
1.  Introduction
Check dams, namely, transverse structures built across gullies, are one of the most effective methods of miti-
gating debris flow hazards worldwide (Abbasi et al., 2019; X. Chen et al., 2015; Galia et al., 2021; Lucas-Borja 
et al., 2021; Pourghasemi et al., 2020). They can not only retain debris flow materials but also block boulders 
carried by debris flows to separate water from stone and reduce the subsequent impact forces on housing and 
bridges (X. Chen et al., 2015; Piton & Recking, 2016; Z. Wang et al., 2021; X. Zhang et al., 2021). However, 
compared with other dams constructed with reinforced concrete, check dams are more vulnerable to failure due 
to their construction from loose stone and their masonry structure (X. Chen et al., 2015; J. Chen et al., 2021; Z. 
Chen et al., 2021; Meng, 2012; Mikoš et al., 2014). The full life cycle of a check dam faces various challenges, 
such as foundation scour, the impacts of large-scale debris flows, and the loss of its regulated storage capacity (Hu 
et al., 2020; Huang et al., 2021; S. Li et al., 2019; Pan et al., 2013). If check dams are completely broken down or 
partially destroyed under the action of major debris flow events, the stored sediment may transform into debris 
flows and cause serious sediment-related disasters downstream, even resulting river blockage and outbreak flood 
disasters (X. Chen et al., 2015; H. X. Chen et al., 2019; Fang et al., 2019; Liu et al., 2020; Mergili et al., 2020; 
Sodnik et al., 2015; Wang, 2013; White et al., 1997; Yu et al., 2013; F. Zhang et al., 2019; Zhu et al., 2013). The 
potential risks of check dams that reach or exceed their designed service lifetime are attracting an increasing 
amount of attention. Removal of the check dams can effectively release the stored sediment in the gullies, but this 
may cause catastrophic events. In engineering practice, partial removal and staged removal are usually used to 
achieve the controlled release of stored sediment (Chiu et al., 2021; H. W. Wang et al., 2014; Wang & Kuo, 2016). 
After the stored sediment is released, the check dams can be rebuilt, which also becomes easier with the appli-
cation of prefabricated check dams such as flexible net check dams (Song et al., 2021) and steel open-type check 
dams (Shima et al., 2016).
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To date, most cases and studies of dam removal have been related to hydraulic engineering projects on rivers 
(Randle et al., 2015; Sawaske & Freyberg, 2012; Warrick et al., 2015), which may provide reference and compar-
ison objects for the erosion process of debris flows and topographic changes after check dam removal. Doyle 
et al. (2003) investigated the evolution of the river course after the removal of two hydraulic dams and proposed 
that the geomorphic evolution of the channel can be divided into five stages: lowering of the water surface, inci-
sion, incision and widening, aggradation, and widening, and quasi-equilibrium. During the initial period of rapid 
incision, the width of the channel narrows rapidly and then enters a stage of slow widening (Cantelli et al., 2004; 
Ferrer-Boix et al., 2015). After incision to the base level and widening, further erosion depends on large floods 
(Collins et al., 2017). From the perspective of sediment transport, the process can also be divided into a trans-
port-limited stage and a supply limited stage (East et al., 2018; Korpak & Lenar-Matyas, 2019). Factors such as 
grain size, levels of cohesion and consolidation, spatial variability of the deposit, deposit geometry, and removal 
timeline determined the rate and volume of sediment erosion (Doyle et al., 2003; Ibisate et al., 2016; Mergili 
et al., 2020; Sawaske & Freyberg, 2012), and an exponential function describing the evolution of the sediment 
erosion volume was verified based on field observation data (Collins et al., 2017; Pearson et al., 2011). Experi-
mental studies have indicated that the sediment erosion volume depends on the removed height, water discharge, 
and maximum volume of sediment that can be eroded (Cantelli et al., 2004; Ferrer-Boix et al., 2015; H. W. Wang 
et al., 2014).

However, the characteristics of check dams are different from those of hydroelectric dams, and the material 
composition, movement, and erosion mechanism of debris flows are also different from those of water flows. 
Generally, check dams are located in gullies with steep slopes and small watershed areas, and directly confront 
rapid rainfall-runoff processes with a strong scouring capability and multiple surges of debris flows with large 
amounts of sediments, boulders, and wood fragments (X. Chen et al., 2015; H. X. Chen et al., 2019, J. Chen 
et al., 2020; Piton & Recking, 2016). The formation of debris flow surges is related to rainfall and the tempo-
rary storage and periodic release of sediment under specific terrains; their material composition, flow process 
and movement characteristics are significantly different from those of streams (N. S. Chen et al., 2011; Huebl 
& Kaitna, 2021; Imaizumi et al., 2019; Kean et al., 2013; Y. Li et al., 2013; Savage & Iverson, 2003; Zanuttigh 
& Lamberti, 2007). Therefore, the research results corresponding to the removal of hydroelectric dams cannot 
be simply transferred to provide guidance when removing a check dam. Previous experimental studies on the 
removal of check dams have mainly focused on the erosion of water flows (Chiu et al., 2021; Tseng et al., 2012). 
However, research on erosion processes under the action of multiple debris flow surges is lacking. The develop-
ment of surges causes a significant increase in the maximum flow depth and the maximum impact pressure (Hong 
et al., 2015; Zanuttigh & Lamberti, 2007). In addition, the erosion effect of debris flows, as two-phase flows, is 
significantly different from that of water flows. The large number of solid particles in debris flows increase the 
fluid density and basal shear force, and the influence of particle collisions on erosion is more significant than 
that of water flows (Haas & Woerkom, 2016; Iverson, 2012; P. Li et al., 2020; Pudasaini, 2012; Pudasaini & 
Fischer, 2020; Pudasaini & Mergili, 2019). Numerical simulations based on two-phase flow (Pudasaini, 2012) 
or multiphase flow (Pudasaini & Mergili,  2019) models have been applied to study debris flow erosion and 
have achieved satisfactory results in the back calculation of glacial lake outbreak induced debris flows (Mergili 
et al., 2020). This method has the potential to simulate the erosion process of stored sediment under the action of 
debris flow surges after check dam removal, while prior to this task, the simulation method needs to be validated 
by field observations and experimental studies. Therefore, it is necessary to carry out experimental studies on the 
erosion processes of stored sediment caused by debris flow surges after removing check dams.

