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Abstract: Hydrological processes play important roles in soil erosion processes of the hillslopes. This study was con-
ducted to investigate the hydrological processes and the associated erosional responses on the purple soil slope. Based on 
a comprehensive survey of the Wangjiaqiao watershed in the Three Gorges Reservoir, four typical slope gradients (5°, 
10°, 15°and 20°) were applied to five rainfall intensities (0.6, 1.1, 1.61, 2.12 and 2.54 mm·min–1). The results showed 
that both surface and subsurface runoff varied greatly depending on the rainfall intensity and slope gradient. Surface run-
off volume was 48.1 to 280.1 times of that for subsurface runoff. The critical slope gradient was about 10°. The sediment 
yield rate increased with increases in both rainfall intensity and slope gradient, while the effect of rainfall intensity on the 
sediment yield rate was greater than slope gradient. There was a good linear relationship between sediment yield rate and 
Reynolds numbers, flow velocity and stream power, while Froude numbers, Darcy-Weisbach and Manning friction coef-
ficients were not good hydraulic indicators of the sediment yield rate of purple soil erosion. Among the three good indi-
cators (Re, v and w), stream power was the best predictor of sediment yield rate (R2 = 0.884). Finally, based on the power 
regression relationship between sediment yield rate, runoff rate, slope gradient and rainfall intensity, an erosion model 
was proposed to predict the purple soil erosion (R2 = 0.897). The results can help us to understand the relationship be-
tween flow hydraulics and sediment generation of slope erosion and offer useful data for the building of erosion model in 
purple soil. 
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INTRODUCTION 

 
Purple soil is the dominant soil in the Three Gorges Reser-

voir Area in China. Many reasons, such as shallow and loose 
soil layer, improper land use and numerous rainstorms, have 
caused serious soil erosion in the purple soil region, which is a 
major environmental problem in China (Fu et al., 2011; Peng et 
al., 2014). Average soil erosion rates in the purple soil region 
have reached 3400 t km–2 year–1, in some areas, even reached 
9000 t km–2 year–1 (Wen et al., 2005). Such severe soil erosion 
has caused land degradation and ecological destruction in this 
region. Therefore, it is essential to understand the mechanisms 
of soil erosion process in order to accurately predict purple soil 
loss and implement specific soil and water conservation 
measures. 

Researches indicate that the soil erosion process is influ-
enced by rainfall, overland flow, topography, and soil proper-
ties (Fox et al., 1997; Knapen et al., 2008; Liu et al., 2015; 
Zhang et al., 2007). As soil erosion by rainfall is highly de-
pendent on flow hydraulic properties (flow velocity, flow re-
gime, stream power and hydraulic resistance). These parame-
ters are frequently used in predicting sediment concentration. 
Zhang et al. (2003) found a linear function between flow veloc-
ity and sediment transport. For a given shear stress, detachment 
rate by shallow flow is primarily associated with flow regime 
(Nearing and Parker, 1994). Gilley et al. (1985) and Nearing et 
al. (1997) indicated that stream power was appropriate predic-
tor for soil detachment capacity. The stream power (w) was 
calculated as follows (Hairsine and Rose, 1992): 

 
w gSqρ=  (1) 

where, ρ is the density of water (g·cm–3), g is acceleration of 
gravity (m·s–2), S is slope gradient (m·m–1), q is the unit dis-
charge of runoff (cm2·s–1). Darcy-Weisbach (f) and Manning 
friction coefficients (n) are the most often used to characterize 
hydraulic resistance and can be calculated from Eqs. (2) and 
(3), respectively: 
 

2
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=  (2) 

 
1 1/2 2/3n V S h−=  (3) 

 
where, V is flow velocity (m·s–1), h is mean flow depth (m). In 
the WEPP model (Foster et al., 1995), f is the presence of soil 
surface characteristic. Models such as LISEM (De Roo et al., 
1994) and EUROSEM (Morgan et al., 1998) use n to quantify 
the relationship between flow velocity and geometry in the 
channel. 

