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Abstract: Sediment deposition is an ecological and environmental problem faced by most water
bodies. In view of the poor structural stability and unrepeatable use of existing permeable structures,
this paper proposes a cascade permeable dam, which consists of four dam bodies. As the composition
of the dam material is the key to sediment interception and discharge capacity, this study sets up two
groups of dam material particle sizes for experiments. The results show that the sediment interception
performance of the cascade permeable dam is good. When the dam material with a small particle
size is selected, the percentage of intercepted sediment mass inside the four dam bodies is 75-89%.
The interception sediment rate is much greater than that of the dam material with a large particle
size, which tends to decline one by one along the flow direction. The discharge capacity of the dam
gradually decreases with time, and there is an obvious decrease in the permeability coefficient of 1#
dam. The results of this study provide programmatic support for reducing sediment entering shallow
lakes and rivers, which can further optimize the structure design of permeable dams.

Keywords: sediment deposition; cascade permeable dam; sediment interception; particle size;
discharge capacity

1. Introduction

Large amounts of sediment particles and pollutants are carried into lakes by hydraulic
erosion and sediment transport, resulting in a rapid increase in the amount of sediment
deposition [1]. Sediment deposition occurs in most lakes worldwide [2,3]. For example,
the amount of sediment in Malawi Lake is up to 9.5 Mt/y [4], the silt sedimentation in
Machang Lake has led to a rise in the lake bed [5], and the sedimentation in Pavanje River
has caused heterogeneous streambed hydraulic conductivity change [6]. Massive sediment
can increase water turbidity and reduce light projection, thus reducing lake biodiversity
and damaging the ecosystem [7-9]. Sediments with a large water content contribute to the
black odor and eutrophication of lakes through the continuous adsorption of organic salts,
trace metals, and microplastics [10-12]. In addition, rainfall and surface runoff intensify
the rate of soil erosion [13], which accelerates the process of sediment accumulation and
depletion of the lake, eventually facing the consequences of being filled up or disappearing.
Therefore, it is urgent to take appropriate measures to reduce the amount of sediment in
lakes and rivers, to protect the water quality and ecological environment health [14,15].

There are many ways to control and capture the sediment in the flow [16]. Permeable
structures are widely used for sediment control due to their simplicity and low cost [17].
Based on in situ purification techniques, the water quality of the lakes is improved mainly
by physically filtering, depositing, infiltrating, and briefly storing water in front of the
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dam. Common permeable structures mainly include vegetative filter strips (VFS), check
dams, and permeable dams [18,19], which are generally made of shrubs, bamboo, gravel,
and concrete. When different plant densities, covers, and widths are selected, there are
some differences in the sediment strapping efficiency of VFS [20-22]. Gharabaghi et al.
and Yuan et al. suggested that VFS with a 3-6 m width is the most effective in removing
sediment [23,24]. It is worth noting that the sediment-capturing efficiency of the VFS is
strongly influenced by seasonal changes and rainfall intensity [25]. Check dams are one of
the most effective engineering measures to intercept and retain sediment [26-28], which
can promote the deposition of sediment by decreasing the runoff velocity [29,30]. Check
dams include closed-type and open-type. Open check dams are designed to pass away
part of the water and sediment, so they have a better filtering and sediment classification
function [31]. Mishra et al. proposed that a check dam can reduce nearly 50% of the
sediment output of a small watershed [32]. Zhan et al. pointed out that the construction
of the check dam promoted the sediment deposition upstream, and thus decreased the
sediment concentration and water turbidity at the intake [33]. Hassanli et al. proposed that
using broken and angular dam material in a porous check dam’s construction improves the
efficiency of the check dams for the retention of fine sediments [34]. However, the existing
check dams are not effective in controlling the transport of sediment in natural rivers.
And inappropriate site selection of check dams will decrease the capture and retention
efficiency of sediment [35]. Permeable dams are widely used in the world and enjoy a
long history [18]. Wang et al. investigated the effect of dams on nitrogen and phosphorus
removal by constructing four sandstone dams in the Luan River, and the data collected in
the field showed that the removal rates of total nitrogen and phosphorus reached 39.52%
and 60.68% [36]. Yuan et al. pointed out that permeable dams not only remove nitrogen and
phosphorus, but also can dissolve other organic matter [37]. Winterwerp et al. summarized
the use of permeable dams around the world in the past 15 years, indicating that permeable
dams can be used to capture sediment efficiently [18]. But bamboo permeable dams
decompose easily and are complicated to maintain in later periods [19]. Based on the
research and application of different permeable structures, permeable structures are faced
with problems such as poor stability and difficulty in reuse after clogging. In summary, in
order to effectively reduce the amount of sedimentation in the lakes and prevent structural
damage to the dams, this paper proposes an assembled cascade permeable dam, including
four dam bodies that mainly divide into three zones. Dam material is the key to intercept
and adsorb sediment, so two groups of particle sizes of dam material are selected for
physical experimental study. The main purpose is to study the following: (1) the response
of the sediment interception and discharge capacity of the cascade permeable dam to the
flow rate and sediment concentration, and (2) the variation in the hydraulic property of
different dam bodies and zones on the cascade permeable dams. The research results can
provide new technical support for the selection of sediment interception, which is of great
significance for reducing sediment load in the lakes and improving the water quality.

