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Modelling soil detachment capacity by rill ﬂow with
hydraulic variables on a simulated steep loessial hillslope
Nan Shen, Zhanli Wang, Qingwei Zhang, Hao Chen and Bing Wu

ABSTRACT
Modelling soil detachment capacity by rill ﬂow with hydraulic variables is essential to understanding
the rill erosion process and developing physically based rill erosion models. A rill ﬂume experiment
with non-erodible ﬂume bed and small soil samples was conducted. Seven ﬂow discharges and six
steep slope gradients were combined to produce various ﬂow hydraulics. The soil detachment
capacity increases with the increase in slope gradient and ﬂow discharge. The critical slope gradients
of 21.26 and 26.79% cause the detachment capacity to increase at a slow pace. The soil detachment
capacity can be deﬁned by a power function of ﬂow discharges and slopes. The contribution rates of
slope gradient and ﬂow discharge to soil detachment capacity are 42 and 54%, respectively. The soil
detachment capacity increases with shear stress, stream power and unit stream power; the increase
rates of these parameters are greater under gentle slopes than steep slopes. Stream power is the
superior hydrodynamic parameter describing soil detachment capacity. The linear model equation of
stream power is stable and reliable, which can accurately predict soil detachment capacity by rill
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ﬂow on steep loessial hillslopes. This study can help to sufﬁciently clarify the dynamic mechanism of
soil detachment and accurately predict soil detachment capacity for steep loessial hillslopes.
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INTRODUCTION
The three sub-processes of rill erosion are soil detachment,

). Soil detachment capacity by rill ﬂow is the

transport and deposition of soil particles by erosive forces

key parameter for predicting rill erosion intensity. This

of rill ﬂow. Soil detachment by rill ﬂow is the initial phase

parameter is widely introduced in the physical process-

of rill erosion, which provides a sediment source for

based soil erosion models, such as WEPP (Water Erosion

runoff transport. Sediment load in rill ﬂow increases with

Predict Project). Accurately modelling soil detachment

the downslope distance whilst the process of sediment trans-

capacity by rill ﬂow is essential to understanding the rill ero-

port continues (Nord & Esteves ; Chen et al. ). The

sion process, developing physically based rill erosion models

increased sediment load causes a high energy expenditure

and accurately predicting rill erosion intensity.

for transporting sediment (Zhang et al. b), a suppressed

Soil detachment capacity is controlled primarily by ﬂow

localized turbulence of runoff (Bennett et al. ), a shield

hydraulics and soil properties (Mamo & Bubenzer ; Su

soil bed (Merten et al. ) and thus a decreased soil

et al. ; Chen et al. ; Liu et al. ). For a given soil,

detachment rate (Cochrane & Flanagan ; Lei et al.

ﬂow hydraulics control the process of soil detachment

). Soil detachment capacity by rill ﬂow is the maximum

(Govers ; Zhang et al. ; Li et al. ). Slope gradient

soil detachment rate when no sediment exists in the rill ﬂow

and ﬂow discharge are important condition factors that

(clear water), thereby indicating the maximum possibility

determine the hydraulic properties of rill ﬂow directly

of soil detachment by rill ﬂow (Foster ; Nearing et al.

and are the most easily obtainable hydraulic variables.
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Lyle & Smerdon () ﬁrst used a ﬂume with a constant slope to investigate the relationship between the

Nearing et al. (, ) studied the inﬂuence of soil

detachment rate and shear stress for a given soil and con-

and hydraulic parameters on the detachment of soil by shal-

cluded that a unique relationship exists between them.

low surface ﬂow using a small soil sample in a hydraulic

Meyer & Wischmeier () presented an erosion

ﬂume. The experimental results indicated that slope and

model under the slope condition of an average steepness

ﬂow depths were signiﬁcant factors for detachment rates,

of 8%; in this model, soil detachment by runoff is

and the soil detachment rate is more sensitive to slope

described by a function of shear stress. In the famous

than to ﬂow depth (Nearing et al. ). The laboratory rain-

process-based soil erosion model WEPP, soil detachment

fall simulation experiment conducted by Zartl et al. ()

capacity is also described by a linear function of the ﬂow

conﬁrmed the importance of slope for rill erosion. Chen

shear stress acting on the soil (Nearing et al. ). Franti

et al. () estimated the rill erosion process using the

et al. () used shear stress for predicting soil detach-

volume replacement method in eroded rills. The results

ment

from

the

high-discharge

concentrated

ﬂow.