A vast number of studies have investigated relationships that 
describe flow hydraulic properties and sediment detachment. 
However, these hydraulic properties cannot be measured direct-
ly. Consideration for the small scale of the plots, soil erodibil-
ity, infiltration and runoff can be measured (Cerdà, 1998; Cerdà 
et al., 2009). Many studies have investigated that rainfall inten-
sity and slope gradient are the two principal factors that affect 
the hydrological processes and the associated erosional re-
sponses on the slope. (Assouline and Ben-Hur, 2006; Donjadee 
and Chinnarasri, 2012; Fox and Bryan, 2000). The sediment 
yielding process depends on the reaction of the soil surface to 
the erosive stress influenced by rainfall, slope gradient and soil 
properties (Defersha and Melesse, 2012). According to Julien 
and Simmons (1985), the relationship of sediment transport 
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capacity could be expressed as a power function of slope, dis-
charge and rainfall intensity. Zhang et al. (1998) proposed the 
equation  
 

1/2 2/3
i iD K IQ S=  (4) 

 
where Di is the delivery of sediment from interrill areas  
(kg·m–2·s–1), Ki is the interrill erodibility (kg·s·m–4), I is the 
rainfall intensity (mm·min–1), Q is the runoff rate averaged over 
the entire runoff interval (m·s–1). Another effort was made by 
Bulygin et al. (2002), who proposed the equation  
 

2/3
i iD K IQS=  (5) 

 
Although great efforts have been made in improving the 

model of erosion, there is limited knowledge about the effects 
of flow hydraulic characteristics on sediment concentration in 
purple soil. Moreover, most of the previous studies are con-
cerned with hydraulic properties of shallow flow (Zhang et al., 
2002) and hydrodynamic characteristics of rill flow on steep 
slopes (Peng et al., 2015; Wang et al., 2015) and runoff hydrau-
lic characteristics in rill erosion (Li et al., 2008; Rafael and 
Gerard, 2008). But the hydrological processes and the associat-
ed erosional responses are known to be related to soil properties 
(Kinnell and Cummings, 1993). Defersha and Melesse (2012) 
studied the effects of slope gradient and rainfall intensity on 
sediment concentration with three soils (Eastern Ethiopia Ale-
maya Black soil, Regosols and Cambisols). Their results 
showed that sediment concentration and sediment yield varied 
with soil type, which had textures ranging from clay to sandy 
clay loam. Consideration for purple soil showing the overlying 
soil, underlying rock which is known as “the Geotechnical dual 
structure”, subsurface flow is a prominent runoff process in 
purple soil slope. However, few studies have focused on this 
runoff process and the influence of the processes on sediment 
yielding process. Thus, it is necessary to analyze the hydrologi-
cal processes and the associated erosional responses on the 
purple soil slope. We hypothesized that the hydrological pro-
cesses and the associated erosional responses on the purple soil 
slope can be described in terms of the combination of rainfall 
intensity and slope gradient. 

The objectives of this study were: (i) to measure and analyze 
flow hydrodynamic parameter variation under varied slope 
gradients and rainfall intensities in purple soil; (ii) to investi-
gate the production mechanism of surface flow, subsurface 
flow and sediment based on rainfall simulations; (iii) to evalu-
ate the relationship between sediment concentration and hy-
draulic parameters in purple soil. The findings can offer useful 
data for the building of soil erosion mechanics model in purple 
soil and present scientific guidance for the construction of soil 
and water conservation in the Three Gorges Reservoir Area. 
 
MATERIALS AND METHODS  
Experiment sites and materials 

 
In this study, the simulated rainfall experiments were con-

ducted on experimental flume at laboratory of soil erosion, 
Wuhan, China. The selected soils were derived from purple 
sandy shale, which were the main parent materials in the study 
watershed and its sand, silt and clay contents were 46%, 23%, 
31%. Based on the US Soil Taxonomy, they were classified 
into entisols. The bulk density of packed soil in the flume was 
1.35 g·cm–3. In order to minimize the difference among treat-
ments, soil moisture content was adjusted to 9% (gravimetrical-

ly) for all the treatment plots at the beginning of rain simulation 
experiments. Pre-wetting took place by applying water through 
the drain for 24 h. 
 
