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Abstract

Dam landslides occurred frequently during recent years, and the secondary disasters caused by it can cause great harm to
local resident in an extensive area. Therefore, it is important to understand the mechanisms of dam failure. Experiments
were designed to study the mechanisms of dam failure, analyze the effects of multi-factors, and establish a method for the
critical condition of dam breach. The results showed that before the collapse, the existence of the notch surface accelerates
infiltration and causes advancement of the speed of the wet front. The dam failure process can be divided into three stages:
erosion initiation, erosion acceleration, and erosion weakening. During the breaching, three important erosion phenomena
were observed including slope instability, steep slope, and collapse. Based on statistical analyses of the changes in the longi-
tudinal slope profile and erosion rates observed during the dam failure, characteristics of erosion rate along the longitudinal
profile have been summarized well. The slope of the bottom groove, size of the dam body, upstream inflow discharge, and
median particle size of the dam body significantly affected the characteristics of the dam body collapse. Then, a critical water
head that leads to an overtopping outburst was established based on the experimental data and theory of incipient motion of
sediment, providing critical information to predict dam failure. The results of this research would be helpful to predict the
disaster chain and enhance the risk management of this kind of disaster chain.
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Itroduction

Many factors, such as excessive rainfall, earthquakes and
river erosion, lead to the distribution of landslides in the
river bed. These landslides can enter river channels and
choke rivers, forming a type of river blockage called a
natural dam (Takahashi 2007). Natural dam formations
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are common disasters in mountainous regions worldwide
(Korup 2002; Casagli et al. 2003; Cui et al. 2013; Chen
et al., 2015; Jiang 2019). For example, the 2008 Wenchuan
earthquake in China produced tens of large (with volumes
greater than 1 million m?) rock avalanches (Wasowski et al.
2021), many of which resulted in dangerous landslides and
produced numerous natural dams. Over 50% of natural dams
break by overtopping, and 85% fail within one year of for-
mation (Costa et al. 1988). Dams formed by river blockages
from landslides, collapses, and debris flows often have very
short lifespans and can induce a series of secondary disasters
by triggering regional large-scale geological disaster chains.
These natural disasters can cause great harm to large-scale
water conservancy projects, highways, waterways, hydro-
power facilities, and other infrastructures along the disaster
chain. Therefore, it is important to understand the mecha-
nisms of dam failure and predict potential dam breaches.
At present, physical experiments are the most common
research method to study dam failures. Modeling experi-
ments are generally based on the application of a certain
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weir dam as the dam prototype and seek to understand the
failure process by controlling influencing variables. This
method can effectively avoid the interference of multiple
factors in the field and optimize statistical results. Previous
research using these physical experiments has studied the
influence of inflow rate and physical parameters of the dam
(such as the particle size distribution of dam material and the
shape of the dam) on the outburst process caused by overtop-
ping and erosional characteristics (Hakimzadeh et al. 2014;
Rifai et al., 2018; Jiang et al. 2020).

Additional research summarized the longitudinal evolu-
tion model of dam failure and developed a numerical model
to characterize landslide dam failure from overtopping
(Chang and Zhang 2010; Zhong et al., 2017, 2020; Zhou
et al. 2019a, b). Although dam failures have been widely
studied, the evolutionary process of dam failure is still not
well-understood, especially regarding the dynamic process
coupled with the lateral expansion of the breach. In addition,
the dam collapse process is extremely complex, with numer-
ous influencing factors. Most previous studies have focused
on single-factor analyses, and there is a lack of research on
the synergistic effects of multiple factors.

Quantifying the dam's stability and the critical conditions
required for an outburst of the dammed lake is significant
for early warning and prediction of outburst floods. Many
studies have established relationships between dam stability,
catchment area and slope of the main river, and volume and
height of the dam through statistical analysis. From these
analyses, a series of indices were proposed to quickly evalu-
ate the stability of a dam (Ermini and Casagli 2003; Casagli
et al. 2003; Igbal et al. 2013; Stefanelli et al., 2013). Some
studies have also analyzed the hydraulic conditions during
a dam break and deduced formulas for the critical overflow
depth, outburst flood velocity, and peak discharge (Jiang,
2008). However, due to the complex topography, geological
environment, hydrological conditions, and material compo-
sition, the applicability of existing formulas for predicting
dam stability is limited. Therefore, it is urgent to study the
dynamic evolution and critical conditions of dam failure to
provide a scientific basis for disaster prevention and reduc-
tion of the geological disaster chain.

A series of flume experiments were conducted in this
study. A total of 8 simulation scenarios were designed based
on a landslide-type natural dam prototype in Goulinping,
characterizing a typical debris flow gully in a strong earth-
quake area in western China. Effects of multi-factors con-
trolling the dam failures were analyzed, which includes the
particle size, the flume bed slope, and the upstream inflow.
Characteristics of erosion rate along the longitudinal slope
profile were analyzed. Based on the understanding of failure
mechanism and erosion characteristics, a formula of the crit-
ical water head for an overtopping breach was derived from
theory of incipient motion of sediment. It is hoped that the
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failure mechanism and critical condition of dam overtopped
revealed in this study would be helpful for predictions of
landslide dam failure, as well as quantitative evaluation
and prediction of the effects of geological disaster chains in
strong earthquake areas.

