 Development of Slope Failure
3.2.2.1 Variation of Dam Morphology
The progressive slope failure process of the model dam lasted
about 232 h, during which four sliding events occurred, namely,
the first slide, second slide, third slide, and fourth slide. Every
slide event was progressive and long-lasting, with a gradually
increasing volume, which can be seen from the position of the
edge of the sliding body. Figure 8 shows the progressive
development of the first slide from front and vertical views.
The first slide was a progressive failure process that lasted for
21 h, including the creep of the slope toe, crack initiation and
penetration in the dam, and slope sliding. Ongoing seepage
softened the dam soil at the slope toe (Figures 8A–1), and the
slope there showed obvious creep behavior. This creep behavior
generated displacement of the slope toe, which can be identified
by the strain zones representing extrusion deformation processed
by DIC (Figures 8A–2). With continuous creep deformation, the
deformation zone at the slope toe expanded (Figures 8B–1), and
some tensile cracks formed on the downstream slope surface due
to the stress concentration (Figures 8B–2). Then the tensile
cracks penetrated into the dam with a maximum width of
1.5 cm (Figures 8C–1). The increased strain zones extending
on the entire downstream slope surface warns the emergence of
the large sliding deformation of the slope (Figures 8C–2). Finally,
with further creep, the sliding zone formed, causing the first slide
(Figures 8D–1 and Figures 8D–2). After sliding, the maximum
tension crack width at the rear edge is about 9 cm
(Figures 8D–1).

Figure 9 shows the progressive development of the second
slide from the vertical view. The second slide is also a creep-
controlled process that lasted for 35 h, including crack initiation,
crack propagation, crack penetration in the dam, and slope
sliding. After the first slide, continuous seepage caused the
dam body to continue to deform downstream (Figures 9A–1),
shown as the red strain area in Figures 9A–2. The continuous
creep of the dam body initiated tensile cracks in the back wall of
the first sliding body. With further creep, the crack on the dam
crest continued to expand (Figures 9B–1A) and a large strain
concentration appeared on the crest of the dam (Figures 9B–2).
Then, with the tension cracks on the top of the dam body
penetrating (Figures 9C–1), the multiple cracks gradually
developed internally, forming an arc-shaped sliding surface
(Figures 9D–1). Finally, the second slide occurred at 53.1 h.
The red strain zone on the dam body represents the sliding
body, and the red strain band on the dam crest top represents the
edge of the second slide (Figures 9C–2 and Figures 9D–2). The
third slide and fourth slide also show a creep-controlled sliding
process, including crack initiation, crack propagation, crack
penetration, and slope sliding following in a similar fashion as
the first slide and second slide. Each sliding evolution process can
not only be observed from the above macroscopic morphological
changes but also from the quantitative data, such as pore water
pressure, soil stress, and displacement, obtained from the
monitoring sensors.

FIGURE 7 | Variation of water content, pore water pressure and soil
stress during seepage process. (A) Water content, (B) pore water pressure,
and (C) soil stress.
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FIGURE 8 | Progressive process of the first slide from front view and vertical view. (A) Creep at the dam toe, (B) crack initiation and propagation, (C) crack
penetration, and (D) sliding.
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3.2.2.2 Variation of Pore Water Pressure
We select the sensors P-3, P-6, and P-9 located inside the sliding
body and the sensor P-5 located outside the sliding body as

examples to analyze pore water pressure and soil stress during
sliding, as shown in Figure 10A. It is obvious that the changes in
pore water pressure are different before and after sliding due to

FIGURE 9 | Progressive process of the second slide from the vertical view. (A) Crack initiation, (B) crack propagation, (C) crack penetration, and (D) sliding.
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their different positions. The pore water pressure of the sensors P-
3, P-6, and P-9 showed four fluctuations corresponding to the
four slides (see the gray ellipse in Figure 10A), that is, the pore
water pressure increased sharply before sliding and decreased
sharply after sliding. This actually reflects the accumulation and
release of the pore water pressure inside the dam body, which is
related to the opening and closing of the dominant seepage
channel formed during sliding. The reduction of the pore
water pressure during the first slide is the largest. This is
mainly related to the release of pore water pressure caused by

the reduction in the seepage path length of the rear dam during
sliding. In the second slide stage, the pore water pressure is
maintained at a low level until it surges to a higher level after the

FIGURE 10 | Variation of pore water pressure during slope failure. (A)
Pore water pressure during the whole sliding, (B) pore water pressures during
the 1st slide, (C) pore water pressure during the 2nd slide, (D) pore water
pressure during the 3rd slide, and (E) pore water pressure during the
4th slide.

