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Abstract: A special study on the interaction mechanism between flow and soil is of great significance
for revealing the macro breaching mechanism of barrier dams. To study the scouring characteristics of
wide-graded sediment under different flow conditions, flume scour tests were conducted regarding
the grading curve of dam material and the discharge process of the Tangjiashan barrier dam. The
results show that: (1) The scouring process of narrow-graded or uniform sediments is the formation
and movement of the sand wave, while the scouring mode of wide-graded sediment is mainly the
formation, expansion, and movement of the scouring pit. (2) Under the condition of weak unsteady
flow, the surrounding and shielding effect of coarse particles on fine particles is obvious, and the
erosion resistance of the material is strong. However, under the condition of strong unsteady flow, the
erosion resistance is weak. (3) The erosion of wide-graded sediment is mainly caused by slope angle
collapse at the initial stage, and mainly reflected by traceable erosion at the later stage. Therefore, in
the initial stage of erosion, the downstream erosion intensity is high, and the bed surface can easily
form a slope inclined downstream. (4) The scouring intensity under the condition of unsteady flow is
greater than that under the condition of steady flow. The sediment transport formula based on the
condition of steady flow cannot be used to calculate the dam break process directly.

Keywords: overtopping flow; wide gradation; erosion mechanism; unsteady flow

1. Introduction

Barrier dam failure is a typical scenario of wide-graded sediment transport under
strong unsteady flow. The water system in Southwest China is highly developed, with
most mountains and hills and large slope areas, and frequent has geological disasters such
as landslides and collapses. Once the slip body gushes into the river, it is easy to form
barrier dams, which usually have short life spans. According to the statistics, most barrier
dams fail within one year [1]. Once the dam breaks, it will bring serious flood disasters and
seriously threaten residents downstream [2].

For barrier dam failure, scholars have conducted a series of research works, mainly
involving the formation process of barrier dams [3–5], failure mechanism based on experi-
ments [6–9], and numerical simulation methods for the dam failure process [10–13]. In fact,
barrier dam and even artificial dam failure are, in terms of microscopic mechanisms, the in-
teraction between the dam-break flow and the soil particles at the breach. The overtopping
water flows along the downstream slope through the initial breach, and the scouring force
acts on the soil particles, which carries some of the dispersed particles or particle clusters
to the downstream channel. An inaccurate estimate of local scouring in landslide deposits
may cause the rapid and episodic failure of a hazard mitigation structure [14] (Li et al.,
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2021). Therefore, the continuous expansion of the breach is essentially a process of dam
material transport under the action of unsteady overtopping flow.

For the scouring problem of soil particles, scholars have studied soil and sand
particles’ starting and transporting laws through a series of experimental tests. As early
as the 1910s, Gilbert [15] pioneered the use of flume tests to investigate sediment and
bed load movements. Meyer-Peter [16] designed a systematic flume scour test for each
influencing factor and derived a sediment transport rate equation based on the test data
results. Mason [17] studied the erosion of scour holes caused by free-trajectory jets,
and presented formulae for calculating the probable depths of erosion under free jets.
Based on experimental results, Jing [18] investigated the non-equilibrium transport of
suspended sediment from one equilibrium state to another, and developed a numerical
model for flow with suspended sediment by considering the effect of concentration-
dependent settling velocity. Khosravi [19] studied the mobility of non-uniform sediment
mixtures resulting from dam break flows and how these differ from uniform-sized
sediment. Then, a large number of scholars have studied the aspects of mechanics,
energy balance, statistical theory, and macro motion law of sediment particles, and a
series of formulas for calculating bed load transport rate are developed, such as the
Bagnold formula [20], the Einstein formula [21], the Han Qiwei formula [22], etc.

For the law of transport movement of non-uniform sand, most of the early studies
applied the starting law of uniform sand to different grain sizes of non-uniform sand to
obtain parameters such as group starting flow rate and sand transport rate [23]. Jin [24]
studied the starting law of non-uniform sand in different stages through flume tests, and
based on the principle of minimum energy dissipation, three modes of sand starting
and the corresponding incipient velocity equation were developed. Xu [25] analyzed the
effect of flow intensity and bed sand compositions on the transport rate of continuous
and discontinuous bed sand through water flume tests, and studied the relationship
between relative flow intensity and bed load sediment transport rate. Through flume
tests, Wang [26] studied the incipient and scouring characteristics of uniform, continuous,
and discontinuous non-uniform sand. Taking the discontinuous bed sand as an example,
Wei [27] conducted an experimental study on the vertical velocity structure of the bed
surface and found that there was an S-shaped turning near the bottom of the discontinuous
bed surface, and that the position was related to the flow intensity and bed shape. Xu [28]
studied the effect of mud density on the sediment initiation pattern of fully disturbed
coastal sediment in the South China Sea estuary through model tests. Mohamed [29], on
the basis of the sand transport mechanism revealed by model tests and data regression
analysis, established a non-uniform sediment bed load model considering the sediment
carrying density. Pilarczyk [30] studied the protection of the seabed from erosion caused
by the increased speed of the currents. Based on a case study in the Ansai Area (China),
Xu [31] studied the internal erosion damage process and the failure models of loess stacked
dams. Faraci [32] investigated the hydrodynamic effects of an orthogonal regular wave on
a current propagating over a sandy and gravelly rough bed.