Experimental methods
Experimental setup

A large indoor flume at the Institute of Geological Natural
Disaster Prevention, Gansu Academy of Sciences, China,
was used to perform the experiments in this study. The flume
consisted of a flat steel channel (7 m long, 0.5 m wide, and
0.8 m deep), The slope of the flume can be adjusted 0° to
20°. Three scenarios of 4°, 7°and 10°were set up in this
experiment. The flume walls were made of transparent plexi-
glass to facilitate observations. A water tank with a volume
of 2.6 m® was installed on top of the flume. We controlled
the amount of upstream water entering the flume by adjust-
ing the size of the water tank opening. The landslide dam
was located above the middle of the flume (Fig. 1). A rec-
tangular notch (0.05 m wide and 0.05 m deep) was opened
on the side of the dam crest to control the location and pro-
cess of each landslide dam failure. This method ensures that
the overtopping failure starts at the same place every time,
minimizing variability between different experiment runs
(Zhou et al. 2019b).

Sensor layout

GS3 soil moisture temperature conductivity sensors (with
a 0.1% resolution) were placed in different positions inside
the dam to study the changes in water content that occur in
different positions during the landslide dam failure process.
GS3 soil moisture temperature conductivity sensors (DECA-
GON METER Group) have a frequency of 70 MHz, a meas-
urement speed of 150 ms with a 0.1% resolution. Fully meet
the experimental requirements. As shown in Fig. 2(a) and
(b), two observation surfaces were designed to arrange the
sensors inside the dam. The observation surface 0.05 m away
from the right-side glass was considered surface 1, with a
rectangular recess at the top of the dam. The observation
surface 0.2 m from surface 1 in the middle of the dam was
considered surface 2, and there was no notch at the top of
the dam at this position. Each dam contained 12 monitoring
points, and 12 water content sensors were arranged at these
monitoring points to monitor the changes in the soil water
content during the dam failure. The layout of instruments
on the sink device is shown in Fig. 2. A HYDRO-21 water
level meter (resolution: 2 mm) and 6526 Doppler flow meter
(resolution: 1 mm/s) were arranged upstream of the dam to
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Fig. 1 Experimental setup (a) and layout of the observational setup:
#1, #2, #3, #4, and #5 all indicate video cameras (b). Cameras #1 and
#2 were used to photograph the morphological changes that occurred
on the left and right sides of the dam in the failure process, respec-
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Fig.2 Prone view map (a) and side view map (b) of the sensor layout in the dam. Prone view map of sensor layout in the flume device (c)

measure the front of the dam, the water levels before and
after the dam failure, and the upstream flow.

Model design

The failure process of a barrier dam is affected by various
factors, such as the local hydraulic conditions, the material
composition of the dam, and the dam size. These control
factors are key to studying the process and mechanism by
which barrier dams fail. Taking a landslide dam formed in
the Goulinping debris flow gully in 2019 as a prototype, a
landslide dam model was designed at a scale of 1:50, and
the inflow was designed at a scale of 1:50> using geometric
similarity theory. Goulinping Basin is located in Goulinping

Village, Jiaogong Town, Wudu District, Longnan City,
Gansu Province. Its geographical coordinates are 103.6°E,
33.5°N, 3.2 km away from Wudu District, Longnan City. It
belongs to the first-level tributary on the right bank of the
middle reaches of Bailong River. Goulinping debris flow
has the characteristics of high frequency and large scale,
according to the field monitoring and measurement data, 28
large-scale debris flows occurred in Gulinping from 2013
to 2015. Because there are many potential landslides in the
basin, the risk of forming the dam body still exists, so this
paper has great scientific and practical significance.

The experimental design of this study was based on the
proportional reduction principle, considering the dimension-
less parameter set required so that the dam design conforms
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to the geometric characteristics of the dam proposed by Peng
and Zhang (2012). Peng and Zhang (2012) proposed pl}at
1

. . v
forward the main factors affecting the dam bodyz%, HL
d d

V[l/3

andH—d, Among them, W, is the dam width,H} is the natural
dam height,, V4 and V| are the volume of the dam and res-
ervoir, respectively. According to the experimental design,
Hy=0.5 m, Wy=1.45m, V,=0.194 m? V,,=0.59 m?,
V};=0.58 mand V,,,=0.57 m’. Therefore, ¢ = 0.34
£=116£=118£=116£=114 Thdeabove
e 16,5 184 16,57 14.
coefficient can meet the range requirements proposed by
Zhou et al. (2019a, b), so it can meet the test requirements.

The experimental materials in this study were taken
from the sudden deposits of a typical landslide in Gulinping
catchment (Fig. 3). The main materials were limestone and
phyllite, with a dry density of 1.8-2.0 g/cm®and a porosity
of about 25%. And the initial water content was controlled at
about 4.5%. During the construction of the dam body, layer
by layer is used to ensure that the porosity and density are
consistent with the natural conditions.

Through field investigations and an analysis of the lit-
erature (LUKAS SCHMOCKER and WILLI H. HAGER.,
2010; Cai et al. 2001; Yang and Cao 2012), we mainly stud-
ied the influence of four key control factors on the failure
process of barrier dams. These factors were the slope of the
flume, the flow of the upstream inflow, and the median diam-
eter of the dam (Fig. 4). We strictly followed the controlled
variable method during this study.