This research aims to investigate the influence of the removed height and the accumulated volume of debris flow 
surges on the erosion processes of stored sediment. To achieve this goal, we experimentally investigated three 
removed heights and various debris flow surges. To the best of our knowledge, this study represents the first 
attempt to experimentally study erosion processes of multiple debris flow surges after removing a check dam. 
The experimental investigation results can therefore serve as a new reference for predicting the erosion of stored 
sediment after breaching or removing a check dam, and the reconstruction and later management of check dams.
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2.  Materials and Methods
2.1.  Experimental Setup

The experiments were conducted at the Dongchuan Debris Flow Observation and Research Station, Chinese 
Academy of Sciences, Yunnan, China. The test device consisted of material buckets, a hopper, a flume, a check 
dam, and tailings buckets (Figure  1). Each material bucket was used to store the mixtures of a debris flow 
surge. A hopper was utilized to temporarily store the mixtures, guide debris flow into the flume, and control 
the discharge by adjusting the opening size of the valve between the hopper and the flume. The flume measured 
7.0 × 0.4 × 0.4 m 3 (length × width (Bf) × height) and had a rectangular cross-section with Plexiglas installed 
on two sidewalls, and the slope of the test flume was 20%, which satisfied the slope range of natural debris 
flow gullies (N. Chen et al., 2011). The width of the check dams (B) was 0.4 m, which was equivalent to Bf, and 
the height of the check dam (H) was 0.15. The slopes of the upstream surface and the downstream surface of 
the check dam were 160% and 400%, respectively. The check dam consisted of three equal parts with identical 
heights of 0.05 m, and each part had five round drainage holes (Figure 1). The stored sediment upstream the check 
dam was formed by debris flow surges that were discharged from the hopper (see details in Section 2.2). Tailing 
buckets were placed at the end of the flume to collect the tailings of each debris flow surge.

2.2.  Materials and Applicability

The experiments were based on a general configuration rather than a specific field case. Thus, no scaling was 
applied, and only some dimensionless parameters were controlled in the experiments. Each debris flow surge 
contained a fixed mass of granular material (ms = 21 kg) and different volumes of water, and the volumes of 
a debris flow surge (Vd) were 43.9 × 10 −3 m 3 (Type 1 debris flow) and 26.3 × 10 −3 m 3 (Type 2 debris flow). 
The sediment volume fraction (𝐴𝐴 𝐴𝐴𝑣𝑣 = 𝑚𝑚𝑠𝑠∕ (𝜌𝜌𝑠𝑠𝑉𝑉𝑑𝑑) , where ρs is the density of sediment granules with a value of 
2,680 kg/m 3) affects the flow dynamics, erosion, and deposition of debris flows (de Haas et  al.,  2015; Haas 
& Woerkom, 2016; Pudasaini & Mergili, 2019). The Cv values of field cases are in an extremely wide range 
from 0.18 to 0.80 (Church & Jakob, 2020; Iverson, 1997). The debris flows in this study were selected with Cv 
values of 0.18 (Type 1 debris flow) and 0.30 (Type 2 debris flow), which belong to the low viscosity debris flow 
(Cv = 0.17–0.33; Kang et al., 2004), and the rheological parameters of debris flow slurry can be estimated by 
particle size distribution (Coussot & Piau, 1994; Mooney, 1951; Yang et al., 2013).The main reason for choosing 
debris flows with small Cv values is that the dissipation of pore pressure in their deposits (stored sediment) is 
fast, which contributed to the rapid stability of the deposits and the subsequent scour experiments with multiple 
debris-flow surges. The Froude number (Fr) was considered because debris flow is a gravitational process with 

Figure 1.  Experimental setup.
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open channel flow characteristics (S. Li et al., 2019; Rickenmann, 1999; Zhou et al., 2019). The Fr of a debris 
flow is much more complex than that of a classic single-phase flow (Iverson, 2015; Pudasaini & Kröner, 2008). 
We cited the previous research results and the calculation method of Fr (Choi et al., 2015):

