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Abstract: Soil properties are influenced by freeze-thaw, which in turn influences soil erosion. Despite
this, only a few studies have investigated the impacts on soil hydrodynamic processes. The objective
of this study was to evaluate the impact of soil freezing conditions on runoff, its energy consumption,
and soil erosion. A total of 27 laboratory-concentrated meltwater flow experiments were performed
to investigate the soil erosion rate, the runoff energy consumption, and the relationship between
the soil erosion rate and runoff energy consumption by concentrated flow under combinations of
three flow rates (1, 2, and 4 L/min) and three soil conditions (unfrozen, shallow-thawed, and frozen).
The individual and combined effects of soil condition, flow rate, and runoff energy consumption on
the soil erosion rate were analyzed. For the same flow rate, the shallow-thawed and frozen slope
produced mean values of 3.08 and 4.53 times the average soil erosion rates compared to the unfrozen
slope, respectively. The number of rills in the unfrozen soil slope were 4, 3, and 2 under the flow
rate of 1, 2, and 4 L/min, respectively. The number of rills in the thawed-shallow and frozen soil
slope were all 1 under the flow rate of 1, 2, and 4 L/min. The rill displayed disconnected distribution
patterns on the unfrozen slope, but a connected rill occurred on the shallow-thawed and frozen slopes.
The average rill width on unfrozen, thawed-shallow, and frozen soil slopes increased by 1.87 cm,
4.38 cm, and 1.68 cm as the flow rate increased from 1 L/min to 4 L/min. There was no significant
difference in the rill length on the frozen slope under different flow rates (p > 0.05). The runoff energy
consumption ranged from unfrozen > shallow-thawed > frozen slopes at the same flow rate. The soil
erosion rate had a linear relationship with runoff energy consumption. The spatial distribution
of the runoff energy implied that soil erosion was mainly sourced from the unfrozen down slope,
shallow-thawed upper slope, and frozen full slope.

Keywords: flow rate; meltwater erosion; runoff energy consumption; spatial distribution

1. Introduction

The Loess Plateau in northwestern China is suffering from a serious soil erosion problem [1–3].
Freeze-thaw (FT) erosion, resulting from melted water, is one of the most important erosion types on
the Loess Plateau [4–6]. Compound erosion of freeze-thaw and meltwater strips the soil particles from
the soil surface on hillslopes, and then moves them into the river [7].

Water 2018, 10, 1522; doi:10.3390/w10111522 www.mdpi.com/journal/water

http://www.mdpi.com/journal/water
http://www.mdpi.com
http://www.mdpi.com/2073-4441/10/11/1522?type=check_update&version=1
http://dx.doi.org/10.3390/w10111522
http://www.mdpi.com/journal/water


Water 2018, 10, 1522 2 of 16

Field observed experiments on gully erosion resulted from FT [8]. The results showed 11% of
variability in channel erosion, 14% of variability in interfluve erosion, and 26% of variability in side
wall erosion using a weekly timescale, which implied that FT processes were a significant contributor to
erosion in gully channels, interfluves, and especially the side walls. Gully erosion is one type of linear
erosion, where the soil material is detached and transported by overland flow. Several researchers have
reported on linear mechanisms, e.g., erosion resulting in headcut and bank retreat due to concentrated
surface flow [9–12], and landslides that form as a result of the subsurface flow [13,14]. Linear erosion,
once connected, results from the depression formed, which becomes the main sediment source of
the river basin. Rills correspond to the shallowest forms of linear erosion, which are both sediment
source areas and sediment transport vehicles on the hillslope. The resulting rills may be persistent and
develop into gullies [15,16], which will lead to irreversible losses of agricultural land due to not being
filled by tillage operations. Therefore, it is important to understand the rill erosion process and spatial
distribution for controlling the development of erosion.