As stated above, scholars have gained much valuable experience in soil and sand
erosion characteristics, and many scholars started to explore the law of non-uniform sand
incipient and transport through model tests. However, most of these studies focus on the
scouring of river sediment, and the test conditions are very different from the typical cases
of barrier dam failure, such as the width of sediment gradation. The particle size difference
of the research object in the flume test is often small, generally less than four orders of
magnitude [33]. However, the materials of barrier dams have a wide grading range from
cohesive particles less than 0.075 mm to boulders with a diameter of several meters [34].
Furthermore, the current flow conditions of the tests are quite different from the dam break
flow [35]. In summary, the research results above are of great significance for the study of a
dam break, but they cannot be used directly, and there are few soil erosion tests specifically
carried out for the overtopping of barrier dam break.
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Since barrier dam failures are the interaction process between the dam-break flow
and the soil particles at the breach in terms of microscopic mechanism, by simulating the
flow conditions of dam break overtopping, a flume test was carried out to analyze the
wide-graded total-load sediment transport, which could provide references for research on
the failure mechanism of barrier dams.

2. Experimental Apparatus and Methods
2.1. Unsteady Flow Scouring Experimental System

The unsteady flow sand transport test system consists of a test flume, inlet flow control
system, hydraulic element measurement system, and sand transport measurement system.
The details are as follows:

(1) Test flume

The effective length, width, and height inside the flume are 600 cm, 25 cm, and
25 cm, respectively. The bottom slope angle of the flume is 5.5‰. The glass beads at the
inlet position have the function of energy dissipation and anti-scour. Other settings of the
flume are shown in Figure 1.
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(2) Inlet flow control system

The inflow control system consists of an electromagnetic flowmeter, direct-stroke electric
control valve, electric actuator, and industrial control computer. Before the test, the flow
control system is calibrated. During the test, by inputting the flow process curve in time-
sharing steps in the industrial computer, the unsteady flow that meets the requirements of the
test conditions can be output in the forebay at the inlet of the water tank.

(3) Hydraulic element measurement system

Three automated water level meters and high-speed cameras comprise the hydraulic
measuring system. Water level meters can detect the process of water level change in
real-time, identify sediment particles, and determine the composition of moving sediment
particles using threshold segmentation processing of sediment grayscale pictures.

(4) Sand transport measurement system

The sand transfer measurement system consists of a sand collecting funnel, a sand
collection tank, and an electronic balance. The soil and sand particles that transferred
downstream during the test are collected by the sand catching funnel and the sand collection
tank and are weighed by electronic balance. Thus, the specific gravity of soil particles
washed away by water flow can be calculated, and the erosion resistance of soil can be
further judged.

During the test, the sand laying section was 200 cm long, with a thickness of 7.5 cm
and a slope ratio of 1:1 upstream and downstream. The sand laying section was 180 cm
from the water inlet of the flume and 130 cm from the tailgate. The test flume arrangement
is shown in Figure 1.
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2.2. Test Condition

Six groups of soil and rock materials were designed for the test, including five
groups of non-uniform sand and one group of uniform sand. In the selection of non-
uniform soil and sand material gradation, the wide gradation characteristics of the dam
material of the barrier dam were focused on, and the dam material gradation obtained
from nine boreholes of the Tangjiashan barrier dam was referred to [36]. To ensure that
the soil properties remain unchanged, the equivalent substitution method was adopted
for particle size reduction, which involved using the non-cohesive particles smaller
than the control size to proportionally replace the non-cohesive particles larger than the
control size, while keeping the content of cohesive particles unchanged. In this study,
the control sizes, which are the largest particles size in the flume, were determined
to be 20 mm, 37.5 mm, 53 mm, and 75 mm, respectively, according to the effective
internal dimensions of the flume, and the clay content was kept constant to obtain 1#~4#
non-uniform sand specimen particle gradation. In addition, based on 1# non-uniform
sand gradation, the maximum particle size was controlled, and the cohesive particles
were replaced with non-cohesive sand parts in equal amounts to obtain a non-cohesive
sand sample (5# non-uniform sand) as the control group to analyze the influence of
cohesive particles in soil and sand material on the transport pattern of sediments. The
6# uniform sand was selected as the average particle size with the median particle size
d50 (5 mm) of 3# non-uniform sand, and natural uniform gravel was selected as the test
sand sample. The gradation curves of the samples and the prototype dam material are
shown in Figure 2, which also shows the samples of each grain group after the screening.
After determining the content of each particle group according to the grading curve, we
laid the test sand in the flume according to the dry density of 1.59 g/cm3.