The experimental groups and parameters are shown in
Table 1.
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Fig.4 Grain-size distributions of the experimental materials

The evolution of landslide dam failures

Video data containing the internal moisture content
changes and surface (sidewall) contour deformation of
each experimental dam were obtained by sensors and cam-
eras, and the evolution of the dam collapse was analyzed.
The experimental results revealed that the change process
of the dam during dam failure was basically the same for
each group. This change process could be roughly divided
into three stages: erosion initiation, erosion acceleration,
and erosion weakening. The following is a detailed analy-
sis of the dynamic evolution of the No. 1 experiment.

Fig. 3 Map of geographical location and sampling site of test samples in Gulinping Basin. Figure 3a is the location of the basin and the specific
location of the sampling point in the basin; Fig 3b is a landslide in the basin and also the sampling point
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Table 1 Experimental groups and parameters

Test NO Length of Length of Width (m) Height (m) Initial water Inflow (m®/s) ds, (mm) flume bed slope  Dgs (mm)
top (m) bottom (m) content
No. 1 0.1 1.45 0.5 0.5 <5% 0.0015 3 7° 17
No. 2 0.1 1.45 0.5 0.5 <5% 0.0015 5 7° 18
No. 3 0.1 1.45 0.5 0.5 <5% 0.005 5 7° 18
No. 4 0.1 1.45 0.5 0.5 <5% 0.0015 1 7° 13
No. 5 0.1 1.45 0.5 0.5 <5% 0.003 5 7° 18
No. 6 0.05 1.2 0.5 0.45 <5% 0.0015 3 7° 17
No. 7 0.1 1.45 0.5 0.5 <5% 0.003 5 4° 18
No. 8 0.1 1.45 0.5 0.5 <5% 0.003 5 10° 18

Moisture content changes inside the dam

As shown in Fig. 2(a) and (b), moisture content sensors were
located at points a, b, c, d, e, and f of surface 1 (notch) and
surface 2 (no notch) inside the dam. In Fig. 4, the color of
the moisture content change curve is the same as that of the
corresponding sensor point, and the main collapse stage is
shown in shadow. Before the dam broke, a barrier lake grad-
ually formed upstream of the dam. As such, this stage mainly
involves water infiltration processes. Under the action of
upstream water, the water movement comprised non-point
source infiltration. The advancing processes of water infiltra-
tion and the wetting front were analyzed through the changes
in water content with time, as indicated by the sensors.

During the experiment, the water content at the dam foot
(point a) of the upstream slope on surface 1 (notch) first
increased. The rise in water level in front of the dam was
slower than the water infiltration process. The water contents
in the middle (point b) and lower (point c) regions of the
bottom of the dam rose first, and the soils in the upper and
middle regions of the bottom of the dam reached saturation.
At this time, the soil moisture abruptly moved horizontally.
As the water level rose, the water content in the middle layer
(point d) of the dam increased and reached saturation before
that in the lower layer (point c).

According to Darcy's law, the soil water infiltration pro-
cess is determined by the water potential gradient and the
unsaturated hydraulic conductivity. With the passage of infil-
tration time, the effect of the gravitational potential in the
vertical direction is more obvious. Therefore, at this stage,
the moisture located at point d did not reach point e by grav-
ity. Instead, this water first reached the bottom of the dam
and flowed to point c along with the infiltrated water in the
horizontal direction. Therefore, the soil at point ¢ reached
saturation after that at point d.

As the water level in front of the dam continued to rise,
the soil at the bottom of the dam became saturated, and a
complete seepage channel was formed at the bottom of the

dam. At this time, the water diffused to point e, the water
content at point e rose and reached saturation, and seepage
also formed in the middle layer of the dam. Potential ero-
sion damage due to seepage occurred in some areas of the
downstream dam slope but did not affect the overall stability
of the dam. With the gradual increase in the water level, the
soil moisture content at the top of the dam (point f) finally
reached saturation. Overall, the wetting front moved from
the upstream slope to the downstream slope and from the
bottom of the dam to the top.

The water content of experiment No. 2 (surface 2) showed
the same trend as that of No. 1 (surface 1), but the increased
rates of the soil water contents differed between the two
surfaces. In surface 1, the water content of point a reached
saturation first, while in surface 2, the water content of point
b reached saturation first. These results indicate that the infil-
tration process of surface 1 was faster than that of surface 2,
and the wetting peak of surface 1 also occurred faster than
that of surface 2. The main reason for these differences is
that surface 1 was closer to the right-side glass than surface
2, and this proximity hindered the lateral diffusion of water
(Fig. 5).

Longitudinal evolution of dam failure

Figure 6 shows the longitudinal evolution of the dam fail-
ure in experiment No. 1. Four points, A, M, B, and P,
were taken as representative points on the right side of
the dam. Point A was located at the vertex of the upstream
slope, point M was located at the midpoint of the dam
crest, 0.05 m away from point B on the downstream
slope crest, and point P was located at the midpoint of
the downstream slope of the dam. Based on the above-
described video data, a coordinate system was established
by taking the bottom groove as the abscissa and the verti-
cal line of point A at the top of the upstream slope as the
ordinate to observe the longitudinal dam shape changes
that occurred.
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The time when the flow began to move along the initial
gap to point B at the top of the downstream slope was set as
the initial time, with t equal to O s. Point B was the location
at which the overtopping collapse first occurred. The flow
depth over the dam crest was still very shallow at this time,
and the flow velocity was slow. These conditions were insuf-
ficient to erode the dam. In the initial stage of erosion (the
first stage), point B of the dam was eroded by the water flow,
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but the amount of erosion was small. Most of the eroded
soils remained nearby and were mainly deposited on the
downstream slope of the dam (in the area of point ‘a’).
When t was equal to 15 s, the flow mainly consisted
of sediment flows, largely because the fine particles in
the dam were easily eroded by the flow, increasing the
number of suspended particles in the water. Before t was
equal to 20 s, the geometric shape of the downstream slope
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Fig.5 (continued)
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was relatively irregular. From 20 s onwards, erosion to
the downstream slope began to accelerate, initiating the
erosion stage (the second stage), and the top of the dam
completely collapsed. With the increase in the amount
of water released downstream, the erosion process of the
downstream slope accelerated, and the downstream slope
began to smooth due. At the same time, the flow caused
erosion along its course and entrained soil particles,
becoming turbid near the dam's foot. After t was equal
to 30 s, in the stable, erosion weakening stage (the third
stage), the residual material of the dam was reduced, the
water level in front of the dam was low, the erosion rate
had decreased, and sediment accumulated near the dam
foot (the ‘b’ area) until the water level became close to the
remaining dam height (Fig. 7).

