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Abstract: Check dams are applied worldwide as an effective approach for soil and water conserva-
tion. To improve the simulation accuracy of the hydrological processes in a catchment with a check-
dam system, this study analyzed the applicability and accuracy of a formula for the drainage process
of a perforated riser principal spillway based on observational experiments. The rainfall-runoff pro-
cesses in a catchment with a check-dam system were also simulated with the recommended formu-
las for the drainage process of a perforated riser principal spillway. The deviations in the calculated
discharge from the observed values of the experiment with the recommended formulas under nor-
mal and abnormal working conditions were within #15% and +5%, respectively. The hydrologic
model used in this study needed only a few parameters to achieve a satisfactory simulation accu-
racy. The recommended formulas for the drainage process of a perforated riser principal spillway
can improve the simulation accuracy of a flood peak by 7.42% and 19.58% compared with the accu-
racies of the technical code formula scenario and no drainage scenario, respectively. The results of
this study are expected to provide a reference for flood warnings and safe operations of check-dam
systems.

Keywords: check dam; discharge structure; drainage process; hydrologic model

1. Introduction

A check dam is the most important soil and water conservation engineering measure
on the Loess Plateau. Generally, a check dam is composed of a dam body and a drainage
structure. Some simple check dams constructed in the early years consisted only of a dam
body [1]. Check dams are widely constructed in channels to trap sediment [2], and with
the increase in the number of check dams in a catchment, a completely functioning check-
dam system forms gradually. Presently, there are 113,500 check dams over 5 m in height
on the Loess Plateau [3,4]. Check dams are also widely used in other countries, such as
Ethiopia [5], Spain [6,7], Iran [8], Italy [9], and Mexico [10].

Studies on check dams around the world have focused on their geomorphological
and hydrological effects. Research methods have been gradually developed from field
observation tests to physical-based hydrological and hydrodynamic models [11-14]. The
distributed hydrological model Soil & Water Assessment Tool (SWAT) has been used by
many researchers to simulate the hydrological and sediment processes of a catchment to
analyze the reduction effect of check dams on runoff and sediment [1,15,16]. In SWAT, a
check dam is regarded as a reservoir, only the discharge of the spillway can be taken into
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account, and the drainage of a perforated riser principal spillway cannot be simulated
[15,17]. Considering that the discharge capacity of a perforated riser principal spillway is
relatively small, it is rational to ignore the drainage of a perforated riser principal spillway
in the simulation of the hydrological processes of large watersheds, but it is inappropriate
to ignore it in small catchments. Tang, et al. [18] simulated the effect of a check-dam sys-
tem on hydrological processes with a distributed physical-based hydrological model
(InHM), but the drainage of the perforated riser principal spillway was not simulated in
the model. Wang, et al. [19] quantitively evaluated the effect of a check-dam system on
catchment flood characteristics, and the drainage of the perforated riser principal spillway
was simplified with the modification of topography to set a breach on the dam body.
Yuan, et al. [14] coupled the distributed hydrological model MIKE SHE and the one-di-
mensional hydrodynamic model MIKE 11 to simulate the hydrological process of a catch-
ment with a check-dam system, and the drainage of the perforated riser principal spillway
was described by inputting the depth-discharge curve of the perforated riser principal
spillway in the control structures module of MIKE 11; the results of the simulation were
satisfactory. Hence, it is of great significance to take the drainage process of the perforated
riser principal spillway into account in the simulation for the complete description of the
hydrological process of a catchment with a check-dam system.

Since the drainage process of a perforated riser principal spillway should be added
to the hydrological model, the applicability and accuracy of the formula for the drainage
process of a perforated riser principal spillway are crucial for improving simulation effi-
ciency. In fact, although the history of the utilizing and investigating perforated riser prin-
cipal spillways is long [20-22], the majority of the investigations focused on risers perfo-
rated with circular orifices [23-25]. However, for the check dam, one of whose primary
discharge structure types is the perforated riser principal spillway, the riser is often made
from bricks, resulting in the application of rectangular orifices being more common than
that of circular orifices. In addition, for a check dam, except for most of the key dams and
almost all of the small and middle dams, there is only one discharge structure. Therefore,
a perforated riser principal spillway often undertakes not only the function of detaining
flow and retaining soil, but also draining flood water and ensuring the safety function of
the dam. If flood discharge is in excess of the design discharge, then the water surface will
probably be above the top of the riser, and then the riser will be regarded as the overflow
pipe [26,27]. In addition, with the progression of sediment deposition behind a check dam,
the orifices on the riser will be gradually buried by the trapped sediment, and the top of
the riser will become the only intake; then, the riser would be regarded as the overflow
pipe. However, this abnormal working condition of a perforated riser principal spillway
has scarcely been studied. Based on this background, there is a need to understand the
discharge capacity of this discharge structure under both normal and abnormal working
conditions for the safe operation of check dams and the prediction of flood damage.