showed that the cumulative eroded amounts linearly

Furthermore, Gimenez & Govers () studied soil

increased with increasing slope gradients and ﬂow dis-

detachment by concentrated ﬂow on different beds and

charges; slope gradient serves as an important role in the

conﬁrmed the good performance of the shear stress in

overall erosion intensity.
However, Zhang et al. () studied the soil detachment

the prediction of ﬂow detachment. Cao et al. () also
conﬁrmed that shear stress is the optimal estimator to pre-

capacity by a ﬂume experiment with constant roughness; the

dict the detachment rate. Wang et al. () conducted

results indicated that ﬂow discharge showed a stronger inﬂu-

laboratory experiments which showed that the detach-

ence on the soil detachment rate compared with slope

ment rate is linearly correlated with shear stress.

gradient. Xiao et al. () performed an indoor concentrated

However, erodibilities and critical shear stresses are

ﬂow scouring experiment with an erodible ﬂume bed on steep

different among the soil samples they used. The detach-

loessial slopes to investigate soil detachment rates. The results

ment capacity can be simulated by ﬂow shear stress,

showed a power function among soil detachment rate, ﬂow

cohesion and biological soil crusts coverage using a

discharge and slope gradient, and the soil detachment rate

power function when soil samples are not identical (Liu

was more sensitive to discharge than to slope gradient.

et al. ).

Zhang et al. () developed a rare earth elements tracer

Elliot & Laflen () and Nearing (Nearing ; Near-

method to quantify the rill erosion process. A linear relation-

ing et al. ) showed that stream power is preferable to

ship was determined to model the soil detachment rate by

shear stress as a predictor for soil detachment and sediment

slope and ﬂow discharges. The detachment rate was more

yield. Zhang et al. (, ) performed a ﬂume exper-

affected by discharge than by slope gradients deduced from

iment which veriﬁed that stream power is the ultimate

the relative magnitudes of their coefﬁcients. The same results

hydraulic parameter for predicting the detachment rate

were found from the ﬁeld simulation experiments on road

with a power function. Su et al. () proposed that the

surfaces conducted by Cao et al. ().

detachment capacity can be predicted by stream power,

Flow shear stress, stream power and unit stream power

clay content and organic matter content for different soil

are the commonly used hydrodynamic parameters which

types. Xiao et al. () conducted a concentrated ﬂow

can reﬂect ﬂow hydraulics from the perspective of force

scouring experiment with an erodible ﬂume bed; the exper-

and energy. The exploration of the relationship between

iment results indicated that stream power is an optimal

soil detachment capacity and hydrodynamic parameters

hydraulic parameter for describing soil detachment. How-

and identiﬁcation of the superior parameter that can accu-

ever, Zhang et al. () indicated that obvious superiority

rately predict soil detachment capacity is signiﬁcant for

is not discovered when stream power is used to predict rill

revealing the dynamic mechanism of soil detachment and

detachment. In addition, Nearing et al. () proposed the

developing a process-based rill erosion model.

calculation of the probabilistic model, which indicated that
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detachment is not a unique function of either shear stress or

validation datasets, which is statistically inaccurate for

stream power.

developing a reliable soil erosion model.

In the physically based soil erosion models of EUROSEM

Therefore, the rill ﬂume experiment with a non-erodible

and LISEM (De Roo et al. ; Misra & Rose ; Morgan

ﬂume bed and small soil samples under the condition of

et al. ), the unit stream power is applied as the hydraulic

steep slope and loessial soil was applied in this study. The

variable on which the rill transport capacity is predicted. Ali

objectives of this study are: (1) to study the variation charac-

et al. () established a unit stream power-based sediment

teristics of soil detachment capacity with ﬂow discharges

transport function to predict soil erosion. However, Wang

and slopes; (2) to model soil detachment capacity using

et al. () investigated the correlation between soil

ﬂow discharges and slope gradients and quantify the contri-

detachment capacity and hydrodynamic parameters and

butions of ﬂow discharge and slope gradients to soil

concluded that the performance of unit stream power on

detachment capacity with percentage values; (3) to investi-

detachment capacity prediction is very poor. So, unit

gate

stream power may be a good predictor for sediment transport

hydrodynamic parameters (shear stress, stream power and

but may not be a good predictor for soil detachment.

