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Abstract: Dam models were constructed in an indoor flume to test dam breach failure processes
to study the seismic signals induced. A simple dam breach model was also proposed to estimate
hydrographs for dam breach floods. The test results showed that when the retrogressive erosion due
to seepage of the dam continues, it will eventually reach the crest at the upstream side of the dam,
and then trigger overtopping and breaching. The seismic signals corresponding to the failure events
during retrogressive erosion and overtopping of the dam models were evaluated. Characteristics of
the seismic signals were analyzed by Hilbert-Huang transform. Based on the characteristics of the
seismic signals, we found four types of mass movement during the retrogressive erosion process, i.e.,
the single, intermittent, and successive slides and fall. There were precursor seismic signals found
caused by cracking immediately before the sliding events of the dam. Furthermore, the dam breach
modeling results coincided well with the test results and the field observations. From the test and
modeling results, we confirmed that the overtopping discharge and the lateral sliding masses of the
dam are also among the important factors influencing the evolution of the breach. In addition, the
widening rate of the breach decreases with decreased discharge. The proposed dam breach model
can be a useful tool for dam breach warning and hazard reduction.

Keywords: dam breach; seepage; overtopping; seismic signal; flume test; breach model

1. Introduction

Large landslides induced by rainfall or earthquakes may form landslide dams and
inundate upstream areas. If the dam breaches, it will pose a serious threat to the area
downstream. Nearly 89% of landslide dam failures are caused by overtopping [1,2]. The
large-scale landslide caused by Typhoon Morakot in 2009 in Xiaolin village in southern
Taiwan caused over 400 fatalities. It also formed a landslide dam [3-5]. Feng (2012) [6]
indicated that the dam breached 1 h and 24 min after its formation according to the seismic
signal recorded and the time—-frequency spectrum. They estimated the velocity of flood
propagation downstream to be 8.3 m/s. The dam breach produced large turbulent flows
downstream in a short period of time, causing flooding downstream and the failure of
many bridges.

In 1951, heavy rainfall caused a large-scale landslide in Tsaoling, Yunlin County, Tai-
wan, and a large landslide dam was formed. As a result, 137 army engineers unfortunately
sacrificed their lives during the installation of an emergency spillway due to the sudden
overtopping failure of the dam [7]. In 1999, a large landslide occurred in Tsaoling again
due to the 1999 Chichi earthquake [8]. Five landslide-dammed lakes were subsequently
formed, of which three were cleared soon after the landslide. However, the other two were
not easily cleared, so were strengthened to improve the stability of the dam and emergency
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spillways were setup to prevent overtopping erosion [9]. Due to the establishment of
emergency spillways that controlled the maximum water storage capacity of the landslide
dam, the impacts of four typhoons (Typhoon Bilis in 2000, Torajiin 2001, Nari and Mindulle
in 2004) were reduced [10]. Cui et al. (2013) [11] and Zhou et al. (2015) [12] reported
that on 8 August 2010, the intense rainfall and cascading failure of landslide dams along
two gullies induced a fatal debris flows to Zhouqu County, China, that claimed the lives of
1765 people and damaged infrastructure and many homes. Their preliminary field and
experimental studies showed that landslide dam cluster modes (i.e., different dam types
and their combination) in upstream gullies accounted for the amplification of the scale of
Zhouqu debris flows downstream. Cai et al. (2019) [13] analyzed the cascade dam system
using a dam breach analysis model (DB-IWHR) for continuous breaking failure paths. They
also created a Bayesian network model to determine the failure probability of the cascade
dam system. Riha et al. (2020) [14] also modeled cascade dams and indicated that the peak
discharge of a dam cascade system may be underestimated by up to 10% when applying
an empirical formula derived for a single dam breach. Shrestha and Nakagawa (2016) [15]
studied the large-scale landslide in Nepal that resulted from heavy rainfall on 2 August
2014 and the landslide dam on the Sunkoshi River. The retained water overflowed 36 days
after the landslide. However, there was no serious damage downstream and no casualties
because an emergency spillway was setup before the overflow and the spillway controlled
the overflowing water. From these reviews, it is clear that landslides and dam breaches
can cause a large number of casualties and property destruction. Therefore, research on
the failure processes of landslide dams and hazard prevention of landslide dams is very
important.

Hazard prevention and monitoring of landslide dams are always compulsory. Many
scholars have used seismic signals recorded from geophones and/or accelerometers for
analyses for the creation of warning systems [16-20]. Because both landslide and dam
breach events generate seismic signals, the signals can be faithfully recorded by seismome-
ters, and so can be used for interpreting the processes of landslides and dam breach events.
However, the seismic signals of landslide and dam breach events cannot always be suc-
cessfully recorded due to limitations. Additionally, because natural phenomena cannot
be repeated, a series of event data cannot be obtained for analysis. Therefore, researchers
have often adopted numerical simulations, outdoor large-scale experiments, and indoor
small-scale experiments to conduct research on seismic signals induced by landslide dam
failure.

Yan et al. (2020) [21] reconstructed the dynamic behavior of the 2017 landslide event
in Xinmo village, China, by using the seismic signal characteristics and discrete element
method. They categorized the landslide processes into five stages: stationary, slipping,
transition, entrainment—transportation, and deposition stages, according to the characteris-
tics of the seismic signals and time—frequency spectra. They identified the transition stage,
which is caused by ancient colluvial materials hindering sliding from upslope. However,
as the sliding materials continued to accumulate and produce more downward dragging
forces, another larger landslide was triggered. This can be observed from the seismic
signal as the amplitude first decreases and then increases at the transition stage. Feng
et al. (2017) [22] used PFC coupled with FLAC to simulate the 2009 Xiaolin Village land-
slide process and compared the results with the seismic signal recorded by a broadband
seismometer. They found that the types of movement and terrain significantly affect the
seismic signal. Although a numerical simulation can readily reconstruct the failure process
and influence zones of a landslide, sometimes it is not easy to select accurate physical
parameters; thus, the simulation results may be different from the actual landslide.