Rainfall simulation experimental system  

 
The rainfall simulation experiments were conducted under 

the laboratory conditions (Fig. 1). The experimental system 
includes rainfall simulator (a side-sprinkle rainfall simulating 
set-up), an experimental soil flume (the flume was 3 m in 
length, 1 m in width and 0.5 m in depth) . Slope gradient of the 
flume can be adjusted in the range of 0–25°.The soil profile at 
the downslope end of the flume was covered with an amino-
plastic web and the gap between the amino-plastic web and the 
bottom of the flume was filled with gravel (Jia et al., 2007). A 
trench about 0.05 m deep and 1m width were constructed at the 
bottom of the flume. Outlet of the trench was connected to a 
subsurface runoff collection container.  

 

 
 
Fig. 1. Rainfall simulation experimental system.  
 
Designs and measurements on rainfall simulation 
experiments 

 
Designs and measurements on rainfall simulation experi-

ments were shown in Table 1. 
Simulated rainfall was applied with lateral spraying nozzles 

parallel to the slope. The height of simulated rainfall was 16 m 
and the uniformity of simulated storm was more than 85%, 
which means it was similar to natural rainfall condition. A 
power-adjusting pump was employed for water supply to the 
rainfall simulator. Simulated rainfall intensities were generated 
by adjusting nozzle combination and water pressure. Five types 
of rain (0.6, 1.1, 1.61, 2.12 and 2.54 mm·min–1) were selected, 
based on the rainfall intensity and frequency of storms in the 
study area. These rainfall intensities were representatives of the 
maximum 5-min precipitation (I5), the maximum 10-min pre-
cipitation (I10) , the maximum 15-min precipitation (I15), the 
maximum 30-min precipitation (I30) , and the maximum 60-min 
precipitation (I60 ) in the Three Gorges Reservoir Area (Wang 
et al., 2010): approximately 2.54, 2.12, 1.61, 1.1, and 0.6 
mm·min–1, respectively (the return period is 10 yr), following a 
similar method as Shen at al. (2015), since high-intense and  
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Table 1. Chart summarizing design and change characteristics on some hydrodynamic parameters. 
 

Slope gradient 
(°) 

Simulated rainfall intensity 
(mm·min–1) 

Flow 
velocity 
V (m·s–1) 

Reynold 
number 

Re 

Froude 
number 

Fr 

Darcy- 
Weisbach 

f 

Manning roughness 
n (m–1/3·s) 

Stream power 
w (kg·s–3) 

5 

0.6 0.043 104.91 0.322 2.143 0.058 0.021 
1.1 0.069 302.06 0.316 2.225 0.069 0.091 
1.61 0.069 370.35 0.365 1.668 0.057 0.068 
2.12 0.069 611.07 0.385 1.499 0.053 0.062 
2.54 0.074 995.08 0.360 1.714 0.060 0.087 

10 

0.6 0.048 195.94 0.350 3.626 0.076 0.050 
1.1 0.070 387.80 0.391 2.906 0.074 0.125 
1.61 0.070 612.41 0.362 3.390 0.082 0.145 
2.12 0.069 994.97 0.387 2.966 0.075 0.122 
2.54 0.084 1127.17 0.436 2.337 0.068 0.173 

15 

0.6 0.050 199.58 0.400 4.162 0.079 0.065 
1.1 0.069 410.13 0.511 2.550 0.063 0.105 
1.61 0.063 649.78 0.508 2.580 0.062 0.081 
2.12 0.082 1158.67 0.507 2.591 0.068 0.179 
2.54 0.092 1143.45 0.529 2.380 0.066 0.232 