At present, there are some deficiencies in the simulations of rainfall-runoff processes
in a catchment with a check-dam system equipped with a perforated riser principal spill-
way. On the one hand, many hydrological and hydrodynamic models cannot efficiently
describe the drainage process of a perforated riser principal spillway; on the other hand,
studies on the applicability and accuracy of formulas for the drainage process of a perfo-
rated riser principal spillway under both normal and abnormal working conditions need
to be carried out. The main objective of this study was to improve the simulation accuracy
of the rainfall-runoff process in a catchment with a check-dam system equipped with a
perforated riser principal spillway. The specific objectives of this study were to (1) study
the applicability and accuracy of the formula for the drainage process of a perforated riser
principal spillway based on the observational experiment and propose appropriate for-
mulas for the calculation of the discharge capacity of a perforated riser principal spillway
under both normal and abnormal working conditions and (2) propose an efficient simu-
lation scheme for the rainfall-runoff process in a catchment with a check-dam system
equipped with a perforated riser principal spillway.



Water 2021, 13, 2450

3 of 17

(@)

Legend
4 Study Site

— National Boundary

— Yellow River
— Wuding River

7z Shaanxi Province

I Loess Plateau

2. Study Site and Data
2.1. Study Area

The Wangmaogou (WMG) catchment (110°2026"-110°22'46" E, 37°34'13"-37°36'03"
N), located in Suide County, in the hilly and gully area of the Loess Plateau, China, was
chosen for this study (Figure 1a). This catchment has an area of 5.97 km? with a main
channel length of 3.75 km and an altitude ranging from 934.55 to 1187.75 m [28]. Loess soil
is the most widely distributed soil in the studied catchment, with the characteristics of
developed vertical joints, uniform particles, low clay content, and weak cementation be-
tween soil particles [29]. The average annual evaporation is 1519 mm, while the average
yearly precipitation is 475.10 mm. Although precipitation varies yearly, it is distributed
unevenly throughout the year. The rainfall from July to September accounts for 65% of
the annual rainfall. Here, check dams are used as a key part of the management strategy
to conserve soil and water. There are 23 check dams in the WMG catchment at present,
and 16 of them can run normally with residual storage to trap sediments, and these 16
dams encompass 2 key check dams, 6 middle check dams and 8 small check dams, as
shown in Figure 1b. Details of the check dam system are shown in Table 1.
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Figure 1. (a) Location of the study area, (b) check-dam distribution, (c) land use, and (d) slope.
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Table 1. Basic characteristics of check dams in the WMG check dam system.

Height Storage Capacity Residual Storage

No Name Subcatchment Type (m) (104 m?) Capacity (10 m?) Drainage Structure
1 Wangtagou 24 W1 Small 8 2.44 2.14
2 Wangtagou 14 W1 Small 3.6 5.11 3.11
3 Sidizui 2# W2 Small 20.8 15.8 5.87
4 Sidizui 1# W2 Middle 14.1 5.07 0.19 Perforated riser principal spillway
5 Guandigou 4# W3 Middle 126 13.6 7.1 Intake pipe on the slope
6 Guandigou 1# W3 Middle 19.5 15.03 2.53 Perforated riser principal spillway
7 Wangmaogou 2# W4 Key 27.8 79.3 26.6 Perforated riser principal spillway
8 Kanghegou 3# W5 Small 12.3 8.34 5.84
9 Kanghegou 2# W5 Small 18.2 115 7 Perforated riser principal spillway
10  Nianyangou 4# W6 Small 94 24 0.3
11  Nianyangou 3# Wé Small 12.6 5.92 1.2
12 Nianyangou 2# W6 Middle 9.4 42 0.2 Intake pipe on the slope
13 Nianyangou 1# Wé Middle 15.4 12.8 4.6 Perforated riser principal spillway
14  Huangbaigou 2# W8 Small 12.1 10.3 2.3
15 Huangbaigou 1# W8 Middle 13.9 7.65 6.25 Perforated riser principal spillway
16 Wangmaogou 14 W9 Key 12.7 69.83 10.63 Spillway

