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Abstract: The check dam is the most important engineering measure in place for controlling water
and preventing soil loss in the gully on the Loess Plateau. This study assesses Jiuyuangou, a typical
governance watershed of the Loess Plateau, and studies the influence that the check dam system has
on the dynamics of sub-storm floods over different return periods by coupling the one-dimensional
hydrodynamic MIKE 11 model with the distributed hydrological MIKE SHE model. This research
demonstrates the following: The check dam system significantly reduces a flood’s peak flow and
total volume in the basin and also increases the flood duration. The former effects are greater than
the latter effect. The flood peak’s rate of reduction, the flood volume’s rate of reduction and the flood
duration’s rate of increase all increase linearly as the number of check dams increase. Of all dam
systems, the check dam has the best linear response to a flood peak’s rate of reduction. The check
dam system reduces the flow rate of flood runoff in the basin. After the dam is built, the average flow
rate in the basin decreases by 54%. The runoff velocity of the flood is reduced by different degrees
over different return periods and the average peak value decreases compared with a scenario lacking
any kind of dam. The check dams have a greater impact on the runoff velocity over a shorter return
period, with the velocity being 58.56% slower. Finally, the check dam system significantly reduces the
intensity of erosion in the middle and lower reaches of the watershed, and it changes the distribution
of the intensity compared to the original channel runoff. These findings are expected to provide
a scientific basis for guiding the construction and high-quality development of check dams on the
Loess Plateau. In addition, check dam construction in basins can trap water, sediment and nutrients,
and it can also contribute to ecosystem diversity and maintaining ecosystem imbalances around
the world.

Keywords: check dam system; flood scenario simulation; multiple return periods; erosion dynamic
energy; Loess Plateau

1. Introduction

As a type of engineering measure that can store water, conserve sand and silt, and
effectively control channel erosion, check dams have been widely constructed in the Loess
Plateau of our country [1]. By the end of 2019, there were 58,776 check dams in the
Loess Plateau region, including 5905 large dams and 12,169 medium-sized dams. Most of
these dams are part of a larger dam system [2]. Prior research shows that the check dams
significantly support flood detention, sediment reduction, land siltation and irrigation [3–7].
Check dams also have the ability to tame floods [8,9]. Rainstorm-induced floods in the
Loess Plateau are one of the main driving factors of sediment erosion and transport in the
basin [10], and balancing the spatial–temporal scale effect of the sub-flood process with soil
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and water conservation measures has become key for controlling sediment output in the
basin [11].

At home and abroad, the studies on the sediment retention and flood detention efficacy
of check dams are mainly based on field sampling, statistical data and other methods. The
earliest research mainly focused on the “Water Conservation Method”, using statistical
analysis and empirical formulas [12]. Yao et al. analyzed the relationship between the
allocation ratio of a check dam and its sediment reduction in a basin, according to mea-
surements made in the field [13]. When the allocation ratio of a check dam is less than
2%, the comprehensive sediment reduction in the basin that can be attributed to water
and soil conservation measures is still very low, despite the control ratio of other measures
reaching 45%. Due to the maturation of 3S technology, the distributed hydrological models
with spatially varying characteristics of hydrological elements have rapidly improved. At
present, many hydrological models based on geographic information technology have been
developed and successfully applied to watershed management and water resource analysis
around the world. Among them, the MIKE SHE model is a completely distributed physical
hydrological model, where almost all hydrological processes are described by numerical
equations with clear physical mechanisms, and no flow generation model has to be set
in advance. Therefore, this model can be applied to simulations of complex hydrological
processes in various climates and at various spatio–temporal scales, and it has been widely
used in recent years. Using the MIKE SHE model, Wang et al. found that the model had
high accuracy at different scales, and they were able to assess the impact of climate change
and land use on the hydrological processes of the basin [14]. Yuan et al. applied the MIKE
SHE model to simulate the rainstorm flood process in the small watershed of a typical dam
system in the loess hilly-gully region to analyze the influence of different combinations
of check dam types on rainstorm floods in a small watershed [15,16]. The reduction and
delay time of the peak were the most obvious changes. Tang et al. used the InHM coupled
sediment transport model to simulate a check dam in different configurations and found
that the reconfigured check dam could still reduce the flood peak by 31~93%. Significant
delays in time of peak were also found in cases characterized by more tributaries on the
main channel and more connected dams [17]. Zhang et al. used the SEDD model and
field measurements to analyze the influence of rainfall change, land use change and the
presence of a check dam on soil erosion and sediment yield in the Kuye River Basin [18].
Their simulation results showed that the check dam was the main factor affecting sediment
transport, and the total sediment discharge was reduced by 54% in 2006 with the check dam
in place. Over time, however, from 1987 to 2016, the three factors studied (precipitation
change, land use change and check dams) contributed to sediment reductions of 29%,
40% and 31%, respectively, indicating that these factors all had a significant impact on
sediment transport. In addition, Guyassa et al. and Yazdi et al. simulated and analyzed the
impoundment and flood detention effects of a check dam in several different models [4,19].
In other regions of the world, the practicality of check dams is even broader. For example, in
the southeastern region of Spain, which is threatened by wildfires, people usually build silt
dams urgently in river channels after wildfires. Research has shown that check dams play
a good role in intercepting fine sediments, organic matter and nutrients in the short term,
and have a significant impact on ecosystem diversity and the evolution of river land-
forms [20]. In Japan, the removal of check dams has an important impact on the feeding
behavior and population reproduction of salmon, especially in the upstream area where the
check dams are removed, which may affect the stability of the ecosystem, because the fish
originally in the downstream will go to the upstream to feed and breed, and competition
with the fish in the upstream will lead to the reduction of benthos and the decline of species
and richness of benthos [21].

