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Abstract

Purpose The sediment transport capacity provides a theoretical basis for accurate prediction of soil erosion. The aim of this
study is to develop a sediment transport capacity prediction model applicable to a variety of soils.

Materials and methods Sandy loess and loess soil (ds,=0.095 mm and ds,’ =0.04 mm) were used to conduct indoor sediment
transport experiments under different hydraulic conditions. Moreover, the experimental data of cohesive soil and cohesionless
sand was combined, and the response relationship between sediment transport capacity and each flow intensity parameter
was analyzed through dimensionless processing.

Results and discussion Results showed that the sediment transport capacity had an exponential function relationship with
unit discharges and energy slopes. The sediment transport capacity also varied with the changing flow intensity parameters,
and through analysis, the effective stream power was observed as an optimum predictor (R?=0.9692). Considering the
effective stream power and volumetric sediment concentration, this study derived a formula for calculating the sediment
transport capacity.

Conclusions In conclusion, this study innovatively established a prediction model of sediment transport capacity on loessial
slopes though regression analysis and dimensionless method. The proposed model is capable of considering flow intensities
and volumetric sediment concentration simultaneously, and has a superior applicability to both cohesive soil and cohesion-
less sand compared with the four main existing models.

Keywords Overland flow - Sediment transport capacity - Flow intensity parameters - Effective stream power - Volumetric
sediment concentration

1 Introduction

Soil erosion, a major environmental problem, has attracted
significant attention worldwide (Ali et al. 2012). The Loess
Plateau has significant importance in energy and food
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production, as well as economic progress. However, severe
soil erosion in this area has posed various threats to the envi-
ronmental sustainability (Liu et al. 2012; Zhao et al. 2013a).
More than 70% of the area now is gully-hill-dominated due
to intense soil erosion over thousands of years (Tian et al.
2016). Various strategies including continuous soil and
water conservation practices have been implemented to miti-
gate this phenomenon (Zhao et al. 2013b). However, analyz-
ing the water erosion process is still necessary to provide a
reference for establishing soil erosion prediction models in
sediment transport capacity research.

Water erosion is the most prominent way, which refers to
the destruction of soil framework and transportation of par-
ticles due to a flowing water. Water erosion consists of three
dynamic processes: soil detachment, sediment transport, and
sediment deposition. The sediment transport capacity of
overland flow mainly represents the maximum flux of sedi-
ment transport under specific hydraulic conditions (Huang
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et al. 1999; Li and Abrahams 1999; Zhang et al. 2009). This
plays a critical role in determining the areas of net erosion,
where the actual sediment concentration is less than the
transport capacity, and net deposition, where the transport
capacity is exceeded (Yu et al. 2015). This is because of
the relationship between sediment concentration and sedi-
ment transport capacity (Merten et al. 2001; Nearing et al.
1989). When sediment transport rate is less than sediment
transport capacity, the soil detachment dominates; when the
rate is equal to the capacity, the detachment and sediment
deposition processes could reach a dynamic equilibrium.
Adversely, the sediment deposition would occur owing to
excessive soil particles transported by currents (Ahmadi
et al. 2006). Therefore, accurate prediction of the sediment
transport capacity is crucial while investigating soil erosion.

Several factors including energy slopes, slope length, flow
discharge, and flow velocity affect the sediment transport
capacity of overland flow (Hao et al. 2019; Zhao et al. 2020;
Wang et al. 2020a; Li et al. 2020; Wu et al. 2021), and the
flow intensity parameters (Liu et al. 2014). These factors can
be classified into three categories like slope form, hydraulic
parameters, and soil properties (Prosser and Rustomyji 2000).
The actual slope length in the Loess Plateau area is generally
more than tens of meters. However, the test length could
not reach that value owing to restricted experimental condi-
tions (Zhang 2000). Zhang et al. (2017) studied relationships
between hydraulic parameters and sediment yield under dif-
ferent slope lengths, and concluded that the step length of
the fluctuation process in overland flow was three meters.
It is noteworthy that relevant studies mainly focused on the
relationship between sediment transport capacity and slope
gradient, flow discharge, and mean flow velocity (Li et al.
2021; Wang et al. 2020b; Abrahams et al. 2015; Govers et al.
2010; Nearing et al. 1997). For example, Li et al. (2021)
proposed that among various flow intensity parameters,
the mean flow velocity was significantly correlated with
sediment transport capacity (R>=0.92). Wang et al (2020b)
reported that the slope gradient could modify the soil detach-
ment mechanisms and sediment transport process. Moreo-
ver, the sediment transport capacity was closely related to
the sediment properties, such as median particle size, liquid
viscosity, and shapes of sediment particles (Pieri et al. 2009).
With an increasing particle diameter, the incipient settling
velocities of soil particles increased exponentially (Zhang
et al. 2011), while the sediment transport capacity showed
an exponential decline (Govers 1990). Therefore, different
hydraulic parameters should be considered while calculat-
ing the sediment transport capacity (Wang et al. 2021a, b).

The sediment transport capacity can be calculated using
compound hydraulic parameters including shear stress,
stream power, and unit stream power (Wu et al. 2018).
Finkner et al. (1989) used the flow shear stress 7 in Water
Erosion Prediction Project model (WEPP), while Beasley

et al. (1980) and De Roo (1996) selected the unit stream
power P in EUROSEM and LISEM models. However,
Mahmoodabadi et al. (2014a, 2014b) reported that sedi-
ment transport capacity results obtained through the GUEST
model had a higher accuracy than those of the WEPP model.
At present, several formulation exists for calculating the
sediment transport capacity based on sediment transport
theories in open-channels and natural rivers.