Processes 2023, 11, x FOR PEER REVIEW 4 of 15 
 

 

and sand material gradation, the wide gradation characteristics of the dam material of the 
barrier dam were focused on, and the dam material gradation obtained from nine bore-
holes of the Tangjiashan barrier dam was referred to [36]. To ensure that the soil properties 
remain unchanged, the equivalent substitution method was adopted for particle size re-
duction, which involved using the non-cohesive particles smaller than the control size to 
proportionally replace the non-cohesive particles larger than the control size, while keep-
ing the content of cohesive particles unchanged. In this study, the control sizes, which are 
the largest particles size in the flume, were determined to be 20 mm, 37.5 mm, 53 mm, and 
75 mm, respectively, according to the effective internal dimensions of the flume, and the 
clay content was kept constant to obtain 1#~4# non-uniform sand specimen particle gra-
dation. In addition, based on 1# non-uniform sand gradation, the maximum particle size 
was controlled, and the cohesive particles were replaced with non-cohesive sand parts in 
equal amounts to obtain a non-cohesive sand sample (5# non-uniform sand) as the control 
group to analyze the influence of cohesive particles in soil and sand material on the 
transport pattern of sediments. The 6# uniform sand was selected as the average particle 
size with the median particle size d50 (5 mm) of 3# non-uniform sand, and natural uniform 
gravel was selected as the test sand sample. The gradation curves of the samples and the 
prototype dam material are shown in Figure 2, which also shows the samples of each grain 
group after the screening. After determining the content of each particle group according 
to the grading curve, we laid the test sand in the flume according to the dry density of 1.59 
g/cm3. 

 
Figure 2. Soil samples used for testing. (a) Grading curves of soil samples; (b) sieved grain groups. 

In this paper, the research focuses on soil erosion under unsteady flow, so the exper-
imental flow needs to meet the similarity criterion of unsteady flow. If the prototype and 
model are to conform to unsteady flow similarity, their respective Strouhal numbers must 

be equal. In the unsteady flow, acceleration 
∂
∂
u
t

 is not equal to 0, and because of the ratio 

of the inertial force generated by this acceleration to the time-varying acceleration, the 
unsteady flow similarity criterion can be obtained as follows: 

1=u t

l

λ λ
λ

 (1)

in which, uλ   is the velocity scale, tλ   is the time scale and lλ   is the geometric scale. 
Since the fluid used in the test in this paper is the same as that in the prototype, and the 
difference between the temperature during the test and the prototype is ignored, there is 

1= =μ νλ λ , and then 1=u lλ λ . From this, it can be obtained that the speed scale and the 

Figure 2. Soil samples used for testing. (a) Grading curves of soil samples; (b) sieved grain groups.

In this paper, the research focuses on soil erosion under unsteady flow, so the experi-
mental flow needs to meet the similarity criterion of unsteady flow. If the prototype and
model are to conform to unsteady flow similarity, their respective Strouhal numbers must
be equal. In the unsteady flow, acceleration ∂u

∂t is not equal to 0, and because of the ratio
of the inertial force generated by this acceleration to the time-varying acceleration, the
unsteady flow similarity criterion can be obtained as follows:

λuλt

λl
= 1 (1)

in which, λu is the velocity scale, λt is the time scale and λl is the geometric scale. Since the
fluid used in the test in this paper is the same as that in the prototype, and the difference
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between the temperature during the test and the prototype is ignored, there is λµ = λν = 1,
and then λuλl = 1. From this, it can be obtained that the speed scale and the time scale are
λu = 1/λl and λt = λ2

l
, respectively, and thus Equation (1) is satisfied, which means that

the Strouhal number of the prototype and the model are equal.
According to the particle gradation of the residual dam body after the discharge of

the Tangjiashan barrier dam, the maximum starting particle size of the test soil and sand
material is determined to be d70, according to the data of 1# test sand d70, the incipient
velocity of sediment is calculated using the formula developed by Zhang [37], and the
maximum flow rate of Flow A is determined to be 31.5 L/s by combining this with the
calibration results of water level and flow previously. Keeping the unsteady characteristics
of the flow, based on the discharge process data of the Tangjiashan barrier dam (as shown
in Figure 3), the flow peak was scaled to obtain the flow process curve of Flow A.