A longitudinal evolution model of dam failure was
established (Fig. 8) based on statistical analyses of the

Times (s)

longitudinal profile changes at each stage of the dam failure
process obtained from the eight groups of experiments. To
simplify the process, the irregular dam shapes attributed to
the local geomorphologic changes caused by erosion and
deposition were not considered. Instead, a smooth curve was
used to replace the longitudinal profile of the dam at each
time step. The term h, is the maximum erosion height at
each stage. B, and W, are the widths of the top and bottom
of the dam, respectively. H is the height of the dam.

It can be seen from Fig. 8 that in the erosion initiation
stage, the erosion point was initially located near the dam
crest of the backwater slope of the dam body and gradually
transferred to the dam crest. The erosion rate first increased
and then decreased along the flow direction. In the acceler-
ated erosion stage, the longitudinal profile of the dam body
was similar to a spindle shape, and the erosion rate reached
a maximum value near the vertex of the upstream dam
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Fig.6 Longitudinal snapshots
of the dam failure process
during experiment No. 1. The
grid size on the window was
0.05 mx0.05 m, and the red
lines mark the surface profile of
the dam

slope. The erosion rate first increased and then decreased
along the flow direction. During the steady erosion stage,
the location of the maximum erosion rate was transferred to
the dam slope, and the erosion rate first increased and then
decreased along the flow direction. Overall, the erosion rate
first increased and then decreased along the flow direction.
The maximum erosion point was traceable and reached a
maximum value in the middle of the dam body.

Transverse evolution of dam failure

Taking the interface between the upstream or downstream
dam slope and the bottom groove as the abscissa and the
vertical direction of the slope surface as the ordinate, a coor-
dinate system was established to represent the slope con-
tour changes of the upstream slopes (Fig. 9(a)) and back
slopes (Fig. 9(b)) of the dams at different times. The lateral
evolution characteristics of the experimental dam failures

@ Springer

were summarized through observations of the upstream and
downstream slopes' failure.

In the initial erosion stage, erosion began at the notch and
gradually formed a retrogressive erosional process in the
upstream slope. The downstream slope mainly experienced
undercutting erosion, and the lateral change was small. Ret-
rogressive erosion to the surface of the dammed lake quickly
drained the water flow. In the accelerated erosion stage,
the impact of hydrodynamic forces on the breach rapidly
increased, and lateral and vertical erosion also increased.
The soils on the sides of the breach collapsed, resulting in
a narrow top and wide toe of the downstream slope. In the
stable stage of erosion weakening, the scouring ability of
the water flow was weakened, and the changes in the breach
slowed. The erosion of the breach was mainly located on
the sides of the breach. The bottom of the dam had a gap
due to the action of the water flow. The upstream slope of
the dam was wide at the top of the slope and narrow at the
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Fig.9 Contour changes in the upstream slope (a) and downstream slope (b) at different times during experiment No. 1

toe of the slope. This process continued until the water flow
was close to the height of the remaining dam. Comparing
the change process of the water-facing slope with that of
the downstream slope, it can be seen that the change in
the downstream slope profile was large, and these changes
mainly occurred in the erosion initiation stage and the accel-
erated erosion stage. The contour changes of the upstream
slope mainly occurred in the accelerated erosion stage and
the stable erosion stage. The collapse of the upstream slope
lagged behind that of the downstream slope.

At the same time, through observing the downstream dam
slope, it was found that three important erosion phenomena
were involved in the experimental collapse process (Fig. 10).
These processes include:

1.1. Slope instability: Due to the increase in infiltration in
the dam body during the water storage process, the

2.2.

3.3.

downstream slope has a slight instability phenomenon
(Fig. 10(a)), and the natural angle of repose at the
lower part of the dam changes. However, this process
is short, the change is not obvious, and the lower part
of the dam soon restabilizes after the slope instability
period. Therefore, this phenomenon will not destroy
the integrity of the dam.

Steep slope (Zhu et al. 2011): In the dam failure pro-
cess, a steep slope surface or a sloped surface with a
certain inclination angle forms at the breach (Carrivick
2010), as shown in Fig. 10(b). At this time, the water
flow does not move along the slope surface but directly
impacts the bottom of the steep dam slope. With the
erosion point retreating, a penetrating breach forms at
the steep slope, accelerating the dam failure process.
Collapse: During the dam failure process, the stream
flow does not cause layer-by-layer erosion but is

Fig. 10 a Slope instability; (b) steep slope; and (c) collapse erosion phenomena. The photos were taken during experiment No. 1
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accompanied by the occurrence of the dam collapse
(Fig. 10(c)). The rapid flow has a strong erosional
effect on the soils on both sides of the dam, resulting
in erosion of the lower soils and collapse of the upper
part of the dam due to the lack of soil support.