�� = �
√

�ℎ� cos �� (1)

where θ is the channel inclination (−), tan(θ) = 20%, v is the flow velocity (m/s), g is the gravitational acceler-
ation, g = 9.8 m/s 2, hd is the flow depth (m). The values of v and hd were measured in the experiments, and the 
specific method is detailed in Section 2.3. The mean value of Fr for the debris flow surges in this study was 4.68, 
and the standard deviation was 0.50, which is higher than the Fr in most field cases (Figure 2a), to imitate the 
most dangerous conditions. The field cases included 777 debris flow surges in Jiangjia gully (Kang et al., 2007; 
Zhang & Xiong, 1997). Moreover, the influence of the debris flow volume on the experiment had to be consid-
ered (Choi et al., 2015; de Haas et al., 2015). Vd and Bf have the following relationship:

𝑉𝑉𝑑𝑑 = 𝑣𝑣𝑣𝑣 ⋅ 𝐵𝐵𝑓𝑓ℎ𝑑𝑑� (2)

where t is the flow time (s) and the other parameters have the same meaning as previously mentioned. Dividing 
both sides of Equation 2 by 𝐴𝐴 𝐴𝐴3

𝑓𝑓
 yields the following:

𝑉𝑉𝑑𝑑∕𝐵𝐵
3
𝑓𝑓
= (𝑣𝑣𝑣𝑣∕𝐵𝐵𝑓𝑓 ) (ℎ𝑑𝑑∕𝐵𝐵𝑓𝑓 )� (3)

Debris flow surges are characterized by a short duration, mostly t  <  2  min (N. S. Chen et  al.,  2011; Kean 
et al., 2013). When Vd increases, v and hd increase in most debris flow events (Hong et al., 2015; Zanuttigh & 
Lamberti, 2007), the erosion ability of the debris flow increases, the channel erodes and widens, and Bf increases. 
When Vd decreases, v and hd decrease, the debris flow deposits or even stops or changes into a water flow (de 
Haas et al., 2015; Iverson, 2012; Pudasaini & Fischer, 2020). Therefore, we postulated that 𝐴𝐴 𝐴𝐴𝑑𝑑∕𝐵𝐵

3
𝑓𝑓
 is constrained 

within a certain range under natural conditions and that 𝐴𝐴 𝐴𝐴3

𝑓𝑓
 is an appropriate volume scale in this study. We 

constructed the dimensionless parameter 𝐴𝐴 𝐴𝐴𝑠𝑠∕𝐵𝐵
3
𝑓𝑓
 to constrain the volume of the debris flow in the experiments, 

where Vs is the sediment volume of a debris flow surge (Vs = CvVd). According to field observation data from 
777 debris flow surges in Jiangjia gully (Kang et al., 2007; Zhang & Xiong, 1997), the debris flow volume was 
reasonable in this study (𝐴𝐴 𝐴𝐴𝑠𝑠∕𝐵𝐵

3
𝑓𝑓
= 0.122 ; Figure 2a). Moreover, the aspect ratio (B/H) of the check dam model 

was consistent with the aspect ratios of actual projects with 30 debris flow check dams in the Minjiang River 
Basin (Figure 2a).

Figure 2b shows the grain-size distribution of the granular material of debris flow and stored sediment. The 
granular material for the tests was obtained from the debris flow deposition fan of Jiangjia gully. Granular mate-
rial with a diameter larger than 20 mm was removed to allow the debris flow to travel smoothly through the 

Figure 2.  Controlled parameters of check dams, debris flow surges, and stored sediment.
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flume. This design has also been employed in other experiments (X. Chen 
et al., 2017; J. Chen et al., 2018; Cui et al., 2015; S. Li et al., 2019).

Before the start of the test (before removal), 10 debris flow surges were regu-
lated by the check dam to form stored sediment. Water and some fine particles 
were discharged downstream through the overflow and drainage holes of the 
check dam. Therefore, the fine particle content of stored sediment is smaller 
than that of debris flow (Figure 2b). The landform characteristics of stored 
sediment are shown in Figure 3. The dry densities (ρd) of stored sediment 
formed by the Type 1 debris flow and Type 2 debris flow were measured 
by the ring knife method, and were approximately 1,786 and 1,975 kg/m 3, 
respectively. It should be noted that the dry density measurement was carried 
out in additional experiments because ring knife sampling destroyed the 
stored sediment and would affect the subsequent erosion experiments. Based 
on the grain-size distribution and ρd, the saturated hydraulic conductivity of 
the stored sediment can also be evaluated according to the empirical formulas 
(Chapuis, 2004). The removal of the check dam was started when there was 
no obvious seepage discharge through the drainage holes of the check dam 
(approximately 4 min after the debris flow passed), and pictures of stored 
sediment after check dam removal are shown in Figure 1.

2.3.  Repetitions and Measured Variables

This study included six experiments, and Table 1 shows the control parame-
ters for each experiment, in which Vinit and Linit are the volume and length of 

the stored sediment, respectively, N is the cumulative number of debris flow surges, the other parameters have 
the same meaning as previously mentioned. After check dam removal, four debris flow surges eroded the stored 
sediment for all cases, and the time interval between adjacent surges was 4 min. To simulate a debris flow surge, 
the mixtures of a debris flow surge were first transferred from the material bucket to the hopper, and the mixtures 
were released to the flume by opening the valve at the bottom of the hopper. After each debris flow surge, the 
cumulative number of surges was counted as N (Table 1). The morphological characteristics of the stored sedi-
ment were recorded by a camera (Nikon D850, 6,016 × 4,016 pixels, f = 24 mm; Figure 1), and digital elevation 
models (DEMs) were obtained based on photogrammetry (Qin et al., 2018). The volume (Vero) and distribution of 
eroded sediment were obtained by a comparison of repeat DEMs (DEMs of difference; Cucchiaro et al., 2019). 
A video camera (GoPro hero7 Black, 4,096 × 2,160 pixels, 25 fps) installed on the top of the flume recorded the 
erosion process. With large tracer particles, a video camera (SONY FDR-AX60, 4,096 × 2,160 pixels, 25 fps) on 
the side of the flume recorded the velocity (v) and depth (hd) of the debris flow before it entered the check dam.