Rill erosion accounts for approximately 70% of upland erosion, which is the primary sediment
generation on the hillslopes of the Loess Plateau [17]. Flows in natural rills on hillslopes transport
significantly more sediment down slope than overland flows, which in turn affects rill geomorphology
that is closely related to the hydraulic conditions [18–20]. Therefore, the geomorphic importance of rill
erosion has been well-developed [18,19,21]. Surface runoff and soil loss are subjected to rill morphology
on the hillslope [22]. Processes that change the cross-sectional geometry of a rill channel indirectly
change the velocity and turbulence [19]. The importance of the collapse of rill sidewalls resulting in rill
widening has received little attention [23]. Rill length, width, depth, and cross-sections are considered
as rill morphology parameters for analyzing the soil erosion rate and hydraulic processes [21,24,25].
Some researchers have focused on the effect of rill morphology on the relationship between the
hydraulic and soil erosion rate, such as down-cutting of the rill bed [26,27] and widening subprocesses
of rill development [3,24]. More importantly, rills easily form on soils that have previously experienced
FT cycles [28,29]. Wischmeier and Smith [30] reported that frozen strata covered with thawed soil
strata were highly susceptible to meltwater erosion. The capability of soil FT processes can affect rill
erosion, sediment production, and geomorphic evolution [20]. At present, research on alternate FT
soil erosion, particularly studies on rill erosion and sediment transport process, is limited. However,
the processes associated with soil FT that affect rill geometry have received very little attention.
Changes in the area-to-perimeter ratios of a V-shaped rill in a frozen fine sandy loam were compared
with similar rills that had been never frozen [31], which showed that after similar flows through
each rill, the frozen rill was deeper and narrower throughout its length than the rill that had never
been frozen. Gatto et al. [20] demonstrated that the final x-section of the entire rill was changed from
rectangular trapezoidal to triangular as the soil-flows, slides, and slumps filled the rill and increased
the width of its top, resulting from the effect of FT cycling. Ban et al. [32] implemented a laboratory
for comparing the rill velocity over frozen and thawed hillslopes and found that the rill morphology
without headcuts along the rill on the frozen hillslope promoted an increase in the flow velocity when
compared with the erosion of a thawed hillslope with headcuts. Variations in the morphology of rills
resulting from freeze-thaw-induced soil erosion under concentrated flow, however, have not been
previously investigated, which in turn influence rill erosion and sediment production.

Different relationships between soil detachment and hydraulic parameters have been established
to predict the soil erosion rates through concentrated flow experiments [33–36]. Therefore, soil erosion
rates have been described by several hydraulics parameters, such as shear stress [37], flow velocity [38],
stream power [39], unit stream power [40], and runoff energy consumption [41]. Flow energy is
a better hydraulic parameter than shear stress for describing soil detachment [42–45]. Li et al. [41]
demonstrated that the processes of soil erosion accompanied flow energy consumption and consumed
energy was used to detach and transport soil particles on the loessal hillslope. Li et al. [46] calculated
the soil erosion and sediment yield through runoff shear stress, runoff energy consumption, and unit
stream power, respectively, and indicated that runoff energy consumption in describing the soil erosion
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process was simpler and more accurate on the loessal hillslope. Experimental results indicated that the
soil erosion rate was affected by factors such as soil texture, land use type, bulk density, clay content,
organic matter content, and soil moisture [35,47,48]. As the hydraulic parameter does not represent
an actual measurable soil property [43], the values in models are often acquired through calibration
in different regions. Therefore, the quantification of soil erosion based on flow hydraulic parameters
varies with different soil conditions [49,50]. The effect of FT influences soil properties such as soil bulk,
water-stable aggregate content, soil cohesion, and soil disintegration [5,51–53], and in turn affects the
soil erosion. However, the relative research on the relationship between hydraulic parameters and soil
erosion resulting from meltwater is limited. Therefore, the response of meltwater erosion to runoff
energy consumption was investigated in this study.

The concentrated flow experiments were conducted under different flow rates and soil conditions
(a) to compare the erosion resistance characteristics of soil erosion, rill morphology, and runoff energy
consumption; (b) to quantify the relationship between the soil erosion rate and energy consumption;
and (c) to analyze the spatial distribution of sediment based on the runoff energy consumption.

2. Materials and Methods

2.1. Experimental Material

A laboratory-concentrated flow experiment was implemented at the State Key Laboratory of
Eco-hydraulics in the Northwest Arid Region of China in Xi’an, China. The deposited soil was loessal
soil sourced from the Wangmaogou catchment (37◦34′13′ ′–37◦36′03′ ′ N and 110◦20′26′ ′–110◦22′46′ ′ E)
in Shaanxi Province, China, and contained 0.02% clay, 65.28% silt, and 34.7% sand particles. Stones,
plants, and other debris were removed from the air-dried soil material via sieving through a 5 mm
mesh to maintain uniform soil materials.