Some researchers also choose large-scale outdoor experiments. Yan et al. (2017) [23]
monitored the seismic signals generated during an outdoor dam-breach test. According
to their results based on time—frequency analysis, the low-frequency band (0-1.5 Hz) was
mainly due to dam collapse events; the intermediate-frequency band (1.5-10 Hz) was due
to rock slide events; the high-frequency band (10-45 Hz) was a result of water flow and
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sediment transport. Feng et al. (2020a) [24] conducted a large-scale dam breach test at
Huisun Forest Station in Nantou, Taiwan. They discussed the characteristics of seismic
signals during the dam breach processes and flooding. The flood speed of the test was also
estimated from the seismic signals. They indicated that seismic signals can be applied as a
basis for early warnings for floods. As we know, a large-scale outdoor test better reflects
natural dam breach behavior than the numerical simulation and the small-scale indoor
flume test. However, due to the limitations of outdoor large-scale tests that require a large
area, long preparation time, and are relatively more expensive, they are less widely used
than indoor flume tests.

Many researchers use small indoor flumes to perform tests for landslide dam
breaches [25-28]. Most of the tests explored the erosion of the dam body, including
the effects of different flume slopes, dam geometry, and material properties. However,
the seismic signals caused by the destruction of the dam are less discussed. Hu et al.
(2018) [29] used a small flume to test the seismic signals of internal dam erosions. They
found a precursor seismic signal prior to the sliding of dam materials. Seismic signals
caused by internal erosion due to seepage were mainly high-frequency. If the dam materials
were loosely packed, there were more high-frequency seismic signals induced due to the
internal erosion. However, they only discussed the seismic signals of dam failure due to
seepage and did not discuss the overtopping dam breach and subsequent flooding. There
are seismic precursors detected prior to landslides reported in the literatures, e.g., Poli
(2017) [30] and Butler (2019) [31]. Feng et al. (2020b) [32] used an indoor flume to study
the seismic signals of landslides caused by riverbank erosion. They also found precursor
seismic signals before the riverbank sliding. They classified the river bank sliding into
three types: single, intermittent, and successive. The three types correspond to the three
different characteristics of seismic signals. They also pointed out that the higher frequency
seismic signal decays faster than the lower frequency signal. However, this research did not
perform tests for retrogressive erosion of a dam due to seepage and overtopping failure.

This research performed tests for retrogressive erosion of a dam due to seepage and
the subsequent overtopping failure of dam models. A theoretical dam breach model was
proposed and used to compare the flooding process of the test. The experimental setup was
a modified version of the test used by Feng et al. (2020b) [32]. In the tests, accelerometers
were installed inside the dam to monitor the seismic signals during the dam failure and to
understand the correspondence between the failure processes and characteristics of the
seismic signals. Hilbert-Huang transform [33] was used for time—frequency analysis for
the seismic signals recorded. The setting of the test conditions in this study is not a simple
overtopping failure but is similar to the progressive (retrogressive) failure of an outdoor
dam breach test by Takayama et al. (2021) [34]. The progressive failure was mainly induced
when the dam body was retrogressively eroded towards the upstream crest by seepage.
Initially, only small slides and erosions occurred at the toe of the slope, and then as the
phreatic surface of the seeping water gradually rose, an increasing number of slides and
erosions occurred from the toe towards the crest. At this point, overtopping occurs and
the dam starts to breach with vertical downcutting and lateral erosion. The overtopping
flood gradually expands the width of the breach, and then a larger amount of floodwater is
discharged downstream.

During overtopping, the breach is widened and deepened by the overflowing water.
To model the dam breach process, Wu (2011) [35] listed different model approaches and
pointed out that modeling can be classified as: (1) parametric breach models and (2) phys-
ically based breach models. Parametric breach models usually use statistical regression
equations based on laboratory experiments or field dam failure cases. Physically based
breach models were highly developed during the past decades and can simulate the dam
breach process in a more complete and detailed way. However, the models require heavy
numerical calculation requiring extensive calculation time. In addition, these detailed sim-
ulation models can be limited due to a lack of understanding of sediment transport under
the flow conditions and require multiple runs to calibrate. Unlike the detailed simulation,
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Alhasan et al. (2015) [36] proposed a conceptual model, simplified the three-dimensional
problem to a one-dimensional problem, and successfully compared the results with field
observations. To simulate the horizontal expansion of the dam breach, Tian et al. (2021) [37]
proposed a model to combine a theory of sediment transport for vertical incision and
a horizontal expansion model based on geotechnical theory. Similarly, the framework
proposed in this research is based on the simplified analytical dam breach model by Capart
(2013) [38]. We considered the sediment mass conservation Exner equation [39] and a
simple sediment transport law [40] to describe the changing of the dam and channel bed
profile. We then use this proposed dam breach model to predict the discharge, the height
of the crest, and width of the breach for our test. Comparison and analyses were made
between the dam breach model calculations and the test results to verify the feasibility of
the model.

The major purposes of this study are to discuss (1) the seismic signal precursors prior
to the sliding of the dam, (2) the types of movement of the sliding mass of the dam during
the retrogressive erosion due to seepage, and (3) the dam breach model proposed and its
comparison with the test results.

In this study, only the most representative test result was chosen for presentation;
however, many tests were performed and similar results were obtained.

2. Materials and Methods
2.1. Test Configuration

The laboratory flume is shown in Figure 1, which is the same equipment used in Feng
et al. (2020b) [32]. The size of the flume is 15 x 0.6 x 0.6 m and the slope of the channel bed
is 0.1%. The pump is mainly used to pump water from the underground storage tank to
the headwater. Water is introduced from the headwater into the water tank and controlled
by a sluice (a valve). The inflow is regulated by a screening device before flowing into the
flume channel to enable stable flow conditions. The design of the water supply setup is
similar to that of Alhasan et al. (2016) [41] in that the water was stilled /regulated before
entering the flume channel. Dimensions of the dam model are listed in Table 1. The slope
of the dam is 1:1 (45°) before water impounding. After the construction of the dam model,
it was left to sit for 1 h before the test. This study assumes that the right side of the flume
is an axis of symmetry; therefore, an overflow notch of 0.05 m depth was set on the right
side of the flume. The material used to construct the dam model was sieved uniform sand
with a median particle diameter of Dsg = 1.5 mm, D1 = 0.9 mm, and Dgg = 12.1 mm. The
unit weight of the dam material averaged 13.93 kN/m? and the density of solid particles
ps = 2583 kg/m3. The void ratio was 0.816 and porosity 45%. The initial moisture content
of the dam materials was measured as 5-8%. The initial internal friction angle of the dam
material was estimated to be 38-40°. A sand bed with a length of 3.8 m and a thickness of
0.05 m was placed downstream of the dam (Figure 1). Figure 2 shows the side and front
view of the dam model.