Beasley et al. (1980) proposed the formula for sedi-
ment transport capacity on the basis of a single influencing
factor, as shown in formula (1). It has been applied to the
ANSWERS model (Areal Nonpoint Source Watershed Envi-
ronment Response Simulation).

T, = 1465¢°q < 0.046

T, = 14600Sq%q > 0.046 (1)

where T, is the flow sediment transport capacity, kg'm™"-s™",

and S is the energy slope, %. The g is unit discharge, m*/min.
Finkner et al. (1989) proposed a compound factor and

then established the WEPP model (Water Erosion Prediction

Project) after simplifying the Yalin formula (Yalin 1963):

T, = Kr*/? )

where 7 is the shear stress, Pa. The sediment transport coef-
ficient K is a comprehensive coefficient representing the
general state of water flows and soil sediments.

Then, Zhang et al. (2008) carried out steep slope tests and
found that the sediment transport coefficient K increased in
terms of its power function with an increasing shear stress
7. It is also found that the WEPP model underestimated the
influence of flow shear stress. So, the WEPP model was
revised by considering the exponent as two:

T, =K’ 3)

Ali et al. (2012) obtained the relations between the total
flow discharges, median particle size, and energy slope
through sediment transport experiments with four different
median particle sizes as follows:

60" 250
T.=0.17x 10 FS 4)
50

where Q is the total flow discharge, m%/s. dy, means the
median particle size, mm, and S is the energy slope, %.

Zhang et al. (2011) established a formula for sediment
transport capacity which is applicable to sediments with
diverse soil characteristics:

T, =0024 ) d3* P’ (5)

i=1
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where 7 is the number of different sediment particle sizes.
And ds; represents a particular sediment median particle
size, mm. P; indicates the proportion of a certain median
particle size in total sediments.

Furthermore, Luan et al. (2016) simulated the transport
process of cohesionless sand on steep slopes and evaluated
the influence of stream power on sediment transport capac-
ity. Then, a formula was obtained by analyzing its relation
with dsy;, P;, and W:

T, =0.142 ) d3*2p,w' > )
i=1

where W is the stream power, w/ m>.

Apparently, there were no consistent conclusions regard-
ing the selection of flow intensity parameters, and existing
prediction models were aimed at a certain kind of soils like
cohesive soil and sand, so the prediction model cannot be
applied to each other. The novelty of this manuscript is
reflected in three aspects: First, as different soil types with
diverse median particle size were considered; here, the
dimensionless method was adopted to eliminate its influence
on flow intensity parameters. Second, this research indicated
that the volumetric sediment concentration is a prominent
parameter when predicting the sediment transport capacity
as it is closely related to the sediment transport coefficient K.
Above all, the response relationship between flow intensity
parameters and sediment transport capacity was thoroughly
analyzed by considering the difference between suspended
load and traction load. At last, a formula suitable for cohe-
sive and cohesionless soils was obtained through the implicit
function analysis method. The experiment conducted in this
study was similar to those of Zhang et al. (2011), Wu et al.
(2016), Ail et al. (2012), and Aziz and Scott (1989): these

75°E 90°E 105°E 120°E 135°E

are generally known as sheet flow sediment transport experi-
ments. These experiments only differed in terms of slope
gradient, flow discharge, and the median diameter. There-
fore, this study synthesized the data of the aforementioned
four studies. The objectives of this study were the following:

(1) to evaluate a relationship between dimensionless sedi-
ment transport capacity and dimensionless flow intensity
parameters.

(2) to establish the sediment transport capacity for sheet
flow considering the volumetric sediment concentration and
an optimum flow intensity parameter.

(3) to evaluate the applicability of the proposed predic-
tion model by comparing the results with those of the four
existing models.

2 Materials and methods
2.1 Soil samples

The test soil materials were Shenmu sand loess from Shenmu
county (110°30’E, 38°49'48"N) and Huangmian soil col-
lected from Ansai County (109°19'23"E, 36°51'30"N), as
shown in Fig. 1. Table 1 shows the particle size distribution
of Shenmu sand loess (ds,=0.095 mm) and Huangmian soil
(d5p=0.04 mm).

2.2 Experimental setup

The experimental set-up consisted of a test flume, a con-
stant water tank, a sediment hopper, and sediment collec-
tion devices as shown in Fig. 2. An adjustable flume of
size 4.5x0.3x0.1 m> (Lx W xH) with plexiglass sides
was selected in this experiment. The flow discharge was
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Fig. 1 Location of this test area
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Table 1 Particle size

o= . . Particle size/mm  Coarse Fine sand  Coarse silt Medium silt  Fine silt Clay particles
distribution of different soil sand>0.25 0.25~0.05 0.05~0.01 0.01~0.005 0.005~0.001 <0.001
materials
dsp=0.095mm  0.30% 64.9% 22.0% 2.8% 3.2% 5.8%
dsy=0.04 mm 0% 36.58% 48% 3.84% 4.73% 6.85%

controlled by seven drain valves at the outlet of the con-
stant water tank. A sediment hopper which was 0.5 m distant
from the upper side of this flume was used to provide the
water flow with sediments. The rate of adding sediments
was controlled by guide plates and rollers, as shown in
Fig. 2. Three slopes (10.5%, 15.6%, and 20.8%) and seven
unit discharges (0.27, 0.54, 0.81, 0.108, 0.135, 0.162, and
1.89x 1073 m? s7!) were systematically investigated using
Shenmu sand loessial samples. As for Huangmian soil mate-
rials, five types of slopes (7.0%, 10.5%, 14.1%, 17.6%, and
21.3%) and six unit discharges (0.19, 0.39, 0.58, 0.75, 0.95,
and 1.12x 107> m? s~!) were set up in this test.