Processes 2023, 11, x FOR PEER REVIEW 5 of 15 
 

 

time scale are 1=u lλ λ  and 2=
ltλ λ , respectively, and thus Equation (1) is satisfied, 

which means that the Strouhal number of the prototype and the model are equal. 
According to the particle gradation of the residual dam body after the discharge of 

the Tangjiashan barrier dam, the maximum starting particle size of the test soil and sand 
material is determined to be d70, according to the data of 1# test sand d70, the incipient 
velocity of sediment is calculated using the formula developed by Zhang [37], and the 
maximum flow rate of Flow A is determined to be 31.5 L/s by combining this with the 
calibration results of water level and flow previously. Keeping the unsteady characteris-
tics of the flow, based on the discharge process data of the Tangjiashan barrier dam (as 
shown in Figure 3), the flow peak was scaled to obtain the flow process curve of Flow A. 

 
Figure 3. Erosion flow process. (a) Measured draining process of Tangjiashan barrier dam; (b) selec-
tion of test water flow. 

In addition, four groups of maximum control flow rates of 35.8 L/s, 40.1 L/s, 44.4 L/s, 
and 48.8 L/s were added, and the same scaling process was used to obtain flow process 
curves of B, C, D, and E as shown in Figure 3. Additionally, the average flow of Flow E 
was selected as the input flow rate of steady Flow F in the control group. 

The non-constant intensity of the scouring water flow used in this test can be calcu-
lated according to the dimensionless non-constant intensity parameter calculation method 
(Equation (2)) proposed by Ma [38] as shown in Table 1. 

2
1000

0

p br
p b

p b r

p b

h hBT Q Q
P Q Q T

Q Q

 − 
 ≠ = −  
 =

 (2)

where P is the dimensionless non-constant intensity parameter, B is the flume width, Tr is 
the unsteady flow up period calendar time, Qp is the peak flow rate, Qb is the base flow 
rate, hp is the peak flow water depth, hb is the base flow water depth. 

Table 1. Unsteady strength of the testing water flow. 

Conditions Flow A Flow B Flow C Flow D Flow E Flow F 
P 0.113 0.125 0.137 0.150 0.162 0 

During the test, the tailgate downstream of the flume was opened to maintain an 
open drainage state to prevent the formation of reflected waves from the tailgate grate 
backwater from affecting the incoming hydraulic elements. During the test, the bed parti-
cle movement images were continuously collected, and the sand transport values were 
monitored for the soil and rock scouring process. After each group of tests, the sediment 
in the sand collecting tank was dried, sieved, and weighed to obtain the gradation curves 
of the scouring sediments. 

Figure 3. Erosion flow process. (a) Measured draining process of Tangjiashan barrier dam;
(b) selection of test water flow.

In addition, four groups of maximum control flow rates of 35.8 L/s, 40.1 L/s, 44.4 L/s,
and 48.8 L/s were added, and the same scaling process was used to obtain flow process
curves of B, C, D, and E as shown in Figure 3. Additionally, the average flow of Flow E was
selected as the input flow rate of steady Flow F in the control group.

The non-constant intensity of the scouring water flow used in this test can be calcu-
lated according to the dimensionless non-constant intensity parameter calculation method
(Equation (2)) proposed by Ma [38] as shown in Table 1.

P =

{
1000BTr
Qp−Qb

(
hp−hb

Tr

)2
Qp 6= Qb

0 Qp = Qb

(2)

where P is the dimensionless non-constant intensity parameter, B is the flume width, Tr is
the unsteady flow up period calendar time, Qp is the peak flow rate, Qb is the base flow
rate, hp is the peak flow water depth, hb is the base flow water depth.

Table 1. Unsteady strength of the testing water flow.

Conditions Flow A Flow B Flow C Flow D Flow E Flow F

P 0.113 0.125 0.137 0.150 0.162 0

During the test, the tailgate downstream of the flume was opened to maintain an open
drainage state to prevent the formation of reflected waves from the tailgate grate backwater
from affecting the incoming hydraulic elements. During the test, the bed particle movement
images were continuously collected, and the sand transport values were monitored for
the soil and rock scouring process. After each group of tests, the sediment in the sand
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collecting tank was dried, sieved, and weighed to obtain the gradation curves of the
scouring sediments.

In addition, it should be noted that the Tangjiashan barrier dam draining process has
not been simulated in this test, but is a reference to the actual conditions in terms of the
selection of flow processes and materials for the test.