2. Materials and Methods
2.1. Similarity Criterion and Parameter Calculation

Xinglong Lake in Chengdu City is an artificial lake built by the Luxi River. The total
area of Xinglong Lake is about 4.5 million square meters, of which the water area is about
2.8 million square meters. The average water depth is about 2.5 m, and the width of the
river channel is about 1.5 m. As shown in Figure 1, the river channel at the upstream inlet
of Xinglong Lake (103°47'59"~104°15'34" E, 30°13'38" ~30°40'23" N) in Chengdu City is
taken as the geometrical shape and dimension of prototype, and relevant experimental
design is carried out according to Froude similarity criterion. The geometrical parameters
(L) and sediment parameters (d) follow the relationship in Formula (1).
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Figure 1. Study Area—the Xinglong Lake in Luxi River (The red dot represents the location of cascade
permeable dam).

During the experimental process, the water level can be read and recorded frequently
during the fixed intervals along the flume. According to the recorded dates, the pa-
rameters of relative water level and water level differences can be calculated directly by
Formulas (2) and (3). The permeability coefficient is usually obtained by empirical, indoor,
and field methods, etc. Since the experiments in this paper were carried out in a flat slope
(i = 0), the permeability coefficient of the dam body can be obtained by Darcy’s Law [38],
and the calculation formula is shown in (4). At the end of the experiments, the intercepted
sediment in front of and inside each dam was collected and weighed after drying. By
dividing the sediment mass at different locations by the total intercepted sediment mass in
the cascade permeable dam, the percentage of intercepted sediment mass can be obtained.
This value can be used to evaluate the sediment interception efficiency by each dam in the
cascade permeable dam; the calculation formula is shown in (5).

Ahjy = Hiy — Hio(j = 1,2,3,4) @)
LDj, = H — HY, )
2gs
. - @)
sz,t - H]'2+1,t
P= % % 100 )

where j is the dam serial number, which is 1#, 2#, 3#, and 4# dam; f is the experimental time,
t = 0 represents the initial condition, min; Ah; ; represents the relative water level in front of
the j# dam, cm; Hj,t is the water level in front of the j# dam, cm; LD]-,t represents the water
level difference before and behind the j# dam, cm; H ](t is the water level behind the j# dam,
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Permeable Dam

cm; k is the permeability coefficient of the dam, m/s; g is a single width flow discharge,
m?/s; s is the thickness of dam, m; P is the percentage of intercepted sediment mass by the
dam, dimensionless; m is the intercepted sediment mass at a certain location at the end of
the experiments, g; M is the total intercepted sediment mass by the cascade permeable dam
at the end of the experiments for each group, g.