The dam model was instrumented with sensors including 4 accelerometers, 4 piezome-
ters, and 2 moisture sensors. Figure 3 shows the configuration of the sensors in the dam
model and are numbered for identification. The locations of the sensors were selected so
that they are not washed out during the tests. Therefore, they were mostly installed on the
left side of the dam, with the exception of PP-3 and PP-4. The piezometers were installed
close to the bottom of the dam to reflect pore pressure. Moisture sensors 1 and 2 were in-
stalled higher, at 0.2 and 0.3 m above the bottom to detect when the seepage water reached
those levels. The accelerometers were of the Type 731A produced by Wilcoxon Sensing
Technologies with a response frequency between 0.1 and 450 Hz and sensitivity of 10 V/g.
The sampling rate was set at 5.12 kHz for the accelerometers to record seismic signals.
The piezometers were of the Type KPE-200KPB made by Tokyo Measuring Instruments
Laboratory Co, Ltd., and were installed 3 cm above the bottom of the dam model to trace
pore pressure (PP) variation during the test. The moisture sensors were of the Type EC-5
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produced by METER Group, Inc., and were installed at two different levels to monitor
variation in volumetric water content (VWC).

Three cameras were set up at the right side, front, and top of the dam model to record
the test process. Because the shooting angle of the sideview file was skewed, for subsequent
analyses we used a projection to estimate the water level changes and dam dimensions
during the breach.

Brief test process: When water was released, the upstream water level gradually
increased until the maximum water level was reached. The maximum water level was
controlled by the sluice and maintained at 0.3 m until overtopping. The pump was turned
off at 116 s for better seismic signal quality. At 130 s, a tapping was made to leave a time
marker, which was used to match the time axis between seismic signals and the test videos.
After water seeped into the dam and outflowed at the downstream toe, retrogressive
erosion and landslides then started. When the retrogressive erosion reached the upstream
crest of the dam, overtopping occurred. A breach was then formed, down cut, and widened.
The detailed test process and results are discussed in Section 3.

Table 1. The dimensions of the dam model.

Slope (°) Height (m) Crest Width (m) Bottom Length (m)  Channel Width (m) Maximum Water Level (m)
45 0.4 0.35 1.15 0.6 0.3
Headwater

[

Dam model Channel bed

X o
J Water tank =5 ﬂ’ —

\
I

36 145 38

] Unit: m
Pump
“Sluice I l
Reservoir v
S

Figure 1. Layout of the test flume and the dam model.

>

Figure 2. (a) The side view of the dam model and (b) front view of the dam model.



Water 2021, 13, 2757

6 of 24

Y Top view
0.6 |-
=1 =2
- Legend
osb| @ S ] 2
A 1 12 2| 4 [*] Accelerometer
0.4 | O (Acc)
X 3 (&) Piezometer (PP)
03 ;
E= Moisture sensor
- (&)
0.2 3 4 (VWC)
0.1} Unit: m
0 -
Lol o b b b b b b b b 1y X
0 0.1 02 0304 050.6 0.7 0.8 0.9 1.0 1.1
Z
0.4 Side view
0.3
0.2}
01
oL
I 1 l L I 1 I 1 I 1 I L I 1 I 1 l L I L I 1 I 1 X

0 0.1 0.2 0.3 0.4 0506 07 0.8 09 1.0 1.1

Figure 3. Sensor configuration in the dam model (the numbering of the sensors is marked near each
sensor).

2.2. Seismic Signal Processing by Hilbert-Huang Transform (HHT)

The seismic signals recorded during the tests were processed using Hilbert-Huang
transform (HHT, Huang et al. 1998) [33]. HHT includes empirical mode decomposition
(EMD) to calculate the intrinsic mode functions (IMFs) and a Hilbert transform (HT) to
obtain the corresponding time-frequency spectra from the IMFs. HHT can process unsteady
and nonlinear signals and analyze the relationship between time, seismic frequency, and
energy distribution of signals. The HHT analyses in this study were performed by Visual
Signal Ver. 1.6 software (AnCad, Inc. (2018) [42]). The characteristics of the seismic signals
due to various sliding events can be identified more easily with the help of time—frequency
spectra. The HHT was also applied in Feng et al. (2020b) [32] and Feng et al. (2020a) [24] to
successfully interpret flood and landslide events.

2.3. Dam Breach Model—QOwvertopping

As we described in the previous section, the test can be separated into two stages. In
the first stage, the seepage water flows out of the downstream surface of the dam, causing
retrogressive erosion. Due to the retrogressive erosion, the shape of the dam deforms from
a trapezoid to triangle and the breach process leads to the second stage. In the second stage,
the water overtops the crest and begins the overtopping process. In the second stage, the
outflow from the crest dominates the breach process and reduces the water level in the
lake.

To simulate the overtopping incision process and compare it with the test results, we
propose a simplified dam breach model based on Capart (2013) [38]. In this model, we
neglect the discharge due to seepage and simulate the breaching as a continuous process.
As illustrated in Figure 4, we assumed a triangular-shaped dam with upstream slope Rp,
downstream slope Sp, and initial elevation of the dam zp; z¢(t) is the crest level and
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zp (t) is the lake level. The initial crest level z¢(t = 0) is equal to zp. The initial lake level
z1 (t = 0) before overtopping is assumed to be maintained at a steady level.
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Figure 4. Schematic and parameters of the proposed dam breach model.

The Exner equation governs the breach process based on the sediment mass balance

(Paola and Voller 2005) [43].