unit stream power); and (4) to model soil detachment

the

response

of

soil

detachment

capacity

to

Limitations still exist and further studies are still

capacity using the three hydrodynamic parameters, thereby

required, although the relationships between soil detach-

obtaining the optimal hydrodynamic model of soil detach-

ment capacity/rate and hydraulic variables have been

ment capacity. The results will provide a comprehensive

studied in the abovementioned literature. First, although

and systematic study on the relation between soil detach-

slope and ﬂow discharge were widely used to model soil

ment capacity and hydraulic variables, which is helpful in

detachment capacity, the main factor that inﬂuences soil

revealing the dynamic mechanism of soil detachment by

detachment capacity is still unclear. The contributions of

rill ﬂow and accurately predicting the intensity of rill ero-

ﬂow discharge and slope gradients to soil detachment

sion, especially for the condition of steep loessial

capacity have not been quantiﬁed in terms of exact numbers.

hillslopes, on which serious erosion frequently occurs.

Second, it is uncertain which is the optimal hydrodynamic
parameter among shear stress, stream power and unit
stream power that can model soil detachment capacity accu-

MATERIALS AND METHODS

rately, and few experimental studies have been aimed
speciﬁcally at rill ﬂow detachment and the condition of

Experimental devices and designs

steep loessial hillslopes. The hydraulic characteristics of
overland ﬂow and erosion process on steep and gentle

The experimental soil was loessial soil sampled from Ansai

slopes are different (Nearing et al. , ; Liu et al.

county, which is located in the heartland of the Loess

; Zhang et al. a). Severe erosion frequently occurs

Plateau, China. Particle size distribution of the loessial

on steep slopes (Jiang et al. ), and loessial soil is a soil

soil was 36.58% sand (2–0.05 mm), 54.72% silt (0.05–

type which is easily eroded (Zhang et al. ; Gao et al.

0.002 mm) and 8.7% clay (<0.002 mm), which indicates

). Therefore, it is necessary to study soil detachment

that the experimental soil is sandy loam soil.

by rill ﬂow on steep loessial hillslopes. Third, the experiment

Soil detachment capacity and ﬂow hydraulics were

conducted on non-erodible ﬂume bed and minimal soil

measured in a ﬂume 4 m in length, 0.1 m in width and

samples is a pure detachment capacity experiment which

0.1 m in depth. The slope gradient of the ﬂume can be

can ensure that the soil sample is detached by clear water

adjusted in the range of 8.75–70.02%, i.e. 5–35 . The exper-

to eliminate the potential effect of sediment load in the

imental soil was thinly glued to the ﬂume bed so that

ﬂow on measured net soil detachment rate. However, few

natural roughness was simulated and the ﬂume bed can

studies have used non-erodible ﬂume beds and small

keep constant for all experiments (non-erodible bed). A

samples. Finally, the datasets of many studies have not

chamber was built at the downstream end of the ﬂume. A

been divided into two parts, namely, modelling and

soil container (0.1 × 0.1 × 0.05 m3) ﬁlled with test soil was
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inserted in the chamber to measure soil detachment capacity.

The data of ﬂow velocity and ﬂow depth were shared in

The ﬂume bed and soil container were at the same level after

these two studies.

the soil container was inserted in the chamber. Tap water was
supplied to the upstream end of the ﬂume by a pump, and the

Soil detachment capacity by rill ﬂow

discharge of the water ﬂow was controlled by a ﬂowmeter.
Figure 1 shows the experimental devices.