2.4.  Parameters and Dimensional Analyses

Various parameters were considered in this study. These parameters were 
classified into controlled parameters and measured parameters, and a series 
of dimensionless parameters (derived variables) were constructed based on 
previous studies and the needs of this study, which facilitated the display 
and discussion of the test results. The control parameters are summarized 
as follows:

B is the width of the check dam (m); Bf is the width of the flume (m); Cv is 
the sediment volume fraction of debris flow (−); Fr is the Froude number of 
debris flow; g is the gravitational acceleration, g = 9.8 m/s 2; h is the removed 
height of the check dam (m); H is the initial effective height of the check dam 
(m); N is the cumulative number of debris flow surges (e.g., 1, 2, 3, 4; −);  
Vd is the volume of a debris flow surge (m 3), and is the derivative of VD 
(Vd = ΔVD);

Figure 3.  Topographic map of deposits upstream of check dams (vertical 
interval: 0.02 m).

Case
Removed 

height h (m)

Stored sediment Debris flow

Linit 
(m)

Vinit 
(×10 −3 m 3) Cv N Fr

Case 1 0.15 1.88 85.4 0.18 1–4 4.13–5.52

Case 2 0.10 1.78 79.4 0.18 1–4 4.04–4.39

Case 3 0.05 1.78 82.3 0.18 1–4 4.21–5.52

Case 4 0.15 1.77 74.4 0.30 1–4 4.05–4.96

Case 5 0.10 1.79 79.0 0.30 1–4 4.34–5.39

Case 6 0.05 1.71 73.5 0.30 1–4 4.13–5.39

Table 1 
Experimental Arrangement and Test Conditions
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VD is the accumulated volume of the debris flow surges (m 3), 𝐴𝐴 𝐴𝐴𝐷𝐷 = ∫ 𝑄𝑄 ⋅ 𝑑𝑑𝑑𝑑 , where Q is the discharge of debris 
flow (m 3/s), and t is time (s). When accumulating N debris flow surges, VD = NVd.

The measured parameters are summarized as follows:

hd is the flow depth (m); L is the horizontal distance between any point of stored sediment and the check dam 
(m); Linit is the horizontal initial length of stored sediment (m); v is the flow velocity (m/s); Vero,i is the volume of 
sediment eroded by the i-th debris flow surge (m 3); Vero is the accumulated volume of sediment eroded by debris 
flow surges (m 3); Vinit is the initial stored sediment volume (m 3).

This study focused on constructing dimensionless parameters that served as a convenient reference in engineering 
practices.

𝐴𝐴 𝐴𝐴 =

𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒

𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
 ,the erosion volume ratio. It was used to describe the development process of erosion volume and similar 

parameters were employed by Sawaske and Freyberg (2012) and Ferrer-Boix et al. (2015). In this study, after N 

debris flow surges, the calculation method was 𝐴𝐴 𝐴𝐴 =

𝑁𝑁
∑

𝑖𝑖=1

𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
 .

𝐴𝐴 𝐴𝐴 =

𝜕𝜕𝜕𝜕𝑒𝑒𝑒𝑒𝑒𝑒

𝜕𝜕𝜕𝜕𝐷𝐷
 , the erosion efficiency of debris flow, and similar parameters were utilized by Sawaske and Frey-

berg (2012). However, the fully mechanics-based erosion rate models presented by Pudasaini and Fischer (2020) 
and Pudasaini and Krautblatter  (2021) can physically much better simulate the erosion and mass transport 
processes of natural events. The physical meaning of ζ is the ratio of the volume of erosion to the debris flow 
volume entering the study area per unit time (𝐴𝐴 Δ𝑡𝑡 ), � = �Δ��

�Δ�
= ��

�
 , where � is the average erosion rate in the study 

area (m/s), S is the study area (m 2), and Q is the discharge of debris flow entering the study area (m 3/s). In this 
study, for the i-th debris flow surge, the erosion efficiency was calculated by 𝐴𝐴 𝐴𝐴𝑖𝑖 = 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒∕𝑉𝑉𝑑𝑑 .

𝐴𝐴 𝐴∗ = ℎ∕𝐻𝐻 is the removed height ratio of check dam.

𝐴𝐴 𝐴𝐴∗ = 𝑉𝑉𝐷𝐷∕𝐵𝐵
3
𝑓𝑓
 , the relative accumulated volume of the debris flow eroding the stored sediment (where 𝐴𝐴 𝐴𝐴3

𝑓𝑓
 is the 

volume scale in this study), and a similar parameter was applied by Ferrer-Boix et al. (2015). In this study, after 
N debris flow surges, the calculation method was 𝐴𝐴 𝐴𝐴∗ = 𝑁𝑁𝑁𝑁𝑑𝑑∕𝐵𝐵

3
𝑓𝑓
 .