2.2. Experimental Setup

As shown in Figure 2, the experimental setup mainly consists of a main flume, a
cascade permeable dam, and a water reservoir. The main dimension of the reservoir is
660 x 420 x 385 mm, to which quartz sand with a particle size of 0.05 mm was added to
simulate the upstream water before the dam. The mixture in the reservoir was transported
to the front of the main flume by a pump through a water pipe with an internal diameter of
15 mm, with a valve installed on the water pipe to stabilize the required discharge. The
main flume made of Plexiglass is 900 x 150 x 250 mm, with a horizontal bottom. Four
permeable dam bodies were placed in it, in the order of 1#, 2#, 3#, and 4# along the flow
direction. The permeable dam is made of perforated steel plates filled with gravels of
1-2 and 3-5 mm, with dimensions of 100 x 150 x 200 mm. In this study, the zone in front
of 1# dam is called the Stagnant zone, the zone between two adjacent dams is called the
Deposition zone, and the interior of the four dam bodies is collectively called the Dam
zone (see Figure 2c). During the filling process of dams, the gravel was compacted and
the dry mass of the gravel was recorded to ensure that the porosity of the dam was close
for each group and the dams were stable at all flow discharges. After the beginning of the
experiments, water levels were recorded every 5 min and water samples of 50 mL were
taken every 10 min from the main flume and reservoir. The turbidity was measured by
HACH 2100Q turbidity meter. The triangle in Figure 2a marks the water sampling position
in the experiments. In addition, samples were taken from the reservoir frequently and the
turbidity was measured immediately, then quartz sand was added to the reservoir in time
to maintain the required inflow sediment concentration.
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Figure 2. Schematic diagram of the experimental setup: (a) Side view; (b) Top view; (c) Layout of the
cascade permeable dam; (d) Sediment interception in pre-dam.The triangle in (a) marks the water
sampling position in the experiments.
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2.3. Experimental Condition

We set up three groups discharging 300, 500, and 700 L/H, respectively, to simulate
the inflow for experiments. The particle size of the sediment in Xinglong Lake is gener-
ally 0.025~0.12 mm, and quartz sand of 0.05 mm was selected by Formula (1) to replace
sediment in this experiment. Since gravel is a common material in construction, gravels
with particle sizes of 1-2 and 3-5 mm were finally selected as the dam material. The
sediment concentration into the lake of 1.0, 1.5, and 2.0 g/L was selected for the flume
experiments, which is similar to Soler et al.’s research [39]. In order to explore the effect
of the dam particle sizes on the discharge capacity of the cascade permeable dam, nine
influent conditions were set for the experiments, and the design of the working conditions
is detailed in Table 1. In the pre-experiment, the water level in front of 1# dam rose by
2 and 3 cm, respectively, corresponding to a maximum of 875 and 185 min, at which point
the water level change in front of 1# dam reached a stable trend, so the experiments under
different conditions ended when the water level in front of 1# dam rose by 2 (D = 3-5 mm)
and 3 (D = 1-2 mm) cm, respectively.

Table 1. Experimental working conditions.

Run D! (mm) Ql@wmH) Cl(gL) Run D! (mm) Ql(wH) Cl(gL)
1 300 1.0 10 300 1.0
2 300 1.5 11 300 1.5
3 300 2.0 12 300 2.0
4 500 1.0 13 500 1.0
5 1-2 (Small particle size) 500 1.5 14 3-5 (Large particle size) 500 1.5
6 500 2.0 15 500 2.0
7 700 1.0 16 700 1.0
8 700 1.5 17 700 1.5
9 700 2.0 18 700 2.0

1 The D, Q, and C refer to gravel particle size, discharge rate, and sediment concentration, respectively.

3. Results

The intercepted sediment mass was obtained by the static precipitation and drying
method. During the experiments, the turbidity and water level along the flow direction
were measured and recorded. The discharge capacity can be reflected by the relative water
level, water level difference, and permeability coefficient. The corresponding parameters’
variation graphs along the flow direction under different working conditions are obtained,
discussed, and analyzed.

3.1. Percentage of Intercepted Sediment Mass

In order to compare the role of each dam in the sediment interception of the cascade
permeable dam, the percentage of intercepted sediment mass along the flows was obtained
by dividing the sediment mass inside each dam or in front of the dam by the total inter-
cepted sediment mass by the cascade permeable dam at the end of the experiment (see
Figure 3). In this experiment, the percentage of intercepted sediment mass by 1-4# dam
with large and small particle sizes ranges from 24% to 35%, 15% to 19%, 8% to 12%, and 4%
to 7%, and 41% to 55%, 16% to 22%, 7% to 17%, and 4% to 8%, respectively. The dates show
that 1# dam plays a major role in sediment interception, and the interception efficiency of
the dams decreases along the flow direction.