Although many scholars have performed research on the types of check dams, siltation
stage, impounding, flood detention effects and other aspects, the different influences of
check dams on the runoff process in the basin have not yet been revealed. Studies on how
the layout of a check dam system regulates the dynamics of a rainstorm-induced flood in
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a small watershed are not perfect. Very little work has been done concerning the regional
rainfall return period, and the number and location of check dams; moreover, how these
factors quantitively affect flooding has not been taken into account. Therefore, in this paper,
the distributed hydrological MIKE SHE model and the one-dimensional hydrodynamic
MIKE 11 model were coupled to establish a more comprehensive rainstorm flood model
for the Jiuyuangou watershed. This model was calibrated and verified, and then it was
used to simulate the flood process in the basin under different rainfall recurrence periods.
The influence of the location and number of check dams on the characteristic parameters
of flood dynamics was analyzed to clarify the role the check dam system layout plays in
controlling a rainstorm-induced flood in a small basin. This study is expected to clarify the
theory by which basin hydrodynamics can be ecologically designed or managed, to lower
flood risk and to control the floods when they must occur on the Loess Plateau.

2. Materials and Methods
2.1. Study Area

The Jiuyuangou watershed is located in Suide County, Yulin City, Shaanxi Province,
and belongs to the first branch of the Wuding River basin. It is located between 110◦16′–
110◦26′ east longitude and 37◦33′–37◦38′ north latitude. It is a typical manmade ecological
management area in the loess hilly and gully region. The main gully is 18 km long,
the average width is 3.89 km, the average specific drop is 1.2% and the gully density is
5.34 km/km2. The altitude is 820–1180 m, and the relative height difference between the
bottom of the gully and the top of hillside is 100–200 m (Figure 1). The average annual
rainfall in the basin is 508.1 mm, with large inter-annual variation and uneven distribution
throughout the year. The rainfall during the flood season accounts for 71.6% of the annual
rainfall, and most of it occurs in the form of heavy rain, with a maximum intensity of
3.5 mm/min. The annual average temperature is 9.3 ◦C, the absolute maximum tem-
perature is 39 ◦C, the absolute minimum temperature is −27 ◦C, the frost-free period is
150~180 d, the wind is mostly northwest, the maximum wind is 12.5 m/s, and the main
crops are wheat, corn, potatoes, etc.
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2.2. Methods
2.2.1. Construction of Rainstorm Flood Model in Jiuyuangou

Because this study focuses on the dynamics of a secondary channel during a rainstorm-
induced flood, only the slope flow module was used in the MIKE SHE model, and soil
infiltration was subtracted from the precipitation data for the precipitation input of the
model. The values of reference infiltration rates for different land uses originated in results
from prior research [22]; 4.3 mm/h for cultivated land, 5 mm/h for grassland, 6 mm/h
for forest land, 3.5 mm/h for water area and 1 mm/h for construction land. The DEM
generated from the measured topographic map in 2000 was used as the terrain data in the
model, and the vector data interpreted from the Quick Bird image captured in 2010 was
used for land use data. The Jiuyuangou watershed is a closed watershed. In order to stably
run the model, the upstream boundary discharge of all river channels in the basin was set
to 0.0001 m3/s, and the downstream boundary of the main river in Jiuyuangou was given
a fixed water level value of 0.001 m. The MIKE11 model was coupled with the MIKE SHE
model to establish the full rainstorm flood model of the Jiuyuangou watershed.