2.3 Measurements

Before adding sediments into the water flow, the slope
gradient and flow discharges were adjusted to the designed

Roller Guide plate

Outlet 4.5m

b. The sectional diagram of sediment hopper

Sediment collection
equipment

Adjustable bracket

Fig.2 Schematic of the experimental set-up

Sediment hopper \

Rill flume

values. Flow discharges were measured by the weighing
method with an accuracy of 0.001L/s. After reaching a
constant value, related hydraulic parameters were meas-
ured. Three cross sections positioned at 1.0, 2.0, and 3.0 m
along the slope from top to bottom were observed in this
flume. Three measuring points were set on each cross sec-
tion, and the surface velocity was observed by the KMnO4
dye tracer method (Shang et al. 2020). For surface flow
velocity, an average of 20 observations for each point was
considered to increase the reliability of the data. There-
fore, at each cross section, three relatively accurate surface
flow velocities were obtained from the left and right of
the flume, as shown in Fig. 3b. A camera was employed
to determine the time when the tracer crossed a marked
distance (1 m). It is remarkable that the starting and stop-
ping of the time depend on the front of the dyeing cur-
rents. Compared with “volumetric flow rate” method, the

Inlet pipe Water tank
Overflow weir

Sluice

Outlet
pipe

Adjustable bracket

0.1lm

a. The diagram of the rill flume structure
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Fig.3 The measuring method.
(a) Water depth measurement.
(b) Flow velocity measurement

centroid velocity of stained spots could better represent
the flow velocity because it does not require selection of
empirical coefficients and regular flow cross-sections. In
addition, compared with salt tracing and electrolytic pulse
methods, this KMnO4 dye tracer method would not be
affected by sediment concentration and water depth on

the slope. The water depth was measured using the SX401
digital probe tester with an accuracy of 0.01 mm, as shown
in Fig. 3a. In addition, as shown in Tables 2 and 3, initially,
the water depth was shallow and then increased as the
flow discharges increased. The sediment transport capacity
of loess sand (ds,=0.095 mm) increased comparatively

Table 2 The experimental data

. Median particle size/mm  Slope/%  Unit Water depth/m  Sediment transport ~ Mean flow
(Shefnmu.sand loess, median discharge/ capacity/kg m~! 7! velocity/
particle size=0.095 mm) m2s! mes~!

0.095 10.5 0.00029 0.00186 0.0090 0.158
0.00056 0.00249 0.0350 0.226

0.00069 0.00304 0.1250 0.226

0.00093 0.00351 0.1790 0.266

0.00106 0.00397 0.2870 0.267

0.00120 0.00433 0.4050 0.277

0.00162 0.00527 0.7800 0.307

15.6 0.00028 0.00176 0.0368 0.160
0.00067 0.00257 0.0778 0.259

0.00078 0.00300 0.1600 0.259

0.00086 0.00346 0.2220 0.249

0.00111 0.00407 0.4100 0.273

0.00125 0.00450 0.6160 0.278

0.00153 0.00487 0.9170 0.315

20.8 0.00031 0.00181 0.0720 0.169
0.00052 0.00249 0.0820 0.208

0.00094 0.00313 0.2490 0.300

0.00115 0.00368 0.3310 0.313

0.00129 0.00393 0.5470 0.329

0.00154 0.00443 0.7630 0.347

0.00188 0.00502 1.0270 0.374
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Table3 The cexper irpental . Median particle size/mm  Slope/%  Unit Water depth/m  Sediment transport ~ Mean flow
data. (Hue}ngrnlan soil, median discharge/ capacity/kg m~! 7! velocity/
particle size =0.004 mm) m? s m-s™!
0.04 7.0 0.00039 0.00312 0.0157 0.125
0.00058 0.00413 0.0282 0.140
0.00075 0.00322 0.1015 0.233
0.00095 0.00421 0.1391 0.226
0.00112 0.00419 0.2052 0.267
10.5 0.00019 0.00225 0.0088 0.084
0.00039 0.00231 0.0195 0.169
0.00058 0.00294 0.0948 0.197
0.00075 0.00286 0.1634 0.262
0.00095 0.00313 0.2171 0.304
0.00112 0.00425 0.3167 0.264
14.1 0.00019 0.00216 0.0095 0.088
0.00039 0.00211 0.0532 0.185
0.00058 0.00336 0.0875 0.173
0.00075 0.00322 0.1447 0.233
0.00095 0.00311 0.2102 0.305
0.00112 0.00396 0.3366 0.283
17.6 0.00019 0.00314 0.0340 0.061
0.00039 0.00325 0.0916 0.120
0.00058 0.00335 0.1700 0.173
0.00075 0.00312 0.2039 0.240
0.00095 0.00323 0.2909 0.294
0.00112 0.00422 0.5242 0.265
21.3 0.00019 0.00314 0.0660 0.061
0.00039 0.00243 0.1381 0.160
0.00058 0.00322 0.1958 0.180
0.00075 0.00321 0.2889 0.234
0.00095 0.00334 0.4203 0.284
0.00112 0.00312 0.5137 0.359