Jz  d]
b§+a_o 1)

where b is the channel width, z is the bottom elevation of the breach channel, x is the
streamwise direction, and | is the sediment transport rate. In this equation, Paola and
Voller (2005) [43] simply demonstrated the mass of bedload balancing in a controlled
volume; when sediment influx J(x) is larger than outflux J(x + Ax) the elevation of the
sediment in the control volume increases. For the sediment transport rate, Visser (1995) [44],
Alhasan et al. (2016) [41], and Haddadchi et al. (2013) [45] collected different empirical
sediment transport formulas used in sand-dike breach erosion. The formulas were verified
with experimental results or field cases. However, the formulas contained too many
detailed variables and coefficients (e.g., internal friction coefficient, bed shear velocity),
which increases the complexity of the model [46]. In the 1950s, Lane (1955) [40] presented
a qualitative law of sediment transport rate, which demonstrated | can be generally scaled
by the water flux and the channel gradient as:

= KQS = —KQY @

where K is a dimensionless transport coefficient; Q is the local discharge (the discharge
through the breach); S is the channel gradient, which can be written as the derivative
of channel elevation in the streamwise direction. By substituting (2) into (1), a variable
rate diffusion equation can be obtained. Next, we assumed the outflow channel at the
toe of the dam converges to the initial shape of the dam, and the level of the crest level
evolves along with the water level of the lake. A zero-sediment flux is assumed at the
crest (J(xc(t),t) = 0) as the second upstream boundary condition [47,48]. By defining
operational time dt(t) = KQ(t)/b, the varying rate diffusion equation can be reduced to
a standard diffusion equation:
0z 9%z

ot a2 0 ®
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For this dam breach problem (triangle dam with moving upstream boundary condi-
tion), a similar structure of the solution can be found in Capart et al. (2007) [47], Voller
et al. (2004) [49], and Lai and Capart (2007, 2009) [50,51], and the detailed derivation can
be found in Capart (2013) [38]. By using the boundary conditions, the profile of the dam
was solved as:

(RD + SD))\S

2(x,7) = 2p = Spx — Lr G

ﬁierfc(—éx/ﬁ) 4

where Sp and Rp represent the downstream slope and upstream slope of the dam, and
ierfc(C) is a special function introduced by Carslaw and Jaeger (1959) [52]:

ierfe(£) = /; erfe(x)dx = jgexp(—cZ) — gerfe(?) (5)

where erfc(¢) is the complementary error function and A; is a constant related to the shape
of the dam. By taking the upstream sediment flux boundary condition at the dam crest
position, A5 can be solved numerically in Equation (6):

0.5As erfc(=0.54s)  Sp 0
ierfc(—0.5As) Sp+Rp

(6)

Following the profile of the dam, focusing on the dam crest, the drop of crest §(7) can
also be written as:

(S(T) =Zp — Z(XC(T),T) = RD)LS\E (7)

We replaced the operational time 7 with the real time, and the time evolution of the
breach drop can be given by the ODE:

ds(t)  1KQRpAZ @®)
dt 2 b 5t
VE indicates the erosion volume at the crest during the overtopping process. Here,
we find that V can be scaled as the drop of the crest and the width of the width §2b. To
include the widening effect and simplify the governing equation, we rewrite the equation

as:

WeD) _ 2 () = KrQ = (kv +K1)Q ©)
where Kr is the scaled coefficient of the total sediment transport coefficient; K; and Ky
represent the coefficients of the erosion rate of the dam in lateral and vertical directions, re-
spectively. To separate the process of vertical incision and lateral erosion, we applied chain
rules to simplify the partial differential equation (PDE) (Equation (9)) into two ordinary

differential equations (ODEs):

do(t) _ KyQ(t) db(t) _ K Q()

= 1
dt 2b(t)6(t) dt 5(t)? (19
To simulate the lake drainage, the level-pool routing equation [53] is adopted:
dZL .
AL =-0Q (11)

where A is the lake area, which we assume constant during breaching. For the outflow
discharge Q, the broad-crested discharge equation is used:

_ /8 3/2
Q= 1/ Lur 1)
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where 77(t) = z (t) — zc(t) represents flow depth at the crest. By substituting the broad-
crested-weir discharge equation (Equation (12)) into the level-pooling routing equation,
Equation (11) can be rewritten as:

dg(t) _do(t) 1 \/@ 3/2
it~ AL Ebﬂ(t) (13)

Now, the three ODEs (the two ODEs from Equation (10) and the ODE of Equation (13))
with the three variables, #(t), 6(t), and b(t), were successfully derived. The forward Euler
method, a first-order numerical procedure for solving ODEs, was applied to calculate the
solution of the dam breach model with the following initial conditions:

6(0) =0, 7(0) =0, b(0) = bo (14)

The water level of the lake is assumed to be the same height of the crest as the initial
condition at t = 0, and by is the initial channel width.

The proposed dam breach model is then successfully derived and can be solved
numerically. This model is simple because we only have to solve the simpler ODEs instead
of the PDEs. The model results were compared with the field observations from the
literature and test result in Section 3.

3. Results and Discussions
3.1. Measurements of the Test

In the discussion of the test results hereafter, the term “tank” was used instead of
“lake”. They both represent the water level at the upstream side of the dam in this study.
The test processes included tank level raising, water seeping into the dam, sliding of the
dam due to retrogressive erosion, overtopping, breach downcutting, and widening and
lateral sliding of the dam. Table 2 lists the timing, test stages, selected important events,
and variation of the seismic signals of the test processes. We defined T = 76 s as the time
when the upstream water reached the toe of the dam. Sliding Events 1-6 occurred between
180.6 and 231.9 s, of which Events 1-3 occurred during the rising of the tank level and
Events 4-6 occurred when the tank level was maintained at 0.3 m. Events 1-6 are discussed
in detail later in Section 3.2. There were also many slides of different magnitudes that
occurred during 260-592 s, but they were not discussed in this study. T = 592 s is defined
as the timing of overtopping and thus the breach downcutting and widening processes
started as Event 7. There are six lateral slides of the dam detected during Event 7. We
monitored the test until 930 s.
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Table 2. Test processes and the selected important events.

Time, s Event Variation of the Seismic Signals
0-116 The flow pump was opened and the sluice Frequency of the flow pump: 106 Hz, 227 Hz
was opened.
Ty = 76 s when water reached the upstream
76 toe of the dam model; the water continued to -
fill the tank up to 0.3 cm.
116 The flow pump was closed; the sluice Frequency of the environment: 101 Hz;
remained opened.
130 A tapping was made to leave a time marker. ~ Amplitudes of the signals at 130 s were very high.
Ty =180.6 s; Event 1 and 2 precursor signals; . .
one smaller crack and one larger crack Two precursor seismic signals occurred prior to a
180.6-183.5 . . slide; the 1st with lower energy; the 2nd with higher
developed prior to a slide (see oner
Supplementary Materials Video S1) &Y
B T, =184 s; a single slide (Event 3) occurred L L .
184-185.6 (see Supplementary Materials Video 52) Seismic signals significantly increased
T3 =189 s; an intermittent slide (Event 4) . C .
- Seismic signals significantly increased nearly
189-207 occurred (see Supplementary Materials o .
. . . . periodically in about 2 to 5 s.
Video S3); retrogressive erosion
T4 =221 s; a successive slide (Event 5)
221-251 occurred (see Supplementary Materials Seismic signals significantly increased aperiodically.
Video S4); retrogressive erosion
T5 =309.5 5;a fall (or collapse) (Ever}t 6) Seismic signals suddenly increased and the duration
309.5-310 occurred (see Supplementary Materials
Video S5) was very short.
412-510 Many single slides with different magnitudes  Seismic signals significantly increased with different
occurred; retrogressive erosion corresponding amplitudes
Ts = 592 s; Overtopping process (Event 7) Seismic signals significantly increased when the six
592-930 (see Supplementary Materials Videos S6 and  lateral slides occurred. Strong spectral traces appear
S7); the sluice was then closed; six lateral around 220-420 Hz in the time-frequency spectrum
slides occurred. due to the overtopping water flow.
930 The end of the test