2.2.2. Model Calibration and Validation

The fitting effect between the simulated results of the model and the actual measure-
ment data was used as a way to evaluate its accuracy, and the simulation effect of the
model was judged by relative error (Re) and the Nash–Sutcliffe efficiency coefficient (NSE).
Two sets of rainfall runoff data collected on 16 September 2017 and 26 September 2017 were
used to verify the model. The comparison between the simulation data and the monitoring
data is shown in Figure 2 and Table 1. The Nash–Sutcliffe efficiency coefficient (NSE) of the
model was higher than 0.7 in the periodic period and the validation period, with values
of 0.82, 0.73, 0.74 and 0.75, respectively, which indicates that the model simulation runs
well. Because the watershed is a typical small watershed for loess area management, the
terrain data is from 2000, and the simulation period is relatively long in 2006. After 2000,
China implemented many measures for returning farmland to forests and soil and water
conservation, which may have changed the local terrain and rainfall flow, resulting in larger
model values in Figure 2c,d. The results show that the hydrological and hydrodynamic
parameters of the rainstorm flood model are reasonable, and the established model has
high reliability. The specific parameters selected for the model are shown in Table 2 below.
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Figure 2. Observed and simulated runoff processes, in which (a) Flood No. 19970718 and (b) Flood
No. 19980705 were used for model calibration; (c) Flood No. 20060731 and (d) Flood No. 20060831
were used for model verification.
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Table 1. Evaluation of model effectiveness.

Stage Flood No Measured
Value (m3/s)

Analog
Value (m3/s) Ae (%) Re (%) NSE

Regular rate 19970718 2.29 2.25 0.04 1.74% 0.82
19980705 3.07 3.22 −0.15 4.89% 0.73

Validation
period

20060731 3.07 3.89 −0.82 26.7% 0.74
20060831 6.35 7.49 −1.14 17.9% 0.75

Table 2. MIKE model parameter setting characteristics.

Parameter Value Based on the Source

Terrain Data Generate shape files for 5 m DEM processing
through Arcgis10.1 State Bureau of Surveying and Mapping

Meteorological Data Typical rainfall and runoff data for the years 1997,
1998, and 2006

Hydrological Experiment Data of Suide Runoff
Experimental Station in the Yellow River Basin

Time Starting and ending times of typical rainfall floods
in 1997, 1998, and 2006

Hydrological Experiment Data of Suide Runoff
Experimental Station in the Yellow River Basin

Time Step t = 0.1 s Preventing divergence

Domain Grid division 117 m × 117 m, with a total of
100,000 grids, position X0 = 434,550 Y0 = 4,156,718 MIKE model production

Map Information wgs-1984-UTM-ZONE-49N Modeling coordinate
Bed Resistance 0.028 Calibration results

Boundary Conditions Upper boundary: Rainfall data
Lower boundary: Design flood discharge Historical data/inference formula method

Ae is the difference between the measured value and the model value, Re is (the
difference between the measured value and the model value)/measured value, and NSE is
the Nash–Sutcliffe efficiency coefficient.

R =

n
∑

i=1
(oi − o)(si − s)√

n
∑

i=1
(oi − o)2

√
n
∑

i=1
(si − s)2

(1)

Re =
si − oi

oi
(2)

NSE = 1−

n
∑

i=1
(si − oi)

2

n
∑

i=1
(oi − o)

2 ∈ (−∞, 1] (3)

In the equation:

Oi—Measured value of flood runoff per occurrence, m3/s;
Si—Simulated value of runoff per site, m3/s;
−
o—Mean of measured runoff values per session, m3/s;
−
s—Mean of simulated runoff values per session, m3/s.

