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Abstract: The Loess Hilly–Gully region (LHGR) is the most serious soil erosion area in the world.
For the small watershed with high management in this area, the scientific problem that has been paid
attention to in recent years is the impact of the land consolidation project on the erosion environment
in the gully region. In this study, the 3D simulation method of vegetation, eroded sediment and pol-
lutant transport was innovated based on the principles of erosion sediment dynamics and similarity
theory, and the impacts of GLCP were analyzed on the erosion environment at different scales. The
verification results show that the design method and the scale conversion relationship (geometric
scale: λl = 100) were reasonable and could simulate the transport process on the complex underlying
surface of a small watershed. Compared with untreated watersheds, a significant change was the
current flood peak lagging behind the sediment peak. There were two important critical values of
GLCP impact on the erosion environment. The erosion transport in HMSW had no change when the
proportion was less than 0.85%, and increased obviously when it was greater than 3.3%. The above
results have important theoretical and practical significance for watershed simulation and land-use
management in HMSW.

Keywords: gully land consolidation; erosion transport; highly managed small watershed; Loess
Hilly–Gully region

1. Introduction

Worldwide, the Loess Plateau is well known for its intense soil erosion and has
received more attention from both the government and academic spheres [1–3]. To cope
with this, the Chinese central government implemented the Grain for Green project in
the 1990s and achieved a significant reduction [4–6]. However, what followed was a
severe shortage of high-quality land [7,8]. Therefore, to solidify the achievements of the
Grain for Green project and address the problem of the shortage of high-quality land
resources, a series of experiments and demonstrations have been carried out since 2010,
mainly including the transformation of abandoned silt dams and the cutting of conditional
trench slopes to fill the trenches and prepare the land [9–13]. On the basis of the successful
experience gained, a large-scale project, “Gully Land Consolidation (GLC)” has begun in
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the Loess Hilly and Gully Region (LHGR), especially in the small watershed with high
management and obvious weakening of erosion. Its impact on runoff and sediment changes
and environment has attracted wide attention from domestic and oversea scholars [14–16].

The impact of land-use pattern on the erosion environment has always been valued by
researchers around the world [17,18]. Some researchers believed that land consolidation in
the gully raised the erosion base level and helped to reduce sediment erosion [19–21]. How-
ever, some scholars believed that the LHGR was deeply covered with loess, and was highly
collapsible. Thus, it was necessary to prevent the disasters caused by collapsibility [22,23]
in order to reduce the ecological impact of GLCP on peak discharge, sediment production,
NH4-N, NO3-N and CO2 emissions with an enhanced soil organic carbon (SOC) relative to
the undisturbed gully [24]. However, more than 2000 ha farmland were damaged by dam
breaks and landslide under the extreme rainstorm in Yanan in 2013 [13,25], which was one
of the controversies regarding the impact of land consolidation on the erosional ecological
environment [26,27].

On all these counts, the previous studies of [28–35] stated both the positive and
negative impact of land consolidation on the erosion environment and they did not pay
attention to whether the scale and proportion of land consolidation led to changes in the
ecological environment. The proportion of land consolidation refers to the ratio of the
area of land consolidation to the total area of the basin. Would there be a critical value
for the consolidation ratio? When it was less than the critical value, the impact of the
land improvement project on the environment was not significant, and when it is greater
than this value, it might have a greater impact. However, there were not many studies on
this area.

In this study, a physical scale watershed model was selected to carry out the experi-
ments. The objectives of this study were to: (1) investigate the pollutant similarity rules; (2)
characterize the effects of management measures on water and sediment processes; and (3)
determine the critical land consolidation proportion.

2. Materials and Methods
2.1. Study Area

The Yangou watershed (36◦21′–36◦22′ N, 109◦20′–109◦35′ E) is located in the southern
suburbs of Yan’an city in the middle of the LHGR (as shown in Figure 1), with an area
of about 48 km2 and an annual rainfall of 575 mm. The Kangjiagelao small watershed is
located in the Yangou watershed, covering an area of 0.35 km2 and a height of 189.7 m,
having a silt dam with a length of 11 m and a width of 5 m at the outlet of the gully. The
terraced farmlands and terraced orchards in the watershed account for 15–20% of the
total watershed area, and the remaining area contains arbores, shrubs, and herbaceous
vegetation. The watershed vegetation coverage is more than 90%. It is an ideal prototype
area for the study of GLCP practices based on “Grain for Green” management.