Figure 5 shows the tank water level, the signals measured by the accelerometers,
piezometers, and water content sensors. The tank level gradually increased from Ty =76 s
(Figure 5a). When the water reached the dam slope, some shallow surface sands started to
slide down after 150 s as the water level rose. The slope of the upstream face of the dam
was slightly reduced to about 40°, but no serious deep sliding occurred. During the test,
the upstream face of the dam was still stable. The pore pressure of PP-1 started to increase
at about T = 100 s (Figure 5d). The volumetric water content measured by VWC-2 began to
increase at T = 176 s (Figure 5¢) because the seepage water had reached the level of VWC-2
at 0.2 m. The elevation (0.3 m) of VWC-1 was higher than that of VWC-2 so that there
was about 10 s lag at T = 166 s for VWC-1 to detect the seepage water. When overtopping
occurred at Ty = 592 s, the pore pressures and volumetric water contents began to gradually
decrease simultaneously. Therefore, we confirmed that the piezometers and the moisture
sensors can accurately reflect the rising and falling of the water inside the dam.
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Test measurements: (a) water level of the tank, (b) seismic signal of Acc. 2, (c) volumetric water content, (d) pore

Referring to Figure 6, six side-view images were captured to show the overall test
processes: (a) at 72 s (T), the water reached the toe of the dam. The tank level was still zero.
(b) At 150 s, the tank level had increased and water seeped into the dam. Once the water
seeped out of the downstream surface of the dam, retrogressive erosion commenced and
induced slides that gradually eroded the dam towards the upstream crest until overtopping.
(c) At 300 s, the tank level was controlled at 0.3 m. Retrogressive erosion continued with
many slides at the downstream slope of the dam. (d) At 592 s (T;), overtopping occurred
and the dam became a triangular shape. (e) At 650s, the tank level was reduced to 0.24 m
and the breach was downcut and widened due to overtopping flow. Lateral slides also
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occurred. (f) At 930 s, the test was ended. Overtopping flow stopped. The tank level was
the same as the crest level.

Figure 6. Side-view images at different test stages.

3.2. Seismic Signals Due to Retrogressive Erosion before Overtopping

While the dam experienced retrogressive erosion, many slides occurred with different
types of movements. Based on the seismic signals and with the help of the test videos
(Supplementary Materials Videos S1-S5), we identified four types of movements from the
test result. In addition, precursor seismic signals were found prior to a slide. These can
be useful in categorizing landslide types and prewarning based on the seismic signals
in hazard prevention work. There were many slides that occurred during retrogressive
erosion; however, we only chose six typical events, Events 1-6 for illustration.

Figure 7 shows two seismic signals (Events 1 and 2) induced by two cracks, Cracks
1 and 2, the corresponding time—frequency spectrum, and the top view of Cracks 1 and
2. The occurrence time of the two signals was 180.6 s (1) to 181.3 s and 182.8 to 183.5 s,
respectively. The two signals are recognized as precursor signals prior to a slide, because
a large slide, Event 3, occurred immediately after these two signals. The major seismic
frequency of Event 1 and 2 was analyzed as 374 Hz, as shown in Figure 7b, and heavier
energy traces in dark red can be observed near 374 Hz. This very high frequency is
likely due to the particulate sands sliding on or colliding with each other during the crack
development. The duration of Event 1 is about 0.5 s corresponding to the shorter crack
length of Crack 1, while the duration of Event 2 is longer at 0.7 s corresponding to the
longer Crack 2. From these results, we know that seismic signals induced by precursor
events can be properly recorded and very useful for application to landslide prewarning.
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Figure 7. Events 1 and 2, the precursors prior to the Event 3 slide: (a) seismic signal, (b) time—frequency spectrum, (c) top

view of the Crack 1 in red dashed line and Crack 2 in orange dashed line.

From the results of the retrogressive erosion process, we categorized four types of

mass movements: (1) single slide, (2) intermittent slide, (3) successive slide, and (4) fall.
Events 3-6 correspond to these four types of movements, respectively.

@)

@)

®)

A single slide—Event 3: A single slide is defined as a rapid one-time sliding that
displaces a large volume of mass [54]. Strong seismic energy is often released. Event 3
was a single slide that occurred immediately after the precursor Events 1 and 2 during
184 s (T) to 185.6 s. The seismic signal, time—frequency spectrum, and the front and
top view of Event 3 are shown in Figure 8. The amplitudes and spectral traces were
larger and stronger than other events in this test due to a larger displaced mass and
displacement. The duration of Event 3 was also longer than other events. It is noted
that the average frequency of the seismic signal of Event 3 was 375 Hz.

An intermittent slide—Event 4: An intermittent slide is defined as the same mass
sliding down multiple times on the same rupture surface [54]. An intermittent
slide usually generates nearly periodic seismic signals. Event 4, an intermittent
slide, occurred during 189 s (T3) ~ 207 s, which was about 3 s after Event 3. The
displaced mass of the first two movements was the same mass in Event 3 and moved
short distances on the same rupture surface, while another deeper rupture surface
developed and part of the displaced mass of the third—fifth movements slid on it (see
Supplementary Materials Video S3 for Event 4). The corresponding seismic signal,
spectrum, and images of Event 4 are presented in Figure 9. For every 2-5 s there was
a movement in this event. The nearly periodic seismic signals and spectral traces can
easily be identified.