2.2.3. Scenario Design

The rainstorm in the Jiuyuangou watershed was calculated using the method recom-
mended and the data available in the practical hydrology manual of the Yulin Region. The
local hydrological bureau has designed and compiled the “Yulin Practical Hydrological
Manual”, which includes hydrological data and methods for all areas in Yulin. The hy-
drological manual for the area where Jiuyuangou is located uses four methods. Finally,
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through the comparison of the four methods, we found that the inference formula method
is more accurate in the Jiuyuangou watershed. According to this resource, the rainstorm
duration in the Jiuyuangou watershed is typically 6 h, so the rainstorm period in the
Jiuyuangou watershed was set to 6 h. Evaporation and transpiration were not considered
in the simulation of different working conditions. Based on precipitation data for the
Jiuyuangou watershed from 1980 to 2017, which were available in the contour map of the
Storm Flood Atlas of Shaanxi Province, the mean values of 1 h, 3 h and 6 h storms and
their corresponding variation coefficients over the years were analyzed. The ratio of the
skewness coefficient to the variation coefficient was 3.0. See Figure 3 for the Jiuyuangou
watershed rainstorm design process over different return periods. To clarify the impact
of the different numbers and locations of check dams on the flood process in the basin,
13 combined simulation conditions with different numbers and locations were designed
for the Jiuyuangou watershed (Table 3). The order of dam construction was as follows:
from top to bottom, first in the tributary, then in the main stream. The check dams were
added to the model following this order. The distribution of check dam locations is shown
in Figure 1. In order to analyze the changes in channel erosion dynamic parameters along
the flow direction, the main channel was divided into 16 sections (sections were spaced
1 km apart), numbered from upstream to the basin outlet.
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Figure 3. Designed rainstorm process of Jiuyuangou watershed over different return periods.

Table 3. Design of different check dam systems.

Number New Check Dam Type Dam Control
Area (km2)

Proportion of
Control Area (%)

Cumulative Control
Proportion (%)

D1 Original channel -
D2 Malingou 2 # dam small 0.18 0.25 0.25
D3 Laolimaoba 2 # dam medium 1.89 2.7 2.95
D3 Malingou 3 # dam small 0.3 0.42 3.37
D5 Laolimaoba 3 # dam medium 1.92 2.7 6.07
D6 Huaishuzui 2 # dam large 2.6 3.7 9.77
D7 West Yangou Village 2 # dam medium 1.7 2.4 12.17
D8 Jinggou Middle 2 # dam medium 1.67 2.4 14.57
D9 Dazuigou 2 # dam small 0.34 0.48 15.05

D10 Dazuigou 3 # dam small 0.51 0.72 15.77
D11 Jinggou 3 # dam small 0.21 0.2 15.97
D12 Jinggou 2 # dam small 0.14 0.19 16.16
D13 Haojialiang Backbone 2 # dam large 4.9 6.9 23.06

Note(s): # means the number of check dam.
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Flood events contain many characteristics, including flood peak and the relationship
between flood volume and flood duration in each period. Therefore, it is necessary to
measure a variety of characteristic quantities to comprehensively analyze a flood. The
impact of the number and location of the check dams in the system on the flood peak flow,
the total flood volume and the flood duration were the main characteristics studied. To
account for the interaction between the dam systems, the two models were run together
during the simulation. The impact that the number of check dams had on the flood process
was analyzed by calculating the flood peak reduction rate (PR), the flood volume reduction
rate (FVR) and the flood duration increase rate (FDR). The formulas are as follows:

PR =
P0 − Pi

P0
(4)

where P0 is the peak flow of the basin when the dam is not present, m3/s; Pi is the peak
flow of the basin with the dam, m3/s; and i represents the number of check dams.

FVR =
FV0 − FVi

FV0
(5)

where FV0 is the total flood volume of the basin when the dam is not present, m3; FVi
is the total flood volume of the basin with the dam, m3; and i represents the number of
check dams.

FDR =
FD0 − FDi

FD0
(6)

where FD0 is the flood duration of the basin when the dam is not present, min; FDi is the
flood duration of the basin with the dam, min; and i represents the number of check dams.

2.2.4. Channel Hydrodynamic Energy Parameters

(1) Velocity is the most important hydraulic parameter in erosion dynamics and sediment
transport. Because the measured velocity has great uncertainty, this paper obtained
the section flow by solving the Saint-Venant equation, and then dividing the solution
by the area of the measured section to calculate the average velocity of the section.

V =
Q
hb

(7)

where V is the average flow velocity, m/s; Q is the total flow, m3/s; h is the flow depth,
m; and b is the measured cross-sectional area.

(2) Runoff shear force is a parameter reflecting the strength of soil denudation when
runoff is flowing and can be calculated using the following formula:

τ = γRJ (8)

where τ is the runoff shear force (N/m2); γ is the unit weight of water flow (kg/m3);
R is the hydraulic radius (m); and J is the hydraulic gradient.

(3) Runoff power refers to the amount of work done by the flow in unit time, which
reflects the potential energy of the flow when flowing along the slope at a certain
height. The flow power is an important parameter reflecting the sediment transport
capacity, and its expression is:

W = τV (9)

where W is water flow power, W/m2.