Gao et al. [36,37] provided a largely complete set of design methods and techniques
for simulating rainfall, runoff, and sediment transport in the small Kangjiagelao water-
shed, which were based on the hydrodynamic principles of rainfall, runoff, sediment
transport, infiltration, and similarity theory. The model was normal and the geometric
scale was 100. The verification results demonstrated that the rainfall, runoff collection, and
sediment generation and transport were in line with the actual observations for similar
geometries, rainfall, eroded sediment generation, transport processes, and surface bed
deformation. These results were used to generate recommendations regarding methods for
controlling soil erosion, optimizing design plans, and seeking efficient use of water and
soil resources [36,37].
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Figure 1. Location and different stages of the Kangjiagelao watershed, (a) Location and early status of the Kangjiagelao 
watershed, (b) Current status of the Kangjiagelao watershed. 
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for controlling soil erosion, optimizing design plans, and seeking efficient use of water 
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Figure 2 shows the sediment curves of the prototype and model. The model D50 pa-
rameter was set to 0.027 mm, which is near the value of 0.028 mm used in the prototype. 
The soil selection of the model met the requirements. 

Figure 1. Location and different stages of the Kangjiagelao watershed, (a) Location and early status
of the Kangjiagelao watershed, (b) Current status of the Kangjiagelao watershed.

Figure 2 shows the sediment curves of the prototype and model. The model D50
parameter was set to 0.027 mm, which is near the value of 0.028 mm used in the prototype.
The soil selection of the model met the requirements.



Water 2021, 13, 1540 4 of 32
Water 2021, 13, x FOR PEER REVIEW 4 of 30 
 

 

 
Figure 2. The sediment particle grading curves of the model and prototype. 

Table 1 presents the land-use status acquired by a survey completed in 2018, which 
reported the land-use mode, occupied area, vegetation type, vegetation height, and cov-
erage degree. The average vegetation coverage of the prototype small watershed in 
Yangou reached 0.9. A vegetation coverage scale of 1 was obtained via geometric similar-
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Table 1. The land-use patterns and vegetation coverage in the Kangjiagelao watershed. 
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Terraced farmland 0.028 0.2–0.4 80 
Terraced orchard 0.042 2–2.5 75 

Arbor 0.140 8–12 95 
Shrub 0.088 1.5–2 95 

Grassland 0.035 0.45–0.6 92 
Water cellar 0.018 0 0 

  

Figure 2. The sediment particle grading curves of the model and prototype.

Table 1 presents the land-use status acquired by a survey completed in 2018, which
reported the land-use mode, occupied area, vegetation type, vegetation height, and cover-
age degree. The average vegetation coverage of the prototype small watershed in Yangou
reached 0.9. A vegetation coverage scale of 1 was obtained via geometric similarity. The
small watershed model was restored according to the current vegetation coverage of the
small watershed after management. The model built according to the two situations of no
vegetation restoration and high-level vegetation restoration is shown in Figure 3.

Table 1. The land-use patterns and vegetation coverage in the Kangjiagelao watershed.

Land-Use Pattern Area (km2) Vegetation Height (m) Vegetation Coverage (%)

Terraced farmland 0.028 0.2–0.4 80
Terraced orchard 0.042 2–2.5 75

Arbor 0.140 8–12 95
Shrub 0.088 1.5–2 95

Grassland 0.035 0.45–0.6 92
Water cellar 0.018 0 0

2.2. Model Principle and Scale Design

Since the 3D simulation of the watershed needs to simulate the rainfall, runoff and
erosion transport on the slope and gully, the physical model used in this experiment meets
the following basic principles:
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Figure 3. The model built according to the two situations, (a) No vegetation restoration, (b) High-level vegetation restoration.