The experiment was performed in a 4 × 0.1 m hydraulic flume. The experiment flume consisted
of soil flume (2 m length, 0.2 m width, and 0.2 m depth) and sink (2 m length, 0.2 m width, and 0.05 m
depth). The bottom of the sink link with the top of the soil flume are shown in Figures 1 and 2.
The layered filling method (5 cm depth each layer) was performed to pack the soil to keep a uniform
mean dry soil bulk density of about 1.25 g/cm3 to a depth of 15 cm, and the soil moisture content was
about 15%. The soil surface elevation in the middle of the soil-filled flume was lower than that near
the flume walls for forbearing the influence of walls. The unfrozen soil-filled flumes were placed at
the laboratory with a room temperature of 5 ◦C to 8 ◦C. The completely frozen soil-filled flumes were
obtained through an ultra-low-temperature freezer where the temperature was set up as −22 ◦C to
−20 ◦C for 24 h. A shallow-thawed soil flume was obtained via thawing the completely frozen soil
flume under room temperature. The thawed depth was frequently measured at different places on the
completely frozen soil flume with a needle every 15 min until it reached the thawed depth of 3 cm.
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Figure 2. Photograph of the scouring experiment model.

Nine combinations of three flow rates (1, 2, and 4 L/min) [5] with a water temperature of around
5 ◦C and three soil conditions (unfrozen, shallow-thawed, and frozen) were evaluated under the
designed 15◦ slope, with each combination of flow rate and soil condition tested three times, resulting
in a total of 27 experiments. The water flow was supplied by the tank with a drain for stabilizing the
water pressure, and a steady flow flume was used to maintain the steady flow by a board with holes
(Figure 1). The flow rate was adjusted via a flow controller on the pipe.

The eroded depth of 15 cm on any part of the soil-filled flume was considered as the threshold
value for the termination test. A runoff collection device was installed at the bottom of the flume
to collect runoff and sediment (Figure 1), which were taken using plastic volume every 1 min per
test. The sediments were oven-dried at 105 ◦C for 24 h before weighing. The width and length of
the rill were measured using a ruler after the experiment was finished. Flow velocity was measured
using the dye tracing method between two cross-sections [3], and the slope was segregated into four
cross-sections: 0 to 0.5 m (S1), 0.5 to 1.0 m (S2), 1.0 to 1.5 m (S3), 1.5 to 2.0 m (S4), and 2.0 to 2.5 m along
the slope. Flow velocity was calculated using the distance (0.5 m) divided by the mean travel time and
multiplied by a correction factor of 0.65, which adjusted the measured surface flow velocity close to
the maximum flow velocity to obtain the mean flow velocity [54].

2.2. Equation and Data Analysis

Potential energy transfers to kinetic energy when the runoff flows from the top to the bottom of
the slope. The runoff energy will be consumed due to runoff against the sediment transportation on
the slope. The runoff energy consumption between any two sections is calculated based on the energy
conservation rule. The elevation of the flume outlet was set as the reference elevation for calculating
the potential energy. The runoff energy consumption equations are defined as [41]:

∆E = ρq
[

g(Li+1 − Li) sin θ +
1
2
(vi+1

2 − vi
2)

]
(Li+1 > Li) (1)

where ρ is the water density (kg/m3); q is the inflow rate (L/min); g is the acceleration due to gravity
(m/s2); Li is the distance from the transect site of i to the bottom slope (m); θ is the slope gradient (◦);
and vi is the transect of i flow velocity (m/s).
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The regression analysis and pictures were drawn through OriginPro 8.5 software (OriginLab Inc,
Northampton, MA, USA), statistical analysis was via conducted SPSS 16.0 (SPSS Inc, Chicago, IL,
USA), and the experimental system was designed by CAD 2010 (Autodesk Inc, Mill Valley, CA, USA).