20 

0.6 0.055 338.48 0.416 5.126 0.089 0.107 
1.1 0.066 483.69 0.595 2.506 0.059 0.090 
1.61 0.074 850.15 0.605 2.423 0.060 0.123 
2.12 0.080 1138.44 0.700 1.810 0.050 0.116 
2.54 0.104 1571.67 0.733 1.651 0.052 0.232 

 
short-duration rainstorms, which are primarily responsible for 
soil erosion in the Three Gorges Reservoir Area, China. Four 
slope gradients (5°, 10°, 15° and 20°) were selected, which are 
representative of main slope gradients in farmland of Wangjia-
qiao watershed. A total of 20 treatment combinations were 
performed. The precipitation for each rainfall event was set to 
50 mm. The duration of rainfall was controlled by the precipita-
tion. The duration of rainfall was 83, 45, 31, 24, and 20 min for 
rainfall intensities of 0.6, 1.1, 1.61, 2.12 and 2.54 mm·min–1, 
respectively. 

Surface flow and subsurface flow were collected in the pail. 
At the beginning of runoff generation, samples were collected 
every 2 min. When the flow reached a stable state, the sampling 
interval was set to 5 min. All treatments were run three times, 
runoff samples with sediment were settled separated from the 
water, and then oven-dried at 105℃ for more than 8 h to calcu-
late sediment concentration.  
 
Measurements of hydrodynamic parameters 
 

Surface flow velocities (Vs) were measured by the dye meth-
od. The slope was divided into 3 parts for calculating the flow 
velocities along the flume length direction with 1 m interval. 
The mean surface flow velocities were the average of three 
measured values. The mean flow velocities (V) was calculated 
by the relation of  =  , where n is a coefficient , laminar 
flow, n is 0.67; transition flow, n is 0.70; turbulent flow, n is 
0.80 (Abrahams et al., 1986). 

The Reynolds number (Re) and the Froude number (Fr) 
were calculated from Eqs. (6) and (7), respectively: 
 

VhRe
υ

=  (6) 

 

VFr
gh

=  (7) 

 
where, υ  is kinematic viscosity coefficient (m2·s–1). 

One-way ANOVA was used to analyze the difference of 
runoff and sediment and the least significant difference (LSD) 
method at the 0.05 probability level was used to identify statis-
tically differ among treatments. The relationships between 
runoff and sediment were analyzed by a simple regression 
method. All of these analyses were conducted using SPSS 20.0 
software. 
 
RESULTS AND DISCUSSION 
Flow hydraulic characteristics 
 

The mean flow velocities were measured during each run. 
Darcy-Weisbach (f), Manning friction coefficients (n), Reyn-
olds numbers (Re) and Froude numbers (Fr), were calculated 
by Eqs. (2), (3), (6) and (7), respectively, and were listed in 
Table 1. Flow velocity is a crucial indicator in the study of soil 
erosion. Foster et al. (1984) concluded that for a non-erodible 
bed, rill flow velocity increased with slope gradient. In contrast, 
Govers (1991, 1992) found that rill flow velocities were inde-
pendent of the slope. Nearing et al. (1997, 1999) and Giménez 
and Govers (2001) have confirmed this finding. In this study, 
the average flow velocities ranged from 0.043 m·s–1 to 0.104 
m·s–1 at different experimental conditions (Table 1). This im-
plied that the average flow velocities changed either with rain-
fall intensities and slope gradients. For purple soil, as rainfall 
intensities increased from 0.6 to 2.54 mm·min–1, the average 
flow velocities increased with higher slope gradients, which 
increased by 72%, 75%, 84%, 89%, respectively, compared to 
slope gradients at 5°, 10°, 15°and 20° conditions. The cause of 
this result may be the sine component of gravity increase. 

The Reynolds numbers ranged from 104.91 to 1571.67 (Ta-
ble 1). According to the criterion of open channel flow, surface 
flow of the slope changed from laminar flow to turbulence flow 
as rainfall intensities and slope gradients increased in the exper-
iment. The Froude numbers ranged from 0.316 to 0.733. The 
values of Fr in our study were less than 1, and all of them were 
subcritical flow. Under the condition of rainfall intensities kept 
the same, the Froude numbers increased with higher slope 
gradients, and this relationship became more obvious on steeper 
slopes. Our results are different with other findings (Guo et al., 
2013; Peng et al., 2015; Zhang et al., 2002) which both Re and 
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Fr are greater than our values. The cause of those differences 
may be explained by the effective input water rate (greater 
rainfall intensities and slope gradients) and soil type. 