(4) Erosion power is characterized by runoff depth and flood peak discharge, two im-
portant parameters commonly used to reflect the characteristics of the sub-storm
flood process in a basin. No single characteristic can fully reflect the joint action of
the rainfall process and the underlying surface conditions. Sub-storm runoff ero-
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sion power has the advantage of better reflecting the role of hydraulic erosion [23].
The concept of sub-storm runoff erosion power, as proposed by Li et al. [24], is
introduced here:

E = Q′mH (10)

Q′m =
Qm

A
(11)

H =
Q·∆t

A
(12)

where E is the erosion power of sub-storm runoff, m4/(s·km2), with the dimension
of power; Q′m is the peak discharge modulus, m3/(s·km2), which is equal to the ratio
of peak discharge Qm (m3/s) of the sub-storm flood to basin area A (km2); H is the
average runoff depth of the sub-storm, m; Q is the average flow of sub-storm, m3/s;
and ∆t is the period of time, here ∆t = 1 s.

2.3. Data Source

The runoff and sediment data and meteorological data used in this paper are derived
from the Suide Soil and Water Conservation Scientific Experimental Station of the Yellow
River Water Conservancy Commission. The Suide Station has a weather station at Qiaokou
in the Jiuyuangou watershed. All rainfall and flood data from the Qiaokou Station from
1964 to 2016 was gathered. DEM data at a resolution of 30 m was obtained from the
State Bureau of Surveying and Mapping. Land use data was derived from the Quick Bird
image of the watershed in 2010, with a resolution of 0.61 m and a cloud cover of 0%. The
channel section data was mainly extracted by cutting the DEM to a 5 m resolution with the
3D Analyst tool in ArcGIS10.1, and then transforming it with other editing tools to form
section mileage data. The extracted cross-sectional data was corrected in combination with
field measurements. The geometric characteristic data of the slit dam came from several
field measurements including dam length, dam height, dam width and the geometric
dimensions of drainage buildings.

3. Results and Analysis
3.1. Effect of the Number of Check Dams on Rainstorm Flood

From Figure 4 and Table 4, it can be seen that as the numbers of check dams in the
basin gradually increased, the flood peak reduction rate decreased obviously. The effect
that check dams had in regulating flood impact differed over different return periods, and
the total volume of floods also decreased by different magnitudes over different return
periods. Furthermore, the role of flood duration was particularly significant over a longer
return period. In order to quantitatively explain the influence of the different number of
check dams and combinations on rainstorm floods in small basins, the flood peak reduction
rate, the total flood volume reduction rate and the flood duration increase rate were each
regressed linearly with the number of check dams, and the determination coefficients of the
respective fitting equations were 0.95, 0.85 and 0.78. The number of check dams had the best
linear response to the flood peak reduction rate, indicating that the number of check dams
had the most significant effect on the flood peak flow. Secondly, the total flood volume had
a greater impact over a shorter return period, and the impact gradually decreased over
a longer return period, with a 10-year reduction rate of 25%, and a reduction rate of only
15% for the total flood by 200a. However, the increase and decrease rates of flood duration
followed a contrary trend, where flood duration had a greater impact over a longer return
period. The increase rate of flood duration was only 75% in 10a, while the rates ranged
from 165–200% in 100a and 200a, which greatly increased the flood retention time. The rate
of flood duration increased in a stepped manner as the number of check dams increased,
especially once the D6 and D13 backbone dams were in place. These backbone dams
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obviously contributed to a step-by-step increase in flood duration, indicating that they
have a significant flood detention effect.
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Table 4. Reduction rate of number of warping dams to flood parameters under different return
periods.

Parameter Number of Check
Dams R2 Significance

Increase rate of flood
duration y = 13.82x − 8.9 0.78 p < 0.001

Reduction rate of
total flood y = 1.68x + 1.14 0.85 p < 0.001

Flood peak reduction
rate y = 5.46x − 5.15 0.95 p < 0.001

As can be seen from Figure 4, under the rainstorm conditions of different return
periods, there were 13 new check dams in the basin. Compared with the undammed
basin, the flood peak flow decreased by 60.52–75.74%, the total flood volume decreased
by 17.49~24.67%, the flood duration was extended by 143.32–218.34%, the average flood
peak flow decreased by 67.78%, the total flood volume decreased by 21.15% and the flood
duration was extended by 172.97%. These results indicate that the effect of reducing the
peak and detaining the flood was greater than the storage effect of the check dam system.
When the number of check dams was held constant and the rainfall was relatively low,
the flood peak and the flood volume reduction rate were higher, and the flood duration
increase rate was lower. The flood peak flow reduction rate was greater over shorter return
periods than over longer return periods because the check dams have an upper limit in
storage capacity. The rainstorm duration was generally shorter during heavier rainfall,
so the difference was small over different return periods between the direct infiltration
water and the surface storage, meaning that the presence of check dams has a greater
impact on peak reduction over shorter return periods and a smaller impact over longer
return periods.