A successive slide—Event 5: A successive slide is defined as the many irregularly
and randomly occurrences of sliding on multiple rupture surfaces and the displaced
masses are from many different locations [54]. A successive slide usually generates
aperiodic or random seismic signals. Event 5, a successive slide, occurred during
221 s (T4) ~ 251 s. In Figure 10, the signal shown was induced by random sliding
of many different masses from place to place. The seismic signal was much more
irregular without a pattern and the intervals between slides were random.
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Frequency [HZ]

(4) A fall—Event 6: A fall is that mass falls down through the air and falls almost
vertically. Figure 11 shows the fall, Event 6, which occurred at 309.5 s (T5). The
duration of Event 6 was short. The amplitudes of the signal were small and the energy
traces in the spectrum were also weak owing to the fact that only a small mass fell in
Event 6.

The movement types of single, intermittent, and successive slides identified in this
study also occurred in the riverbank erosion tests performed by Feng et al. (2020b) [32] and
the landslide tests by Feng and Chen (2021) [54]. Their failure types and failure mechanism
are consistent with the results found in this study. Besides these three types of movement,
we presented the fourth type, fall, which should also be helpful when correlating seismic
signals to landslide events. All four types of movements are very common in retrogressive
erosion due to seepage out of a dam and can be easily and correspondingly identified from
induced seismic signals.
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T(mis2)?
0.003
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0 0
183.5 184 184.5 185 185.5 186 186.5 187
Time [s]

Figure 8. Event 3, the single slide: (a) seismic signal, (b) time—frequency spectrum, (c) front and top view of the single slide.

T3=189s
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Frequency [Hz]

Figure 9. Event 4, the intermittent slide: (a) seismic signal, (b) time—frequency spectrum, (c) series of front views the

intermittent slide.
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Figure 10. Event 5, the successive slide: (a) seismic signal, (b) time—frequency spectrum, (c) series of front views of the
successive slide.
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Figure 11. Event 6—the fall (a) seismic signal, (b) time—frequency spectrum, (c) front view images of the fall.

3.3. Comparison of the Dam Breach Model Result with the Breach Events from Literature

The model-predicted discharge was first verified with field measurements from lit-
erature and the test results. We reviewed four field dam breach cases: (1) Tangjiashan
landslide dam breach in China [55], (2) Lake Ha! Ha! breakout flood in Canada [56], and
(3) two lahar dam breaches from Mapanuepe Lake in the Philippines [57]. The essential
information is shown in Table 3.
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Table 3. Information on dam breach events from literature [38].

Dam/Lake

Date Ay (10° m?) b (m) Qp (10° m®/s) Source

Mapanuepe

25-27 August 1991 6.7 70 0.65
12-16 October 1991 6.7 70 0.39

Umbal and Rodolfo (1996) [57]

Ha'!Ha!

19-22 July 1996 6 90 0.85 Capart et al. (2007) [56]

Tangjiashan

10-11 June 2008 6.4 110 6.5 Liu et al. (2010) [55]

o(n/0,

1.2

0.8
0.6
0.4
0.2

-0.2

To compare the model-predicted results with the field measurements, it is convenient
to present the data in dimensionless form. Since it is difficult to identify the point in
time when the overtopping reached peak discharge (Tp) from the field, we adopted the
approximate equation from Capart (2013) [38] as Equation (8):

Tp = _3AL (15)

(62Qp)"/°

where Qp is the field observed peak discharge, A; is the dammed lake area, and b is the
breach channel width. The dimensionless hydrographs recorded are shown in Figure 12.
The hydrographs from these different field measurements are reasonably close.

For the breach model, there are three critical parameters to control the shape and the
magnitude of the hydrograph: A, Ky, and K;. To eliminate the complexity of the model,
we used dimensionless hydrographs to compare with that of the test result. In that case,
the hydrograph is only controlled by the ratio between the coefficients of lateral erosion
(Kp) and the vertical erosion (Ky ). We varied the ratio (K, /Ky) between 0 and 1. When
the ratio was zero, only vertical erosion was considered. When equal erodibility in lateral
and vertical directions is considered equal, i.e., their ratio is 1 (unity). The model-predicted
results are shown in Figure 12 with different grayscale lines for the different coefficient
ratios of erosion K /Ky. The field observation cases of Table 3 are plotted with lines and
symbols for comparison. Two hydrographs are shown for the Tangjiashan event based on
the data shown by Liu et al. (2010) [55], in which they used two approaches to estimate the
hydrographs. The hydrography estimated from the test is represented by the blue solid
curve.

In Figure 12, the predicted hydrograph becomes narrower when the ratio of Ky /Ky is
gradually increased. The narrower curve represents the stronger lateral erosion strength.
By comparing the field measurement data, most of the hydrographs showed agreement
with the model prediction when the K, /Ky ratio ranged from 0.5 to 1. Therefore, we
can say that the lateral erosion of the dam should be considered in modeling; the lateral
expansion could affect the shape of the hydrograph.

T

T T T T T T T

K, /K, 7
>« Mapanuepe  p—

e Ha!Ha! 0 17
= ¢ TangdJiaShan

(t-1,)/T,

Figure 12. Dimensionless discharge hydrographs of the field-observation cases (the lines with symbols) and model-predicted

hydrographs with different coefficient ratio of K; /Ky (grayscale lines).
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3.4. Comparision of the Dam Breach Model Result with the Test Result after Overtopping (Event 7)

To further verify the performance of the proposed dam breach model, the model result
was compared with the test results. Table 4 lists the parameters used in the breach model
to simulate the breach morphology of the test. To calibrate the coefficients in the model, we
simply assigned the initial values of the channel width, tank level, and crest height, and
then used the model to compute the values in the final stage. According to the differences
between the model predictions and the test measurements, we adjusted the coefficients
that showed the minimum difference. Although the calibration of the coefficients is simple
in this study, the predictability of the model on breach evolution is still satisfactory.

Table 4. Parameters for the proposed dam breach model for the test dam.

Parameters/Unit Value Source
ZDo [m] 0.3
0.3
Zco [ml] Measured from the initial
Z10 [m] 0.3 di . f th d
bo [m] 0.015 imensions of the test dam
Ap [m?] 2.22
dt [s] 0.005 Numerical calculation time step
K 1.875
K, /‘;(V 0.1375 Calibrated from the test result

The modeled result is presented in Figure 13 alongside Event 7 of the test result. The
videos of Event 7 can be seen in Supplementary Materials Videos 56 and S7. Figure 13a,b
displays the seismic signal and its time—frequency spectrum, respectively, after the overtop-
ping (T6 = 592 s) for the test result. Figure 13c shows the spectral magnitude cross-sectional
profile of 366 Hz from the spectrum in Figure 13b. The dominant seismic frequency of the
signals during 592~930 s was 366 Hz. There were six noticeable amplitude and magnitude
peaks, and they are marked by S1-56 at 607, 616, 632, 651, 670, and 677 s in Figure 13a—c.
They were induced by the six lateral slides of the dam during the breach. Note that the
magnitude peaks in Figure 13c are more easily identified than the amplitude peaks in
Figure 13a,b when corresponded to the six slides. Figure 14 shows the before-and-after
photos of the six lateral slides of the dam.