3. Characteristics of Sediment Transport Movement in Unsteady Flow
3.1. Wide-Graded Sediment Scouring and Transport Process

We selected Sample 4# and Flow A to carry out the scouring test. The high-speed
camera on the side of the flume collected the real-time images of the sediment scouring
transport process. We took the moment that the water level of the front pool rises to the
top of the sediment in the sand-laying section as the zero time when the scouring begins.
We intercepted the scouring process images at different times thereafter, and the scouring
development process of wide-graded sediment was obtained as shown in Figure 4.
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From this scouring process, it was found that at the beginning, there was a water
drop after the flow entered the sand laying section, and the fine particles on the surface
layer were carried and transported downstream by the flow. The surface layer of the
bed was coarsened rapidly. After the scouring, water flooded the whole sand laying
section, the downstream end could not maintain the original slope, and then collapsed,
forming a 13.3◦ slope angle and maintained stability for a short time. Within 5 min
from the beginning of the scouring, the flow rate increased from 0 to 2.7 L/s, and
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the surface layer of fine grains (<1 mm) on the bed surface was continuously scoured
downstream. The soil and sand material with a particle size of 0.5~1 mm near the end
of the sand laying section moved downstream in the form of sliding or rolling under
the action of scouring. After moving a distance, they fell back to the riverbed surface
and were deposited downstream of the flume. After scouring begins, the flow rate
was 2.7~7.2 L/s for 10 min, and the average Fourier number was 3.74, which shows
the rapid flow state. The surface particle group (<13 mm) in the sand laying section
started to move, in which the movement form of the particle group with a particle size
of 8~13 mm was mainly rolling, causing the bed surface to be further coarsened, and
the elevation of the sand laying section remained unchanged. At this stage, the gravel
with particle size larger than 37.5 mm on the bed surface was gradually exposed. Due
to the shielding effect of large-size gravel, the scouring intensity of the upstream was
low, and some fine particles from the upstream were deposited here, forming a reverse
swirl in the downstream direction of the gravel, which had a strong scouring effect
on the soil and sand. The flow rate further increased 15 min later (7.2~28.4 L/s), and
the average Fourier number was 3.77 in this period. The large-size gravel (15~20 mm)
moved after the downstream fine-grained soil was continuously washed, resulting in
the change of the shielding relationship of the soil upstream. The original fine-grained
gravel moved immediately and was transported downstream, with the movement form
of leaping. After 20 min, the water flow reached the peak of 31.1 L/s, and the average
Fourier number was 3.78. In this stage, the sediment on the bed surface was mainly a
jump load. After rising away from the bed surface, the sediment met the high-speed
water flow and was carried forward. Only some coarse particles (20~37.5 mm) were
still moving along the bed surface in the form of sliding or rolling. In this stage, the
large-size gravel moved abruptly and stoped after a certain distance, and the movement
form is mainly sliding. Twenty-five minutes later, the fine particles at the bed surface
were further eroded, and coarse particles with particle sizes larger than 37.5 mm failed
to move in this stage. The bed coarsening speed slowed down, and the bedform was
obviously affected by the distribution of coarse particles.

3.2. Uniform sand Scouring and Transport Process

Sample 6# and Flow A were selected to conduct the scouring tests. During the tests,
images and videos were continuously collected on the side of the flume in real time.
Due to the strong permeability of uniform sand, a phreatic line with a stable dip angle
(4.4◦) was formed in the sand laying section after the water supply, developing from
upstream to downstream. Therefore, the seepage flow in the sand laying section reached
the downstream slope before the overtopping flow. We selected the time when the seepage
flow reached the downstream slope to start timing, the uniform sand scouring development
process could be obtained as shown in Figure 5.

From the scouring process, it was found that there was water falling after the flow
brimmed over the sand laying section. At the downstream slope, the soil particles were
washed away and stripped from the original position, moving along the bed surface
in the form of sliding or rolling. Within 100 s after the start of scouring, due to the
loss of the retaining effect of slope angle, the downstream slope collapsed continuously,
forming a slope of 23.6◦. In this stage, the water flow gradually increased from 0 to
2.0 L/s, and the bed resistance in the sand laying section was large. The soil particles
at the bed surface could not start, and the development process was mainly scouring
and continuous collapse of the downstream slope. Then, the source tracing scouring
occurred in the sand laying section. The scouring process developed upstream along
with the surface layer and further reduced the downstream slope angle of the sand laying
section. When the slope angle was reduced to 2.8◦, a sand ridge began to form on the
bed surface. The wavelength of the sand ridge was 19.6 cm. The sand ridge slope angle
of the downstream surface was slightly larger than the upstream surface due to the push
of the vortex. After 10 min, the peak flow reached 7.2 L/s. At this time, the bed surface
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formed symmetrical standing waves, which have a wavelength of 23.1 cm. About 15 min
later, a retrograde sand wave was formed on the bed surface, and the sand wave moves
upstream at a speed of 0.87 cm/s. After 20 min, the water flow reached its peak. The bed
surface was further brushed, with a gradual decrease in height. Then, the sand wave
disappeared. The movement process of sand waves is shown in Figure 6.
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4. Influence of Sediment Grading Width on the Scouring Process
4.1. Scouring Amount