2.2. Data Sources and Processing

The land use in the studied catchment was visually interpreted from Google images

and was divided into ten land use types (Figure 1c). The statistics of the different land-use
types are provided in Table 2. The digital elevation model (DEM) of the catchment was
derived from a 1:1000 topographic map.

Table 2. Land uses in the WMG catchment.

Code Land-Use Area (km?) Proportion (%)
1 Dam field 0.50 8.67
2 Rural land 0.04 0.66
3 Slope cropland 0.89 15.38
4 Transportation land 0.05 0.86
5 High coverage forestland 0.02 0.28
6 Medium coverage forestland 0.60 10.37
7 Low coverage forestland 0.05 0.83
8 High coverage grassland 2.46 42.41
9 Medium coverage grassland 1.09 18.84
10 Low coverage grassland 0.10 1.70

The rainfall and runoff data for the studied catchment were obtained from the Suide

Soil and Water Conservation Monitoring Experimental Station. The rainfall-runoff pro-
cess of the rainstorm event that occurred on 26 July 2017 was selected for the simulation
in this study. The rainstorm began at 00:00 on 26 July 2017 and ended at 08:30 on 26 July
2017. The rainfall lasted for 8 h and 30 min, with a total rainfall of 169.9 mm and an average
rainfall intensity of 19.99 mm/h. The rainfall distribution process is shown as Figure 2.
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Figure 2. Rainfall distribution process of the “7.26” rainstorm event at the Wangmaogou meteoro-
logical station.

3. Method
3.1. Discharge Capacity of the Perforated Riser Principal Spillway

To clarify the discharge capacity of the spillway with a riser perforated by rectangu-
lar orifices, a laboratory experiment was carried out. The experimental arrangement (Fig-
ure 3) was a scale model of a typical perforated riser principal spillway of a check dam
(Figure 4). The details of the experiment can be found in the papers by Zhang, et al. [27,30].
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Figure 3. Profile view of the experimental perforated riser principal spillway.
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Figure 4. On-site photo and sketch of perforated riser principal spillway.

Zhang, et al. [30] studied the discharge coefficient of a perforated riser principal spill-
way under normal working conditions based on the experimental data and data collected
from the literature, and the discharge of a single orifice on the perforated riser can be
calculated by the following:

q = cw,/2gh, 1)

—-2.737 —-1.278

¢ =0.620+0.001 (E) +0.055 (TO) (2)

where g is the discharge, m?/s; ¢ is the discharge coefficient; w is the area of orifices; g
is the gravitational acceleration, m/s% h, is the head over the centerline of the orifice, m;
L is the width of the rectangular orifice, m; and d is the diameter of the riser pipe.

“Technical code of key dam for soil and water conservation” [31] provides a formula
for the discharge capacity of a perforated riser principal spillway under normal working
conditions, which can be is calculated as the following:

Q= Zlm%wjh_ @)

where @ is the discharge, m%/s; n is the row number of the orifices; and h,, is the head
over the centerline of the orifice in the ith row.

Under abnormal working conditions of a perforated riser principal spillway, the riser
can be regarded as an overflow pipe [32], and the discharge coefficient in the full flow
regime C; can be derived using the energy conservation formulas, which are the follow-
ing:

2 2 2

2
LLEY S A AL
29  °2g9 Td2g t2g

lp vp?

e "3, 20

(4)

2
0="0 ¢, 7+ ) ®)
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where h is the head above the top of the vertical pipe, m; z is the elevation difference
between the top of the riser and the center of the barrel outlet section, m; v, is the mean
velocity in the barrel, m?/s; v is the mean velocity in the riser, m?/s; {, is the entrance loss
coefficient; A is the Darcy-Weisbach friction factor; [ is the length of the riser, m; {; is
the transition loss coefficient; I, is the length of the barrel, m; and d,, is the inner diame-
ter of the barrel, m.