3. Results

3.1. Characteristics of the Soil Erosion Process and Eroded Rill

The soil erosion rate was significantly affected by the surface conformation flow rate and its
interaction. The changing tendencies of the soil erosion rate were the most dramatic over the frozen
slopes compared to those over unfrozen and shallow-thawed slopes at the same flow rate. With time,
the soil erosion rate showed a rising trend over unfrozen and frozen slopes for different flow rates.
However, the variation tendency of the soil erosion rate appeared to decrease with time on the
shallow-thawed slopes, except for the flow rate of 4 L/min (Figure 3c).
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Figure 3. Temporal variation in the soil erosion rate over the unfrozen, shallow-thawed, and frozen
slopes at 1 L/min (a), 2 L/min (b), and 4 L/min (c). Average soil erosion rate variation (d) over
unfrozen, shallow-thawed, and frozen slopes under 1 L/min, 2 L/min, and 4 L/min, respectively.

A histogram of the average soil erosion rate illustrated that, at the same flow rate, the maximum
average soil erosion rate was produced on the frozen slopes, except at 4 L/min, and the minimum
average soil erosion rates occurred on the unfrozen slopes (Figure 3d). The average soil erosion rate of the
unfrozen slope was compared with the shallow-thawed and frozen slopes. The ratio values are shown
in Table 1. The maximum value, which occurred at 1 L/min, was 4.48 between the shallow-thawed and
unfrozen slopes. The minimum value, which occurred at 2 L/min, was 2.05 between the shallow-thawed
and unfrozen slopes. However, the ratio between the frozen and unfrozen slopes experienced a declining
trend with increasing flow rate. At the same flow rate, the shallow-thawed and frozen slopes produced
a mean value of 3.08 and 4.53 times the average soil erosion rates of the unfrozen slope, respectively
(Table 1).
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Table 1. The ratio of the soil erosion rates at the same flow rate on different slopes versus the
unfrozen slope.

Flow Rate/L·min−1 Shallow-Thawed/Unfrozen Frozen/Unfrozen

1 4.48 6.96
2 2.05 4.09
4 2.72 2.54

Mean 3.08 4.53

Figure 4 shows the eroded topography for the different soil surfaces and flow rates,
which experience significant differences in the surface morphology. Comparing the different soil
conditions, a significant difference in the rill patterns was found at the same flow rate. The number of
rills on the unfrozen soil slope was 4, 3, and 2 under the flow rate of 1, 2, and 4 L/min, respectively.
The values for the number of rills in the thawed-shallow and frozen soil slope were all 1 under the
flow rate of 1, 2, and 4 L/min. The rill displayed disconnected distribution patterns on the unfrozen
slope, but a connected rill occurred on the shallow-thawed and frozen slopes (Figure 4). During the
experimental processes, the rill formation on the unfrozen slope was obviously different from that of
the shallow-thawed and frozen slopes. For the unfrozen slope, the rill initially developed on the slope
top and bottom, which extended to the slope middle at the same time. However, the rill initially only
developed on the slope top and gradually extended to the slope bottom for the shallow-thawed and
frozen slopes. The rill length had the following order (Figure 4 and Table 2): unfrozen < shallow-thawed
< frozen slopes. The largest mean rill width occurred on the unfrozen slope. The mean rill width
that occurred on the shallow-thawed slopes was smaller than that on the frozen slopes, except at
4 L/min (Figure 4 and Table 2). The average rill widths on the unfrozen soil slope were 4.26 cm, 5.29 cm,
and 6.13 cm under the flow rate of 1, 2, and 4 L/min, respectively, which increased by 1.87 cm as
the flow rate increased from 1 L/min to 4 L/min. The average rill widths on the thawed-shallow
soil slope were 2.24 cm, 3.01 cm, and 6.62 cm under the flow rate of 1, 2, and 4 L/min, respectively,
which increased by 4.38 cm as the flow rate increased from 1 L/min to 4 L/min. The average rill
widths on the thawed-shallow soil slope were 2.37 cm, 3.47 cm, and 3.98 cm under the flow rates of 1,
2, and 4 L/min, respectively, which increased by 1.68 cm as the flow rate increased from 1 L/min to
4 L/min.

Table 2. The rill length and width under different slopes and flow rates after erosion (cm).