According to the changing trend of the gap during the
dam break, a transverse evolution model of dam failures
was summarized (Fig. 11), in which H, is dam height, L
is dam length, and h, is the height at which the erosion
point falls in stagel.

The transverse evolution of dam failure can be divided
into three stages. The first stage is the initial stage. In this
stage, the main cause of lateral erosion of the dam body at
this stage is water erosion due to the small flow velocity,
weak erosional ability, and slow lateral expansion of the
gap. The second stage is the rapid expansion stage. In this
stage, the water flow velocity is high, the erosional ability
is strong, and the lateral erosion rate is large. The main lat-
eral erosion of the dam body during this stage is collapse
and water flow erosion. The third stage is the stabilization
stage. In this stage, the water flow decreases, the erosional
effect of the water flow becomes weaker, and the slope
gradient changes caused by the erosion effect are small.
The residual dam body is basically stable, although some
slope instability can still occur. The main cause of lateral
erosion during this stage is lateral collapse.

Fig. 11 The different stages of
dam failure are as follows: a is
the complete stage of the dam,
b is the stage when the dam
begins to be eroded, ¢ is the
stage when the dam begins to
accelerate the erosion, and d is
the stage when the dam is stable

Variation of the outburst flow

The outburst flow is an important parameter of the dam
burst, as it directly affects the degree of downstream damage
of the burst flood. In this study, the change in the dammed
volume was obtained by a water level gauge arranged at the
bottom of the dammed lake in front of the dam. The burst
flow was calculated from the water balance, and the burst
flow curve was drawn according to the changing trend of the
burst flow with time.

Analysis of the experimental burst flow hydrograph,
combined with the horizontal and vertical erosion patterns
during the dam burst process, led to the development of the
change model of the outburst flow (Fig. 12). The overall pro-
cess of the burst flow can be divided into three stages: Stage
1 is the stage of the slow growth of the burst flow. In this
stage, the water flow overflows the preset burst and begins
to erode the bottom of the preset burst and the backwater
slope. The initial water flow is small and can only carry
a small amount of soil downwards. During this stage, the
outage flow gradually increases with time, but the growth
rate is slow.

The second stage is the rapid growth and decline of the
burst flow. In the first half of this stage, the growth rate of
the burst flow becomes faster, and the burst flow rapidly
increases to peak flow. In the second half of this stage, the
burst flow decreases rapidly, and the dam body burst speed is
accelerated. The collapse expands rapidly, and the collapse
flow is large, but the duration is short. The third stage is
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Fig. 12 Transverse evolution model of dam failure

the slow decline of the collapse flow. During this stage, the
burst flow slowly decreases. The rate of decline gradually
decreases until the flow finally equals the upstream inflow.
At this time, the dam break process ends.

The influence of different control factors
on the dam breach process

Our experiment focuses on the key control factors of dame
failure. These factors are particle size distribution, upstream
inflow discharge, the flume bed slope outburst flow, and the
flume bed slope. The following sections discuss the influ-
ence of these factors in turn.

Influence of the particle size distribution on dam
breaching

The characteristic diameter ds, and dy5 were selected as one
of the main control variables to study the impact of different
particle size compositions on the dam failure process. Using
the artificial soil screening method, the ds, values were set
to 1 mm, 3 mm, and 5 mm as the screening standards, and
dys values set to 13 mm, 17 mm, and 18 mm.

The corresponding experimental numbers are No. 4, No.
1, and No. 2. By comparing the moisture content of dif-
ferent observed surfaces within the dam with these three
mean grain diameters (Fig. 5), it can be seen that in the
stage before the dam failure, the internal soil of the dam
with a dy, value of 5 mm reached saturation at 200 s while
the dam with a ds, value of 1 mm did not reach a saturated
moisture content at the top of the dam before the dam failure.
The middle and upper parts of the flume of the dam, with
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a ds, value of 3 mm, only reached saturation at surface 1.
The results show that the smaller the mean grain diameter,
the weaker the permeability of the soil. The slower the wet-
ting front moved, the smaller the saturated soil range. The
reduced water infiltration greatly accelerated the speed of the
water level rise, meaning that the water storage time before
the dam collapsed was shorter in the experiments with less
infiltration.

Comparing the longitudinal shapes and contour change
maps of the experimental dams (Fig. 7 (No. 1/2/4)), it can
be seen that the smaller the dys value, the longer the failure
process. During the first stage, the break position starts from
the apex of the backwater slope of the dam body. When the
dys value of the dam body was 13 mm, the deformation of
the backwater slope of the dam body was lowest, indicating
the least amount of erosion. The dam body contour with a
dys value of 18 mm ended in the first stage. Later, the dam
body began to become smooth due to the action of the water
current. This result is because the smaller the dgs value, the
more fine particulate matter. This fine particulate matter is
susceptible to erosion by water, meaning that less material
accumulates on the slope. The contour changes observed in
the second stage of dam failure showed a similar pattern to
those observed in the first stage. In the third stage, the dam
body with a dy5 value of 13 mm still had a 1.8-m-high water-
facing slope that had not eroded in 50 s. In contrast, the dam
bodies with dgs values of 17 mm and 18 mm were eroded at
the feet of the water-facing slopes. The dam with a dy5 value
of 17 mm had more material remaining than the dams with
the other dy5 values.