Flows A and E, and Samples 1#~6# were selected to conduct scouring tests, respec-
tively. Three groups of parallel tests were carried out under each working condition.
After the tests, the soil and sand in the collection tank were dried and weighed. The
scouring amounts of each particle group under two flow conditions were obtained as
shown in Figure 7.
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For different non-constant strengths of water flow, the scouring strength of soil
containing clay particles (Sample 1#) was slightly higher than that of non-cohesive soil
(Sample 5#). For the case of weak unsteady flow, the effect of clay particle content of
soil on the scouring rate was relatively obvious, while under the condition of strong
unsteady flow, the effect is relatively small. In addition, the influence of grading width
of soil on the scouring amount is affected by the unsteady strength of water flow. For
example, under the condition of weak unsteady flow scouring, the erosion resistance
of soil increases with increasing grading width. However, for strong unsteady flow,
with the increase in soil grading width, its erosion resistance decreases, and the erosion
rate increases. The reason for this is that the movement of bed particles of wide-graded
sediment depends on two effects: one is the shielding and surrounding effect of coarse
particles on fine particles, which is not conducive to the starting of bed particles. Second,
there were many turbulent vortices on the bed surface of wide-graded sediment, and the
turbulence of water flow on the bed surface is conducive to the movement and trans-
portation of soil particles on the bed surface. Therefore, whether the wide-graded bed
particles move or not depends on which effect is more dominant. Under the condition
of weak unsteady flow, the shielding and surrounding effect of coarse particles on fine
particles is dominant, and the particle movement is more difficult. Under the condition
of strong unsteady flow, the turbulence intensity of near-bottom flow on the bed surface
is high, and the probability of soil particles being taken away from the bed surface and
transported downstream is higher.

In addition, the gradation width of soil and rock material is influenced by the non-
constant strength of water flow, i.e., under weak unsteady flow scouring conditions, the
scouring resistance of soil and rock material increases as the gradation width increases, but
for strong unsteady flow, the scouring resistance of soil and rock material decreases as the
gradation width increases, and the scouring rate increases instead. Analyzing the reason,
the wide-grade bed sediment movement depends on two kinds of roles; one is the shading
of fine particles with coarse particles, which surround the fine particles. This role is not
conducive to the bed particles movement. Second, the wide-grade sediment material cause
more bed turbulence vortex bodies; bed water turbulence is conducive to bed soil particle
transport. Therefore, whether the wide-grade sediment material bed particles’ move or
not depends on which role is more dominant. Under the weak unsteady flow condition,
the shading and encircling effect of coarse particles on fine particles in the wide-graded
sediment material is dominant, and it is more difficult for the particles to move, while
under the strong unsteady flow condition. The water turbulence near the bottom of the
bed is high, and there is a high probability that the soil and rock particles are carried away
from the bed and transported to the downstream. Therefore, under the condition of strong
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unsteady flow, the impact resistance of wide-graded sediment materials is relatively weak.
Consequently, under the condition of strong unsteady flow, the anti-scour performance of
wide-graded sediment is relatively weak.

4.2. Scouring Soil and Stone Material Grading

Flow E and Samples 1#~5# were selected to conduct the scouring tests, respectively.
Three groups of parallel tests are carried out under each working condition. After the tests,
the soil in the collection tank was collected, and the gradation of scouring materials under
Flow E was obtained as shown in Figure 8.
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Soil and stone materials with different grading widths reflect different scouring char-
acteristics under the action of unsteady flow scouring. Based on Figure 8, it can be seen
that with the increase in grading width, the scouring material grading curve is more flat-
tened towards the fine particle size than the initial grading curve, which indicates that the
coarsening of soil keeps increasing with the increase in grading width. In addition, the
content of fine particles in the scouring material increases with the increase in the gradation
width, which reveals that under the strong unsteady flow scouring conditions, the fine
particles are more likely to be carried out of the bed and scoured downstream with the
increase in the gradation width. In other words, under the strong unsteady flow condition,
the wide-graded sediment has relatively weak erosion resistance. This is also proof of the
conclusion drawn in the previous section. The ratios of the erosion mass of each grain
group to the original mass of the corresponding grain group are shown in Table 2.