Zhang, et al. [27] proposed an approximation for the A of vertical pipes in the full
flow regime without the Reynolds number, which is calculated as the following:

0.34 —0.0409

403E—4-d d d h+l
—4.568 (7)

P ) —25.192

d

4—3&556(h1

where ¢/d is the relative roughness of the pipe.

3.2. Modeling Approach
3.2.1. Runoff Generation

The runoff generation process was calculated by the SCS-CN model developed by
the Soil Conservation Service of the United States Department of Agriculture. The SCS-
CN method is based on a water balance and two fundamental hypotheses, which can be
expressed as [33]

P=1,+F+0Q, (8)

Qi _F
P-1, S ©)
I, =0.2S (10)

where P is the precipitation, mm; I, is the initial abstraction, mm; F is the cumulative
infiltration excluding I,, mm; Q, is the direct runoff, mm; and S is the potential maxi-
mum retention after the beginning of the runoff, mm.

Combining Equations (8)-(10) gives an expression for Qg4

(P —0.28)?
47 p4+08S

Equation (11) is valid for P > I,, otherwise, Q; = 0. The parameter S in Equation
(11) is defined as

(11)

25400
S= — 254 12
N (12)

where CN depends on soil type, land use, and antecedent moisture conditions.

The Soil Conservation Service of the United States Department of Agriculture pro-
vided a tabulation for the values of CN under different conditions, in which the value of
CN can be found according to the soil type and land use type. Then, the antecedent soil
moisture is used to determine which level the CN belongs to; namely, drought (AMCI),
general (AMCII) and wet (AMCIII). Finally, the value of CN is adjusted with the conver-
sion formula [34].

The soil type in the studied catchment is loessal soil, which belongs to class B accord-
ing to the SCS hydrologic soil groups. Before the rainstorm on 26 July 2017, the cumulative
rainfall in the first 5 days was 2.2 mm, and the antecedent moisture condition was AMCIL.
According to the tabulation of CN values provided by the Soil Conservation Service of
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the United States Department of Agriculture and the adjustment with the conversion for-
mula, the value of CN in the studied catchment under the condition of AMCI was ob-
tained as shown in Figure 5, and the values of CN of each subcatchment are listed in Table

AMCI-CN

- High : 78

.Low : 35.31
M
0 750 1500

Figure 5. Values of CN in the WMG catchment under the condition of AMCI (drought).

Table 3. Values of CN and slope in the subcatchments.

Area Length Slope  Standard Deviation

Code Subcatchment (km?) (k) CN Standard Deviation (%) %)
1 W1 0.47 0.91 43.79 4.55 66.94 39.07
2 W2 0.60 0.94 47.37 5.96 70.74 42.87
3 W3 1.17 1.64 45.43 6.79 65.10 37.47
4 W4 0.87 1.26 48.16 7.37 56.58 33.99
5 W5 0.34 0.90 45.39 6.40 69.99 33.81
6 W6 0.93 1.43 48.44 6.26 56.48 35.88
7 W7 0.56 0.63 49.96 7.93 56.33 30.67
8 W8 0.35 0.86 46.99 6.60 61.45 34.40
9 W9 0.45 1.00 49.45 8.55 56.42 34.53

3.2.2. Direct Runoff

The surface runoff process of net rainfall in the catchment was simulated with the
SCS unit hydrograph model. The SCS unit hydrograph is a dimensionless and unimodal
unit hydrograph and is derived from extensive rainfall and runoff data by the Soil Con-
servation Service of the United States Department of Agriculture. The relationship be-
tween the peak of the unit hydrograph (Up) and the peak time of the unit hydrograph (T5)
in the SCS unit hydrograph is [35]
U Q
b=Cop (13)
where ) is the area of a catchment, km?2, and C, is the conversion constant, which is 2.08
in SI units.
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The relationship between the peak time of the unit hydrograph (Tp) and the unit net
rain duration (AT) is
AT

Tp = =+ Tiag (14)

where Ty, is the lag time of a catchment, hour, namely, the difference between T, and
the peak time in the rainfall center.

Tiqg is the only parameter that needs to be input in the SCS unit hydrograph model
and can either be specified directly or may be calculated from catchment characteristics
using the standard SCS formula:

Tiag = (L*3.28%10%) *°« (1000/CN — 9)°7 /(1900 * Y°5) (15)

where L is the hydraulic length of the catchment, km, and Y is the average catchment
slope in percent.