The test soil was moistened to achieve a moisture content of

Six slopes (10.51, 15.84, 21.26, 26.79, 32.49 and 38.39%)

14%. The wet test soil was hierarchically packed into the soil

were combined with seven unit ﬂow discharges (1.11, 1.56,

container to a bulk density of 1.2 g cm–3. Then the soil con-

2.00, 2.44, 2.89, 3.33 and 3.78 × 10–3 m2 s–1). Forty-two com-

tainer was put in a box with water in it to saturate the soil. At

binations were performed to test soil detachment capacity

this point, the soil sample was prepared. The prepared soil

by rill ﬂow; each combination was repeated once. Rates of

sample was inserted into the chamber and was covered by

the soil detachment capacity of the ﬁrst test and the repetition

a sliding plate. The sliding plate covering the soil sample

for the 42 combinations were in the range of 0.67–1.69. The

was removed after adjusting the ﬂow discharge and slope,

repetition test was close to the ﬁrst test for each combination.

and the soil detachment process by ﬂowing water com-

The repeatability of the experiment was acceptable.

menced. A 2 cm scouring depth was applied for each
combination in order to reduce errors (Zhang et al. ).
The sliding plate was placed back on the soil sample to

Measurements

stop the detachment process once the detachment depth
was achieved. The detachment time was recorded.

Flow hydraulics
Calculation
Flow surface velocity was measured by a dye method and
ﬂow depth was measured by an electric probe. Nine ﬂow

Soil detachment capacity

surface velocities and 18 ﬂow depths were measured for
each combination of slope and ﬂow discharge. The ﬂow sur-

The soil detachment capacity by rill ﬂow (Dc, kg m–2 s–1)

face velocities were multiplied with a correction factor of 0.8

was calculated by the following Equation (1):

to convert the ﬂow surface velocity into the mean ﬂow velocity (Emmett ; Li et al. ). The details of the ﬂow
hydraulics measurement can be found in Shen et al. ().

Figure 1

|

Experimental devices.

Downloaded from http://iwaponline.com/hr/article-pdf/50/1/85/524271/nh0500085.pdf
by guest

Dc ¼

W
t×A

(1)

89

N. Shen et al.

|

Modelling soil detachment capacity by rill ﬂow with hydraulic variables

Hydrology Research

|

50.1

|

2019

where W is the weight of the detached soil (kg), t is

coefﬁcient (R2) and Nash–Sutcliffe model efﬁciency

detachment time (s), and A is the projected area of the soil

(NSE) were used as statistical parameters to evaluate

2

sample (m ).

the performance of the equations (Nash & Sutcliffe
; Zhang et al. b; Trenouth & Gharabaghi ;
Thompson et al. ).

Hydrodynamic parameters
Hydrodynamic parameters were calculated by Equations
(2)–(4) (Bagnold ; Yang ; Nearing et al. ):
τ ¼ ρghS

RESULTS AND DISCUSSION
(2)

ω ¼ τV

(3)

U ¼V ×S

(4)

Effect of ﬂow discharge and slope gradient on soil
detachment capacity by rill ﬂow
The effect of slope gradient on soil detachment capacity by
rill ﬂow is illustrated in Figure 2. In this ﬁgure, the soil

where τ is shear stress (Pa), ρ is the water mass density
–3

–2

detachment capacity increased with the increase in slope

(kg m ), g is the gravity constant (m s ), h is the ﬂow

gradients. The maximum rate of increase is obtained when

depth (m), S is the slope gradient (m m–1 or %), ω is

the slope gradients reach 21.26% (Figure 2(a)–2(d) and

2

1

stream power (W m ), U is unit stream power (m s )

2(f)) and 26.79% (Figure 2(e) and 2(g)). The rate of increase

and V is the ﬂow velocity (m s–1).

was elevated with the increase in slope gradient when the
slope gradients were gentler than 21.26 and 26.79%. The
rate of increase decreased with slope gradients, or ﬂuctuated

Contribution rate

irregularly with slope gradients (remained smaller than the
The contribution rate of factor i to the dependent variable,

increase rate of 21.26 and 26.79%) when the slope gradients

Pi, was calculated using Equation (5) (Huoluo ; Shen

were steeper than 21.26 and 26.79%. Thus, the two slope

et al. ):

gradients of 21.26 and 26.79% may be the critical slope gradients, over which the soil detachment capacity began to