�pote =
(

ℎ2
∗����� − ����

)

∕�3
� represents the relative remaining potential volume of sediment to be eroded, where 𝐴𝐴 𝐴𝐴3

𝑓𝑓
 

is the volume scale in this study. The longitudinal section of the stored sediment could be approximately regarded 
as a triangle (Figure 1). We assumed that the base level of erosion after dam removal is parallel to the original 
gully bed (flume bed). When the removed height ratio was h*, the maximum potential volume of sediment to be 
eroded is h* 2Vinit. In this study, for the N-th debris flow surge, the average relative remaining potential volume was 

calculated by �pote,� =
(

ℎ2
∗����� −

�−1
∑

�=1
����,� − 0.5����,�

)

∕�3
� .

𝐴𝐴 𝐴𝐴 = 𝐿𝐿∕𝐿𝐿𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 represents the longitudinal section coordinates taking the upstream edge of the check dam as the 
coordinate origin and taking Linit as the unit length and the upstream horizontal direction to be positive direction.

3.  Results
3.1.  Erosion Process

After check dam removal, a scarp formed downstream of the stored sediment (Figure 4c), and the main erosion 
was concentrated here. The main forms of erosion were headward and lateral erosion, and the erosion process was 
divided into 4 stages, as shown in Figure 4:

1.	 �Headward erosion initiation: the demolition of the check dam caused the formation of a nick point (scarp) at 
the original dam site. Because the scarp increased the bed slope and weakened the resistance of the gully bed, 
erosion quickly started and developed upstream under the action of the debris flow (Figure 4b). In addition, 
due to the differences in flow conditions and the sediment texture on the cross section, the headward erosion 
exhibited differences in the cross section. The differential erosion advanced the erosion process to the second 
stage.

2.	 �Incision and rill formation: the headward erosion length differed at different points of the cross section due to 
differential erosion, which produced obvious rills on the stored sediment (Figure 4c). The rills aggravated the 

 19447973, 2022, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021W

R
030688 by C

H
E

N
G

D
U

 IN
ST

IT
U

T
E

 O
F M

O
U

N
T

A
IN

 H
A

Z
A

R
D

S, W
iley O

nline L
ibrary on [01/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Water Resources Research

WANG ET AL.

10.1029/2021WR030688

7 of 16

flow condition differences in the cross section, and subsequent debris flows preferentially passed along the 
rills, which strengthened the headward erosion at the upstream end of the rills. These resulted in the further 
development of the rills.

3.	 �Lateral erosion and widening: with the development of rill length and depth, the sediment on both sides of 
the rills gradually became unstable due to the removal of lateral constraint, and supplied material to the rills 
through the instability of the slope (Figure 4d). The subsequent debris flow eroded and transported these mate-
rials and increased the instability of the slopes on both sides. These processes gradually increased the width of 
the rills. The test revealed that periodic slope instability was the main form of lateral erosion. The entrainment 
and seepage of debris flows may be controlling factors because they needed enough time to accumulate their 
influence, promoting slope instability, and then needed to reaccumulate their influence after slope instability. 
Entrainment tended to shape the rill sidewall into a high and steep slope (Figure 4d) to provide topographical 
conditions for slope instability. Seepage increased the water content of the sidewall and reduced the effective 
stress and internal friction angle of the stored sediment to provide mechanical conditions for slope instability.

Figure 4.  Erosion process of stored sediment after check dam removal (Case 1).
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4.	 �Quasi-equilibrium formation stage: the depth, width and length of the rills gradually increased until they 
became largely stable after multiple debris flow surges; a quasi-equilibrium state was gradually reached when 
the debris flow scale stabilized (Figure 4e).

Figure 5 describes the erosion characteristics of the stored sediment by using Case 1 as an example. Figures 5a 
and 5c show the evolution characteristics of the longitudinal section in the erosion phase after dam removal and 
the deposition phase before dam removal, respectively. Figures 5b and 5d show the evolution characteristics of 
a single cross section (Section 1-1 in Figure 5a) and the distribution characteristics of erosion along the cross 
section, respectively. In the figure, b is the distance between any point of the stored sediment and the right side-
wall of the flume (m), Sero is the sediment erosion area on every longitudinal section (m 2), R is the topographic 
relief of the cross section (m), the solid lines in Figures 5a and 5c represent the average elevation, and the shaded 
part is the elevation range.

The erosion of stored sediment had the characteristics of typical headward erosion. The eroded volume of stored 
sediment gradually increased with the accumulative action of the debris flow surge; however, the eroded volume 
of each surge gradually decreased (Figure 4a). Moreover, the erosion depth exhibited obvious differences in the 
cross section, and sediment erosion preferentially started from one side (or both sides) and then developed to the 
other side (or middle; Figure 5b). The erosion difference of each surge in the cross section first increased and then 
decreased with an increase in debris flow surges (Figure 5d).

Figure 5a also shows sediment siltation upstream of the deposit, which is the result of incomplete deposition 
upstream of the check dam due to the limited number of surges in the deposition phase, as shown in Figure 5c. 
As the number of debris flow surges increased, sediment siltation gradually decreased until eventually ceasing 
(Figure 5a), which is the result of headward erosion and rill development. The formed rills optimized the flow 
cross section of the debris flow and promoted the smoother passage of the debris flow through the stored sedi-
ment. Therefore, the volume of new siltation gradually decreased after dam removal. In addition, because the 
volume of the new siltation was small, its influence was not considered in subsequent studies.