The permeable dam mainly realizes the sediment interception through physical filtra-
tion and dam material adsorption. For the small particle size, the pore is more likely to be
blocked than the large particle size, and the sediment interception of the pore throat is more
serious. Under different sediment concentrations, the overall percentage of intercepted
sediment mass inside 2#, 3#, and 4# dam increases monotonically with the increases of
the discharge. Under the same sediment concentrations, the percentage of intercepted
sediment mass inside 1# dam and in front of 2# dam decreases monotonically with the
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increase of the discharge. At the discharge of 300 L/H, the flow velocity is relatively low,
the sediment particles infiltrating into the dam interior will result in a transient equilibrium
in the deposition of permeable dams. The percentage of intercepted sediment mass in 1#,
2#, and 4# dam decreases monotonically with increasing sediment concentration under the
lower discharge. When the discharge increases to 700 L/H, the pore of the dam body is
easily blocked as more sediment particles will be carried into the dam. The percentage of
intercepted sediment mass inside 1# and in front of 2# dam increases monotonically with
increasing sediment concentration, indicating that the sediment interception performance
at this location is strongly influenced by the discharge. Under the highest discharge and
large particle size, the percentage of intercepted sediment mass in 1# and 2# dam tends to
increase first and then decrease with increasing sediment concentration, indicating that
there is an upper limit to the sediment interception capacity of the dams for sediment-laden
flow. When the sediment concentration is higher, the percentage of intercepted sediment
mass inside 1# dam increases monotonically with increasing discharge, indicating that the
first dam has a higher sediment interception capacity for a major flood.

L 1#Pre-dam [ |1#Dam [ |2#Pre-dam [ |2# Dam
[ |3#Pre-dam [ |3#Dam [ ]4#Pre-dam [ 4# Dam

54.9 | 98 | 16.1 35] 83
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Figure 3. Percentage distribution of intercepted sediment mass by a permeable dam along the
flow direction.

3.2. Relative Water Level

Water level management can be considered an effective method for ecological restora-
tion of the lakes, and the use of dam materials with different particle sizes can effectively
increase the water depth in front of the dam [40]. Figure 4 shows the variation of the
pre-dam water level relative to the initial water level with time under various working
conditions. Under the action of water flow, sediment particles block some pores of the
dam and enhance the flow resistance of the dam, resulting in a different amplitude of
increase in the water level in front of each dam. The duration of the experiments ranged
from 355 to 875 min and 40 to 185 min for large and small particle sizes, respectively. The
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change range of the water level in front of 2#, 3#, and 4# dam with large and small particle
sizes are 0.81-1.53, 0.53-1.20, and 0.36-0.85 cm and 0.70-2.17, 0.35-1.85, and 0.20-1.20 cm,
respectively. Correspondingly, the water level rise rate in front of 1-4# dam is 0.14-0.34,
0.08-0.18, 0.05-0.14, and 0.03-0.08 cm/H (D = 3-5 mm) and 0.97-4.50, 0.28-1.71, 2.78-8.6,
and 2.09-5.07 cm/H (D = 1-2 mm), respectively, with the amplitude and rise rate decreasing
along the flow direction.
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Figure 4. Variation curve of the relative water in front of each dam.

As the sediment-laden flow passes through the cascade permeable dam, the sediment
mass intercepted in the dam and deposited between the adjacent dams reduces the amount
of sediment recharge at the rear, reducing the rise in water level in front of the subsequent
dams. For the cascade permeable dam with the large particle size, the rising slope of the
water level in front of 2# and 3# dam is approximately equal under the same discharge at
the end of the experiments. The rise amplitude of the water level decreases with increasing
sediment concentration at higher discharge; notably, decreasing first and decreasing later at
300 L/H. At the end of the experiments, as the discharge increases, the relative water level
in front of 2# dam increases monotonically, the water level in front of 3# dam increases first
and then decreases, and the water level in front of 4# dam rises to a certain height and then
fluctuates slightly within a certain range. For the small particle size, the relative water level
in front of 2—4# dam rises monotonically with the increasing discharge. The change trend
was first increasing and then decreasing with increasing sediment concentration. Under
700 L/H, the relative water level in front of the dams rises more obviously, and the water
level difference between the front and behind of 1-4# dam reaches its maximum, which
will be explained in the next chapter.
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3.3. Water Level Difference