Comparing the experiments with the different particle
sizes and the same other conditions (No. 1/2/4), it was found
that the smaller the median particle size, the higher the peak
flow of the outburst produced by the dam failure. The flow
hydrographs of the burst flow generated by the failure of
each group of dam dams show that the shape of the curve
gradually changed from thin and pointed to chunky with
increasing median particle size. The particle gradation of
the dam body affects its erosional resistance. The smaller the
median particle size, the finer the dam particles, the weaker
the erosion resistance, the shorter the burst time, the faster
the burst flow rate, and the higher the burst flow peak value
(Fig. 13).

Grains size distribution exerts a controlling influence on
soil porosity and microstructure which will directly affect
soil failure and flow (Li et al. 2015). Dueck et al. (2004)
argued that smaller particle more higher combination by
E =Fad/dp (Fad is the adhesive force; dp is the particle
diameter). Therefore, the soil permeability of small parti-
cles is poor. In addition, ds, plays a key effect on the sta-
bility of particles (Shu and Wang 2017), and fine particles
are more easily transformed (Chen et al. 2010; Shen et al.
2022). Therefore the ds, effected the critical Shields stress
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of sediment mixtures (Smith et al. 2023), so ds is selected
as one of the key parameter in this paper for experimental
research. Meanwhile, Johnson et al. (2017) retrieves histori-
cal hydraulic conditions from dgs of sediments. Overall, it is
clear that the particle size distribution plays a critical role in
controlling dam failure.

Influence of upstream inflow discharge on dam
failure

In our experiment, three kinds of upstream inflow discharges
were designed to study their influence on the dam failure
process. The manual adjustment method was used to alter
the opening size of the water tank to control the flow rate.
The Q,, values were set at 0.0016, 0.005, and 0.003 m?/s,
corresponding to experiment numbers No. 2, No. 3, and No.
5, respectively.

The moisture content curves of the dams with the three
analyzed upstream flow rates are shown in Fig. 5 (No. 2/3/5).
This figure shows that in the pre-dam failure phase, the Q;,
value of 0.0016 m?/s saturated the internal soil water content
of the experimental dam when t was equal to 200 s, whereas
the Q,, value of 0.003 m?/s saturated the water content of
the experimental dam only in the upper-middle part of the
substrate before the dam failure. The experimental dam with
a Q,, value of 0.005 m3/s was only saturated in the upper
part of the middle region and the upper part of the flume
at surface 1. The discussion above stated that the particle
size distribution affects the infiltration of the experimental
material. In contrast, the greater the upstream flow, the less
water infiltrated and the faster the water level rose. As such,
the shorter the storage time before the dam collapsed, the
slower the wetting front inside the dam and the smaller the

saturated soil extent. Therefore, the Qin value is an impor-
tant factor to evaluate and predict the time of dam overflow
(Chen et al. 2017).

The changing shape profiles of the dam bodies (Fig. 7
(No. 2/3/5)) show that the smaller the upstream inflow, the
slower the failure process. During phase 1, the dam failure
always started at the top of the backwater slope of the dam.
In the case of the experimental dam with a Q,;, value of
0.0016 m¥/s, the initial failure stage was accompanied by
sediment on the backwater slope. In the experiments with
a Q,, value of 0.003 m*/s and a Q,, value of 0.005 m*/s, no
material accumulation occurred in the initial stage of dam
failure. This finding indicates that the larger the upstream
flow, the more susceptible the backwater slope of the dam
is to sediment accumulation.

Higher Qin values increase the amount and range of ero-
sion on the backwater slope material (Zhou et al. 2022).
Higher flows and greater erosion are the prominent features
in the longitudinal profiles in all three scenarios during the
second phase. Interestingly, the remaining dam heights
varied little among the three inflow categories. The high-
est remaining dam height occurred when Qin was equal
to 0.0016 m3/s in the third stage. As the inflow discharge
increases, the remaining dam heights gradually decrease.
The water level in front of the dam was low and was mainly
eroded by the kinetic energy of the water flow during this
stage.

The outburst flow has a linear relationship with the out-
burst quantity (Frank Penner,1987) and is also the energy
source of secondary disasters (Zhu et al. 2019). By compar-
ing the experiments with different upstream inflow and the
same other conditions (No.2/3/5), it was found that the larger
the upstream inflow, the faster the rising rate of the burst
flow, and the greater the peak value of the outburst flow. The
outburst flow hydrographs of these different scenarios show
that the larger the upstream inflow, the sharper the shape of
the curve, and the larger the area of the polygon enclosed
by the curve and the abscissa. The upstream inflow is a very
important source of the burst flow. As such, the upstream
inflow directly affects the total amount of water released
by the dam failure. The larger the upstream water flow, the
stronger the erosional ability, the faster the dam burst speed,
and the larger the peak burst flow (Fig. 14).

Influence of the flume bed slope
on the dam-breaking process

Three kinds of flume bed slopes were adopted to study the
influence of the flume bed slope on the dam collapse process
according to the middle and lower reaches of the Goulin-
ping gully. The experimental numbers corresponding to
flume slopes of 4°, 7°, and 10° are No. 5, No. 7, and No. 8,
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Fig. 14 Outburst flows under different particle size conditions (No.
1/2/4)

respectively. These flume slopes were achieved by manually
adjusting the height of the flume bed.