Pi ¼

β2
R2 Pn i
i¼1

β 2i

× 100%

(5)

increase at a slower pace than the maximum increase rate
of the critical slope. The range of slope gradient in this
study is recorded from 10.51 to 38.39%. Slope gradients

where βi is the standardized regression coefﬁcient of factor i;

that are steeper than 38.39% must be applied in future

R2 is the determination coefﬁcient of the multiple regression

studies to further investigate the critical slope gradients

equation.

and identify if one, or more than one, critical value is
present.
The effect of ﬂow discharges on soil detachment

Data partition

capacity by rill ﬂow is depicted in Figure 3. In this ﬁgure,
A total of 42 datasets were obtained from the ﬂume

the soil detachment capacity increased with the increase

experiment. The 42 datasets were divided into two

in ﬂow discharges. For the three relatively gentle

parts: 21 datasets were used as the modelling datasets

slopes (Figure 3(a)–3(c)), the maximum rate of increase

to establish the model equations of soil detachment

is obtained when the ﬂow discharge is 0.00156 m2 s1;

capacity by rill ﬂow and the other 21 datasets were

for the three relatively steep slopes (Figure 3(d)–3(f)),

used as the veriﬁcation datasets for evaluating the per-

the maximum rate of increase is obtained when the

formances of the established model equations. The

ﬂow discharge is 0.00378 m2 s1 (Figure 3(d)) and

relative error (RE, %), mean absolute error (MAE, %),

0.00289 m2 s1 (Figure 3(e) and 3(f)). Therefore, the vari-

root

ation features of soil detachment capacity with ﬂow

mean

square

error

(RMSE),
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Effect of slope gradients on soil detachment capacity by rill ﬂow; (a), (b), (c), (d), (e), (f) and (g) are the seven different unit ﬂow discharges: 0.00111, 0.00156, 0.00200, 0.00244,
0.00289, 0.00333 and 0.00378 m2 s–1.

discharges are different between gentle and steep slopes.

constant for all slopes. Ultimately, slope gradients and

However, the relationship where the soil detachment

ﬂow discharges are the positive factors that determine

capacity increases with the increase in ﬂow discharges is

soil detachment capacity by rill ﬂow.
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Effect of ﬂow discharge on soil detachment capacity by rill ﬂow; (a), (b), (c), (d), (e) and (f) are the six slope gradients: 10.51, 15.84, 21.26, 26.79, 32.49 and 38.39%.

Modelling soil detachment capacity by rill ﬂow using

slope gradient. Slope gradient and ﬂow discharge were

ﬂow discharge and slope

used as the dependent variables, respectively, and soil
detachment capacity by rill ﬂow (Dc, kg·m2·s1) was

The modelling soil detachment capacity using slope gradi-

used as the independent variable. The regression relation-

ent and ﬂow discharge is practical and operable because

ship is expressed as follows:

the two hydraulic condition factors are easily obtainable.
A multiple nonlinear regression analysis based on the 21

Dc ¼ 76:5904 S1:0148 Q1:1224

sets of modelling data was applied to establish the relationship of soil detachment capacity with ﬂow discharge and
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where S is slope gradient (%) and Q is the unit ﬂow dis-

soil detachment capacity is higher than the inﬂuence of

charge (m2 s–1).

slope gradient. Flow discharge is the larger factor that inﬂu-

Soil detachment capacity can be deﬁned by a power

ences the process of soil detachment, which is consistent

function of ﬂow discharges and slope gradients. The R2

with the results of Xiao et al. () and Zhang et al. (,

was at 0.9531, P < 0.001. Equation (6) was statistically sig-

). The adoption of water conservation measures to

niﬁcant, and soil detachment capacity by rill ﬂow is

increase water inﬁltration and reduce surface runoff can

determined by slopes and ﬂow discharges collectively.

decrease ﬂow discharge and thus reduce rill erosion inten-

The contribution rate of each factor to the soil detach-

sity (Liu et al. ). In addition, the contribution to soil

ment capacity by rill ﬂow must be identiﬁed to enhance

detachment capacity is only 12.25% lower in slope gradients

the understanding of the process of soil detachment. The

than in ﬂow discharges; thus, the factor of slope gradients

contribution rates of slope gradients and ﬂow discharge to

should also be highlighted.