2.2.1. Rainfall Runoff on Slope

On the slope surface, assuming that the direction of the water flow is the x-axis and
the slope length is L, then the one-dimensional unstable flow slope Saint-Venant equations
that control the movement of the slope surface flow are:

∂(Vy)
∂x

+
∂y
∂t

= i(x, t)− i0(x, t) = r(x, t) (1)

J0 − JF =
∂y
∂x

+
1
g

∂V
∂t

+
V
g

∂V
∂x

+
V
gy

[i(x, t)− f (x, t)] (2)

where y is the flow depth of the slope, V is the flow velocity of the slope, i(x,t) is rain
intensity as a function of x and t, f(x,t) is the infiltration strength as a function of x and t, r
is the net rain intensity as a function of x and t, r(x,t) = i(x,t) − f(x,t) adopt the international
standard unit m·s−1, J0 is the slope grade, JF is the friction slope, and g is the acceleration
of gravity.

2.2.2. Gully Water Movement

As the slope of the simulated small watershed is steep, and the current is turbulent, the
runoff is mostly caused by short-duration torrential rains. Therefore, turbulence has been
fully developed during the confluence of slopes and channels. Therefore, the time-averaged
differential equation describing the three-dimensional turbulence of the incompressible
fluid can be used to describe the water movement.

Continuous equation:
∂u
∂χ

+
∂υ

∂y
+

∂ω

∂z
= 0 (3)

Equation of motion:

∂u
∂t + (u ∂u

∂x + υ ∂u
∂y + ω ∂u

∂z )

= Fx − 1
ρ

∂p
∂x +

[
∂

∂x

(
v ∂u

∂x

)
+ ∂

∂y

(
v ∂u

∂y

)
+ ∂

∂z

(
v ∂u

∂z

)]
−
(

∂
∂x u12 + ∂

∂u u′υ′ + ∂
∂z u′ω′

) (4)
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∂υ
∂t + (u ∂u

∂x + υ ∂υ
∂y + ω ∂υ

∂z )

= Fy − 1
ρ

∂p
∂y +

[
∂

∂x

(
v ∂υ

∂x

)
+ ∂

∂y

(
v ∂υ

∂y

)
+ ∂

∂z

(
v ∂υ

∂z

)]
−
(

∂
∂x u′υ′ + ∂

∂y υ′2 + ∂
∂z υ′ω′

) (5)

∂w
∂t + (u ∂w

∂x + υ ∂w
∂y + ω ∂w

∂z )

Fz − 1
ρ

∂p
∂z +

[
∂

∂x

(
v ∂w

∂x

)
+ ∂

∂y

(
v ∂w

∂y

)
+ ∂

∂z

(
v ∂w

∂z

)]
−
(

∂
∂x u′w′ + ∂

∂y υ′w′ + ∂
∂z w′2

) (6)

where u, υ, ω are the time-average flow velocity along the x, y, and z axes, u, υ, ω are
the pulsating flow velocity along the x, y, and z axes, Fx, Fy, Fz are the mass forces per
unit mass along the x, y, and z axes, when the mass force is limited to gravity, its value
is equal to the components of the acceleration of gravity along the x, y, and z axes, when
the x-axis is consistent with the direction of water flow, Fx = g sin α, Fy = −g cos α,
Fz = g sin β = gJz, where α and β are the inclination angles of the water flow along the
x and z directions, Jx, Jz is the corresponding streamline slope, P is the hourly average
pressure intensity, ν is the dynamic viscosity coefficient, and t is time.

2.2.3. Erosion and Sediment Transport
Start of Sediment Particles

There are many ways to describe the sediment starting formula under certain water
flow conditions, such as the starting flow rate, starting drag force and starting power. If
the starting velocity formula for granular particles is used, the Shamov starting velocity
formula can be used:

Uc = 1.14
√

γs − γ

γ
gd(

h
d
)

1
6

(7)

where γs, γ is the bulk density of sand and water, d is the particle diameter, h is the water
depth, and g is the acceleration of gravity.