faster as flow discharges and slope gradient increased.
Furthermore, when the energy slope and unit discharges
were small, the sediment transport capacity of loess sand
(d5p=0.095 mm) and Huangmian soil (d5,=0.04 mm)
exhibited some fluctuations. This could be because of the
destabilization of sediment-laden flow that generated a
series of waves; the wave crests and troughs significantly
influenced the observational result when the energy slope
and unit discharges were relatively small, as shown in
Fig. 4. The appearance and disappearance of roll waves
can influence the hydraulics and hydrodynamic force dis-
tribution of water flow and therefore influence the sedi-
ment transport process (Want et al. 2021). Further, during
the process of roll wave propagation, liquid particles on
the surface and at the bottom are mixed with each other,
resulting in high turbulence intensity (Wang et al. 2019).
Thus, the dynamic conditions of sediment incipience and

subsidence could be affected by roll waves. Because the
sediment concentration at wave crests and troughs was
over-saturated and nearly saturated respectively, the num-
ber of wave crests and troughs would influence the meas-
urement of sediment concentration in flow-water during
the sampling of sediments at the outlet of the flume.

2.4 Experimental procedures

Equation (7) proposed by Zhang et al. (2011) was used to
predict an approximate 7, value in advance. It is because
these experimental conditions are similar, and they are all
indoor simulated tests. Then, numerous pre-experiments
with initial sediment discharges approximating this value
were carried out. When the sediments in flows just began
to settle on the surface of this flume, it was considered that

@ Springer



244

Journal of Soils and Sediments (2022) 22:238-255

(a). Wave-current coupling in
sediment-laden flow

(b). Wave crest and trough in
wave-current coupling

(c). Regular sediment
transport in sediment-laden
flow

Fig.4 The sediment transport phenomenon in sediment-laden flow. (a) Wave-current coupling in sediment-laden flow. (b) Wave crest and trough
in wave-current coupling. (¢) Regular sediment transport in sediment-laden flow

the T, value at this instant was close to sediment transport
capacity, and then the main experiments started.

Tc — 2382.32q1'26951'637d5_(§)'345 (7)

where T, is the sediment transportation capacity of overland
flow, kg/(s m), and ¢ is the unit discharge, m?/s. S means the
energy slope, %, and ds, is the median particle size, mm.

During the main experiments, each time the flow
velocity and water depth were measured, the sediment
transport process continued until the flow was unable
to transport the sediments. Once the water flow reached
the transport capacity, the deposition could be observed
on the bed surface (Mu et al. 2019). When measuring
the sediment transport capacity, the rate of adding sand
was controlled through the electric motor and sediment
hopper until it stabilized within five minutes. Moreover,
the sediments and water were fully mixed with iron bars.
As the discharge of sediment-laden water was constant,
sampling buckets with different numbers were used at
the outlet of the flume. The sampling time determined by
flow discharges and the size of containers were recorded
by a stopwatch. After approximately 30 s, the sediment
samples were sent to be deposited and dried, and the M
value in formula (8) was the average the mass of these
sand samples. The sediment transport capacity could be
expressed as follows::

M
T.=—
=7 ®)

where M is the mass of dried sand samples, kg. The param-

eter b is the width of this test flume, while 7 is the sampling
time, s.

@ Springer

2.5 Calculation of hydraulic parameters

In sediment transport mechanics, flow intensity param-
eters are generally classified into three categories: flow
velocity parameters (surface velocity, bottom velocity, and
mean velocity), dynamic parameters (flow shear stress),
and power parameters (unit stream power, stream power,
and effective stream power).

However, owing to discrepancies in the definition of
surface velocity and bottom velocity, these two parameters
have been rarely used. In the present study, the surface
velocity of flow was observed using the KMnO, dye tracer
method to provide a reference to obtain the appropriate
mean velocity V. Previous studies have proposed that
mean velocity can be estimated by multiplying the surface
velocity with a correction coefficient defined as (the ratio
of the average to maximum velocity). For example, Luk
and Merz (1992), Dunkerley (2010), and Ali et al. (2012)
all gave a reasonable correction coefficient. However, in
order to avoid some interferences of these correction coef-
ficients, the mean velocity V which has been more exten-
sively used could be expressed as follows:

_9
" bh ©)

14
where V is the mean velocity, m/s, and # is the water depth,
m, and b is the width of the flume, m.

The flow shear stress refers to the force acting along
slopes during the movement of fluids. It can be expressed as

T = pghS (10)
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Table 4 The range of different hydraulic parameters

1

comparable objects Median particle Slope/% Unit discharge/m? s~ Mean flow Water depth/mm Sediment transport
size/mm velocity/m s capacity/kg m™! 57!
This study 0.095 10.5~20.8 0.00014~0.00111 0.158~0.374 1.86~5.02 0.009~1.027
0.04 7~20.8 0.00019~0.00112 0.527~1.11 1.42~4.13 0.0088 ~0.5243
Wang et al. (2019) 0.04 10.5~38.4 0.00082~0.00319 0.474~1.063 1.08~3.65 0.1673~3.4281
Zhang et al (2011) 0.1~1.16 8.7~423 0.00066 ~0.00526 0.218~0.952 1.98~8.43 0.07~8.66
Ali et al. (2012) 0.23~1.02 52~17.6 0.00007 ~0.00207 0.163~0.473 0.75~5.65 0.0008~0.1337
Aziz and Scott (1989)  0.29~1.02 3~10 0.00165~0.00473 0.27~0.706 3.51~11.58 0.0089~0.353

where 7 is the flow shear stress, Pa, and p is the density
of water flow, kg*/m. g is the acceleration due to gravity
(9.81 m/sz), and the & is water depth, m.