Figure 5 (No. 5/7/8) shows the effect of the slope angle on
the internal moisture contents of the dams, taking the condi-
tion of a 4° slope angle as an example. In the stage before
the dam failure, the dam experienced approximately 150 s
of water storage time, and the soil moisture content reached
saturation except at the dam top. Viewed from other angles,
however, the water content in the dam with a flume bed slope
of 7° only reached saturation in the upper-middle part of the
dam and the upper-middle part of the flume before the dam
failure occurred. The dam with a flume bed slope of 10° did
not reach saturation before water storage. The main reason
for this result is that the larger the slope of the flume, the
lower the water level in front of the dam. Under the same
flow conditions, the shorter the water storage time before
the dam breaks, the less water infiltration can occur. Further,
the slower the movement of the wet front inside the dam, the
smaller the range of saturated soil.

Figure 7 (No. 5/7/8) shows the effect of the slope angle
on the longitudinal evolution of a dam failure. The larger the
slope of the flume, the shorter the failure process time. Dur-
ing the first stage of the dam failure, the failure positions of
the three types of flume slope experiments started from the
apex of the land-side slope of the dam. The accumulation
on the land-side slope was most obvious for the dam with
a 4° flume slope at this stage. When the flume slopes were
7° and 10°, no material accumulated on the land-side slope.
This difference is because the greater the slope of the flume,
the greater the potential energy and the stronger the ability
of the flow to scour dam material.

Larger slopes led to greater erosion in the second stage.
In the third stage, the dam with the 10° flume slope was
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Fig. 15 Outburst flows under different upstream flow conditions (No.
2/3/5)

stable at the 40th second, and the main failure process had
stopped. The dams with the 4° and 7° flume bed slopes
were relatively stable at the 50th second. More residual
material was observed in the dam with a 4° flume slope
than in the dams with other flume slopes. The main reason
for this result is that the water level in front of the dam was
low in the third stage. As such, the larger the flume slope,
the higher the potential energy of the water, causing the
erosional effect of the water flow to be stronger. Therefore,
with an increase in the flume slope, the remaining dam
height decreased correspondingly.

Comparing the experiments with the different bed
slopes and the same other conditions (No. 5/7/8), it was
found that the greater the slope of the trench bed, the
faster the rising rate of the burst flow, but the smaller
the peak value of the burst flow. Comparing the outburst
flow hydrographs of the different scenarios, it is found
that the greater the slope of the ditch bed, the sharper
the shape of the curve, but the smaller the area enclosed
by the curve and the abscissa. The main reasons are that
the change in the slope of the ditch bed affects both the
total storage capacity of the dammed lake and the erosion
capacity of the flow (Garcia et al., 2018). In addition, the
greater the slope of the ditch bed, the stronger the ero-
sion ability of the water flow, the faster the burst speed
of the dam, and the faster the rising speed of the outburst
flow. However, the greater the slope of the ditch bed,
the smaller the storage capacity of the dammed lake, the
smaller the total amount of water released by the bursting
of the dam, and the smaller the peak value of the burst
flow (Figs. 15 and 16).
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Fig. 16 The outburst flows under different bed slope conditions (No.
5/7/8)

Formula of the critical water head
for an overtopping outburst

Under heavy rainfall, the water level of the dammed lake
increases rapidly due to an increasing upstream inflow
rate. When the water depth over the dam is high enough
that the overflow velocity is greater than the critical veloc-
ity of sediment movement, the solid at the initial breach of
the dam will move, and a dam failure will occur. There-
fore, the dam's failure can be predicted by establishing a
formula for the critical water head required for an overtop-
ping outburst.

When analyzing the critical overflow depth of an instan-
taneous outburst, the critical velocity of the incipient motion
of sediment should be deduced. When the influence of fine
cohesion is considered, the formula of critical velocity for
the incipient motion of sediment (Wu, 2008) is derived as
follows:

H\%H4 Ps =P S10+H\"
vc=<g> (17.6 —=d+6.05x107 =20 (1)

where v, is the critical velocity of incipient motion of sedi-
ment (m/s), H is water head (m), d is particle size (m), p, and
p is the bulk density of solid and water. It is from Hydraulics
(4th Ed.)(In Chinese)1.4Education Press written by Wu, C.G

0’
in 2008.where <%> is determined by the gravity of par-

4072

_ 1/2
ticles, (17.6¥d +6.05%x 1077 10+H) reflects the viscous

force between particles. The larger the particle size is, the
greater the gravity effect will be. When the particle size is

reduced, the viscous force will increase. When d > 2 mm, the
effect of viscous force can be ignored, as the starting veloc-
ity and particle size are growing relation-

0.14 RNV
ship:vd:(%) (17.6’%7”(1) ,When d <0.02 mm, the

gravity effect is small, and the first term can be ignored. At
this time, the relationship between the starting velocity and

the particle size is negative
)\ 014 1048 \ /2 .
growth:v,, = (E) <6.05 x 107" == ) . According to

the calculation results of the two formulas, v, is suitable for
the calculation of sediment initiation at the break of dam.
Since Formula v, calculates the starting velocity of uniform
sand, and the particle distribution in the dam is not uniform,
and the starting conditions of particles with different particle
sizes are different, the calculation results of Formula v, can-
not be used as the critical break velocity of the dam. There-
fore, based on the experimental results, formula v, is
adjusted to the starting velocity formula of non-uniform
sand. It can be concluded from equation v, that particle size
d and water depth H are the key factors controlling sediment
starting, so equation v, is adjusted as:

v, = kH0.14da (2)

The discharge of outburst flow can be calculated as fol-
lows (Hunt 1984):

0 = 02965g"5(B) " 3
= 0.296b™( + o 3

where Q is the discharge of the outburst flow, b is the width
of the breach, B is the length of the dam, and H,, is the water
depth.