Movement of Bed Load

There are many equations describing bed load movement. Gao Jianen once studied
the problem from the energy point of view, and obtained the formula as follows. As the
verification data include thin-layer water flow and fine sand data, actual application proves
that it can reflect the law of runoff and sediment transport.

rs − r
rs

ϕ = 0.01
1

tgα

[
Fr(θ − θc)

v
v∗c

]3/2
(8)

Suspended Load Movement

As far as the movement of suspended load is concerned, the physical equation describ-
ing this phenomenon is the three-degree diffusion equation of the movement of suspended
load. This equation was originally just a sediment continuity equation, but after the intro-
duction of the concept of diffusion theory and its processing method, it has essentially the
meaning of a sediment movement equation. The differential equation of the variation law
of suspended sediment content with space and time under the condition of unbalanced
three-degree unsteady flow is:

∂s
∂t = − ∂

∂x (us)− ∂
∂y (υs)− ∂

∂z (ωs) + ∂
∂y (ωs)

+ ∂
∂x

(
εsx

∂s
∂x

)
+ ∂

∂y

(
εsy

∂s
∂y

)
+ ∂

∂z

(
εsz

∂s
∂z

) (9)

where s is the sediment content, εsx, εsy, εsz are the suspended load diffusion coefficients
along the x, y, and z axes, ω is the sedimentation velocity, and the other parameters are the
same as before. In the equation, the term on the left side of the equation is the change in
sediment content per unit of time per unit of water, the first three items on the right side of
the equal sign are the change in sediment content in and out of a unit water body caused
by the time-averaged flow velocity per unit of time, the fourth item on the right side of the
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equal sign is the change in the amount of sand in and out of the unit water body caused by
the sediment settling rate per unit of time, and the last three items on the right side of the
equal sign are the changes in the amount of sand entering and leaving a unit water body
caused by diffusion within a unit of time.

Deformation of the Bed Surface

A problem that must be solved in the similarity of erosion and sediment movement is
that the deformation of the underlying surface reflected by the model should be similar
to the prototype. In many cases, this is actually the purpose of model testing. This is
mainly related to a time scale issue. It can be obtained from the similar deformation of the
river bed:

∂qs
∂x

+ γ′
∂Z
∂t

= 0 (10)

where q is single width flow, γ′ is the dry bulk density of silt, Z is the elevation of the
bed surface, and the other parameters are the same as before. This equation describes the
change of the bed surface under the action of runoff.

Infiltration Problems

If we study soil water movement, the water flow in the soil should also satisfy the
basic equation of soil water movement:

∂(ρθ)

∂t
+

∂(ρVx)

∂x
+

∂(ρVy)

∂y
+

∂(ρVz)

∂z
= 0 (11)

where ρ is the density of water, Vx, Vy, Vz are the average flow velocity in the x, y, and z
directions (not the velocity of the water mass point), and θ is the water content of the soil.

2.2.4. Scale Derivation

To introduce the principles of geometric similarity, motion similarity and dynamic
similarity to the above formulas, there are the following similar conversion relations:

Geometric Similarity

Any corresponding linear length in the model and the prototype must have the
same ratio:

ly1

lm1

=
ly2

lm2

= . . . . . . =
lyn

lmn

= λl (12)

where ly1 , ly2 , . . . . . . , lyn are each linear length in the prototype, lm1 , lm2 , . . . . . . , lmn

are each linear length in the model, and λl is the proportional constant of length, or
geometric scale.

Movement Similarity

The velocity and acceleration of any corresponding point in the model and the proto-
type must be parallel to each other and have the same ratio:

uy1

um1

=
uy2

um2

= . . . . . . =
uyn

umn

= λu (13)

ay1

am1

=
ay2

am2

= . . . . . . =
ayn

amn

= λa (14)

where u, a represent speed and acceleration, respectively, λu is the speed scale, and λa is
the acceleration scale.
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Dynamics Similarity

The force of any corresponding point in the model and the prototype must be parallel
to each other and have the same ratio:

fy1

fm1

=
fy2

fm2

= . . . . . . =
fyn

fmn

= λ f (15)

where f is the force on the fluid, λ f is the scale of force.
Based on the above principles, the scale values involved in this study could be obtained

as shown in Table 2 below.

Table 2. Summary of the main scales of the small watershed model.