FIGURE 10 | (Continued).
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third and fourth slides. This is because the accumulation of the
seepage flow in the preferential seepage channel formed during
sliding results in an increase in the pore water pressure. However,
the pore water pressure of the sensor of P-5 has obvious response
only in the third and fourth slide stages, that is, the pore water
pressure drops sharply after sliding. This is because the sensor of
P-5 is located at the rear side of the sliding surface, and the later
slides release the seepage pressure in the part of the dam behind
the sliding body.

From the previous discussion, it can be seen that various
sensors respond to each sliding, so we can analyze each
progressive sliding in combination with more sensors in
detail. During the first slide, the pore water pressures at the
sensors P-3, P-6, P-7, P-8, P-9, and P-10 changed greatly
(Figure 10B) because these sensors are located near the
dam slope surface and thus are sensitive to the slope
sliding. Figure 10B plots the response of the pore water
pressure of the sensors P-3, P-7, and P-10. As evident from
the data, the pore water pressures vary due to their different
locations. With the seepage channel forming at the bottom of
the dam, the pore water pressure of the sensor P-3 decreased
sharply between 24 and 25.3 h. Meanwhile, the pore water
pressure of the sensor P-7 also declined, indicating the
formation of some new seepage channels in the middle part
of the dam body. At 27.8 h, the pore water pressure at P-7
increased sharply at first and then decreased gradually. This is

because the seepage flow poured into the tensile crack formed
at the rear edge of the sliding body (Figures 8C–1), resulting in
the increasing pore water pressure first, and then with
continuous seepage, the pore water pressure dissipated
finally. With the gradual formation of the sliding surface (at
33.6 h), a preferential seepage channel is formed. Thus, the
pore water pressure at P-7 increased first and then decreased
due to the generation and dissipation of the pore water
pressure in the aforementioned preferential seepage channel
during sliding. After sliding, the leading edge of the sliding
body squeezed and blocked the original seepage channel,
resulting in a slight increase in the pore water pressure of
the sensors of P-3 and P-7 at 40.3 and 45.1 h, respectively.
Figure 10B shows that the response of the pore water pressure
of the sensor P-10 decreased after sliding, that is, the pore
water pressure at P-10 dropped sharply before sliding (at
33.6 h). This is because this sensor is located above the
sliding body, and the continuous penetration of cracks in
the slope provides the seepage channels the opportunity for
the release of pore water pressure. After sliding, the pore water
pressure of P-10 decreased slowly to less than 1 kPa. A change
in the seepage path at the dam crest is caused by the first slide,
resulting in these pressure reductions. Figure 10C displays the
variation of the pore water pressure during the second slide.
The sensors P-3, P-6, and P-10 located near the slip surface
responded strongly; especially at a sliding time of 53.1 h, the
pore pressures at P-3, P-6, and P-10 fluctuated sharply. The
pore water pressure at P-3, located at the front part of the
sliding body, dropped sharply after sliding. This is because the
seepage flowed out from the sliding surface, reducing the pore
water pressure in the sliding body. Then, the pore water rose
slightly due to the continuous re-entry of the seepage into the
sliding dam body. For the sensor at P-6, located at the back part
of the sliding body, the pore water pressure decreased first
before the sliding and then increased during the sliding. This is
because the development of cracks inside the dam before
sliding provided some preferential seepage channels for the
seepage flow, resulting in the reduction in the pore water
pressure; during sliding, the seepage channel was blocked

FIGURE 10 | (Continued).