The initial breach is rectangular, so the flow velocity at
the breach is as follows:

Q

e bx H,

B 0.25
=0.296g°7 (Z) Hy? )

When the dam starts breaking, the depth of the water is
equal to the water head. As such, the formula of the criti-
cal water head for an overtopping outburst can be derived:

Hy = kd/ [(% )0'694} ©)

Natural dams are broadly graded material, and the
incipient motion of sediment is mainly controlled by
coarse particles. Because d95 controls hydraulic condi-
tions (Johnson et al. 2017), dy5 was chosen to character-
ize particle size d. An exponential relationship was found
between dys and the measured water head, as shown in
Fig. 17. This result indicates that the model established
by these three independent variables can better explain the
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Fig. 17 Fitting curve of dys and the measured head

variation of the water head. According to the fitted curve,
the formula can be further changed to:

75 aee6 /| (B
Hy = 1.37 x 107ds* /[(Z) ] ©)

The critical water head of the overtopping breach is posi-
tively correlated with the dam particle dys and dos is the
main influencing factor. The larger the dys, the stronger the
resistance to water erosion, and the larger the critical head
value. The critical water head of the breach is also nega-
tively correlated to the size of the breach and the length of
the dam body.

The overtopping head h,, is also the highest water head
under the critical hydraulic condition of the dam body, it
is obtained from the actual measurement during the test.
Finally, formula 6 is fitted according to the actual values of
h, and dys. The formula of the critical water head for over-
topping outbursts established in this paper is applied to the
Baige landslide dam. The critical water head for overtop-
ping outbursts is calculated to be 2.64 m, which is close to
the actual value of 2.85 m (Xu et al., 2018). This similarity
shows that the above formula of the critical water head for
the overtopping outburst is consistent with reality.

Discussion

In this paper, the landslide dam in the Goulinping gully,
a typical debris flow gully in a strong earthquake area of
western China, was taken as the prototype. A laboratory
flume device at the Institute of Geological Natural Disaster
Prevention and Control of the Gansu Academy of Sciences
was designed and used to conduct overtopping landslide dam
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failure experiments. These experiments ignored external
factors such as rainfall, hurricanes, and earthquakes. The
flume was made of a steel plate at the bottom and plexi-
glass on both sides. The seepage rate of the contact area
between the flume and the dam body was larger than that
of the natural state, meaning that the slope instability phe-
nomenon was more obvious in the experiments than under
natural conditions.

This paper studied the evolution of dam failure and flood
hydrographs of the outburst flow. Due to the influence of
the Wenchuan earthquake, the rock mass in the study area is
relatively broken, and the source material of the dam mainly
comprises non-cohesive soils and phyllite. The breach geom-
etry and flood hydrograph of the dams are similar to non-
cohesive dams (Walder et al., 2015). However, the adaptabil-
ity of the experimental results to dams formed by cohesive
soils remains to be discussed.

The influence of the bottom groove slope, upstream
inflow, and median dam particle size on the dam failure
process. Scenarios with different ditch bed slopes represent
dams at different ditch positions. Scenarios with different
upstream inflows represent dams at different times of the
year. Scenarios with different particle configurations rep-
resent dams formed by different types of landslides. These
are all the key factors affecting the erosion of the dam body.
However, for the flood hydrograph of the outburst flow, some
factors, such as the initial height of the dam and the shape of
the dammed lake, cannot be ignored. For example, the peak
discharge of the outburst flow increased almost linearly as a
function of initial dam height (Walder et al., 2015). There-
fore, there are many more factors to consider in the future.

Conclusion

This study conducted a series of tests to investigate the influ-
ence of multi-factors on the dam failure process. A critical
water head for an overtopping outburst has been established
based on the theory of the incipient motion of sediment. The
main conclusions are as follows:

1. The failure mechanism of landslide dam was revealed
in this study. Before the dam collapse, the existence
of the notch surface accelerates infiltration and causes
advancement of the speed of the wet front. The dam
failure process can be divided into three stages: erosion
initiation, erosion acceleration, and erosion weakening.
Three important erosion phenomena were observed in
the dam failure process: slope instability, steep slope,
and collapse. The erosion rate first increased and then
decreased along the flow direction. The maximum ero-
sion point moved back to the source and reached a maxi-
mum value in the middle of the dam body.
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2. The slope of the flume bed, the upstream inflow, and the
median particle size of the dam had significant impacts
on the characteristics of dam failure. The larger the
median particle size, the larger the permeability coef-
ficient. In addition, the larger the soil saturation range
before the collapse, the faster the outburst flow increases
and the larger the peak discharge. Finally, the larger the
upstream inflow and bottom groove slope, the stronger
the hydrodynamic forces, serving to increase the erosion
of the dam and shorten the duration of the main collapse.

3. A critical water head for an overtopping outburst has
been established based on the theory of incipient motion
of sediment and experimental data. This result can be
used to predict dam failure and has been verified by the
Baige landslide dam.
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