Bagnold (1966) proposed a concept stream power and
expressed it as

W =1V = pgSq (1)

where W is the stream power, w/m”. Compared with stream
power, the unit stream power considers the mass of water
flow. It represents the energy loss of sediment transport per
unit mass of water flow.

The relationship between unit stream power and mean
velocity, as well as slopes is

P=Vs (12)

where P is the unit stream power, m/s.

Govers (1992) proposed the effective stream power on
the basis of flow shear stress, which represents the actual
output power of water flows. The formula is

W = e (13)
where W, is the effective stream power, N 15/(s15 m>17).

2.6 Theoretical analysis

In this study, the experimental data were selected to ensure
consistency with Zhang et al. (2011), Wu et al. (2016), Ali
et al. (2012), and Aziz and Scott (1989). In total, 348 groups
of data were selected as per the availability of data, as shown
in Table 4. This is because the aforementioned studies are
all flume experiments and there are only differences between
the energy slope, flow discharge, and median particle size
of soils. In this study, 5.8% and 6.85% cohesive soil parti-
cles possessed a median particle size of 0.095 mm and 0.04
mm, respectively; this was consistent with that in Wu et al.
(2016). For cohesionless fine, data was selected in conform-
ity with Zhang et al. (2011), Ali et al. (2012), and Aziz and
Scott (1989). The parameter was made dimensionless, given
the diverse median particle sizes used in different studies,
as shown in Table 5. This process considered the settling
velocity because in quiescent water, the median particle size
has insignificant influence on the sediment settling velocity.
When the related flow intensity parameters and the sedi-
ment transport capacity are all dimensionless, the influence
of median particle size on flow intensity parameters would
be weakened.

Table 5 Non-dimensional
formulas of flow intensity
parameters

Flow intensity parameters

Non-dimensional formulas of
flow intensity parameters

Formulas of flow intensity
parameters

Mean velocity

Flow stress force

Unit stream power
Stream power
Effective stream power

Sediment transport capacity

v V= V/[V Yslv — 18“'50]

7 = pghS 0 =yhl/[(r,/7)ds]
P=VS P %= VS/w

W=1V W =0Vv*

Weﬁ‘ = Wl.S/h0.67 WZ# — W*I.S/(h/d50)0.67
T, =M/(Th)

=T,/ [m/(n/y - 1gd§0]

v, is particle density of sediment particles. y, was 2650 (kg/m?) in this study.y is water particle density.  is
the settling velocity of sediment particles. J is the energy slope. ds is the median particle size of sediment
particles. V" is the dimensionless mean velocity. 0 is the dimensionless shear stress. W is the dimension-
less stream power. P* is the dimensionless unit stream power. W, is the dimensionless effective stream
power. @ is the dimensionless sediment transport capacity
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Then all data were randomly divided into two groups
without human interference. The first group contains 181
sets of data, which could be used to analyze the relationship
between flow intensity parameters and sediment transport
capacity, and to derive formulas for calculating the sediment
transport capacity of overland flow. Another 166 sets of data
were chosen to evaluate the applicability of these formulas.
When evaluating its applicability, the correlation coefficient
R? and Nash coefficient N, were selected to verify the simu-
lation of these formulas (Wu et al. 2021).

2 (0-0)(r- )

Z?=1 (Oi - 5) E?=1 (Pi - ;)2

R? =

(14)

Y (0,-P)
2(0-0)

where P, is the simulated value and is the average of sim-
ulated values. O; is the measured value, while is the average
of measured values.

Ngp=1- (15)

3 Results and analysis
3.1 Selection of parameters
The response relationship between dimensionless mean

velocity V" and dimensionless sediment transport capacity @
was shown in Fig. 5a. It showed that the sediment transport

=
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= A Zhang . 2
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= . L <
I o Aziz >
= E
‘é 10 £ 3 ;’E
= E
2 4L 4 7
= .
8 ©=0.021477"
£ 0.1 A30 R’ =0.664 ]
E
'Cll v
§0.01¢ v .
=] L 1

1 10

non-dimensional mean flow velocity

(a). The relationship between ® and V"
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capacity @ increased in terms of its power function with an
increasing mean velocity (R?=0.664). The relation can be
expressed by formula (16):

® = 0.0214Vv*399R2 = (.664 (16)

where @ is the dimensionless sediment transport capac-
ity in overland flow, while V" is the dimensionless mean
velocity. Then, formula (16) was validated by the second
set of data, as shown in Fig. 5b. The fitting precision R*
was 0.957, and the Ngg value was 0.664. This formula could
better predict the sediment transport capacity of silty sand
containing cohesive particles in this test and that of Wu et al.
(2016). But it is not suitable for cohesionless sand tests in
Zhang et al. (2011), Ali et al. (2012), and Aziz and Scott
(1989). Overall, the prediction results using the predictor
mean velocity are not that ideal.

The response relationship between dimensionless flow
shear stress 6 and dimensionless sediment transport capacity
@ was shown in Fig. 6a. It showed that the sediment transport
capacity @ increased in terms of its power function with an
increasing flow shear stress (R°=0.9498). The relation can be
expressed by formula (17):

® = 0.03696%7R? = (0.9498 (17)

where 6 is the dimensionless flow shear stress. Then, for-
mula (17) was validated by the second set of data, as shown
in Fig.6b. The fitting precision R* was 0.920, and the Ny
value was 0.806.