The discharge capacity of the cascade permeable dam can be reflected by the water
level difference between the front and behind of the dam body. Where there is a larger
water level difference, there is a lower discharge capacity. In order to compare the discharge
capacity of the cascade permeable dam under different working conditions, curves of the
relative water level difference of 1-3# dam were calculated, as shown in Figure 5. As the
flow condition near the outlet is free flow, the water level behind the dam remains stable
and the water level difference changes slightly, so 4# dam is not discussed. The overall
trend of the water level difference of the cascade permeable dam with large and small
particle sizes is increasing. At the end of the experiments, the water level differences of 1-3#
dam are 1.80-2.45, 1.30-2.40, and 1.30-2.80 cm (D = 3-5 mm) and 2.50-4.25, 2.05-4.10, and
2.00-3.60 cm (D = 1-2 mm), respectively. Correspondingly, the change rates are 0.03-0.16,
0.02-0.05, and 0.01-0.06 cm/H and 0.31-3.00, 0.12-0.83, and 0.06-0.24 cm/H.
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Figure 5. Curves of the water level difference of the dams along the flow direction.

It is clear that the water level difference of dams with a small particle size rises more
obviously and at a faster rate, mainly due to the smaller pore volume of the dams being
easily blocked by sediment particles. For permeable dams with a small particle size, when
the incoming discharge is small and the flow velocity is low, the sediment particles are
more likely to penetrate into the interior of the dam, which weakens the permeability of
the dam. The water level difference of 1# dam is the largest and the rate of rise is relatively
fast, indicating that the permeability of 1# dam is poor under the smaller discharge. The
water level difference of 1# dam decreases monotonically with increasing discharge under
the same sediment concentration. At this time, a large number of sediment particles enter
the subsequent dams with high velocity, causing the water level difference of 3# dam to
rise monotonically with increasing discharge, indicating that the permeability of 3# dam is
gradually increasing.
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For the permeable dams with a large particle size, the water level difference of 2# and
3# dam increases with increasing discharge for the same sediment concentration, indicating
that the permeability of 2# and 3# dam gradually decreases with increasing discharge, and
the permeability of 3# dam is better than that of 2# dam, in general. When the discharge
increases to 700 L/H, the change in the water level difference of 3# dam tends to decrease
first and then increase with increasing sediment concentration, and this phenomenon is
mainly caused by the increase in the hydrodynamic force.

3.4. Permeable Coefficient

The permeability coefficient is a comprehensive index of the permeability of a dam
and is generally related to the particle size, shape, and porosity of the dam material [41,42].
As shown in Figure 6, there is a significant decrease in the permeability coefficient of the
dams at the beginning of the experiments and it varies with time [43,44]. The permeability
coefficient of 1# dam is always at a low level, indicating that the sediment deposition inside
1# dam is serious. At the end of the experiments, the permeability coefficient of 1-3# dam
is 0.0408-0.0715, 0.0505-0.0830, and 0.0540-0.1031 m/s (D = 3-5 mm) and 0.0166-0.0361,
0.0221-0.0419, and 0.0309-0.0462 m/s (D = 1-2 mm), respectively. When sediment-laden
flow passes through a cascade permeable dam, it will remain in the dam body for a certain
period of time, and the sediment particles carried by flow will result in pore blockage
of different degrees in the dams [45]. At the end of the experiments, the permeability
coefficient of 1-3# dam with large and small particle size decreases by 37-51%, 21-39%,
and 10-28%, and 40-56%, 23-41%, and 10-32%, respectively, indicating a gradual reduction
in dam blockage along the flow direction.
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Figure 6. Variation curve of the permeable coefficient of 1-3# dam body.
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For permeable dams with large particle sizes, the variation amplitude in the per-
meability coefficient of 1-3# dam decreases monotonically with increasing discharge at
different sediment concentrations. Under the different discharges, the variation amplitude
in the permeability coefficient of 1# dam increases monotonically with increasing sediment
concentration, while 2# and 3# dam decrease monotonically. After a period of operation,
more and more sediment accumulates inside the dams, and the sediment is compacted
under the hydraulic action, causing a porosity decrease in the permeable dam body.