Darcy-Weisbach and Manning friction coefficients are the 
most commonly used parameters to reflect hydraulic resistance 
in over-land flow studies. Foster et al. (1984) concluded that the 
resistance coefficient was less than 0.5 at slope gradients of 
1.7° to 5.16°. However, Abrahams et al. (1996) studied rill 
hydraulics on a semiarid hillslope. They reported that, under the 
condition of slope gradients kept at 0.74° to 3.2°, the Darcy-
Weisbach friction coefficients ranged from 0.2 to 2.84 in wide 
shallow rills. Moreover, numerous studies (Foster et al., 1984; 
Savat, 1980; Smith et al., 2007) have reported that flow re-
sistance can be modelled as a function of the Reynolds number 
and can be expressed as: 
 

bf aRe−=  (8) 

 
where a and b are regression parameters that are influenced by 
flow regime and slope gradients.  

In this study, the values of f ranged from 1.499 to 5.126. The 
Darcy-Weisbach friction coefficients and Reynolds numbers 
were plotted in Figure 2. The Darcy-Weisbach friction coeffi-
cients did not show a definitive relationship with Reynolds 
numbers. Our results agree with other findings (Nearing et al., 
1997; Peng et al., 2015; Zhang et al., 2014) which indicated 
that the Reynolds number was not a good predictor of hydraulic 
roughness on hillslope. Furthermore, the date from our experi-
ments indicated that the Darcy-Weisbach friction coefficients 
are primarily influenced by slope gradient. 

The Manning roughness coefficients ranged from 0.050 to 
0.089, with an average of 0.066. As shown in Figure 3, the 
relationship between Manning roughness coefficients and 

Reynolds numbers could be expressed as: 0.0640.099n Re−=
(R2= 0.041). The results showed that Re may be not applied as 
an independent hydraulic parameter to measure n effectively. 
 
Rainfall intensity and slope gradient effects on runoff  

 
Runoff for different slope gradients and simulated rainfall 

intensities were measured (Figures 4 and 5; Table 2). Average 
surface runoff volume ranged from 98.03 to 148.64 L, Which 
was 48.1 to 280.1 times of that for subsurface runoff (Table 2). 
In addition, surface runoff was markedly different among dif-
ferent slope gradients under the influence of simulated rainfall 
with intensity of 0.6, 1.61, 2.12 and 2.54 mm·min–1. These 
results indicated that surface runoff was affected markedly by 
slope gradients, with the exception of rainfall with intensity of 
1.1 mm·min–1. On the other hand, under conditions of low (0.6 
mm·min–1) and high (2.12 and 2.54 mm·min–1) rainfall intensi-
ties, surface runoff increased with slope gradient increased 
(Figure 4a). One explanation for this was that infiltration rate 
decreased with increasing slope gradient (Sharma et al., 1983).  

Moreover, an increase in slope gradient enhanced flow ve-
locity and reduced the chance that runoff would be infiltrated 
into the soils (Fang et al., 2015). Under condition of moderate 
rainfall intensities (1.1 and 1.6 mm·min–1), surface runoff in-
creased with slope gradient when the slope was less than 10°, 
and this relationship becomes more obvious on steeper slopes 
(>15°). This may be due to the facts that infiltration decreased 
greatly with slope gradient when the slope was less than the 
critical slope (Cheng et al., 2008). Under the condition of slope 
gradient kept the same, surface runoff increased with rainfall 
intensity when the simulated rainfall intensity was larger than  

 
 

Fig. 2. Relationship between Darcy-Weisbach friction coefficient 
and Reynolds number.  
 

 
 

Fig. 3. Relationship between Manning roughness coefficient and 
Reynolds number.   
 