(3) The response relationship between dimensionless
stream power W' and dimensionless sediment trans-

measured value

(b). The comparision of simulated and measured values in formula (16)

Fig.5 Relationships between @ and V* and the fitting precision of formula (16). (a) The relationship between ® and V*. (b) The comparison of

simulated and measured values in formula (16)
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port capacity @ was shown in Fig. 7a. It showed that
the sediment transport capacity @ increased in terms
of its power function with an increasing stream power

where W" is the dimensionless stream power. Then,
formula (18) was validated by the second set of data,
as shown in Fig. 7b. The fitting precision R* was 0.970

(R*=0.9458). The relation can be expressed by formula
(18):

and the Ngg value was 0.721. It can be seen from
Fig. 7a that Aziz and Scott (1989) obtained a smaller
sediment transport capacity under the same stream

- +1.3067 p2 _
@ = 0.0209W R =0.9458 power, meaning that this formula is not well applicable

(18)
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Fig. 7 Relationships between ® and W* and the fitting precision of formula (18). (a) The relationship between ® and W*. (b) The comparison of
simulated and measured values in formula (18)
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to the calculation in Aziz and Scott (1989). The reason
is that Aziz and Scott (1989) carried out their experi-
ments using a flume covered with soils under gentle
slopes (3~10%) and large flow discharges. Therefore,
the measured sediment transport capacity here is an
unsaturated value.

(4) The response relationship between dimensionless unit
stream power P~ and dimensionless sediment transport
capacity @ was shown in Fig. 8a . It showed that the sedi-
ment transport capacity @ increased in terms of its power
function with an increasing unit stream power (R>=0.8847).
The relation can be expressed by formula (19):

@ = 1.8927P* 191 R = (.8847 (19)

where P” is the dimensionless unit stream power. Then,
formula (19) was validated by the second set of data,
as shown in Fig. 8b. The fitting precision R> was 0.898
and the Ngg value was 0.495.

(5) The response relationship between dimensionless effec-
tive stream power W.; and dimensionless sediment
transport capacity @ was shown in Fig. 9a. It showed
that the sediment transport capacity @ increased in
terms of its power function with an increasing effec-
tive stream power (R*=0.9692). The relation can be
expressed by formula (20):

@ = 0.0036W,;*'*"R* = 0.969 (20)
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(a).The relationship between ® and P*

where W, is the dimensionless effective stream power.
Then, formula (20) was validated by the second set of
data, as shown in Fig. 9b. The fitting precision R* was
0.975, and the Ngg value was 0.797. The simulated and
measured values are around the 1:1 line, indicating that
the effective stream power can better predict the sedi-
ment transport capacity.

The dimensionless effective stream power Weff* appeared
later than other parameters, which was proposed by Govers
(1992) based on the concept of flow shear stress. It mainly
refers to the residual net output power of water flow without
losses due to the shear stress. Thus, the value of the effective
stream power can also reflect sediment transport capacity.
The larger the effective stream power is, the greater would
be the output energy of the water flow. The flow with high
energy can transport more sediments; this is why the effec-
tive stream power is significantly correlated with the sedi-
ment transport capacity.

Actually in the real world, both flow velocity and shear
stress are easier to obtain through the measured water depth.
Both cohesive and cohesionless soils can be transported by
water flow under natural conditions. However, their trans-
port processes differ owing to mutual adhesion between the
particles; the sediment incipience of cohesive soil particles
is in blocks when eroded by currents, while the cohesionless
soil particles are transported from one to the next. To avoid
the impact of transient transport characteristics of different
soil types on sediment transport, the energy parameter would

- This stud ] <
1000F o wu . -..}?
4 Zhang H _:
o0k ¥ Al . . 7 . . 4
E*  Aziz Boa s 3
[ '] A"A
10 | . aa® 4 E
‘A
A A
oad

3 e s R?=0.898

i Wiy N_.=0.495
0.1 _ _— “ SE _§
0'01 =_||| Ll Lo sl a1 sl gl a1 sl " .._E

0.01 0.1 1 10 100 1000

measured value

(b). The comparision of simulated and measured values
in formula (19)

Fig. 8 Relationships between @ and P* and the fitting precision of formula (19). (a) The relationship between @ and P*. (b) The comparison of

simulated and measured values in formula (19)
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be more appropriate than flow velocity or shear stress. The
energy parameters can also reflect the energy consumption
for the entire process of sediment transportation. The stream
power and effective stream power all can be seen as appro-
priate energy parameters, but after analyzing the response
relationship between flow intensity parameters and sediment
transport capacity, this study employed the effective stream
power to derive a formula for sediment transport capacity
because of the higher R? (0.969) and Ngg (0.797).

3.2 Empirical formula for sediment transport
capacity

The relationship between the dimensionless sediment trans-
port capacity and dimensionless effective stream power can
also be expressed by formula (21):

® = KW,;* @n

Sediment transport coefficient K is a comprehensive
coefficient representing the overall state of water flows and
soils (Zhao et al. 2020). It is sensitive to multiple factors
such as the equilibrium condition, saturation, and sediment
characteristics. In this study, the dimensionless theory has
eliminated the influence of median particle size. Therefore,
K would only be influenced by the equilibrium condition
and saturation. The volumetric sediment concentration S,
indicates the percentage of sediments in water flows per unit
volume. It could depict the saturated state of sediments. The
relationship between volumetric sediment concentration S,

and sediment transport coefficient K is analyzed as shown
in Fig. 10.