In the early stages of the breach before 651 s, we can observe that the magnitudes
of the lateral slides S1 to 5S4 gradually increased (Figure 13c) with increasing discharge.
This indicates that the magnitudes of these lateral slides of the dam became increasingly
larger (Figure 14a—d). As a result, vertical downcutting of the breach was more significant
than lateral erosion in the early stage of the test such that the toe of the dam in the lateral
direction was lowered and induced the subsequent larger lateral slides.

Figure 13d shows changes in lake level zj (t) and crest level z¢ (t). Figure 13e shows
the variation of the width of the breach b(t). From the test results in Figure 13d,e, we know
that the tank level did not greatly decrease until 630 s, and the lowering of the tank level
became prominent after 630 s. However, the lowering rate of the crest level and widening
rate of the width were relatively high before 630 s, indicating that vertical downcutting
and lateral erosion were quite strong.

The materials of the lateral slides (51-56) of the dam had an influence on the width
of the breach. The width of the breach was reduced by 4.1, 2, 2.9, 0.8, 0.45, and 0.1 cm,
correspondingly. When the slides occurred, the sliding materials partially blocked the
breach, causing a reduction in the width of the beach. The breach was gradually opened
wider again while the slid materials were taken by the overtopping flow downstream.
Based on the test result (Figure 13d,e), the width evolution gradually becomes stable after
the final sliding S6 at 677 s. However, the vertical downcutting of the crest was still active
and caused the crest level z¢ to decrease until 750 s. After 750 s, the crest level became
stable.
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Generally, if the volume of a lateral slide is larger, the reduction in the width of the
breach should be more observable. However, as a result of the test, the reduction of the
width of the breach did not necessarily become larger when the volume of the lateral slides
became larger. For example, when slide S1 occurred (Figure 14a), although the volume of
the slide was not large, the width of the breach was significantly reduced. This is because
the overtopping flow was small at that time and the transport of the slid materials was
small, resulting in more slid material accumulating in the breach. When slide S3 occurred
(Figure 14c), the slid volume was large, but the width change of the breach was not obvious,
due to the large discharge and because the transport of the slid materials was significant
such that the accumulation of slid materials in the breach was greatly reduced. Therefore,
there is no obvious correlation between the change in the width of the breach and the
volume of the slid materials in the test. This is mainly because larger discharges will
transport more slid materials. Therefore, it may not be accurate to use the width of the
breach to estimate the overtopping discharge when many lateral slides of the dam occur.
In addition, we can find that after about 645 s, the lowering rate of tank level and crest
level gradually decreased. The rate of change in the width of the breach from 651 to 677 s
gradually decreased. Additionally, as the volume of the lateral slides gradually decreased,
the influence on the width of the breach was also less; e.g., slide S5 caused marginal changes
in breach width. After slide S6, the width of the breach was stable and no longer changed,
and furthermore, sliding events no longer occurred.

We then compared the morphological evolutions of the breach between the model
and test results. From Figure 13d, the lake level and the crest level results of the model
and test results are in generally good agreement, with the exception of a slight difference
at the early stage before 645 s. The difference is due to the test starting from retrogressive
erosion due to seepage and then overtopping. The test dam’s strength was weaker than
that of the breach model. In other words, many parts of the materials of the test dam model
were formed from the very loose slid materials of the retrogressive slides. This situation is
not considered in the model. In the model, we only considered the overtopping process.
Therefore, the downcutting erosion rate in the test was higher during the early stage than
those set in the model.

In Figure 13e, the evolution of the breach channel width of the model results shows
a smoothly increasing curve. In contrast, from the test result, the evolution of the breach
width was not smooth and the breach width was reduced when the four lateral slides S1-54
occurred. These discrepancies were caused by the masses of lateral sliding materials not
being considered in the model; i.e., the lateral sediment influx was not considered in the
model equations. However, the model result fits the trends of the test result qualitatively
well with the exception of the breach width reduction kinks in the curves. Additionally,
the small pulses from the lateral slides did not affect the continuous evolution of the crest
and the tank level. Therefore, to estimate the dam breach discharge, we could use the
lateral erosion (or width expansion) to represent the lateral slides, especially for the loose
materials.

In this study, due to the complexity of the test measurement, we did not measure
the discharge directly but estimated the discharge during the breach by two different
approaches. In the first approach, we considered the mass balance in the lake and assumed
the lake area was maintained at a constant size during the breach and thus the discharge
can be simply estimated using Equation (16) by differentiating the lake level with respect
to time and multiplying by the lake area.

dzi(t)

Qrest(t) = —AL T

(16)

The estimated discharge hydrograph of the test is shown with the thin red curve
in Figure 13f. The curve is obviously zigzag in shape. This is because the discharge is
estimated by the differential of the lake level. Small changes in the tank level cause large
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changes in the discharge; for example, the significant change in the hydrograph during
t =700~716 s, as shown in Figure 13f.