FIGURE 11 | Variation of displacement on the dam crest during the
second slide.
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due to the squeezing of the sliding body, resulting in an increase in
the pore water pressure. The pore water pressure of the sensor P-
10, located at the rear edge of the sliding body, rose sharply before
sliding (at 52.5 h) and dropped after sliding (at 53.5 h) (Figures
9B–2 and Figure 10C). In this case, the tensile cracks on the dam
crest concentrated the seepage flow before sliding, thus the pore

water pressure increased first. After sliding, seepage water in the
cracks dissipated, resulting in a reduction in the pore water
pressure.

FIGURE 12 | Variation of soil stress during slope failure. (A) Soil stress
during the whole sliding, (B) soil stress during 1st slide, (C) soil stress during
the 2nd slide, (D) soil stress during the 3rd slide, and (E) soil stress during the
4th slide.

FIGURE 12 | (Continued).
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In the third and fourth slides, the pore water stress sensor
responds to each sliding noticeably, such as the sharp increase
and decrease in the pore water pressure before and after the
sliding, in a similar fashion as with the previous two sliding
(Figures 10D,E). However, the difference is that the progressive
failure process of the third slide and fourth slide lasts longer, and
the sliding volume body gets larger. Accordingly, the sensor also
presents some different characteristics from those in the previous
two slides. All sensors respond during the last two slidings, and
the monitored data fluctuates greatly, indicating that the sliding
volume is larger. In addition, the fluctuation of the monitored
data lasts longer, indicating that the sliding process is longer. For
example, in the third slide and fourth slide stages, the sliding
process lasts for about 5–8 h, during which the pore water
pressure and soil pressure continuously rise and drop (Figures
10D,E).

3.2.2.3 Variation of Displacement
The sensors that monitor the displacement of the dam crest
respond only during the second slide, as shown in Figure 11. The
sliding process is divided into four stages, including crack
initiation, propagation in the dam, sliding, and stable stage. At
the initiation stage (before 52.3 h), the cracks on the dam crest
nucleated at low speed, and there was no obvious displacement on
the dam crest. At the crack propagation stage (52.3–53.1 h), the
cracks at the dam crest expanded gradually, resulting in an
increasing displacement with a slow rate of increase. Then, the
displacement of the dam crest increased sharply, with a
maximum growth range of 33.8 mm in only 0.2 h, marking the
occurrence of the sliding. After sliding (after 53.1 h), the changes
in the two displacement sensors tend to be stable, with a
maximum displacement of 46.5 mm, indicating the end of the
sliding.

FIGURE 13 | Progressive process of overtopping from vertical view and side view.
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3.2.2.4 Variation of Soil Stress
Figure 12A shows the response of the sensors S-3, S-5, and S-6
representing the soil stress in the sliding body, at the sliding
surface, and at the back of the sliding body, respectively. The soil
stress of the sensors S-3 and S-6 shows fluctuating changes in
response to each sliding, especially during the second slide. The
soil stress of sensor S-5 shows a decreasing trend in the first two
slides and increases in the third slide and fourth slide stages. This
is because the lateral stress in the dam soil decreases due to the
first two slides, resulting in a reduction in soil stress. After the
third and fourth slides, the massive sliding caused a loss of
support at the rear of the dam, resulting in an increase in the
lateral soil stress inside the dam. Therefore, the soil stress pressure
of the dam shows an increasing trend. Figure 12B shows the
variation of soil stress during the first slide. Because the sliding
volume is small, the soil stress changes little. The soil was soaked
at the back of the dam for a long time, so the soil stress values at S-
4 and S-8 fluctuate only slightly. During the second slide, the soil
stress at S-6 rises sharply at 53.1 h with the occurrence of sliding
(Figure 12C). This is because the sliding made the rear of the dam
lose its front support, resulting in an increase in the lateral soil
stress. During the third and fourth slides, the sliding process lasts
for about 5–8 h, during which the pore water pressure and soil
pressure continuously rise and drop (Figures 12D,E).