It showed that sediment transport coefficient K exhibited
an increasing trend as the volumetric sediment concentra-
tion S, increased. According to SPSS correlation analysis,
the Pearson index between sediment transport coefficient K
and volumetric sediment concentration is 0.393. These two
parameters are negatively correlated and their relationship

can be expressed as follows:
K = 0.05765%''R* = 0.393 (22)

Then, the dimensionless sediment transport capacity @
can be seen as a dependent variable. It would be

0.3
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Fig. 10 Relationships between K and Sv
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@ = 0.17428%32 W ***¥R* = 0.989 (23)

The proposed formula considered the volumetric sedi-
ment concentration, indicating whether the sediment is satu-
rated or not. The dimensionless effective stream power was
correlated with mean velocity, water depth, slope gradient,
sediment particle density, and gravitational constant. There-
fore, the proposed formula showed high fitting accuracy and
can predict the sediment transport capacity effectively. How-
ever, in formula (23), both volumetric sediment concentra-
tion S, and dimensionless sediment transport capacity are
unknown parameters; hence, it needs to be further deduced
by the implicit function method.

As sediment transport capacity can also be expressed by

T, =874 (24)

By introducing formula (23) into the formula (24) for
calculating dimensionless sediment transport capacity in
Table 4, it can be obtained that

S,7,q

s 3
Vs (7 - 1>gd50

(25)

When considering the formula (25) is equal to formula
(23), it can be concluded that

S,754q — 01742 58'322 Weﬁ*0'949

s 3 (26)
oy (5 =1)edi
The volume soil concentration can be calculated as
0.1742W, 20949 (ﬁ - 1) gd?
0678 _ o ! % @7

q

If the parameter related to soil types (ds, y,) and runoff
conditions (Weﬁ*, q) can be obtained, the volume soil con-
centration S, can be determined. Then a formula for dimen-
sionless sediment transport capacity is derived by integrat-
ing formula (24) and formula (27):

0-076Weff*1'4 J/‘Yg0.7374d§(.)2125 (ys _ J/)0.7374
q0.475 },0.7374

T.=8,r9= (28)

By substituting y=1, g=9.8 in formula (28), it would be

*1.4
0.74 2217 ff 2 _
T.0.41[y,(y, — D™ "dg; W R~ =0.989 (29)
X = y,(y, — D! (30)

@ Springer

The formula (29) can be used to calculate the sediment
transport capacity. When the soil types and flow conditions
are determined, the X is a constant and sediment transport
capacity would be mainly affected by the effective stream
power and unit discharges. This formula is simple in form
and has a high fitting degree. In addition, this formula con-
siders the relationship between volumetric sediment concen-
tration and sediment transport capacity. In the case of both
parameters are unknown, an implicit function mathematical
method was used for deriving a simplified calculation for-
mula. As this formula considered the effective stream power
as an important parameter, it can be applied to both cohesive
and cohesionless soils, which will provide better results for
predicting the sediment transport capacity.

To evaluate the applicability of formula (29), Fig. 11
shows the relationship between the measured value and cal-
culated value of sediment transport capacity.

It can be seen in Fig. 11 that the calculated and meas-
ured value are around the 1:1 line (R2 =0.985, Ngz =0.884),
although this study included a series of data from this exper-
iment, Wu’s silty test, Zhang’s, and Ali’s and Aziz’s cohe-
sionless soil tests (Wu et al. 2016; Zhang et al. 2011; Ali
et al. 2012; Aziz and Scott 1989). It means that this formula
is applicable to calculate the sediment transport capacity of
cohesive and cohesionless soil particles.

4 Discussion
4.1 Relationship between T, S, and q

Energy slopes and unit discharge are two main factors affect-
ing the sediment transport capacity. This paper studied the
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measured value

Fig. 11 Comparison between simulated and measured value of for-
mula (29)
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three-dimensional relationship between slope, unit dis- 6 (0.2)1 oo
charge, and sediment transport capacity under 92 sets of tests ~ 1c = 0.17 X 10° ——=—§~ (32)
with two different loess soils. It was concluded that there 30
was a power function relationship between energy slopes, It also can be concluded that
unit discharge, and sediment transport capacity:
1.46

- 4" 289

T, = 33496.5519804132R2 = 0.984Np_g 050 @y Te=16216-555 33)

The exponents were different in Zhang et al. (2009), Wu
et al. (2016), and Mahmoodabadi et al. (2014a), as shown in
Table 6 owing to different slopes, discharges, and especially
the median particle size. For example, Zhang et al. (2009)
selected fine sand, and their energy slope ranged from 8.8
to 46.6%, which was steeper than that used in this study.
Mahmoodabadi et al. (2014a) used fine sand with energy
slope ranging between 2 and 6%. This study and Wu et al.
(2016) conducted experiments using soil samples with a
larger median particle size than that in the other two studies.

Then, the energy slope and unit discharges in this experi-
ment were substituted into these formulas in Table 6 to evaluate
their applicability. The comparison between the simulated value
and measured sediment transport capacity is shown in Fig. 12a.

It can be seen from Fig. 12 that most results obtained by
formula (16) were scattered around 1:1 line except for some
simulated values with a low sediment transport capacity
(R*=0.984). However, the simulated values through Zhang’s
formula (Zhang et al. 2009) were lightly larger than the meas-
ured values, which showed a relatively general applicabil-
ity (R*=0.892). The calculated values using Wu’s formula
were significantly larger than measured ones (R?=0.653),
which may have something to do with the steep slopes Wu
et al. (2016) chose. The distribution of calculated points
obtained by Mahmoodabadi’s formula was rather dispersed
(R*=0.704), and this may because Mahmoodabadi et al.
(2014a) considered a wide range of median particle sizes.