3.2.  Evolution of the Erosion Volume

The evolution of the erosion volume could describe the erosion macroscopically. Figure 6a shows that the erosion 
efficiency (ζ) was positively correlated with the removed height ratio (h*). With an increase in h*, the length and 

Figure 5.  Erosion and deposition characteristics of stored sediment (Case 1).
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slope of the scarp downstream of the stored sediment increased (Figure 4c). For headward erosion, an increase in 
the slope would weaken the resistance of the gully bed, promoting an increase in the erosion rate, and an increase 
in the length of the scarp would increase the area of headward erosion and promote an increase in the erosion 
volume. In addition, higher scarp was more likely to lose stability and increased the volume of erosion under the 
action of lateral erosion. Figure 6a also shows that the debris flow with Cv = 0.30 generally had a higher ζ than 
the debris flow with Cv = 0.18, which was mainly attributed to an increase in the basal shear stress and collision 
stress of the debris flow with an increase in Cv.

Figure 6b shows that ζ was negatively correlated with the relative accumulated volume of the debris flow (V*). 
With an increase in V*, erosion gradually developed upstream, the thickness of the stored sediment gradu-
ally decreased (Figure 5a), and the height of the scarp (Figure 4c) decreased. The erosion volume of a surge 
decreased for the same reason as mentioned in the above paragraph. The abovementioned analysis also shows 
that the erosion process of stored sediment after check dam removal was a negative feedback process. With the 

Figure 6.  Erosion efficiency of the debris flow and the erosion volume ratio of stored sediment.
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development of erosion, ζ was gradually suppressed. A mathematical model reflecting the negative feedback 
process was constructed below.

Figures 6c and 6d show that the relative remaining potential volume of sediment to be eroded (Vpote) had a signif-
icant impact on ζ and ζ was proportional to Vpote:

𝜁𝜁 = 𝑘𝑘𝑘𝑘𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝� (4a)

where k is the proportional coefficient with values of 0.542 and 0.657 for Cv = 0.18 and 0.30, respectively. The 
physical meaning of ζ is expressed as follows (more details in Section 2.4):

𝜁𝜁 =

𝜕𝜕𝜕𝜕𝑒𝑒𝑒𝑒𝑒𝑒

𝜕𝜕𝜕𝜕𝐷𝐷

� (4b)

Substituting Vero = λVinit and 𝐴𝐴 𝐴𝐴𝐷𝐷 = 𝐵𝐵3
𝑓𝑓
𝑉𝑉∗ (Section 2.4) into Equation 4b and combining Equation 4a and Equa-

tion 4b yields the following:

𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝜕𝜕𝜕𝜕

𝐵𝐵3
𝑓𝑓
𝜕𝜕𝜕𝜕∗

= 𝑘𝑘𝑘𝑘𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝� (4c)

Substituting 𝐴𝐴 𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

(

ℎ2
∗ − 𝜆𝜆

)

∕𝐵𝐵3
𝑓𝑓
 (Section 2.4) into Equation 4c yields the following: 

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕∗

= 𝑘𝑘
(

ℎ2
∗ − 𝜆𝜆

)

� (4d)

The differential equation (Equation 4d) was solved:

𝜆𝜆 = ℎ2
∗ (1 − exp (−𝑘𝑘𝑘𝑘∗))� (4e)

Equation 4e shows that as V* increased, λ gradually approached the constant h* 2, and h* 2Vinit represented the 
maximum potential volume of stored sediment that could be eroded. k is the proportional coefficient indicating 
the relationship between ζ and λ. However, these empirical equations cannot explain the real physical process of 
erosion. To appropriately describe the erosion and entrainment processes and the associated mass flow mobil-
ity, we must use the mechanical erosion models developed by Pudasaini and Krautblatter (2021). This research 
provides empirical values of k through physical experiments. Substituting the value of k in Figures 6c and 6d into 
Equation 4e, the calculation formula of λ can be obtained:

𝜆𝜆 =

⎧

⎪

⎨

⎪

⎩

ℎ2
∗ (1 − exp (−0.542𝑉𝑉∗)) 𝐶𝐶𝑣𝑣 = 0.18

ℎ2
∗ (1 − exp (−0.657𝑉𝑉∗)) 𝐶𝐶𝑣𝑣 = 0.30

� (5)

Figures 6e and 6f show the comparison between the calculated and measured values of λ. The comparison result 
shows that the error between the calculated value and the measured value was small, which indicated that Equa-
tion 5 described the evolution of the erosion volume very well and that the assumption of the maximum potential 
volume of stored sediment to be eroded (h* 2Vinit) was reasonable. These results provided a reference for the 
engineering removal of check dams, especially the removed height and erosion disasters after check dam removal 
or failure. In addition, these results also provided a simple method to evaluate the erosion processes of stored 
sediment. For example, when only limited ζ data are observed, this method could aid in evaluating and predicting 
the overall erosion process.