Flow Rate/L·min−1 Unfrozen Shallow-Thawed Frozen

Number Length Mean Width Number Length Mean Width Number Length Mean Width

1 4 78.57 4.26 3 85.71 2.24 2 200.75 2.37
2 1 105.71 5.29 1 135.71 3.01 1 202.85 3.47
4 1 153.14 6.13 1 192.86 6.62 1 201.43 3.98

Different flow rates resulted in significant differences in rill topography on the same slope. For the
unfrozen slope, the length and width of the rill gradually became larger with the increasing flow
rate. Comparing S3 and S4 of the unfrozen slope, the rills became connected and extended the slope
bottoms when the flow rate ranged from 1 to 4 L/min (Figure 4 and Table 2). For the slope bottom rill
on the unfrozen slope, the length gradually increased with the increasing flow rate. S2 of the unfrozen
slope developed almost no rill. The rill head gradually extended to the shallow-thawed slope bottom
and the rill also became wider when the flow rate ranged from 1 to 4 L/min (Figure 4 and Table 2).
However, the rill development on the frozen slope was completely different from that of the unfrozen
and shallow-thawed slopes. The rill was instantly connected when the water flowed from the top to
the bottom on the frozen slope. The same features of rill formation were present on the frozen slope
under different flow rates. There was no significant difference in the rill length on the frozen slope
under different flow rates (p > 0.05). The average rill width on the frozen slope was 2.37 cm (1 L/min)
< 3.47 cm (2 L/min) < 3.98 cm (4 L/min).
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Figure 4. Eroded topography on the unfrozen (UF), shallow-thawed (ST), and frozen (F) slopes under
the flow rates of 1 L/min (a), 2 L/min (b), and 4 L/min (c).

3.2. Variation of the Runoff Energy Consumption over Unfrozen, Shallow-Thawed, and Frozen Slopes

3.2.1. Variation of the Runoff Energy Consumption

The runoff energy consumption on the unfrozen, shallow-thawed, and frozen slopes for different
hydraulic conditions was analyzed. From Figure 5, the box plot shows that the runoff energy
consumption value for the different surface conditions ranged from unfrozen > shallow-thawed
> frozen slopes at the same flow rate. The runoff energy consumption increased significantly with
increasing flow rate (Table 3).

Table 3. The statistics of energy consumption over unfrozen, shallow-thawed, and frozen slopes at
different flow rates.

Flow Rate/L·min−1

Energy Consumption/J·min−1

Unfrozen Shallow-Thawed Frozen

Max Min Range Average Max Min Range Average Max Min Range Average

1 5.12 5.08 0.04 5.09 5.10 5.03 0.07 5.07 5.07 5.03 0.04 5.05
2 10.24 10.12 0.12 10.19 10.16 10.08 0.08 10.11 10.16 9.82 0.34 9.99
4 20.63 20.21 0.42 20.47 20.54 20.11 0.44 20.38 20.55 19.98 0.57 20.32

The maximum, minimum, and runoff energy consumptions all reached the greatest values
(20.63, 20.61, and 20.47 J/min, respectively) during the flow process under a high flow rate of 4 L/min
on the unfrozen slope (Table 3). The results showed that the higher the flow rate, the higher the runoff
energy consumption on the slope. During the experimental process, the greatest and least runoff
energy consumption occurred on the unfrozen and frozen slopes, respectively (Table 3).
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(b), and 4 L/min (c).

3.2.2. Spatial Distribution of Runoff Energy Consumption

The runoff energy consumption was calculated at every section during the experiment.
The histogram illustrates the runoff energy consumption contribution at four sections under different
soil conditions and flow rates (Figure 6).

There was a significant difference in the runoff energy consumption contribution over different
slopes at the same flow rate. When the flow rate was 1 L/min, the unfrozen, shallow-thawed,
and frozen slopes experienced the greatest runoff energy consumption contributions of 41% (S1),
52% (S4), and 27% (S4), respectively (Figure 6 and Table 4). The lowest runoff energy consumption
contributions over the unfrozen, shallow-thawed, and frozen slopes were 7% (S2), 8% (S2), and 23%
(S2) under the flow rate of 1 L/min (Figure 6 and Table 4). The ranges of the runoff energy consumption
contributions on the unfrozen, shallow-thawed, and frozen slopes were 34%, 44%, and 4% at 1 L/min,
respectively. For the unfrozen slope, the total runoff energy consumption contribution of S1 and S3
was 69% at 1 L/min. S3 and S4 on the shallow-thawed slope contributed a total of 81% runoff energy
consumption at 1 L/min. When the flow rate was 2 L/min, the runoff energy consumption contribution
pattern was different from the flow rate of 1 L/min on the unfrozen slope. The runoff energy
consumption contribution of 83% was from the total of S1 (46%) and S4 (37%). For the shallow-thawed
slope, S3 and S4 contributed, in total, 82% of the runoff energy consumption.
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Figure 6. Spatial distribution of the runoff energy consumptions over the unfrozen (UF),
shallow-thawed (ST), and frozen (F) slopes for different flow rates.