Name Scale Symbol Scale Value Calculation Method

Geometric
similarity

Plane scale λl 100 Set
Vertical scale λh 100 Set

Vegetation coverage
scale λ f c 1 Set

Rainfall
similarity

Rain intensity scale λi = λ1/2
l 10 Derived from

Equation (1)
Rainfall capacity

scale λp = λiλt1 λp = 10× 3.33 = 33.3 Derived from
formula P = i·t1

Rainfall time scale λt1 λt1 ≈ λt′ = 3.33 Suppose

Water flow
similarity

Flow rate scale λv = λ1/2
l 10 Derived from

Equations (4)–(6)

Flow amount scale λQ = λ5/2
l 100,000 Derived from

formula Q = vA

Roughness scale λn = λ1/6
l 2.15

Derived from
formula

U = 1
n R1/6√RJ

Water flow time
scale λt1 = λl/λv = λl/λ1/2

l = λ1/2
l 10

Derived from
formula
l = v·t

Erosion and
sediment

movement
similarity

Suspension move-
mentsimilarity λd = λ1/4

l λ1/2
v /λ1/2

(ds−d)/d
3.16

Derived from
formula

ω = 0.039ρs−ρ
ρ g d2

v

Starting similarity λuc = λu = λ1/2
l 10 Derived from

Equation (9)
Sediment content

scale λs 3 Calibrate and
measure

The similarity in
the bed
surface

deformation time

λt′ = (λγ′/λS)λt1 λt′ = 10/3 = 3.3 Derived from
Equation (10)

Sediment transport
ratio scale λGs = λQλS 300,000

Derived from
formula
Gs = Q·S

Soil water
similarity

Soil water content
scale λθ 1 Derived from

Equation (11)

Pollutant
similarity

Nitrogen content
scale λNm 0.5 Calibrate and

measure
Phosphorus content

scale λPm 0.9 Calibrate and
measure

Nitrogen transport
ratio scale λNs = λNmλGs 150,000 Derive

Phosphorus
transport ratio scale λPs = λPmλGs 270,000 Derive
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2.3. The Designed Rainfall

Extreme short-duration rain events were considered to be the main mechanism under-
lying the destruction of land consolidation projects. According to the statistical data, there
have been 58 heavy rain events in Shaanxi Province since the 1960s in which the highest
daily rainfall exceeded 200 mm. These events had the characteristics of short duration, high
rainfall amount, and high intensity. The maximum 1 h rainfall ranged between 134 mm
and 252 mm. The maximum 5 min rainfall ranged between 8.1 mm and 59.1 mm over
nearly 200 observation stations on the Loess Plateau. Combined with the historical rainfall
data collected in the Yan’an area and the historical runoff and sediment generation data
collected in the Yangou small watershed, a maximum 6-h rainfall of 96.5 mm in 20 years
was selected as the design rainfall. To keep the total rainfall of the watershed constant, six
rainfall intensities were designed: 2 mm min−1, 5 mm min−1, 7 mm min−1, 10 mm min−1,
15 mm min−1, and 20 mm min−1. The designed rain intensity of the model was determined
according to the rain intensity scale, where λi = 10.

The rainfall simulation of the model mainly adopted artificial rainfall. The rainfall
equipment was a BX-1 portable field rainfall device, and three groups were evenly arranged
around the small watershed model. The rainfall equipment was composed of an adjustable
tripod at the bottom, a stainless steel support rod in the middle, and a top sprinkler. The
sprinkler was 8m from the ground and sprayed water at an elevation angle of 45◦ to keep
the rainfall uniformity not less than 75%. The water supply source was groundwater
near the model, and its water quality parameters had been measured for comparison and
analysis in subsequent experiments. Two sets of water pumps were used for supply—pump
1 lifted the groundwater to the water tank for storage, and pump 2 was placed in the water
tank and supplied water to the rainfall equipment through frequency conversion speed
regulation (as shown in Figure 4).

2.4. The Designed Land Consolidation

The study area contains a check dam. There have been almost no siltation changes
due to the highly managed status of the watershed. This finding was consistent with the
status of the GLCP in Yan’an. Thus, in the experiment, the scale of land consolidation was
selected by varying the dam height, and as the height of the dam increased, the scale of
land consolidation increased (as shown in Figure 5). Table 3 shows the design height and
related dimensions of the dam in the prototype small watershed, and Figure 6 shows the
positions and construction methods corresponding to the dimensions in Table 3. In the
simulation experiment, the sizes of the model dam and the land were converted according
to the similar relationship in Table 2.