Therefore, we developed the second approach to estimate the discharge hydrograph
for the test. Similar to the model derivation in Section 3, we applied the broad-crested-
weir discharge equation again to estimate the discharge hydrograph of the test using

Equation (17):
Qrest (1) = CD\/gb(t)ﬂ(t)?’/z (17)

where cp is a discharge coefficient to be determined. In previous research, Pafilkova et al.
(2012) [58] and Imanian et al. (2021) [59] both pointed out the choice of cp could be highly
affected by the roughness of the crest and different hydraulic head ratios. However, it
is difficult to measure the roughness of the crest in the dam breach experiments, and
the coefficients in our dam breach tests were not comparable with those dams without
breach in the literature [58,59]. To calibrate the coefficients, we considered the tank level
becoming stable in the late stage of the test, and thus used the estimated hydrograph
of the late stage derived from Equation (16) to calibrate cp; cp was set as 0.75, with b(t)
and 7 (t) from the test measurement. The resultant hydrograph is shown in Figure 13f as
the thin blue curve. To discuss in further detail, we also considered the moving average
of the early stage of the test and estimate cp as 0.5. The result is shown as the dashed
blue curve. However, we found that the peak discharge of the hydrograph obtained
by the second approach (Equation (17)) with cp = 0.75 was close to the peak discharge
obtained by the first approach (Equation (16)), i.e., the thin blue curve and thin red curve
in Figure 13f, respectively. In contrast, the peak discharge of the hydrograph using cp = 0.5
was smaller than that obtained by Equation (16) (dashed blue curve and thin red curve,
respectively). The hydrograph estimated with a lower coefficient may underestimate the
real peak discharge due to the moving averaging process. Overall, the two hydrographs
are smoother and more stable than those obtained by Equation (16). To more accurately
estimate the discharge, the second approach that applied the broad-crested-weir discharge
equation with cp = 0.75 is preferred.

In Figure 13f, the three hydrographs estimated for the test using the two approaches
show an increase in the discharge, maintain at a fairly “stable” discharge, and then a de-
crease with time, which resembles a trapezoidal shape. In contrast, the modeled discharge
hydrograph (thick blue line in Figure 13f) shows a higher peak discharge at about 645 s,
and this curve is similar to a bell shape without a stable discharge. The rise and decline
of the hydrographs match the general trends of the estimated hydrographs from the test
result.

From the perspective of disaster prevention, we hope to determine the timing of the
peak discharge as preparation for early warning. Therefore, it is important to know when
the peak discharge of a dam breach occurs. The timing of the peak discharge of this model
is at around 645 s, which approximately matches the result of the test result. The dam
breach model we proposed is simple and its estimation of hydrographs, lake and crest
levels, and widths of the breach are equivalent to the test results. Therefore, it has the
potential to be extended and applied to dam-breach assessment and early warning in actual
situations.

From the perspective of dam breach warning and hazard reduction, the timing and
magnitude of peak discharge arrival are both very important factors. From the test results,
we found that when the timing of peak discharge was approaching, the lateral slides
occurred more frequently and the slid masses increased. If we apply this finding to
the real world, the frequency of lateral slides and their magnitudes can be indicated by
seismometers and cameras to give early warning on the timing of peak discharge of a dam
breach. In addition, the peak discharge and hydrograph can be calculated through the
proposed dam breach model with variations of the breach width and flow depth at the
crest. This model shows consistency in comparison with the field observation data and test
results, and the model can be a useful tool in dam breach warning and hazard reduction.
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Figure 13. Test and model results of breaching: (a) seismic signal of Acc. 2, (b) time—frequency spectrum of the seismic
signal of Acc. 2, (c) spectral magnitude profile of 366 Hz cross-section shown in Figure 13b, (d) lake (tank) and crest levels of

the model and test results, (e) breach width (crest channel width), (f) discharge hydrographs of the test and model.
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Figure 14. Before-and-after photos of the six lateral slides (51-56) of the dam at 607, 616, 632, 651,
670, and 677 s. The red dashed lines indicate the slid areas.

4. Conclusions

This study constructed test dam models in an indoor flume to examine dam failure
processes with seismic signal monitoring. A simple dam breach model was proposed and
used to compare the flood process of the test. We explored the seismic signals corresponding
to the sliding events during retrogressive erosion due to seepage and breaching. The
monitored seismic signals corresponded clearly to the sliding events. As retrogressive
erosion continued, the erosion eventually reached the crest at the upstream side of the dam,
and then triggering overtopping and breaching. We verified satisfactorily this simple dam
breach model by using our test result together with field observations from the literature.

Precursor seismic signals generated by cracking prior to the sliding events of the dam
model were detected. Further research is strongly recommended on how to extend this
observation for dam safety monitoring and prewarning to the real world. Based on the
characteristics of the seismic signals, we found four types of mass movements during the
retrogressive erosion process, i.e., single, intermittent, and successive slides, and fall. This
result is also very useful when categorizing landslide types using seismic signals.

Overtopping discharge and lateral sliding masses of the dam are also among the
important factors influencing the evolution of the breach. The masses of the lateral slides
will suddenly reduce the width of the breach, but the overtopping flow will transport
the masses downstream, making the width of the breach wider again. Two approaches
that apply the lake level data or the broad-crested-weir discharge equation were used to
estimate the hydrograph for the test. The hydrographs, obtained by the approach using
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the broad-crested-weir discharge equation, showed smoother and more stable hydrograph
curves than those obtained by the other approach using lake level data.

The proposed simple dam breach model satisfactorily simulated the hydrograph of
dam breaching and successfully assessed the vertical and lateral variations of the breach.
The model can be a useful tool to help explain the dam breach process and dam breach
prewarning. However, in future study, the mass input from the lateral slides can be further
considered in the model.

Supplementary Materials: The following are available online at https:/ /zenodo.org/record /522055
8#.YR5PwdMzZTY, Video S1: Event 1 and 2, Video S2: Event 3, Video S3: Event 4, Video S4: Event 5,
Video S5: Event 6, Video S6: Event 7 side view, Video S7: Event 7 front view.
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List of symbols
z elevation of the breach channel (1)
streamwise direction (1)
b breach channel width (m)
by initial breach channel width (m)
t time (s)
] sediment flux (m3 /)
zr water level (elevation) of the lake (m)
Zp dam initial elevation (before overtopping) (m)
zZc dam breach crest elevation (m)
Xc streamwise position of dam breach crest (1)
Ap lake area (m?2)
Ve erosion volume of breach crest (113)
) drop of the dam elevation to the breach crest elevation:zp — z¢ (m)
1 flow depth of the breach crest: zj — z¢ ()
Sp downstream slope of the dam (initial) (-)
Rp upstream slope of the dam (initial) (-)
K dimensionless sediment transport coefficient (-)
S breach channel local gradient (-)
Kt scaled dimensionless sediment transport coefficient (-)
Ky scaled dimensionless sediment transport coefficient in vertical direction (-)
Kp scaled dimensionless sediment transport coefficient in lateral direction (-)

Q local discharge (3 /s)

Qp peak discharge (m3/s)

Qmst estimated test discharge (m3 /s)

cp dimensionless discharge coefficient (-)

T defined operation time (accumulated discharge) (m?)

As dimensionless scaling constant, related to the shape of the dam (-)
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