4.2 Comparison of prediction models

The formulas of sediment transport capacity obtained in this
study are compared with Egs. (1), (3), (4), and (5) as fol-
lows. Equation (4) depicts the relationship between sediment
transport capacity 7., median particle size ds, slope gradi-
ents S, and flow discharges Q. As the flow discharge is sensi-
tive to the width of test flumes, it should be converted into
the unit discharge ¢q. In this way, Eq. (4) can be expressed as

50

According to Egs. (1), (3), (31), and (5), the relation-
ship between measured and simulated values of sediment
transport capacity was established as follows: It can be
seen that in the left half of the Fig. 13a, the simulated
values obtained by the ANSWERS model (Areal Non-
point Source Watershed Environment Response Simu-
lation) (Beasley et al. 1980) and the measured values
showed zonal distribution and were relatively scattered
on both sides of the 1:1 line. This might be because this
model only considered the unit discharge as a single factor
affecting sediment transport capacity. The fitting degree R*
equals to 0.854, and Ngg equals to 0.796, indicating that
the ANSWERS model can predict a relatively accurate 7,,.
However when predicting the sediment transport capacity
of different soil types, the ANSWERS model is not the
best choice. Figure 13 b shows that the simulated values
using the improved WEEP model (Zhang et al. 2008) were
mostly larger than the measured data. The fitting accu-
racy R*=0.67 and Ny =0.188. This might be because the
improved WEPP model was established when considering
only one sediment particle size (ds,=0.28 mm), which
cannot reflect the influence of the varied median sediment
particle size on the sediment transport capacity. Therefore,
there was an evident deviation when predicting the sedi-
ment transport capacity of flows with other median parti-
cle sizes. Further, Fig. 13c illustrates that the Zhang’s for-
mula (Zhang et al. 2011) with fitting degree R*=0.464 and
Ng;=0.017. Its simulated values are larger than measured
ones, and their deviations maybe due to different types of
soils. In this study, both Wu et al. (2016) and Aziz and
Scott (1989) selected loess containing cohesive particles,
and they obtained the most prominent deviations between
measured and simulated values. Zhang et al (2011), Aziz
and Scott (1989), and Ail et al. (2012) conducted experi-
ments on cohesionless sand, and the deviation between

Table 6 The applicability of

. Model Slope/% Unit discharge/m?> s™!  Median particle Formulas
various models size/mm
This study 7~21.3 0.00014 ~0.00526 0.04~0.095 T, = 33496.55":08641.372
Zhang 8.8~46.6 0.000625 ~0.005 0.28 T, — 1983181227 41-237
Wu 10.51~38.39 0.00111~0.00378 0.04 T, = 2248091441297
Mahmoodabadi 2~6 0.005972~0.0122 0.19~0.77 T, = 8590.15' 9724085
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measured and simulated values was insignificant. It indi-
cates that Zhang’s formula (Zhang et al. 2011) was more
applicable for predicting the sediment transport capacity
of cohesionless soils. It can be seen from Fig. 13d that the
model proposed by Ali et al. (2012) yielded R>=0.797
and Ng;=0.425. When the sediment transport capacity is
at a low or a high value, the deviation between measured
and simulated values occurs. It indicates that the Ali’s
formula is more applicable to soil-laden flows with a trans-
port capacity of 0.2 ~2 kg/(m s).

@ Springer

Based on the above comparison, it is concluded that each
model has its advantages and limitations. The median parti-
cle size, hydraulic parameters, experimental condition, and
soil characteristics all influence the prediction of sediment
transport capacity. The dimensionless method is an effec-
tive method that can model the transport capacity consid-
ering compound parameters. However, to model sediment
transport capacity for natural conditions, it is necessary to
explore more direct factors affecting the sediment transport
capacity in the process of water erosion in future research.
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5 Conclusions

This study selected sandy loess and loess soil with differ-
ent median particle sizes to mainly investigate the response
relationship between sediment transport capacity and flow
intensity parameters. The aim of this study was to derive a
formula for calculating sediment transport capacity applica-
ble to cohesive and cohesionless soils. The main conclusions
are as follows:

(1) For cohesionless soils, the shear stress was observed as
an effective parameter in contrast to the flow velocity
parameter. However, the shear stress cannot be used to
calculate the sediment transport capacity of cohesive
soils. Compared with the above single parameters, the
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compound parameter stream power especially the effec-
tive stream power was observed as the best predictor for
sediment transport capacity.

(2) The influence of median particle sizes on the sediment
transport capacity can be eliminated by making the
parameters dimensionless. And then, the relationship
between the sediment transport coefficient K and volu-
metric sediment concentration was analyzed theoreti-
cally to verify that the volumetric sediment concentra-
tion is an essential predictor.

(3) The proposed prediction model for sediment transport
capacity was derived using the dimensional effective
stream power and volumetric sediment concentration.
It was observed that the proposed model had a wider
applicability than the four existing models.
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In conclusion, the proposed prediction model here pro-
vides a basis for predicting the sediment transport capacity
of different soils types. However, as the sediment transport
capacity is sensitive to numerous parameters, exploring
direct influencing factors is necessary to accurately simulate
natural conditions.
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