Table 2. Erosion mass ratios for each particle group.

1# (%) 2# (%) 3# (%) 4# (%) 5# (%)

0.5~1 mm 37.8 35.0 36.6 75.1 23.7
1~2 mm 41.1 38.8 39.9 66.4 28.8
2~5 mm 28.5 21.9 23.7 55.6 15.9
5~8 mm 51.2 28.3 22.0 39.9 55.3

8~10 mm 36.4 18.8 16.5 23.1 14.6
10~13 mm 30.9 21.6 21.6 64.3 11.8
13~15 mm 27.2 21.5 22.2 30.7 15.8
15~20 mm 56.1 42.6 16.4 20.9 46.3

20~37.5 mm / 10.1 23.7 19.9 /
37.5~53 mm / / 18.3 20.8 /
53~75 mm / / / 16.0 /
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From the table above, it can be seen that under the action of strong unsteady flow
scouring, the fine particles (<5 mm) are more easily scoured downstream under the premise
that the coarse particles can be moved, and the scouring quality ratio of the fine particle
group of the wide-graded sediment is higher than that of the soil with narrower gradation.

In addition, it is worth noting that, according to the principle of the experimental flow
conditions setting, soils with particle sizes larger than d70 in Sample 1# will not be started.
However, the gradation analysis of the scouring material shows that all particles in Sample
1# start moving and are washed downstream. Thus, it can be revealed that the formula for
calculating the sediment starting flow rate under steady flow conditions is not applicable
to unsteady flow, and the scouring intensity under unsteady flow conditions is greater than
that of steady flow.

5. Influence of Flow Conditions on the Scouring Process
5.1. Scouring Amount

Samples 2# and 3# and different flow conditions were selected to conduct the scouring
tests, respectively. Three groups of parallel tests were carried out under each working
condition. The scouring amounts of two samples under different flow conditions were
obtained as shown in Figure 9.
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From the figure above, it is obvious that for the wide-graded sediment, the scouring
pattern is consistent under different flow conditions. With the increase in flow unsteady
intensity, the scouring strength of the flow shows an increasing trend as a whole, which
becomes more obvious with the increase in grading width. In addition, the test results show
that the scouring intensity of the wide-graded sediment under unsteady flow is greater
than that under steady flow, and the scouring amount of the wide-graded sediment is
greater under unsteady flow. This result is consistent with the conclusion that all sediment
particles could start to move in “Section 3.2”, which also further confirms the conclusion
about the scouring intensity of strong unsteady flow being greater than that of steady flow.

5.2. Erosion and Deposition Characteristics

The elevation changes of different profiles after the scouring tests are recorded, and
the scouring conditions along the sand laying section are shown in Figure 10.

From the figure above, for Sample 2#, the maximum scour depth is 1.6 cm under the
Flow C condition, which occurs at the horizontal position of 140 cm, while the maximum
silt thickness is 1.6 cm and the horizontal position is 215 cm. Under the Flow E condition,
the maximum scour depth for Sample 2# is 1.5 cm, which occurs at the horizontal position
of 110 cm, while the maximum silt thickness is 2.1 cm, which occurs at the horizontal
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position of 185 cm. For Sample 4#, the maximum scour depth under the unsteady Flow
C is 0.4 cm, corresponding to the horizontal position at 200 cm. The maximum siltation
thickness is 1.5 cm, occurring at the horizontal position of 215 cm. Under the unsteady
Flow E, the maximum scouring depth is 0.9 cm, which occurs at the horizontal position
of 155 cm, and the maximum siltation thickness is 1.4 cm, which occurs at the horizontal
position of 275 cm. The statistical results of the scouring and silting of wide-grade material
are shown in Table 3.
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Table 3. Analysis of scouring and silting along the scouring section.

Flow Conditions Samples
Maximum Flush Condition Maximum Siltation

Location (cm) Depth (cm) Location (cm) Thickness (cm)

C
2# 140 1.6 215 1.6
4# 200 0.4 215 1.5

E
2# 110 1.5 185 2.1
4# 155 0.9 275 1.4

F
2# 90 0.5 200 0.5
4# 170 0.9 230 1.2

From the scouring and silting results above, it is revealed that there is headward
erosion of the wide-graded sediment, and the location of higher scouring depth is roughly
distributed in the middle and lower reaches of the sand laying section. However, the
siltation of sediment mainly appears downstream of the sand laying section. In addition,
the intensity of scouring and silting under unsteady flow conditions is higher than that
under steady flow.