As displayed in Table 5 and Figure 5, from the analysis of the rainfall-induced flood
conditions 50 years after the addition of 12 check dams in the basin, it was concluded
that the flood peak flow obviously decreased, only increasing in the backwater period.
In addition, the flood process was obviously no longer a steep rise or steep fall. Further
analysis showed that with an increase in the number of check dams, the flood peak flow,
the average flow and the flow coefficient of variation all tended to decrease, so that most of
the flood process was below the threshold and the erosion and geomorphological change
processes of the main channel downstream of the check dams was reduced. The presence
of check dams not only reduced the flood peak flow and total flood volume in the basin,
but it also streamlined the flood process by reducing the risk of flooding in the lower part
of the basin [25] and by contributing to the growth of channel vegetation [26].
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Table 5. Results of rainstorm-induced flood over 50-year return period under different working conditions.

Number of Check
Dams

Peak Discharge
(m3/s)

Standard
Deviation

Average Flow
(m3/s)

Flow Variation
Coefficient (%)

0 10.25 6.16 1.82 338.46%
1 10.08 5.86 1.76 332.95%
2 9.48 5.43 1.64 331.10%
3 9.23 5.16 1.59 324.53%
4 8.74 4.84 1.46 331.51%
5 8.06 4.31 1.42 303.52%
6 7.18 3.63 1.34 270.90%
7 6.68 3.46 1.27 272.44%
8 6.26 3.27 1.26 259.52%
9 5.89 3.06 1.21 252.89%
10 5.43 2.84 1.16 244.83%
11 5.12 2.47 1.08 228.70%
12 4.96 2.13 0.94 226.60%
13 4.68 1.74 0.86 202.33%
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Figure 5. Regulation function of check dam under 50-year rainstorm.

3.2. Influence of Location of Check Dam on Erosion Energy Parameters of Channel Section
3.2.1. Temporal and Spatial Characteristics of Runoff Velocity

From Figure 6a,b, it can be seen that the velocity in sections in different recurrence
periods fluctuated in a general increasing trend from upstream to downstream in the main
gully. The velocity decreased in sections located in the middle and downstream of the gully
due to terrain and other reasons. The velocity increased sharply in some sections (4 and 13)
due to the confluence of branches, but overall runoff velocity followed a certain spatial–
temporal distribution law. However, after the completion of the check dam (Figure 6b), the
velocity of the main channel in the basin, the velocity of the middle channel, and the flow
velocity of the downstream outlet of the basin all decreased significantly. As can be seen
from Table 6, after the completion of the dam, the average velocity of the basin decreased
by 54%. Therefore, it can be inferred that the area experiencing low velocity in the basin
increased, while the area experiencing high velocity decreased. The coefficient of variation
reached 92%, revealing a large range in the fluctuation of the velocity.
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Figure 6. Changes in flood velocity in main channel section under rainfall conditions over different
return periods, velocity varies with section without dam (a), velocity varies with section with
12 dams (b), velocity varies with confluence time without dam (c), and velocity varies with confluence
time with 12 dams (d).

Table 6. Velocity changes in basin between original watershed and dam system watershed.

Contrast Watershed Average Flow
Velocity (m/s)

Standard
Deviation

Coefficient of
Variation Decrement (%)

Original watershed 1.69 0.74 0.44 -
Dam system watershed 0.77 0.71 0.92 54

In order to intuitively analyze the influence of the location of the check dam on the
runoff velocity, the typical Section 13 was selected for quantitative description. Figure 6c,d
below display how the velocity changed in Section 13 before and after dam construction.
Before the dam was built, the flow velocity of runoff peaked after two hours of rainfall for
all return periods and then gradually decreased. After the dam was built, the flow velocity
of runoff decreased to different degrees over different return periods, and the peak value
decreased by 58.56% on average. The attenuation amplitude also differed over different
return periods. The attenuation amplitude was smallest (56.2%) in 200a and largest (60.3%)
in 10a, which indicates that the check dam had a greater impact on the runoff velocity over
a longer return period. This is likely because the water storage capacity of the check dam
has an upper limit, and the rainstorm duration was generally short. Thus, the difference
between the direct infiltration water and the surface water storage during the rainstorm
over different return periods was small. In short, the construction of the check dam had
a greater impact on the rainfall runoff over a shorter return period, and a smaller impact
on the rainfall runoff over a longer return period. This is also corroborated by the study
of Polyakov et al. [27], which concluded that “the construction of check dam reduces the
runoff generation event of light rain in the basin by 60%”.