soil detachment capacity by rill ﬂow were calculated by

The veriﬁcation datasets were used to verify the per-

Equation (5), correspondingly, and the results are depicted

formance of Equation (6), and the veriﬁcation results are

in Figure 4. The contribution rate of slope gradient to soil

presented in Table 1 and Figure 5. The R2 and NSE were

detachment capacity was 42%, and the contribution rate

0.9690 and 0.9564, correspondingly. The RE between the

of ﬂow discharge to soil detachment capacity was 54%,

predicted and measured soil detachment rates ranged from

thereby indicating that the inﬂuence of ﬂow discharge on

38.5373 to 20.5039%; the MAE was 9.6862%, and RMSE
was 0.1381. Therefore, the prediction errors of Equation
(6) were acceptable, and the predictive accuracy of Equation
(6) was high. Figure 5 displays the predicted value calculated
by using Equation (6) and the measured value obtained by
the experiment. The data points were distributed near the
1:1 line; the predicted values approximate the measured
values well. Therefore, Equation (6) satisfactorily predicts
the soil detachment rate by rill ﬂow. Equation (6) is a
stable and reliable model equation that can accurately predict the soil detachment capacity using slope gradient and
ﬂow discharges. Soil detachment capacity is controlled primarily by ﬂow hydraulics and soil properties (Mamo &
Bubenzer ; Su et al. ; Chen et al. ; Liu et al.
). The relationship between soil detachment capacity
and the hydraulic variables slope gradient and ﬂow dis-

Figure 4

|

Contribution rates of slope gradient and ﬂow discharge to soil detachment
capacity by rill ﬂow.

Table 1

|

charge was investigated. However, soil properties, such as
soil types, soil mechanical composition, initial soil moisture

Statistics between measured and predicted soil detachment capacity using the established model equation of soil detachment capacity by rill ﬂow for the veriﬁcation datasets

Equation

R2

NSE

RE (%)

MAE (%)

RMSE

n

Dc ¼ 76.5904 S1.0148Q1.1224 (6)

0.9690

0.9564

–38.5373–20.5039

9.6862

0.1381

21

Dc ¼ 0.5534 (τ – 2.3123) (7)

0.8682

0.8669

–32.6061–43.8264

16.7757

0.2413

21

Dc ¼ 0.4211 (ω – 0.6891) (8)

0.9466

0.9431

–27.2453–23.5370

9.6607

0.1578

21

Dc ¼ 10.582(U – 0.0181) (9)

0.6463

0.5904

–85.5218–50.9887

28.9023

0.4233

21

Dc is soil detachment capacity by rill ﬂow (kg m–2 s–1); S is slope gradient (%); Q is unit ﬂow discharge (m2 s–1); τ is shear stress (Pa); ω is stream power (W m–2); U is unit stream power
(m2 s–1); NSE is Nash–Sutcliffe model efﬁciency; RE is relative error (%); MAE is mean absolute error (%); RMSE is root mean square error; n is number of datasets.

Downloaded from http://iwaponline.com/hr/article-pdf/50/1/85/524271/nh0500085.pdf
by guest

93

N. Shen et al.

|

Modelling soil detachment capacity by rill ﬂow with hydraulic variables

Hydrology Research

|

50.1

|

2019

same for the seven ﬂow discharges (Figure 6(d)–6(f)).
The response of soil detachment capacity to the hydraulic
parameters

is

constant

among

the

different

ﬂow

discharges.
Modelling soil detachment capacity by rill ﬂow using
the hydrodynamic parameters
The relationship between soil detachment capacity and
shear stress was analyzed based on the 21 modelling datasets. In Figure 7(a), the soil detachment capacity was
increased with the increase in the shear stress. The
Figure 5

|

regression analysis was performed for the modelling dataMeasured vs. predicted soil detachment capacity for the validation datasets
using the model: Dc ¼ 76.5904S

1.0148

Q

1.1224

.

sets to establish the relationship between soil detachment
capacity (Dc, kg·m2·s1) and ﬂow shear stress (τ, Pa).

conditions, soil bulk density, and vegetation growing in the
soil, etc., are important factors that could inﬂuence the rill
erosion process but were not investigated in this laboratory
study.
Response of soil detachment capacity by rill ﬂow to
hydrodynamic parameters