3.3.  Longitudinal Distribution of the Eroded Sediment

To further study the longitudinal spatial distribution characteristics of the eroded sediment, we analyzed the influ-
ence of h* and λ on the probability distribution of longitudinal position Y of eroded sediment. The results showed 
that Y obeyed the Weibull distribution; its probability density function is expressed as follows:
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𝑓𝑓 (𝑦𝑦|𝜂𝜂𝜂 𝜂𝜂) =

⎧

⎪

⎨

⎪

⎩

𝛽𝛽

𝜂𝜂

(

𝑦𝑦

𝜂𝜂

)𝛽𝛽−1

exp

(

−

(

𝑦𝑦

𝜂𝜂

)𝛽𝛽
)

, 𝑦𝑦 𝑦 0

0, 𝑦𝑦 ≤ 0

� (6)

Its cumulative probability is more convenient for use:

𝐹𝐹 (𝑦𝑦) = 1 − exp

(

−

(

𝑦𝑦

𝜂𝜂

)𝛽𝛽
)

� (7)

where η is the scale parameter and β is the shape parameter.

Figure 7 shows the cumulative curves of the longitudinal position of eroded 
sediment after the different debris flow surges in Case 1. Table 2 presents 
the scale parameters and shape parameters under various test conditions. η 
was positively correlated with λ, negatively correlated with h*, and had the 
following quantitative relationship:

𝜂𝜂 =

⎧

⎪

⎨

⎪

⎩

0.417 ⋅ ℎ−1.055
∗ ⋅ 𝜆𝜆0.853, 𝑅𝑅2 = 0.93 𝐶𝐶𝑣𝑣 = 0.18

0.472 ⋅ ℎ−0.905
∗ ⋅ 𝜆𝜆0.833, 𝑅𝑅2 = 0.82 𝐶𝐶𝑣𝑣 = 0.30

� (8)

When Cv = 0.18 and 0.30, the average values of β were 1.257 and 1.174, 
respectively, and the coefficients of variation were very small, 0.068 and 
0.091, respectively. The influence of Cv on β was not significant, while that 
of h* on β was significant; the two-tailed p values in Student's t-test were 
0.057 (>0.05) and 0.002 (<0.05), respectively. The correlation between λ 
and β was minimal, and the correlation coefficient r = 0.53 < 0.6. These 
findings indicate that the longitudinal position probability distribution of 
eroded sediment can serve as an effective indicator for an erosion system. 
For example, in the case of incomplete erosion data, this distribution can aid 
in the reconstruction of the original erosion condition.

Figure 7.  Cumulative curves of the longitudinal position of eroded sediment after different debris flow surges in Case 1.

h* N

Cv = 0.18 Cv = 0.30

λ η β R 2 λ η β R 2

1.00 1 0.326 0.129 1.407 0.997 0.288 0.120 1.236 0.999

1.00 2 0.540 0.227 1.371 0.995 0.448 0.216 1.209 0.996

1.00 3 0.713 0.312 1.320 0.997 0.592 0.303 1.206 0.989

1.00 4 0.778 0.334 1.325 0.997 0.620 0.308 1.177 0.990

0.67 1 0.138 0.131 1.175 0.998 0.110 0.111 1.280 0.998

0.67 2 0.192 0.167 1.221 0.998 0.147 0.168 1.218 0.998

0.67 3 0.230 0.218 1.255 0.994 0.206 0.237 1.291 0.988

0.67 4 0.303 0.261 1.286 0.995 0.257 0.276 1.311 0.991

0.33 1 0.045 0.080 1.094 0.995 0.058 0.099 0.987 0.996

0.33 2 0.083 0.145 1.175 0.999 0.082 0.141 1.001 0.999

0.33 3 0.106 0.198 1.236 0.997 0.076 0.139 1.032 0.999

0.33 4 0.112 0.196 1.223 0.997 0.089 0.158 1.145 0.998

Mean 0.200 1.257 0.190 1.174

CV 0.364 0.068 0.382 0.091

Note. CV, coefficient of variation.

Table 2 
Scale Parameters and Shape Parameters Under Various Test Conditions
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4.  Discussion
The goal of this study was to reveal the influence of the removed height of the check dam and accumulated 
volume of debris flow on the erosion processes of stored sediment. The results may provide a reference for the 
removal of aging check dams and help avoid the rapid erosion and related disasters caused by large-scale debris 
flows. The removal of check dams formed a scarp downstream of the stored sediment, where the main erosion 
was concentrated. This study revealed that ζ was positively correlated with h*, negatively correlated with V*, and 
proportional to Vpote. This study also proposed a simple calculation formula for λ with a clear physical meaning 
(Equations 4 and 5) and revealed the characteristics of the longitudinal distribution of eroded sediment.