3.2.3. Runoff Concentration

The runoff concentration processes in the channels were calculated with the one-di-
mensional Saint Venant formulas in this study. The calculations are based on several basic
assumptions: the fluid is incompressible and isotropic; the slope of the riverbed is small;
the flow pattern is one-dimensional flow; the hydrostatic pressure is uniform distribution;
and the flow condition is subcritical flow [36].

The continuity formula and the momentum formula of the one-dimensional Saint
Venant formulas are as follows:

0Q 04

wQ Ja_ 16
ox " ar i (16)

QZ
o0 (%) on golel
ot T T ox 9%t AR T
where @ is the discharge, m%s; x is the chainage, m; A is the cross-sectional area, m? t
is the time, s; q;;, is the lateral inflow, m%s; g is the gravitational acceleration, m/s? h is
the water level, m; C is the Chezy coefficient, m%%/s; and R is the hydraulic radius, m.
The drainage process of the spillway was calculated as the broad crested weir, and
the drainage process of the intake terrace on the slope is calculated with a formula sug-
gested by the “Technical code of key dam for soil and water conservation” [31]. The drain-
age process of the perforated riser principal spillway was calculated with the formulas
shown in Section 3.1 and was taken into the runoff concentration calculation as the depth-
discharge curve.

o (17)

3.3. Evaluation of Model Efficiency

In this study, the efficiency of the model was evaluated by the flood peak deviation
(D), determination coefficient (R?), and Nash efficiency coefficient (NSE), with Equations
(18)—(20) [37-39]:

0;
x 100 (18)

_ 100~ 0)(Si - 9)
[Za0 -0y [5p,- 57
a5 — 0)°

NSE=1—————¢€ (—,,1 20
Z?=1(0i - 0)2 ( ] ( )

RZ

(19)
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where 0; and 0 are the measured and average runoff, m3/s, respectively, while S; and
S are the simulated and average runoff, m¥s, respectively.

The closer R? was to 1, the higher the degree of coincidence of the simulated runoff
process. Moriasi, et al. [40] summarized that a simulated result could be considered per-
fect if its NSE equals 1, very good if its NSE falls between 0.75 and 1, good if NSE falls
between 0.65 and 0.75, satisfactory if its NSE falls between 0.5 and 0.65 and unsatisfactory
if the NSE is less than 0.5.

4. Results and Discussion
4.1. Drainage Process of the Perforated Riser Principal Spillway

To confirm the applicability of Equations (1) and (3) to the discharge process of the
perforated riser principal spillway, the calculated values and the observed values are com-
pared in Figure 6. It was shown that the discharge calculated by Equation (1) fitted the
observed values better than that calculated by Equation (3), and the discharge capacity
was underestimated when calculated by Equation (1). In addition, the NSEs of the calcu-
lated values of Equations (1) and (3) were calculated to evaluate their accuracy quantita-
tively. The NSEs of Equations (1) and (3) were 0.49 and 0.91, respectively. Therefore, Equa-
tion (1) was more appropriate than Equation (3) for describing the discharge coefficient of
the perforated riser principal spillway under normal working conditions.

304 A Formula from the technical code
® Formula from Zhang et al. (2019) .
/./
.' //
2.5 4 =
@ //
3 ] -
— A
@ w® /// “
= - W
g e
=
<)
QA

Line of perfect agreement

e Y
1.0 12 1.4 1.6 18 2.0 22 24 2.6 2.8

O (Observed) (L/s)

Figure 6. Comparison of the calculated discharge and the observed discharge.

The rainfall condition we selected in this study was a rainstorm event with a 100-year
return period [41], which was much longer than the designed rainstorm return period of
the discharge structure of a check dam. Hence, it is necessary to clarify the discharge ca-
pacity of the perforated riser principal spillway under abnormal working conditions. Un-
der abnormal working conditions, the water surface will be above the top of the riser, and
then the riser will be regarded as the overflow pipe.