The main reason for this phenomenon is that the upstream inflow increases gradu-
ally in the initial stage, forming a large head difference, and large flow increment so that
the sediment in the sand laying section is easier to be taken away from the bed surface
and start to move, which is macroscopically characterized by the strong scouring of
unsteady flow.

6. Conclusions and Discussion

In this paper, by physically simulating the scour transport process of wide-graded
sediment under different flow conditions, the following conclusions are drawn from
this study.
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(1) The scouring intensity downstream in the process of soil and sand scouring is much
larger than that of upstream intensity, and large coarse particles mainly accumulate
in the upstream area, which is more consistent with the location of the siltation area
after the end of the scouring.

(2) The wide-graded sediment scouring process develops in the form of scouring pit
formation, expansion, and movement. The whole scouring process is influenced by
the intermittent and paroxysmal start of coarse particles on the bed, and the scouring
process is discontinuous. While the uniform sand scouring development process is
dominated by continuous collapse damage of the downstream slope at the early stage,
and mainly manifests as surface headward erosion at the later stage.

(3) Under weak unsteady flow conditions, the shading effect of large particles in wide-
graded sediment is obvious, and the erosion resistance is strong. However, under
strong unsteady flow conditions, the water flow is more violent to the fine particles
in wide-graded sediment, which causes the formation of a free surface on the down-
stream side of coarse particles and its start. The change in the shading relationship
causes the fine particles to be further scoured, and the erosion resistance is weaker.

(4) As the scouring intensity downstream of the sand laying section is higher than that
upstream, the bed surface is easily inclined downstream. The accumulation range of
barrier dams along the river is generally long and the breach is long and narrow. The
change of slope rate at the breach bottom during breaching should be considered in
the dam break calculation, otherwise, the calculation result would be conservative.

(5) The scouring intensity under unsteady flow is greater than that under steady flow, so
the bedload transport rate formula proposed based on the steady flow is not suitable
for the calculation of the development process of barrier dam break.

(6) The gradation width of dam material also has a significant influence on the erosion
rule. Different types of landslide dams have different gradation widths. For example,
in low position landslides, the dam body maintains the original slope stratigraphic
sequence relationship and usually has wide gradation characteristics. However, in
high position remote landslides, the dam body is mainly accumulated by debris flow
due to sufficient vibration and fragmentation of the earth and rock, and the material
gradation width is usually narrow. According to the conclusion of this study, the
sediment transport equations used in the calculation of these two types of landslide
dam failure should be different.

In addition, the scouring mechanism of wide-graded sediment under unsteady flow is
very complex. To reveal its scouring law and apply it to the breach sediment transport in
the process of barrier dam overtopping, it is still necessary to carry out further research on
the following aspects:

(1) Non-constant water flow is a fluctuating process, and the number of discharge waves
has a certain degree of influence on the sand transport rate of wide-graded sediment,
while the flood breach process can be understood as just one discharge wave with
a large fluctuation in its value. Therefore, it is necessary to explore more general
conclusions about the mechanism of breach expansion under the influence of a single
water discharge wave.

(2) The reasonable quantification of the grading width of soil is the premise for the
quantitative study of the influence of the grading width on the calculation of sediment
transport. At present, there are relatively few methods to quantify the grading width
of soil. There is not even a quantitative definition of what wide-graded sediment is, nor
a dimensionless representation of the width of the gradation. Only in the early years,
some scholars conducted some research work on the mathematical expression method
of non-uniform bed sediment grading curves [39–41]. The grading width of earth rock
materials should not only be the ratio (difference) of particle size. Different grading
curve shapes also reflect different properties and laws in different aspects, such as
erosion, permeability, compression characteristics, etc. Therefore, it is necessary to
conduct further research and explore the quantitative description method of grading
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the width of soil, the dimensionless representation method for grading width, and its
influence mechanism.

(3) Due to limitations in experimental equipment, the scale used in this article is small;
although, some important influencing factors were considered before the tests, such
as water flow, soil grading, etc. While, as we know, it is impossible to achieve all
parameters that can be strictly scaled to meet geometric similarity, kinematic similarity,
and dynamic similarity, such as shear stress, flow rate, Reynolds number, Froude
number, etc. However, even if this is achieved, it is still difficult to determine to what
extent the measured data in the experiment represents the actual situation on site.
Based on this consideration, the transport law of wide-graded soil under the action
of unsteady flow, such as the transport mode, and erosion resistance, is qualitatively
analyzed. The experimental data obtained in this paper are used cautiously, and the
prototype data are not transformed, but the law reflected in it is emphasized.
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