2.5. Data Collection

The times of rainfall onset and runoff generation were recorded. Runoff samples of a
certain volume were collected at the outlet of the watershed at regular intervals using 20-cm
diameter plastic buckets. The time of collecting runoff and the time spent in the collection
process were recorded. Subsequently, a 100 mL plastic bottle was used to collect a certain
amount of water samples at the outlet of the watershed and stored in refrigeration. We
stirred the water sample in the plastic bucket evenly, measured its volume, poured it into
the aluminum box with the corresponding number, and weighed the sediment after drying
at 105 ◦C for 8 h, and then the sediments were analyzed for N, P, and K. The parameters
such as flow rate and sediment content were calculated, respectively. The water sample
in the plastic bottle was tested for its nitrogen and phosphorus content in the laboratory
within 24 h (as shown in Figure 7).
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Table 3. Sectional dimensions of the prototype dam.

Dam Height (m) Top Width (m) Bottom Width
(m)

Upstream Slope
Ratio

Downstream
Slope Ratio

2 1.5 6.3 1:1.2 1:1.2
4 2 14 1:1.5 1:1.5
7 2.5 23.5 1:1.5 1:1.5
10 3.5 33.5 1:1.5 1:1.5
15 4.5 49.5 1:1.5 1:1.5

While recording the outlet parameters of the watershed, the flow and sediment
movement parameters in the gully were also measured. We set 5 measurement sections
in the gully, and the relative distances (the ratio of the distance between the section to
be measured and the starting point of the gully to the total length of the gully) from the
beginning of the gully are: 0.42, 0.53, 0.64, 0.76 and 0.87. Furthermore, the water level and
flow velocity of the section were measured, and the water and soil samples of each section
were collected under specific rainfall conditions.
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3. Results
3.1. Determination of Pollutant Scale and Verification

In order to study the influence of rainfall–runoff processes on pollutant contents in
small watersheds, it is necessary to explore the transport patterns of non-point source
pollution in watersheds under different rainfall events and land consolidation proportions.
However, the transportation of the nonpoint source pollution caused by erosion in the study
area was so complicated that an appropriate new method was developed. Based on the
similarity principle, soil samples of different depths were extracted from 11 corresponding
sampling points of the prototype and model, the nitrogen and phosphorus contents in each
soil sample were measured, and the longitudinal average value was taken as the nitrogen
and phosphorus content of the sampling point. The content ratios of the corresponding
points are shown in Figures 8–11. Figures 8 and 9 indicate that the initial nitrogen content
scale was λNm = 0.5, and Figures 10 and 11 indicate that the initial phosphorus content
scale was λPm = 0.9.

The model test was run under the conditions of equivalent rainfall intensity
Im = 0.114 mm min−1 and rainfall time Tm = 37.5 min. After each rainfall event, soil
samples were taken along the channel for measurement. The average nitrogen and phos-
phorus contents in the channel soil, modeled as a function of relative distance, were
compared with the corresponding parameters of the prototype at each position, as shown
in Figures 12 and 13. The figures show that the average content of pollutant nitrogen in
the prototype and model soils was 0.35 g kg−1 and 0.61 g kg−1, respectively. The pollutant
nitrogen content scale was 0.57, which was approximately equal to the derived nitrogen
content scale λNc = 0.5. The average content of phosphorus in the prototype and modeled
soils was 0.58 g kg−1 and 0.65 g kg−1, respectively. The pollutant phosphorus content
scale was 0.89, which was approximately equal to the derived phosphorus content scale
λPc = 0.9, verifying the pollutant content similarity between the prototype and model.
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Based on the determination and verification of the pollutant scale as described above,
a complete set of small-watershed scale model similarity values was obtained, as pre-
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sented in Table 2. Table 2 indicates the similarity conversion relationships of rainfall,
runoff, eroded sediment, and pollutant transportation. The table also demonstrates the
similarity in rainfall–runoff erosion environments required to satisfy the similarities in
geometry, rainfall, vegetation cover, water flow movement, erosion sediment movement,
and pollutant transport.

3.2. The Impact of Vegetation Restoration on Erosion Transport in Small Watersheds

At present, the vegetation coverage of the Kangjiagelao watershed in Yangou has
reached 90% of the total area. Based on the completion of the rainfall runoff erosion and
sediment transport test under bare land conditions and the determination and verification
of the pollutant transport scale in the current basin, a comparative study was carried out
for the changes in runoff and sediment yield, land-use and erosion control before and after
vegetation restoration in the small watershed.