The discharge capacity of a perforated riser principal spillway under abnormal work-
ing conditions was calculated by Equation (5). In the calculation, 2 was calculated with
Equation (7). The value of {, is usually regarded as a constant [26], and the constant is
valued as 0.5 in many studies [42,43]. To confirm the applicability of the value of {,, the
observed discharge data of Anwar [44], Banisoltan, et al. [45], Padulano, et al. [46] and
Padulano, et al. [47] were cited. All of these data were obtained in the experiments for the
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full flow regime of the overflow pipe, and the discharge coefficient C; can be analytically
expressed as 1/,/1+ Al/d + {,. Then, with Equation (5), the calculated value of the dis-
charge was obtained. During the calculation, 4 was calculated with Equation (7) and {,
was valued as 0.5. Figure 7 shows the comparison of the calculated values and the ob-
served values, which indicated that it was appropriate to value {, as0.5. The local loss {;
mainly referred to the head loss that occurs in the stilling well. Guo [48] experimentally
studied the energy dissipation efficiency of the stilling well in a shaft spillway, and the
result showed that the value of the local loss coefficient {; was approximately 3.6. This
value of {; was put into Equation (6), and the calculated discharge was compared with
the observed values in Figure 8. The calculated discharge fit the observed values well,
which indicated that the value of {, was reasonable. In addition, since there is no formula
recommended for the discharge capacity of a perforated riser principal spillway under
abnormal working conditions in the “Technical code of key dam for soil and water con-
servation”, we adopted a formula recommended for the intake terrace on the slope to
compare with Equation (5). For this discharge structure, water was drained through the
overflow intake orifice similarly, and the discharge capacity is recommended to be calcu-
lated by (d/ 0.68)2Vh in the “Technical code of key dam for soil and water conservation”
[31]. A comparison of the two formulas is shown in Figure 8, which indicates that the
applicability of Equation (5) was better at describing the discharge capacity of the perfo-
rated riser principal spillway under abnormal working conditions.

Anwar (1965)
@ Banisoltan et al. (2017) .l
#* Padulano ctal. (2013 & 2015) o]

\S)
wn
|

\50\\\

3
f)
1

¢ (Calculated) (L/s)

—
wn
1

Line of perfect agreement

0 — T T T T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45

Q (Observed) (L/s)

Figure 7. Comparison of the calculated discharge and the observed discharge.
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Figure 8. Comparison of the calculated discharge and the observed discharge.

4.2. Rainfall-Runoff Process in the Catchment
4.2.1. Calibration and Sensitivity Analysis of the Model Parameters

Only 2 parameters needed to be calibrated in the rainfall-runoff model used in this
study; namely, the values of CN in subcatchments and the Manning coefficient. The
range of the values of CN in each subcatchment was the mean value of CN in the sub-
catchment plus or minus the standard deviation (CN + STD). The value range of the Man-
ning coefficient was [0.01, 0.6], according to the related references [49]. To systematically
calibrate the parameters, the CN values of each subcatchment and the Manning coeffi-
cient were set to high, medium and low and combined into 9 scenarios, as shown in Table
4. Then, the flood process caused by the rainstorm event was simulated to analyze the
sensitivities of the parameters and determine a set of parameters with the highest simula-
tion accuracy.

Table 4. Scenarios of CN and Manning coefficient combination.

Parameter

C1 C2 C3 C4 C5 C6 C7 C8 C9

CN

Manning coefficient

High High High Medium Medium Medium Low Low Low
Low Medium High Low Medium High Low Medium High

The simulated discharges in the 9 scenarios were compared with the observed data
in Figure 9 and Table 5. Table 5 shows that the values of R? and NSE were largest in sce-
nario C1, and the difference between the simulated peak discharge and the observed data
was smallest. The value of NSE at over 0.7 in the C1 scenario indicated that the model had
good simulation accuracy and could simulate the change process of the flood well. There-
fore, the values of CN and the Manning coefficient in the C1 scenario were the most rea-
sonable and can be used in the further simulation of the flood process in the catchment.
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Table 5. Performance of discharge simulation over calibration processes.

Peak Discharge (m?s)

Scenario R NSE Obs. Sim. Difference (%)
C1 0.818 0.734 20.28 16.41
2 0.163 0.129 12.01 50.52
C3 0.021 -0.122 7.97 67.15
C4 0.761 0.719 15.21 37.31
C5 0.032 -0.119 24.26 7.66 68.44
Co6 0.003 -0.257 4.66 80.79
c7 0.600 0.420 10.28 57.63
C8 0.000 -0.239 4.10 83.10
9 0.008 -0.290 2.38 90.18

Table 5 shows that with the same CN values, the simulated result is very sensitive to
the Manning coefficient, and the difference in the values of the Manning coefficient had a
great influence on the NSE of the model. With the same value of the Manning coefficient,
the influence of the values of CN on the NSE of the model was relatively small. Hence,
the simulated result was more sensitive to the Manning coefficient than to CN.