For the small particle size and at lower discharge, the variation amplitude of the
permeability coefficient of 1# dam increases monotonically with increasing sediment con-
centration. At 1.0 g/L, the variation amplitude of the permeability coefficient of 1-3# dam
increases monotonically with increasing discharge overall. Under the different discharge,
the decreasing rate of the permeability coefficient of 1# and 2# dam with small particle size
increases monotonically with increasing sediment concentration, which is consistent with
the study of Alem et al. about the physical clogging of porous media with the variation
pattern of permeability [46].

3.5. Turbidity

Turbidity is an index reflecting the water quality and can be used to assess the sedi-
ment deposition areas to a certain extent [47]. When the sediment-laden flows pass through
a cascade permeable dam, sediment particles are deposited at different locations, resulting
in differences in turbidity in the water behind the dam. By measuring the turbidity, a pre-
liminary analysis is carried out to evaluate the effectiveness of the cascade permeable dam
in water purification. As shown in Figures 7 and 8, under different discharge conditions, the
turbidity of different locations increases monotonically with increasing sediment concentra-
tion overall. By measuring the collected dates and building the corresponding scatter plot,
the black linear model was fitted to a total turbidity removal rate in Figures 7 and 8 [48,49].
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Figure 7. Turbidity variation curve at different locations in the main flume and at the outlet for small
particle size (the black line is the fitted curve for the total turbidity removal rate).



Appl. Sci. 2023,13, 11607

11 of 17

Turbidity (NTU)

Turbidity (NTU)

Turbidity NTU)

1# Pre-dam

1# Post-dam 2# Post-dam 3# Post-dam ——— 4# Post-dam = Total turbidity remove rate

7004

560

420

= - L] 420 —
BC " L y
- " k15
- =

2804=

700L/H 1.0g/L 700L/H 1.5g/L

60 60 60
700 700 o
700L/H 2.0g/L
L5 45

560

45
560

30
420

- .-.I
2804 T et
.
. :

280
.

Turbidity remove rate (%)

140 140

750 900 0 150 300 450 600 750 900 0 150 300 450 600 750 900

7004

5604

420

280

60 60 60
700 700

500L/H 1.0g/L Las S00L/H 1.5g/L 45 500L/H 2.0g/L 45

560
£30 . 30
420 A

280

Turbidity remove rate (%)

)
0

150

300

450

T T 140 T T T T T T T T T T
600 750 900 0 150 300 450 600 750 900 0 150 300 450 600 750 900

7004

560

420+

280 Ay

140

300L/H 1.0g/L

o S0 60
700 uy
300L/H 1.5¢/L us L

560 560

30

Las 45

300L/H 2.0g/L

ES
ES
N
8
ES
Turbidity remove rate (%)

140 140

150

300

450

600 750 900 0 150 300 450 600 750 900 0 150 300 450 600 750 900

Experimental time (min) Experimental time (min) Experimental time (min)

Figure 8. Turbidity variation curve at different locations in the main flume and at the outlet for large
particle size (the black line is the fitted curve for the total turbidity removal rate).

In the experimental groups of the small particle size, the turbidity of the water before
1# dam is always the highest. Part of the sediment particles in the sediment-laden flows
flocculates and infiltrates into the dam, resulting in a gradual decrease in turbidity values
behind 1# dam. The turbidity removal rate of 1-4# dam is 2.7-21.8%, —4.1 to 16.3%, —5.7 to
11.9%, and —9.4 to 5.0%, respectively, indicating that each dam in the cascade permeable
dam can purify the water and the turbidity removal rate is decreasing step by step. The
turbidity removal rate of the whole cascade permeable dam ranges from 15.9% to 39.8%. In
addition, the removal rate gradually decreases with time. At the sediment concentration
of 2.0 g/L, the turbidity decreases significantly behind 1# and 2# dam under different
discharge conditions, and decreases relatively little behind 3# and 4# dam. In this condition,
the total turbidity removal rate of the cascade permeable dam tends to decrease and then
increase with increasing discharge. The pore volume of the dam is large at the beginning of
the experiments, and 1# dam shows more obvious fluctuations of turbidity value at 30 min,
when the total turbidity removal rate varied between 18% and 37%. The 2#, 3#, and 4# dam
shows a smaller change and more intersection in the turbidity value, which is mainly due
to the impact-blocking impact cycle that occurs when the sediment inside the dams moves
hydraulically, thus causing the turbidity to vary repeatedly.