After the removal of check dams, the evolution of the stored sediment landform mainly included two forms of 
incision and widening, and was controlled by headward and lateral erosion, which was similar to the evolution of 
the river course after hydroelectric dam removal (Cantelli et al., 2004; Doyle et al., 2003; Ferrer-Boix et al., 2015; 
Major et al., 2008). However, ζ of debris flows was much greater than that of water flows, which may be caused 
by the difference in Cv and Fr (Figure 8). Figure 8a shows that ζ increased with an increase in Cv. This phenom-
enon was attributed to the notion that the increase in Cv enhanced the base shear stress of debris flow and the 
collision stress of particles (Haas & Woerkom, 2016), which promoted an increase in the debris flow erosion rate 
according to the erosion model (Iverson, 2012), and especially with the mechanical erosion rate models (Puda-
saini & Fischer, 2020; Pudasaini & Krautblatter, 2021), thereby increasing ζ. Figure 8b shows that ζ increased 
with an increase in Fr because with an increase in Fr, the velocity of the debris flow increased, the kinetic energy 
increased, and the erosion rate and ζ increased when the unit discharge of the debris flow was unchanged (Fracca-
rollo & Capart, 2002; Mergili et al., 2017). Theoretical models based on physics and mechanics (Pudasaini, 2012; 
Pudasaini & Krautblatter, 2021; Pudasaini & Mergili, 2019) can not only reasonably explain experimental and 
field data but are also widely employed in numerical simulations of complex erosion processes, including cata-
strophic events (Liu et al., 2020; Mergili et al., 2020; Shugar et al., 2021). In the numerical inversion results of 
dam erosion in the glacial lake outbreak induced debris flow disaster simulated by Mergili et al. (2020), lateral 
erosion was underestimated, which may be attributed to slope instability not being fully considered. Periodic 
slope instability has been widely observed in the lateral erosion of this study and other related studies (Qin 
et al., 2018; Yan et al., 2020). However, the inversion results were consistent with the observed data overall, such 
as for the erosion volume (Mergili et al., 2020). This successful experience provided a valuable reference for the 
numerical simulation of the stored sediment erosion processes under the action of debris flow events after check 
dam removal. The results of this study may also provide references for numerical simulations from the perspec-
tive of not only the erosion volume but also the erosion distribution.

Figure 8.  Comparison of ζ of this study with those of previous studies.
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In the study of hydroelectric dam removal, previous studies have focused on the evolution of λ with time (Collins 
et al., 2017; Pearson et al., 2011), which is not suitable for debris flows because debris flows are different from 
streams and discontinuous in time (N. S. Chen et  al.,  2011; Imaizumi et  al.,  2019; Kean et  al.,  2013; Y. Li 
et al., 2013; Savage & Iverson, 2003). The evolution of λ with V* (Equation 4) examined in this paper was more 
suitable for debris flows. As shown in Equation 4, ζ was proportional to Vpote (ζ = kVpote), which was obtained 
based on the experimental data of this study. Similar results were also noted in the field observations of hydro-
electric dam removal (Collins et al., 2017; Pearson et al., 2011), but the values of k in these hydroelectric dam 
removal cases were much smaller than those in this study, which may be caused by the difference in Cv and 
Fr (Figure 8). In addition, according to the relationship between ζ and erosion rate (� = ��∕� ), after making 
reasonable assumptions about the geomorphic characteristics of stored sediment, the value of k may also be 
obtained based on the calculation formulas of erosion rate (P. Li et al., 2020), erosion model (Iverson, 2012), 
and especially the mechanical erosion rate models (Pudasaini & Fischer, 2020; Pudasaini & Krautblatter, 2021). 
Stored sediment erosion is affected by multiple factors, such as the Cv of fluids, Fr of flows, grain size of stored 
sediment, and levels of cohesion and consolidation (Doyle et al., 2003; Ibisate et al., 2016; Ruan et al., 2021; 
Sawaske & Freyberg, 2012). More observations and experimental studies are needed to analyze the influencing 
factors, value of k, and the power of h* to expand the application range of Equation 4. Equation 5 is the empirical 
expression of Equation 4 under the experimental conditions and may provide a reference for engineering practice 
similar to experimental conditions, such as debris flows with Cv = 0.18–0.30.

In terms of the method for removing check dams, this research mainly focused on the removed height. In addi-
tion to partial removal (Korpak & Lenar-Matyas, 2019), staged removal has been performed for many check 
dams (Ibisate et al., 2016), and in check dam groups, an investigation of the appropriate removal sequence was 
necessary (Collins et al., 2017). Further research on the staged removal and removal sequence of a dam group 
is of great significance to engineering practice. In summary, the geomorphological evolution of stored sediment 
after the removal of check dams and hydroelectric dams was similar. The main difference was in ζ of debris flow 
and water flows, which may be caused by the difference in Cv and Fr. Equation 4 could effectively describe the 
evolution of the erosion volume, but more studies are necessary to determine the values of the relevant parameters 
and broaden its application range.

5.  Conclusions
The influence of the removed height and debris flow surges on the stored sediment erosion processes after remov-
ing a check dam was investigated in this paper. Based on the experimental results, the following conclusions can 
be drawn:

1.	 �The erosion processes of stored sediment could be divided into four stages: headward erosion initiation, inci-
sion and rill formation, lateral erosion and widening, and quasi-equilibrium. With the development of erosion, 
the erosion efficiency of debris flows gradually decreased. The erosion efficiency was positively correlated 
with the removed height, negatively correlated with the accumulated debris flow volume, and proportional to 
the remaining potential volume of sediment to be eroded.

2.	 �The calculation formula of the erosion volume ratio, which was employed to characterize the erosion volume 
development process, was established: 𝐴𝐴 𝐴𝐴 = ℎ2

∗ (1 − exp (−𝑘𝑘𝑘𝑘∗)) , where h* is the removed height ratio and V* 
is the relative accumulated volume of the debris flow. k is a proportional coefficient denoting the ratio of the 
erosion efficiency to the remaining potential volume of sediment to be eroded and was approximately 0.54 and 
0.66 for debris flows with sediment volume fractions of 0.18 and 0.30, respectively.

3.	 �The distribution of eroded sediment along the longitudinal direction of the flume was described by the Weibull 
distribution. The scale parameter was negatively correlated with the removed height and positively correlated 
with the erosion volume ratio, and its empirical relationships were proposed. The shape parameter was mainly 
related to the removed height.
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