1.6 mm·min–1 (Figure 4b). Our result is consistent with other 
findings (Ran et al., 2012; Zhao et al., 2015) in rainfall intensity 
increasing runoff, but surface runoff in our study decreased 
with rainfall intensity increased when the simulated rainfall 
intensity was less than 1.6 mm·min–1 (Figure 4b). This may be 
associated with a lager infiltration rate of purple soil, lower 
rainfall intensity with long duration compared to other studies. 
Defersha and Melesse (2012) and Fang et al. (2015) found that 
the effects of slope and rainfall intensity on runoff and soil loss 
varied with soil type. In our experiment, surface runoff showed 
decreasing-increasing trend as rainfall intensity changed (Fig-
ure 4b). This may be associated with the physical properties of 
purple soil and effects of different rainfall intensity. Moreover, 
rill erosion occurs as rainfall intensity changed from low to 
moderate rainfall intensity. Rills increased water infiltration 
into soil (Sirjacobs et al., 2000). Therefore, surface runoff de-
creased when the rainfall intensity changed from low to moder-
ate. As rainfall intensity changed from moderate to high rainfall 
intensity, infiltration excess runoff occurs when rainfall intensi-
ty exceeded the infiltration capacity. Consequently, surface 
runoff increased when the rainfall intensity changed from mod-
erate to high. 

Compared with the surface runoff for different slope gradi-
ents and simulated rainfall intensities, the subsurface runoff also 
responded to the slope and rainfall. Average subsurface runoff  
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Fig. 4. Surface runoff for different (a) slope gradients and  
(b) simulated rainfall intensities.   

 

 

 
 

Fig. 5. Subsurface runoff for different (a) slope gradients and  
(b) simulated rainfall intensities.  
 

Table 2. Average surface runoff and subsurface runoff volume (L) under different rainfall intensities and slope gradients. 
 

Runoff 
volume 

(L) 

Slope 
gradient 

(°) 

Rainfall intensity (mm·min–1) 
Low Moderate High 
0.6 1.1 1.61 2.12 2.54 

Surface runoff  

5 110.59a 124.06ab 98.03a 134.07a 141.71b 
10 135.32b 126.65ab 134.40c 142.84bc 139.34a 
15 143.31bc 122.36a 115.33b 144.55c 141.43ab 
20 147.09c 127.45b 143.20d 141.44b 148.64c 

Subsurface runoff 

5 0.18a 0.46a 1.35a 1.93c 0.77b 
10 1.80d 1.91d 2.07b 2.27d 2.08d 
15 0.94c 0.98b 3.09d 0.80b 0.85c 
20 0.72b 1.51c 2.53c 0.35a 0.74a 

 

Note: Means within a column followed by the different letters are significantly different at p = 0.05 level using the least significant difference (LSD) method. 
 
volume ranged from 0.35 to 3.09 L (Table 2). Under the condi-
tion of rainfall intensity kept the same, the influence of slope 
gradient on subsurface runoff was significant. For the same 
level of rainfall intensity, subsurface runoff increased at first, 
then decreased with slope gradient increased (Figure 5a). The 
subsurface runoff reached the maximum for most rainfall inten-
sities when the slope gradient increased from 5° to 10°, but 
when rainfall intensity was 1.6 mm·min–1, the slope gradient 
was 15°. Under the condition of slope gradient kept the same, 
subsurface runoff increased at first, then decreased with rainfall 
intensity increased (Figure 5b). This may be due to the facts 
that a long low intensity rainfall can cause more subsurface 
flow than a short high intensity rainfall (Jia et al., 2007; Naef et 

al., 2002). On a slope less than 10°, subsurface runoff reached 
the maximum when rainfall intensity was 2.1 mm·min–1. How-
ever, on steeper slopes ranged from 15° to 20°, subsurface 
runoff reached the maximum when rainfall intensity was 1.6 
mm·min–1. Our results indicated that there existed a critical 
slope of the purple soil slope, which was about 10°. This find-
ing was similar with Jin (1996) who found the infiltration rates 
showed an increasing-decreasing trend as slope gradient 
changed. Infiltration decreased greatly with slope gradient 
when the slope was larger than the critical slope gradient. This 
may be due to the facts that soil surface seal formation process-
es reduce the infiltration rates (Assouline and Ben-Hur, 2006; 
Luk et al., 1993). 
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Sediment 
 