Table 4. Descriptive statistical contributions of the runoff energy consumption for the four sections
during each experiment (%).

Flow Rate/L·min−1 Unfrozen Shallow-Thawed Frozen

Max. Min. Range Max. Min. Range Max. Min. Range

1 41 7 34 52 8 44 27 23 4
2 46 6 40 45 5 40 26 24 2
4 48 8 40 39 14 25 28 23 5

When the flow rate was 2 L/min, the greatest runoff energy consumption contributions for the
unfrozen, shallow-thawed, and frozen slopes were 46% (S1), 45% (S4), and 26% (S4), respectively,
and the lowest runoff energy consumption contributions were 6% (S2), 5% (S1), and 24% (S4),
respectively. The runoff energy consumption contribution ranges on the unfrozen, shallow-thawed,
and frozen slopes were 40%, 40%, and 2% at 2 L/min, respectively. The patterns of the runoff energy
consumption contribution at 4 L/min were similar to those at 2 L/min, with the exception of the
shallow-thawed slope. The runoff energy consumption contribution of 75% on the unfrozen slope came
from S1 (48%) and S4 (27%) at 4 L/min. The runoff energy consumption contribution of 66% on the
shallow-thawed slope came from S1 (27%) and S2 (39%) at 4 L/min. The runoff energy consumption
contribution ranges for the unfrozen, shallow-thawed, and frozen slopes were 40%, 25%, and 5%,
respectively, at 2 L/min.

The contributions of runoff energy consumption for the same slope under different flow rates
are shown in Figure 6. The greatest and lowest contributions of runoff energy consumption occurred
at S1 and S2 for the unfrozen slope. The greatest contribution of the runoff energy consumption
increased when the flow rate increased from 1 to 4 L/min. The contributions ranked in order from
largest to smallest were: S1 > S3 > S4 > S2 for 1 L/min; S1 > S4 > S3 > S2 for 2 L/min; and S1 > S3 >
S4 > S2 for 4 L/min on the unfrozen slope. Differing from the contribution pattern on the unfrozen
slope, the shallow-thawed slope had its greatest value in S4 at 1 and 2 L/min. However, the greatest
contribution was found in S2 on the shallow-thawed slope at 4 L/min, which was different from
1 and 2 L/min. As the flow rate increased, the greatest contribution of the runoff energy consumption
exhibited a gradual downward trend. The contributions were, in order of the greatest to smallest:
S4 > S3 > S1 > S2 for 1 L/min; S4 > S3 > S2 > S1 for 2 L/min; and S2 > S1 > S4 > S3 for 4 L/min,
on the shallow-thawed slope. There was a significant difference in the runoff energy consumption
contributions on the frozen slope when compared with the unfrozen and shallow-thawed slopes.
The difference in the runoff energy contribution for each section was less than 5% at the different flow
rates, which indicated that there was no significant difference between any sections on the frozen slope.
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3.3. Relationship between the Soil Erosion Rate and Runoff Energy Consumption

The rill erosion processes were regressed with a mathematical model to relate the soil erosion rate
processes to the runoff energy consumption. The relationship between the soil erosion rate and runoff
energy consumption was determined using the following model:

S = A× (ln x− B) (2)

where S is the soil erosion rate (kg/m2·min); A is the sediment yield capacity (kg/J); and B is
the critical runoff energy consumption (J/min). The physical meanings of the coefficients in the
function are as follows: A is a characteristic of the soil detachment capacity dependent on the
runoff energy consumption, which does not change with external force; and B is the lowest runoff
energy consumption promoting soil detachment, which will vary with the external force. Regression
coefficients A and B are shown in Table 5. Determination parameter R2 and correlation test parameter
p are presented in Figure 7.
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Table 5. Regression parameters between the soil erosion rate and runoff energy consumption for the
unfrozen, shallow-thawed, and frozen slopes.