3.2.2. Channel Erosion and Energy Parameter Variation

According to Figure 7, the erosion power intensity was obviously stronger before
dam construction in the lower reaches of the Jiuyuangou watershed than in the upper
reaches, and the erosion degree increased as the return periods increased. Considering
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six working conditions, the erosion strength along the channel section was highest in 200a
and lowest in 10a, while the presence of the check dam significantly reduced the erosion
power intensity in the middle and lower reaches of the basin. The erosion power of the
six conditions showed a fluctuating trend that first increased, then decreased, and then
increased again. The increase in erosion power in a local section was related to the sharp
rise in the depth of the section that was caused by the flood flowing into that section from
the branch, but the overall erosion intensity was significantly lower than it had been before
dam construction. In conclusion, the construction of a check dam dramatically reduced
the erosion capacity behind the dam and changed the distribution of the original channel’s
erosion power. The fluctuation in the erosion power in the upper and middle reaches of the
channel was great, but the erosion power in the lower reaches of the channel was basically
unchanged, indicating that channel erosion was basically stable throughout. It can be seen
from Table 7 that after the construction of the check dam, the flow velocity, shear force and
erosion power all decreased at the drainage outlet over different return periods, to varying
degrees. The flow velocity decreased by 59% on average, the erosion power decreased by
somewhere from 38% to 80%, and the change in runoff shear force was the most significant,
with an average decrease of 90%.
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Figure 7. Shear force and erosion power changes in main channel section under rainfall conditions
over different return periods.

Table 7. Flood dynamic parameters at the outlet section of Jiuyuangou watershed over different
return periods.

Different
Return
Periods

No Dam
Built

After
Dam Con-
struction

Reduce
(%)

No Dam
Built

After
Dam Con-
struction

Reduce
(%)

No Dam
Built

After
Dam Con-
struction

Reduce
(%)

Runoff Velocity (m/s) Runoff Shear Force
(N/m2)

Runoff Erosion Power
(10−5 m4/(s·km2))

10a 1.443 0.632 56.20% 28.26 2.203 92.20% 4.67 2.86 38.76%
20a 1.576 0.652 58.63% 36.61 2.99 91.83% 12.54 6.35 49.36%
30a 1.641 0.665 59.48% 41.56 3.53 91.51% 16.7 6.33 62.10%
50a 1.686 0.682 59.55% 42.81 4.21 90.17% 22.58 8.36 62.98%

100a 1.818 0.726 60.07% 44.19 5.32 87.96% 51.15 10.06 80.33%
200a 1.894 0.753 60.24% 49.53 6.33 87.22% 54.98 12.7 76.90%
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4. Discussion

This study found that the presence of a check dam can significantly reduce the peak
flow and total flood volume of floods and can also increase the flood duration over different
return periods (Table 8). With linear growth in the number of check dams, and the best
linear fitting relationship between the number of check dams and the flood peak reduction
rate, it became evident that the check dam system has the greatest significant impact on the
flood peak flow [14,28]. Taking the 50-year return period as an example, it was found that
as the number of check dams increased, the peak flow, average flow and the coefficient of
variation of flow all decreased. The check dam system not only weakens a flood, but it also
stabilizes the flood process. Finally, check dams were found to reduce the flow velocity,
shear force and erosion power of runoff. The applicability of the model is good, and the
results obtained were similar to those of Foster [29].

Table 8. Changes in flood process parameters at different return periods.