3.2.3 Erosion Characteristics of Overtopping
The multi-sliding of the downstream slope caused sufficient
structural damage to the dam and overtopping occurred at
256 h. Figure 13 shows the overtopping process from vertical
and side views. The sliding of the downstream slope reduced the
height of the dam crest, and overflowing water gradually eroded
the dam crest (Figures 13A–1). As the soil material on the dam
crest constantly eroded away (Figures 13A–2), some slender
overflow channels appeared there, and the slope beside the
overflow channel collapsed under the action of erosion
(Figures 13B–1). The scour base plane continued to develop

downward, and different flow velocities in gullies led to the
stepped multi-level scarps, as shown in Figures 13B–2.
Continuous erosion deepened and widened the initial crest
breach as well as the overflow channel (Figures 13C–1).
When the water flowed through the scarp, a waterfall torrent
was formed, which quickly cut down and eroded the upstream,
forming a still larger scarp (Figures 13C–2). Then, the gully
deepened continually, and the dam soil on the sides collapsed and
was washed away by the water flow (Figures 13D–1). The erosion
flows exacerbated the undercutting of the upstream, making the
scour base plane develop rapidly to the bottom of the model
container. With the decline of the reservoir water level, the
overtopping process stopped gradually. Figures 13D–2 show
the final shape of the broken dam.

4 DISCUSSION

This model test revealed the whole life cycle of the check dam
satisfactorily and showed that the complex failure process of an
earthen dam consists of seepage on the downstream slope, sliding
of the downstream slope, and overtopping, which are consistent
with the aforementioned field observations, especially for the
progressive multi-stage slope sliding. A dam is prone to slope
failure due to seepage when it has steep upstream and
downstream faces and suffers high pour water pressure (Costa
and Shuster, 1988; Jiang et al., 2018). Distinct from the
progressive process of non-cohesive natural dams (Gregoretti
et al., 2010) that suffer collapse due to gradual soil particle
migration (Jiang et al., 2020b), our model failure included four
progressive sliding events. This is caused by the strong seepage in
the homogeneous, fine-grained dam material.

Due to the upstream flow, the seepage flow gradually shifted
from upstream to downstream. The seepage movement in the
dam can be observed through the “capillary line” and “phreatic
line.” The arrival of the capillary front marks the beginning of the

FIGURE 14 | Variation of capillary front, phreatic front, and shear strength parameters of dammaterial during seepage. (A) Arrival time of capillary front and phreatic
front at the positions of water content sensors. (B) Shear strength parameters of dam material with different water content.
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transition from dry to wet soil, and the movement of the capillary
front can be captured by cameras (Figure 6A) and moisture
sensors (Figure 7A) in the model test. As the capillary front
reached the position of the moisture content sensor, the moisture
content of the soil immediately increased. The arrival of the
phreatic front marks the saturation of the soil, and the movement
of the phreatic front is reflected by the pore water sensors
(Figure 7B). As the phreatic front reaches the position of the
moisture content sensor, the soil moisture content reaches its
maximum value and the pore water pressure of the soil
immediately increases. The area between the capillary front

and the phreatic front is called the capillary zone. The area
behind the phreatic front is called the saturated zone.
Figure 14A shows the arrival time of the capillary front and
phreatic front at different positions of the water content sensor,
corresponding to the moisture content sensor positions in the
dam. Obviously, the capillary front arrives earlier than the
phreatic front, and the closer the location of the water content
sensor is to the upstream water level (such as the monitoring
sensors of W-1, W-4, and W-8), the earlier the capillary front
arrives. Figure 6A shows that the capillary flow moves mostly
perpendicular to the bottom of the dam in the early seepage stage

FIGURE 15 | Formation mechanism of the progressive failure of model dam. (A) Seepage, (B) deformation before the 1st slide, (C) 1st slide; (D) deformation before
the 2nd slide, (E) 2nd slide, (F) deformation before the 3rd slide, (G) 3rd slide, (H) deformation before the 4th slide, (I) 4th slide, and (J) overtopping.
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and parallel to the downstream slope in the later seepage stage.
Notably, the capillary flow line is higher than the upstream flow
water level, indicating that the capillary phenomenon in the dam
material is inevitable due to its loose structure. The arrival time of
the phreatic front is at about 20–25 h, which shows that the high
permeability of the dam material leads to the rapid evolution of
seepage. It should be noted that the arrival time of the phreatic
front is greater than that of the capillary front, indicating that the
strong capillary phenomenon of the dam material is due to its
loose structure.