40 - 0
—e— Observed
—0C1 €2 —C3 | 0
304 —C4 ——C5 ——C6
—C7 —C8 ——0O9
60 E
g
9
92
120
150
1500

Figure 9. Comparison of the simulated and observed flood hydrographs over the calibration pro-
cess.

4.2.2. Effects of Perforated Riser Principal Spillways on the Simulation Accuracy of Flood
Processes

To verify the performance of the formulas for the drainage process of the perforated
riser principal spillway recommended in Section 4.1 in the simulation of rainfall-runoff
process, 3 scenarios —namely, the recommended formula scenario, technical code formula
scenario and no drainage scenario (drainage process of the perforated riser principal spill-
way is ignored in the simulation) —were designed, and under these scenarios, the rainfall-
runoff processes in the catchment with a check-dam system were simulated. The compar-
ison of the simulated hydrograph and observed data in the 3 scenarios is shown in Figure
10, which indicates that all 3 simulated hydrographs describe the change process of the
flood well, while the flood peak was reconstructed better in the scenario with the recom-
mended formula scenario than in the other scenarios.
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As shown in Table 6, the R2 values of the 3 scenarios were all over 0.8, and the NSE
values were all over 0.7, which indicated that the performances of the model under all 3
scenarios were good. The flood peak deviations of the 3 scenarios (the recommended for-
mula scenario, technical code formula scenario and no drainage scenario) were 16.41%,
23.83% and 35.99%, respectively; in addition, for the recommended formula scenario, the
simulation accuracy of the flood peak increased by 7.42% and 19.58% compared with ac-
curacies of the technical code formula scenario and no drainage scenario, respectively.
The R? and NSE values of the recommended formula scenario were slightly lower than
those of the technical code formula scenario and no drainage scenario, which occurred
mainly because the recommended formula scenario did not fit well in the small flow pro-
cess of the flood retreating section. Considering that the discharge in the retreating section
was far less than 1 m3/s and the flood risk of the check-dam system is mainly caused by
the large floods during its operation, it is rational to improve the simulation accuracy of
the flood peak with almost unchanged model accuracy using the recommended formula
scenario.

25
20
—e— Observed
Recommended formula scenario
~ 154 Technical code formula scenario
2 No drainage scenario
g
e
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T (min)

Figure 10. Comparison of the simulated hydrograph and observed data under the 3 scenarios.

Table 6. Performance of the model under the 3 scenarios.

Peak Discharge (m?s)

Scenarios R NSE Obs. Sim. Difference (%)
Recommended formula scenario 0.82 0.73 20.28 16.41
Technical code formula scenario 0.83 0.78 24.26 18.48 23.83

No drainage scenario 0.87 0.83 15.53 35.99

5. Conclusions

This study analyzed the applicability and accuracy of the formula for the drainage
process of a perforated riser principal spillway based on observational experiments, pro-
posed appropriate formulas for the calculation of the discharge capacity of the perforated
riser principal spillway under both normal and abnormal working conditions, and took
the drainage process of a perforated riser principal spillway into account in the simulation
of rainfall-runoff processes in a catchment with a check-dam system. The results of the
sensitivity analysis showed that among the only 2 parameters that needed to be calibrated
in the model used in this study, the simulation result was more sensitive to the Manning
coefficient than to the CN. Parameter calibration results showed that when the CN value
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was high and the Manning coefficient was low, the simulation accuracy of the model was
the highest, with an NSE of 0.73. The recommended formulas for the drainage process of
the perforated riser principal spillway can significantly improve the simulation accuracy
of the flood peak, and the accuracy can be increased by 7.42% and 19.58% compared to
the accuracy obtained with the technical code formula scenario and no drainage scenario.
This study proposes an efficient simulation scheme for the rainfall-runoff process in a
catchment with a check-dam system equipped with a perforated riser principal spillway,
and provided a reference for flood warnings and the safe operation of a check-dam sys-
tem.
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