The average sediment yield rate, which we defined as the 

average rate of sediment loss during the period when there was 
surface runoff in the storm. It ranged from 4.01 to 172.39  
g·m–2·min–1. There was significant statistical difference in the 
sediment yield rate among different slope gradients (Table 3). 
Sediment yield rates increased with increases in both rainfall 
intensity and slope gradient (Figure 6). This pattern accorded 
with other studies (Defersha and Melesse, 2012; Wang et al., 
2015; Zhang et al., 2002) in slope gradient and flow discharge 
increasing sediment yield rate. Under conditions of low (0.6 
mm·min–1) and moderate (1.1 and 1.61 mm·min–1) and high 
(2.12 and 2.54 mm·min–1) rainfall intensities, the sediment 
yield rates increased by 3.95, 2.39, 5.04, 3.48, 3.99 times, re-
spectively, as the slope gradients increased from 5° to 20°. On 
the other hand, for the slope gradients of 5°, 10°, 15° and 20°, 
the sediment yield rates increased by 10.75, 6.59, 9.31, 10.90 
times, respectively, as the rainfall intensities increased from 0.6 
to 2.54 mm·min–1. This result showed that sediment yield rate 
was more sensitive to rainfall intensity changes than to slope 
gradient changes. Similarly, Ziadat and Taimeh (2013) reported 
that rainfall intensity was the most important factor affecting 
soil erosion among rainfall intensity, slope gradient, land use 
and antecedent soil moisture. However, this result disagreed 
with Liu et al. (2015), who found that the sediment loss rate 
was more sensitive to changes in slope gradient than to changes 
in the rainfall intensity. This may be associated with the differ-
ence in soil type, simulated rainfall intensity and slope gradient. 

 

 

 
 

Fig. 6. Sediment yield rate for different (a) slope gradients and  
(b) simulated rainfall intensities.   

Table 3. Average sediment yield rate (g·m–2·min–1) under different 
rainfall intensities and slope gradients. 
 

Slope 
gradient 

(°) 

Rainfall intensity (mm·min–1) 
Low Moderate High 
0.6 1.1 1.61 2.12 2.54 

5 4.01a 13.75a 13.81a 31.10a 43.12a 
10 13.80b 27.50b 47.42c 68.26b 91.01b 
15 14.27c 33.63d 36.00b 99.69c 132.83c 
20 15.82d 32.90c 69.60d 108.23d 172.39d 

 

Note: Means within a column followed by the different letters are 
significantly different at p = 0.05 level using the least significant dif-
ference (LSD) method. 
 