With seepage, increasing the water content of the dam
material reduces its shear strength. Figure 14B shows the
reduction of the shear strength index of the dam material
with increasing water content. It can be seen that the
cohesion of the dam material is reduced by 98.7%, and
the cohesion of the dam material in the saturated state is
only 0.49 kPa. Combined with the seepage force, the soil at
the slope toe of the dam begins to deform by creep
(Figure 15A). The creep region expands further due to
the seepage force and softening of the strength of the
saturated soil (Figure 15B). The creep at the toe of the
slope drives the deformation of the whole slope, and some
tensile cracks appear on the dam slope. Deformation is the
most significant external manifestation of the change in
slope stability and slope failure (Xu et al., 2016). As the
tensile cracks penetrate, they cause the first slide
(Figure 15C). Once one part of the slope fails, it becomes
increasingly difficult for the remaining parts of the slope to
hold together. Thus, after the first slide, the dam body loses
the anti-sliding support from the front part of the dam
(Figure 15D), which furthers reduces dam stability.
Meanwhile, the cracks generated by the sliding form new
preferential seepage channels, and water flows into the
cracks, leading to increased seepage force. Influenced by
the double action of the seepage force and the softening of
the strength of the saturated soil, cracks at the dam crest
extend more deeply and widely, causing the second slide
(Figure 15E), then the third and fourth slides follow in a
similar fashion (Figures 15F–I). Finally, overtopping occurs
after the fourth slide (Figure 15J). It should be noted that
each sliding is a long-time creep process, and the creep at the
foot of the dam slope drives each slope sliding. The slope
slide of the dam presents a retrogressive sliding mechanism,
and each slope sliding drives the next sliding, especially the
first sliding, which plays an important role in the entire
process of slope sliding. The discussion above indicates that
the loose dam material, high permeability of dam
material, the large width of the dam, and high seepage
force caused by the water storage upstream are the
controlling factors behind the complex progressive failure
of the model dam.

Overall, our model test reveals the progressive failure process
of check dams, which has great significance in understanding the
failure mechanism of check dams with the slope failure mode. It
should be noted that there are some shortcomings in this model
that need to be improved. For example, due to the establishment
of the scale model in this study, the capillary phenomenon of the

compacted dammaterial is more obvious, making the whole dam
soaked, which is slightly different from the prototype check dam.
Furthermore, the overtopping does not occurs in the middle of
the model dam but along the boundary between the reinforced
glass and the model dam. Thus, the boundary effect between the
dam and reinforced glass should be noted.

5 CONCLUSION

By using the physical mode test, the failure mode and failure
process of the check dam triggered by steady upstream flow were
investigated. Then the mechanism causing the progressive failure
of the check dam was analyzed based on the variation of dam
hydrologic and mechanical conditions. Finally, the physical
model test results were compared with field observation to
verify the reliability of this study. The main conclusions are as
follows:

1) Progressive failure is a major failure mode for natural check
dams subjected to seepage, which was recreated in laboratory
tests. In this experiment, the failure mode of a model dam
triggered by upstream flow is investigated, which involves
multi-stage slope slides and overtopping. The progressive
failure process of a check dam presents three specific
features: seepage on the downstream slope, slide of the
downstream slope, and overtopping.

2) During seepage, the capillary line starts from upstream and
gradually moves downstream with a vertical shape due to the
high permeability of the model materials. With continuous
seepage, the seepage overflow at the dam slope toe occurs,
which softens the dam material and reduces its strength.
Combined with the seepage force of the seepage flow, the
soil at the slope toe of the dam begins to deform by creep.

3) Continuous creep deformation of the downstream slope leads
to eventual slope sliding. The slope failure of the check dam
presents a progressive sliding process that lasts for about
232 h, during which four sliding events occur on the
downstream slope. Every slide event is progressive, long
lasting, with a gradually increasing volume. Notably, the
slope sliding of the entire dam body presents a
retrogressive sliding mechanism; the seepage flow is the
main factor that triggers the progressive slope failure.

4) The physical model test reproduces the failure process of the
check dam throughout its life cycle, which is consistent with
the field observations, especially the failure modes and the
progressive failure process. The progress failure is the
consequence of factors, such as the well-graded dam
material, high permeability of dam material, large width of
dam, and high water storage upstream.”
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