Flow Rate/L·min−1 A B

Unfrozen Shallow-Thawed Frozen Unfrozen Shallow-Thawed Frozen

1 2.65 4.7 6.35 4.01 3.87 3.82
2 2.85 4.55 6.4 8.95 8.78 8.59
4 2.85 7.95 6.3 18.68 18.61 18.36
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The regression results shown in Figure 7 imply that all of the determination coefficients (R2)
were high (ranging from 0.73 to 0.98) and the correlation was significant at the 0.05 and 0.01 levels,
which suggests that the model provided a good fit to the experimental data. These findings indicate
that the equation based on the runoff energy consumption could forecast the soil erosion rate well for
different experimental conditions.

4. Discussion

4.1. Effect of the Freeze and Flow Rate on the Runoff Energy Consumption and Sediment Transport

Figure 3 and Table 1 indicate the high variation of the soil erosion rate changes for high flow rates,
which is in agreement with other research findings [3,32,33]. Flow energy, which is expressed by the energy
of the runoff water expenditure on the soil surface, is able to reflect the effects of these sub-processes
by altering the energy distribution for the detachment and transport of soil materials [55,56]. Therefore,
the process of sediment transport is accompanied by runoff energy consumption. A lower infiltration
capacity [57–59] and smooth surface [32,60] gave the frozen layer a higher runoff mass and flow velocity.
Furthermore, the rill morphology affected the runoff energy [3,32,33,61]. Zhang et al. [33] found that the
rill wall, which resulted from the penetration of unconnected rills, could obviously decrease the flow
velocity. Ban et al. [32] found that headcuts caused localized “waterfalls”, which were responsible for
the non-increasing rill flow velocity. Xiao et al. [3] observed that the runoff energy would be consumed
due to pools found during the rill development. From Figure 4, many pools, headcuts, and rill walls
were found on the unfrozen slope. The shallow-thawed slope only developed unconnected rills and
rill walls. The frozen slope did not develop pools, headcuts, or rill walls, which was in agreement with
Ban et al. [32]. Therefore, the frozen slope had a higher flow energy during the experimental processes
as a higher runoff energy indicates lower energy consumption during the experiment, frozen soil
requires less energy to overcome the frictional force and headcuts when compared with thawed soil,
and a larger water flow energy is necessary to maintain a higher flow velocity. This condition resulted
in excess energy from water flow on frozen soil depths, potentially increasing sediment delivery. In
this experiment, the shallow-thawed and frozen slopes all had a frozen layer, which implied that the
runoff masses, in order from largest to smallest, were: frozen > shallow-thawed > unfrozen.

The soil erosion rate for the three slopes, ranging from largest to smallest, were: frozen >
shallow-thawed > unfrozen (Figure 3 and Table 1). Previously frozen soil is highly susceptible to riling
even from low intensity rainfall and runoff [29], which could occur during much of the Prince Edward
Island cool period [62]. Under the same flow conditions, the thawed soil rill transports more sediment
than the unfrozen soil rill [6,60]. However, the soil erosion rate on the shallow-thawed slope becomes
stronger than that on other slopes at 4 L/min. At the lower rate, lower energy only experienced rill
down vertical development. However, the thawed soil layer underwent horizontal development and
the frozen soil rill kept developing vertically down for the shallow-thawed soil layer at the higher flow
rate. Therefore, the sediment yield for a shallow-thawed slope with the two kinds of soil structures was
larger than that of the frozen slope under the flow rate of 4 L/min. Chaplot [12] reported that higher
gully bank retreat values were observed at narrow gullies as the collapsed material from narrow gullies
is easily evacuated due to its proximity to the channel flow. Compared with this study, a higher soil
erosion rate occurred on the frozen slope at the same flow rate, and the rill width of the frozen slope
was also the narrowest in the same flow condition. The erosion mechanism was different between
Chaplot’s research and this research, though high erosion rates were observed at the narrow rill.
The frozen slope had a higher runoff energy to detach and transport sediments. The runoff energy
consumption was significantly affected by the topography, flow rate, and sediment yield. The equation
showed that mass runoff had a significant correlation with the energy consumption, and larger runoff
generated greater energy consumption during the erosion process (Table 5). Complicated topography
resulting from serious erosion under a high flow rate consumes more energy, which then requires more
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total energy consumption to transport the sediment. Therefore, the critical runoff energy consumption
becomes greater as the flow rate increases.