Different
Return
Periods

No Dam
Built

After
Dam Con-
struction

Reduce
(%)

No Dam
Built

After
Dam Con-
struction

Reduce
(%)

No Dam
Built

After
Dam Con-
struction

Reduce
(%)

Peak Discharge (m3/s) Total Flood Volume
(104 m3) Flood Lag Time (min)

10a 5.20 3.94 75.74 48.96 12.5676 25.67 117.48 168 5.20
20a 7.65 5.49 71.72 69.71 16.48 23.64 164.03 228 7.65
30a 15.01 10.21 68.00 86.80 19.512 22.48 178.38 264 15.01
50a 23.27 14.97 64.32 105.53 21.518 20.39 182.02 324 23.27

100a 36.02 22.43 62.27 153.16 27.936 18.24 186.60 390 36.02
200a 53.49 32.37 60.52 184.69 30.456 16.49 243.12 530 53.49

Runoff is the fundamental driving force of slope erosion. The role of a check dam is
to change the channel by silting sediment and creating dam land. In this way, a channel
gradually evolves from its original “V” shape to a “U” shape, thus changing the specific
drop of the channel in the basin, slowing the flow rate and reducing the runoff to achieve
the purpose of reducing erosion and regulating the peak and flood discharge. The exis-
tence of a check dam system changes the water storage capacity of the basin as well as
the original water operation path. Only through long-term and detailed observation of
hydrological links, including meteorological factors, evapotranspiration, soil moisture,
groundwater level, and runoff sediment in the basin, can a more accurate hydrological
model be established to simulate the water cycle process of the basin and to reveal the
impact of a check dam system on the hydrological process of a basin [30–32]. Secondly, the
construction of a check dam (Section 13) greatly impacts both upstream and downstream of
the section with the dam, both by raising the terrain elevation of the channel in front of the
dam, which can significantly change the runoff velocity of its section and the erosion power
of the channel [33,34], and also by transforming the water bodies in the basin through
changing the replenishment ratios of different water bodies in different seasons. The in-
crease in flood duration is due to the long-term alteration of the geomorphology of the
watershed caused by the construction of sediment retention dams, which in turn changes
the unit hydrograph of the watershed, i.e., alters the process of runoff accumulation in the
watershed. In this study, the MIKE coupling model was used to analyze the rainstorm flood
process over different return periods and the corresponding changes in hydrodynamic and
energy parameters along the section. It was concluded that under the control of a check
dam system, the flood intensity will be significantly reduced over different return periods,
and the runoff velocity, shear force and erosion power will also decrease with each passing
year. However, vegetation, land use, etc., also have a significant reduction effect on the
rainstorm flood [35–37].
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5. Conclusions

This study coupled the one-dimensional hydrodynamic MIKE11 model and the dis-
tributed hydrological MIKE SHE model to comprehensively represent the Jiuyuangou
watershed, a typical governance watershed in the Loess Plateau. The impact of the number
and locations of check dams on the dynamic processes of a secondary storm flood over
different storm return periods was analyzed. The main conclusions are as follows:

(1) The check dam system significantly reduced the flood peak flow and total flood
volume and increased the flood duration in the basin. The effects of reducing the peak
and detaining the flood were greater than the storage effect. The flood peak reduction
rate, the flood volume reduction rate and the flood duration increase rate all increased
linearly as the number of check dams increased, and the check dam system had the
best linear response to the flood peak reduction rate. With the check dam system in
place, the flood peak flow was reduced by 67.78% on average under the rainstorm
conditions of different return periods, the total flood volume was reduced by 21.15%
on average, and the flood lasted an average of 172.97% longer. As the number of check
dams increased, the variation coefficients of peak flow, average flow and flow all
decreased. The check dam both weakened the flood and stabilized the flood process.

(2) The check dam system reduced the flow rate of flood runoff in the basin. After the dam
was built, the average flow rate in the basin decreased by 54%. The runoff velocity
of the flood process was reduced by different degrees over different return periods,
compared with the scenario with no dam, and the average peak value decreased by
58.56%. The presence of the check dam had a greater impact on the runoff velocity
over a shorter return period.

(3) Erosion intensity followed a fluctuating trend, where it first increased, then decreased,
and then increased again. The check dam system significantly reduced the erosion
power intensity in the middle and lower reaches of the watershed, and it changed the
distribution of the erosion power in the original channel.

The presence of the check dam greatly altered the flood process and energy distribution
characteristics of the river runoff in the drainage basin. It is of great significance to study
the regulatory and controlling effects of check dams on flood dynamic processes in typical
manmade basins. Specifically, this study can be used to improve and protect a silt dam
system, and to some extent, to identify deficiencies, which are more prominent when
catastrophic floods occur. Furthermore, the location where a silt dam needs to be built and
reinforced (with strong runoff erosion capacity) is provided for future key remediation and
construction. This study is expected to provide a scientific basis for guiding the construction
and development of future high-quality check dams on the Loess Plateau.
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