The sediment adhering to the surface of the dam material causes local flow distur-
bances, resulting in irregular changes in the turbidity value. In the large particle size, the
turbidity fluctuates more frequently behind the dam. At the beginning of the experiments,
the turbidity value increases slightly under some working conditions. The water level in
front of the dams decreases along the flow direction, and the deposited sediment carries
out the secondary deposition distribution. At the end of the experiments, the turbidity at
the outlet of the flume was significantly reduced, and the turbidity removal rate of 1-4#
dam is —0.41 to 6.66%, —7.94 to 11.29%, —5.43 to 8.09%, and —5.56 to 13.44%, respectively.
However, the turbidity values and the total turbidity removal rate of the dam always varied
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slightly within a certain range at different discharges, indicating a stable filtration effect of
the permeable dam.

4. Discussion

Reducing the amount of sediment entering the lakes can reduce water turbidity [50]
and promote the sustainable development of an ecological water environment. In this
paper, an assembled cascade permeable dam is proposed for the river channel at the
entrance of the lake. The process of sediment interception and discharge capacity change is
investigated for different sediment concentrations and flow discharge.

4.1. Effect of Dam Material Particle Size on the Experimental Parameters

The particle size of the dam material affects the porosity and compaction density of
the dams, resulting in different sediment depositions inside the pores of the dam body,
which leads to differences in discharge capacity and sediment interception performance.
From the analysis of the experimental results, it can be seen that the amplitude and rate
of water level rise in front of the dams with a small particle size is greater than that of the
dams with a large particle size, and they vary regularly with the discharge and sediment
concentration. After the beginning of the experiments, the porosity of the dam gradually
decreased, and the permeability coefficient of both large and small particle size dams
decreased to different degrees.

For the small particle size, the difference between the turbidity at the inlet and outlet
of the flume was larger and the total turbidity removal rate of the dam was higher than
that of the large particle size. When the permeable dams are first put into use, the pore
volume of the dam body is large and the sediment migration affects the change in the pore
structure, resulting in differences in the intercepted sediment mass in each dam body of
large and small particle sizes. As shown in Figure 9, the total mass of intercepted sediment
in the permeable dam with a large particle size is significantly larger than that with a small
particle size. Because the dams with a large particle size can work for a longer time and
deal with a larger volume of flood, the amount of sediment deposition is affected by the
charge [51].

In order to describe the sediment interception efficiency of the dams more directly, at
the end of the experiments, the intercepted sediment mass in 1-4# dam was divided by the
total water volume and the effective mass of the dam material in each dam to obtain the
sediment interception rate (1) for comparison. As shown in Figure 10, the # of the small
particle size is significantly greater than that of the large particle size, and decreases with
increasing discharge. The # of 1# dam is significantly greater than that of the subsequent
dams, and is greatly influenced by the sediment concentration. The difference in 77 between
2#, 3#, and 4# dam is smaller, especially at 700 L/H. Since the variation in the parameters for
the small particle size is more regular and more in line with the expected results, only the
relevant parameter variation of the permeable dams with the small particle size permeable
dam will be covered in the following discussion.

4.2. Effect of Dam Bodies on the Experimental Parameters

Sediment transport in rivers is highly non-linear in time and space [52,53]. Under
different experimental conditions, there will be different hydraulic parameters that vary
along the cascade permeable dam bodies. For the small particle size, the water level
in front of 1# dam is higher, which is about 56-89% of 1# dam height at the end of the
experiment. The water level difference rises by 0.8-3.7 cm, and the permeability coefficient
decreases by about 40-56%. The 7 of the dam reaches a maximum of 190 ug/(g/L) under
Q=300L/Hand C=2.0g/L. Under the action of the sediment-laden flow, the pore volume
of 1# dam gradually decreases, reducing the sediment supply to the subsequent dams
and causing the water level in front of 2—4# dam to rise by 38-74%, 26-63%, and 13-48%
of the dam height. The rise in the water level difference of 2# and 3# dam is 0.3-2.4 cm
and 0.1-2.5 cm, respectively. The decrease in coefficient of 2# and 3# dam is 23-41% and
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10-32%, respectively. The turbidity removal rate of 1# dam ranged from 2.7% to 21.8%,
and decreased instead of increasing due to the resuspension of sediment in the Deposition
area. The removal rate of turbidity of 2—4# dam decreases step by step. At the beginning
of the experiments, the sediment interception efficiency was good. As the experiment
progressed, the pores of the dams were gradually blocked, and the overall # of the dam
was 1 > 3 > 13 > #j4. In summary, the more permeable dam bodies, the greater the total
mass of intercepted sediment by the dams. But too many dams will reduce water fluidity,
causing secondary damage to the lake water environment, as well as the unnecessary waste
of construction and material costs.
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4.3. Effectiveness of Sediment Retention in Different Areas