Below is the regression relationship:
Dc ¼ 0:5534 (τ  2:3123)

(7)

(R2 ¼ 0:9068, P < 0:001, n ¼ 21)
Equation (7) shows that the soil detachment capacity
can be deﬁned by a linear function of shear stress. The R2
was recorded at 0.9068, P < 0.001. Equation (7) is statisti-

The response of soil detachment capacity to the hydro-

cally signiﬁcant, and the linear relationship summarized in

dynamic parameters (shear stress, stream power and

Equation (7) between soil detachment capacity and shear

unit stream power) are demonstrated in Figure 6, in

stress indicated that rill erodibility (Kr) is 0.5534 s m–1 and

which Figure 6(a)–6(c) show the response at six slope gra-

critical shear stress (τc) is 2.3 Pa. The rill erodibility (Kr) of

dients, while Figure 6(d)–6(f) show the response at seven

0.5534 s m–1 in this study is nearly twice the values reported

ﬂow discharges. Soil detachment capacity increased with

by Zhang et al. (); this value may be due to the large

the rising shear stress, stream power and unit stream

difference in soil mechanical composition. The loessial soil

power (Figure 6). The increase rate was higher in gentle

in this study consisted of 8.7% clay and 36.58% sand, but

slopes than in steep slopes (Figure 6(a)–6(c)), thereby

the soil used by Zhang et al. () contained 23.6% clay

indicating that the response of soil detachment capacity

and 16.8% sand. The low clay content and high sand content

to the hydraulic parameters is more robust on gentle

of loessial soil make it easy to be eroded. The critical shear

slopes than on steep slopes. This result corroborated the

stress (τc) of 2.3 Pa indicated that the soil detachment

conclusions of Zhang et al. () and Nearing et al.

capacity by rill ﬂow was generated only when the ﬂow

(), in which the relationship between the soil detach-

shear stress exceeded 2.3 Pa for the test loessial soil. The

ment rate and the hydraulic parameter varies with slope

critical shear stress of this study is smaller than the values

gradient. Further study needs to be carried out to investi-

reported by Wang et al. () and Zhang et al. () but

gate the adjustment factor of slope gradient to improve

within the range of the values reported by Liu et al. ()

the accuracy of the modelling of the soil detachment

and Laflen et al. ().

capacity. The increase in rates of soil detachment

In Figure 7(b), the soil detachment capacity increased

capacity with the hydraulic parameters was nearly the

with the increasing stream power. The regression analysis
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Response of soil detachment capacity to hydrodynamic parameters at different slopes and ﬂow discharges.

of the modelling datasets showed that the best-ﬁtted

R2 was recorded at 0.9623, P < 0.001. Equation (8) is

relationship between soil detachment capacity and stream

statistically signiﬁcant. The horizontal intercept of the

power (ω, W m–2) is a linear function:

linear regression equation indicates that soil particles

Dc ¼ 0:4211(ω  0:6891)

can be detached from the soil body only when the
(8)

(R2 ¼ 0:9623, P < 0:001, n ¼ 21)

stream power exceeds almost 0.69 W m2; that is,
0.69 W m2 is the critical stream power. Su et al. ()
and Xiao et al. () modelled the soil detachment

Equation (8) shows that the soil detachment capacity

capacity by a power function of the stream power, in

can be deﬁned by a linear function of stream power. The

which the critical stream power cannot be obtained. A
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was established:
Dc ¼ 10:582 (U  0:0181)

(9)