4.2. Prediction of the Spatial Distribution of Sediment Depending on the Runoff Energy Consumption

For slope erosion, any section of the soil erosion rate is difficult to measure directly. In contrast,
the flow velocity and runoff volume can be measured easily and accurately. The soil erosion rate has a
significant relationship with the runoff energy consumption (p < 0.05). This practical aspect implies
that the soil erosion rate can be predicted by the runoff energy consumption.

The spatial distribution of the runoff energy consumption depends on the slope condition under
the same flow rate. Results from Figure 6a and Table 4 show that the runoff energy consumption was
mainly produced down slope for the unfrozen slope and was produced on the upper slope for the
shallow-thawed case. For the frozen slope, the range of the spatial distribution changed within 5%
(Table 4) and was the average for the four sections. As a result, this implied that soil erosion rates were
mainly sourced from the unfrozen down slope, shallow-thawed upper slope, and frozen full slope.
The spatial distribution of the soil erosion rate depends on the runoff energy runoff loss and is in
agreement with the practical erosion distribution shown in Figure 4. In accordance with the sediment
pattern distribution, some retained measures like vegetation should be carried out to transfer runoff
energy consumption and prevent scouring erosion.

On the same slope, the flow rate dominated the spatial distribution of the runoff energy
consumption. For the unfrozen slope, the runoff energy consumption of S4 and S1 increased as the flow
rate increased, which indicated that the erosion of S4 and S1 also increased with the flow rate (Figure 6).
The scouring erosion continued to extend as the rill head and upper rill were gradually connected due
to an increasing flow rate for the unfrozen slope (Figure 4). The connected rill uses more runoff energy
to transport the sediment [33]. For the shallow-thawed slope, the contribution of the runoff energy
consumption on S4 gradually decreased with the increasing flow rate (Figure 6), which indicated that
the sediment transport capacity became stronger in the other sections. The shallow-thawed slope did
not experience scouring erosion. The connected rill from the upper slope gradually extended to the
down slope (Figure 4), which implied that the erosion contribution increased from top to bottom as
the flow rate increased. For the frozen slope, the contribution of runoff energy consumption did not
change with the variation of the flow rate, and the distribution was almost equal for each section.
Combined with Figure 6, the results implied that the erosion contribution should be almost equal
at each section for the same flow rate. Therefore, appropriate measures should be taken to decrease
erosion based on the sediment distribution. For the unfrozen slope, measures should be taken at the
bottom slope to prevent scouring erosion under a lower flow rate, and at both the top and bottom
slopes, measures should be taken under higher flow rates. For the shallow-thawed and frozen slope,
measures should only be implemented on the top slope to consume the runoff energy.

5. Conclusions

In this study, the response of the freeze-thaw soil erosion rate to runoff energy consumption
was investigated by rill flow under combinations of three flow rates (1, 2, and 4 L/min) and three
soil conditions (unfrozen, shallow-thawed, and frozen). The spatial distribution of erosion along the
slope was predicted based on the runoff energy consumption. The spatial distribution of erosion
along the slope was predicted based on the runoff energy consumption. The results showed that the
shallow-thawed and frozen slope produced a mean value of 3.08 and 4.53 times the average soil erosion
rate compared to that on the unfrozen slope at the same flow rate, respectively. The width of the rill
gradually became larger as the flow rate increased under different soil slopes. There was no significant
difference in the rill length on the frozen slope under different flow rates (p > 0.05). The runoff
energy consumption in order showed unfrozen > shallow-thawed > frozen slopes at the same flow
rate, and runoff energy consumption increased with the increasing flow rate. The runoff energy
consumption of the water-carrying section changed linearly with the soil erosion rate. The spatial



Water 2018, 10, 1522 13 of 16

distribution of the runoff energy implied that soil erosion rates were mainly sourced from the unfrozen
down slope, shallow-thawed upper slope, and frozen full slope.

These findings improve our understanding of the effect of freeze-thaw and flow rate on erosion
processes and runoff energy consumption for assessing the erosion model for meltwater erosion.
These results were only based on one soil type, so varying responses to the soil erosion rate by
meltwater-concentrated flow should be investigated in the future.
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