Modeling soil loss 
 

Soil erosion is a process of detachment and transportation of 
soil materials by erosive agents (Ellison, 1947). Many studies 
have reported the slope characteristics (such as soil type, slope 
gradient and soil surface roughness) and flow hydraulics (such 
as flow velocity, flow depth and hydraulic roughness) are the 
two major controlling factors of slope soil loss (EI Kateb et al., 
2013; Fox and Bryan, 2000; Gilley et al., 1985; Guo et al., 
2013; Mathier et al., 1989). Therefore, the main hydraulic indi-
cators were selected to use for soil loss modeling. In order to 
compare those parameters, relationships between the average 
sediment yield rate (Sr), Reynolds numbers (Re), Froude num-
bers (Fr), Darcy-Weisbach (f), Manning friction coefficients 
(n), flow velocity (v) and stream power (w) were shown in Fig. 
7. As is shown, the sediment yield rate had positive relation-
ships with Reynolds numbers, Froude numbers, flow velocity 
and stream power and negative relationships with Darcy-
Weisbach (f) and Manning friction coefficients. Also, our re-
sults indicated that among those hydraulic parameters, just 
Reynolds numbers (R2 = 0.871), flow velocity (R2 = 0.783) and 
stream power (R2 = 0.884) showed a good linear relationship 
with sediment yield rate, whereas Fr, f and n were not good 
hydraulic indicators for the sediment yield rate in flume exper-
iment. Among those hydraulic parameters, stream power 
showed the best performance in predicting soil concentration, 
followed by Reynolds numbers and flow velocity. This finding 
revealed that for purple soil at the small scale of flume, stream 
power could be used for modeling purple soil loss. Similarly, 
Cao et al. (2013) found a significant linear relationship between 
soil loss and stream power. In most process-based erosion 
models, stream power have been used for predicting soil de-
tachment (Hairsine and Rose, 1992; Nearing et al., 1997). 
Stream power can be used to illustrate the effect of both the 
slope gradient and runoff rate during soil loss (Huang, 1995). 
As mentioned previously, the slope gradient and rainfall inten-
sity were recognized as the main controlling factors of slope 
soil erosion. Thus, the combination of slope gradient and rain-
fall intensity affected sediment yield rate. As mentioned previ-
ously, stream power was best correlated to soil loss, but it can-
not be applied to describe the effect of both the slope gradient 
and rainfall intensity. Researchers have quantified the power 
regression relationship between soil loss, runoff rate, slope 
gradient and rainfall intensity (Bulygin et al., 2002; Kinnell, 
1993; Zhang et al., 1998). Therefore, we used the following 
equation to assess the quantifiable relationship between the 
sediment yield rates, runoff rates, slope gradients and rainfall 
intensities. 

 
a bSr kIQ S=  (9) 
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Fig. 7. Relationships between the sediment yield rate (Sr) and hydraulic parameter. 
 
where, Sr is the sediment yield rate (g·m–2·min–1), I is the rain-
fall intensity (mm·min–1), Q is the runoff rate (mm·min–1), k, a 
and b are regression parameters. The corresponding regression 
equation was derived:  
 

0.558 0.869250.385Sr IQ S=  (R2=0.897). (10) 
 

As shown in Fig. 8, this model can provide an estimation of 
soil loss which is based on the interaction of rainfall intensity, 
runoff rate and slope gradient and close to the 1:1 line. Mean-
while, among the models, Eq. (10) was the most effective in 
predicting purple soil loss. The better performance of Eq. (10) 
over the other hydraulic parameters indicated that rainfall inten-
sity is one of the most significant factors affecting purple soil 
erosion.  
 
CONCLUSIONS 

 
This study investigated the hydraulic characteristics and sed-

iment generation on purple soil erosion within the rainfall simu-
lation system at various rainfall intensities and slope gradients.  

 
 
Fig. 8. Comparison between measured and predicted sediment 
yield rate. 

 
The results showed that surface and subsurface runoff were 

influenced by both the rainfall intensity and slope gradient. 
There existed a critical slope of the purple soil slope, which was 
about 10°. Subsurface runoff increased with slope to a maxi-
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mum level when the slope was larger than 10° and then de-
creased. Surface runoff volume ranged from 98.03 to 148.64 L, 
which was 48.1 to 280.1 times of that for subsurface runoff. 
Surface flow of the slope changed from laminar flow to turbu-
lence flow as rainfall intensities and slope gradients increased. 

Sediment yield rates increased with increases in both rainfall 
intensities and slope gradients; however, it was more sensitive 
to rainfall intensity than to slope gradient. In addition, Reynolds 
numbers (Re), flow velocity (v) and stream power (w) showed a 
good linear relationship with sediment yield rate, whereas Fr, f 
and n were not good hydraulic indicators for the sediment yield 
rate on purple soil erosion. Also, stream power (R2 = 0.884) 
showed the best performance in predicting sediment yield rate, 
followed by Reynolds numbers (R2 = 0.871) and flow velocity 
(R2 = 0.783). Based on the power regression relationship be-
tween soil loss, runoff rate, slope gradient and rainfall intensity, 
an erosion model was proposed to predict the purple soil ero-
sion (R2 = 0.897). The results can be used to improve the accu-
racy of models that predict slope erosion in the Three Gorges 
Reservoir Area, China. 
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