(R2 ¼ 0:8025, P < 0:001, n ¼ 21)
Equation (9) shows that the soil detachment capacity
can be described by a linear function of stream power. The
R2 was at 0.8025, P < 0.001. Equation (9) is statistically signiﬁcant. The intercept of the regression equation indicates
that detachment was only generated when the unit stream
power exceeded 0.018 m2 s1.
The veriﬁcation datasets were used to verify the performance of Equations (7)–(9), and the veriﬁcation results
are presented in Table 1 and Figure 8. Based on the statistical parameters R2, NSE, RE (%), MAE (%) and RSME
summarized in Table 1, the predictive accuracy of the
three equations can be ranked in the order of stream
power Equation (8) > shear stress Equation (7) > unit
stream power Equation (9); that is, stream power is the optimal hydraulic parameter that demonstrates the highest
predictive accuracy for soil detachment capacity by rill
ﬂow. Figure 8 displays the predicted value calculated by
Equations (7)–(9) and the measured value obtained by the
experiment for the validation datasets. As Figure 8(a) and
8(b) show, the predicted values calculated by shear stress
Equation (7) and steam power Equation (8) approximate
the measured values well, and the steam power equation
performed slightly better than the shear stress equation.
The data points were distributed relatively scattered
around the 1:1 line when using unit stream power Equation
(9). The predicted values calculated by the unit stream
power equation are distinct from the measured values;
Figure 7

|

Relationship between soil detachment capacity by rill ﬂow and hydrodynamic
parameters for the modelling datasets.

thus, the performance of the unit stream power equation
was unsatisfactory. In summary, stream power Equation
(8) satisfactorily predicts the soil detachment rate by
rill ﬂow.

linear function can present more physical signiﬁcance

The above validation demonstrates that Equation (8) is

in comparison to a power function, which is helpful

a stable and reliable model equation that can predict soil

in developing a physically process-based soil erosion

detachment capacity by rill ﬂow on steep loessial hill-

model.

slopes accurately. In addition, stream power exhibited
2

–1

For the unit stream power (U, m s ), the soil detach-

superior performance in modelling the soil detachment

ment capacity increased with the increase in the unit

capacity compared with shear stress and unit stream

stream power (Figure 7(c)), and a simple linear function

power; stream power is the source of power for the process
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experimental conditions were different. The difference in
experimental conditions only led to the differences in coefﬁcients and forms of the equation but do not change the
results that stream power is the optimal parameter for
modelling soil detachment capacity.

CONCLUSIONS
This study modelled the soil detachment capacity by rill
ﬂow with hydraulic variables through a rill ﬂume experiment at various ﬂow discharges and steep slope
gradients using loessial soil as the test material. The soil
detachment capacity by rill ﬂow increased with the
increase in slope gradient and ﬂow discharge. The rate of
increase indicated that the slope gradients of 21.26 and
26.79% may be the critical slope gradients in which the
soil detachment capacity begins to increase at a slow
pace. Soil detachment capacity can be modelled by a
power function of ﬂow discharges and slopes, and ﬂow discharge has a slightly greater contribution than slope
gradient to soil detachment capacity. The contribution
rate of slope gradient to soil detachment capacity was
42%, and the contribution rate of ﬂow discharge was
54%. Soil detachment capacity increased with the three
hydrodynamic parameters (shear stress, stream power
and unit stream power). The rate of increase is greater
under gentle slopes than steep slopes. The soil detachment
capacity can be modelled by the linear functions of shear
stress, stream power and unit stream power; stream
power is the optimal hydraulic parameter in terms of soil
detachment capacity among the three hydrodynamic parameters. The linear model equation of stream power is
stable and reliable and can predict the soil detachment
capacity by rill ﬂow on steep loessial hillslopes accurately.
This study helps in improving our understanding of the
relationship between hydraulic variables and soil detachFigure 8

|

Measured vs. predicted soil detachment capacity for the validation data (a), (b)
and (c) mean using the model: Dc ¼ 0.5534 (τ–2.3123) (7), Dc ¼ 0.4211
(ω–0.6891) (8), and Dc ¼ 10.582 (U–0.0181) (9).

ment capacity, revealing the dynamic mechanism of soil
detachment and accurately predicting the soil detachment
capacity for steep loessial hillslopes. This study only

of soil detachment. The current result is consistent with

studied one type of soil, and the empirical equations devel-

the conclusions proposed by Elliot & Laflen (),

oped may not work for other soil types. Soil types,

Nearing et al. (), Zhang et al. (), Li et al. (),

vegetation, soil mechanical composition, initial soil moist-

Su et al. () and Xiao et al. (), although the

ure conditions, soil bulk density, and soil frost-heave are
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important ﬁeld condition factors that could inﬂuence the
rill erosion process but were not investigated in this laboratory study.
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