The cascade permeable dam designed in this paper contains four dam bodies, which
are divided into three main zones: Stagnant zone, Deposition zone, and Dam zone. For
the sediment-laden flow passing through the cascade permeable dam with a small particle
size, different amounts of sediment accumulate in front of the dam, raising the water level
in front of the dam. Part of the sediment particles will aggravate the degree of flocculation,
then the flocculation will increase the amount of sediment blocked inside the dam, and thus
decrease the permeability of the dam [54]. The sediment deposited in the Stagnant zone
with a strong hydrodynamic force is constantly resuspended, so the amount of sediment
deposited in this area is small and essentially negligible (<3%) at the end of the experiments.
The hydrodynamic conditions in the Deposition zone are relatively weak and the water
body replacement is slow, so some of the sediment particles seeping through the dam are
deposited and some seep into the next dam with the flow. The experimental data show
that the percentage of intercepted sediment mass in the Dam zone and Deposition zone is
75-89% and 9-21%, respectively, indicating that the upstream inflow sediment was mainly
deposited in the Dam zone. The amount of sediment deposited gradually decreased with
the increase in the serial number of dam bodies [55].

5. Conclusions

Large amounts of sediment deposition are one of the main causes of the lake water
environment destruction, and permeable dams have been shown to be an effective way
of controlling sediment and purifying water. This paper proposes a cascade permeable
dam with two sets of dam materials of different particle sizes, and the variation in hy-
draulic parameters, turbidity, and sediment interception efficiency under different sediment
concentrations and discharges are obtained by physical experiments, and the following
conclusions are drawn:

(1) Cascade permeable dams can effectively reduce the amount of sediment entering the
lake. When D = 1-2 mm, the percentage of intercepted sediment mass in the Dam zone
ranged from 75% to 89%, which was significantly greater than that in the Stagnant
zone (<3%) and Deposition zone (9-21%). When D = 3-5 mm, the percentage of
intercepted sediment mass in the Dam zone ranged from 53% to 70%, which was
also greater than that in the Stagnant zone (<3%) and Deposition zone (29-45%),
indicating that the Dam zone has a better sediment interception performance.

(2) The cascade permeable dam with a small particle size has larger water level differences
and weaker discharge capacity. The sediment interception rate (7) of the cascade
permeable dam with a small particle size is much higher than that with a large particle
size, and is positively correlated with the sediment concentration. As the upstream
dam reduces the sediment supply to the subsequent dams, the 7 of the dams in the
same group of experiments is #1 > #2 > 173 > 114, indicating that 1# dam has the best
sediment interception efficiency.

(38) As the pores of the dam bodies are continuously blocked by sediment particles, the
permeability coefficient (k) of the dam body gradually decreases with time. The
smaller the particle size of the dam material, the smaller the permeability coefficient
of the dam body. The permeability coefficient of the dam body with large and small
particle sizes shows a variation of Ak; > Ak, > Aks overall, indicating that the discharge
capacity of the cascade permeable dam gradually decreases.

(4) Both the turbidity removal rate and the intercepted sediment mass in the cascade
permeable dam are positively correlated with the number of dams. For 4# dam, the
lower the water level in front of the dam, the smaller the effective volume of the
dam body, and the less optimistic sediment interception efficiency. The percentage
of the sediment interception mass of the cascade permeable dam is only 3.6-7.7%.
Therefore, in the actual engineering application, the number of dam bodies of the
cascade permeable dam should be reasonably designed.
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In this study, only the effect of the sediment concentration and discharge were con-
sidered. In fact, the spacing, thickness, and number of the dams in a cascade permeable
dam can also affect the sediment deposition rate and infiltration pattern. The effect of dam
thickness and spacing on the sediment interception efficiency of cascade permeable dams
should be further explored.
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