The hydrological process of slope surface runoff is an important factor influencing
erosion and is driven by extreme rainstorms. To explore the impact of vegetation restoration
on erosion transport, five rainfall events with intensities of 1.14 mm min−1, 5 mm min−1,
10 mm min−1, 15 mm min−1, and 20 mm min−1 were performed before and after vegetation
restoration. The parameters included runoff generation time, peak flood discharge time,
peak flood discharge value, peak sediment discharge time, peak sediment discharge value,
and erosion modulus. In addition, the changes in watershed outlet flow and sediment
content with time before and after vegetation restoration were analyzed. The results are
shown in Figures 14–19 and Table 4.
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Table 4. Parameters of runoff and sediment generation in small watersheds, before and after vegetation restoration.

Runoff or Sediment Movement
Parameter

Before Vegetation
Restoration

After Vegetation
Restoration

Runoff generation time (tc) t′c = 18.13× 10−0.04i t”
c = 77.9× 10−0.05i

Peak flood discharge time (th) t′h = 118.7× 10−0.013i t”
h = 315.1× 10−0.017i

Peak flood discharge (Qh) Q′h = 4.5× 100.05i Q”
h = 0.29× 100.12i

Peak sediment discharge time (ts) t′s = 120.8× 10−0.02i t”
s = 299× 10−0.03i

Erosion modulus (E) E′ = 2919.4× 100.03i E′′ = 1.54× 100.06i

Peak sediment discharge value (Sf) S′f = 104.9× 100.01i S”
f = 0.59× 100.05i

3.2.1. The Impacts of Vegetation Restoration on Runoff Generation and Collection

Vegetation restoration had important effects on the time of runoff generation. Figure 14
shows the changes in runoff generation time (tc) with rain intensity (i) before and after
vegetation restoration. It could be seen from the figure that the change trend of runoff gen-
eration time before and after vegetation restoration was the same, and both decreased with
an increased rainfall intensity. However, the change trend of runoff generation time after
vegetation restoration was more obvious than before. The formula coefficient increased
by 4.3 times after vegetation restoration in delaying time to runoff generation under all
rainfall intensities. After vegetation restoration, the average time to runoff generation was
delayed by 330% relative to before the restoration. The changes in flood peak discharge
time with rainfall intensity showed similar trends, as shown in Table 4. Figure 15 shows
the changes in flood peak discharge (Qh) as a function of rainfall intensity (i). Although the
flood peak discharge increased with increasing rainfall intensity, it decreased significantly
after vegetation restoration, and the rate of increase in flood peak discharge with rainfall
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intensity was greater in after vegetation than before vegetation. It was theoretically possi-
ble to exceed the flood peak discharge before vegetation under heavy rainfall, indicating
that the effect of vegetation on runoff reduction was limited. When the rainfall intensity
exceeded 10 mm min−1, the flood peak discharge after vegetation was greater than before,
and this phenomenon has been observed previously, both at home and abroad. These
findings were highly significant for the design of flood control practices under extreme
rainfall conditions.

3.2.2. The Impact of Vegetation Restoration on Eroded Sediment Generation

Vegetation restoration had an important effect on the transport of eroded sediment.
Figure 16 shows the changes in sediment peak discharge time (ts) as a function of rain
intensity (i). The sediment peak discharge time decreased with increasing rainfall intensity
before and after vegetation restoration. The average sediment peak discharge time after
vegetation restoration was 2.48 times longer than before vegetation restoration. Figure 17
shows the changes in erosion modulus with rainfall intensity before and after vegetation
restoration, under the condition of a prototype-equivalent total rainfall of 150 mm. The
results showed that the erosion modulus increased with increasing rain intensity before and
after vegetation restoration, and that the erosion modulus of the small watershed clearly
decreased after vegetation restoration. However, the erosion modulus increased at an
increasingly fast rate as rainfall intensity increased, suggesting that it was able to increase
the erosional transport volume at a certain rainfall intensity. A possible explanation for
this finding could be that gravitational erosion increases with increasing rainfall intensity.
The changes in sediment peak discharge with rain intensity before and after vegetation
restoration exhibited similar characteristics, as presented in Table 4.

3.2.3. The Impact of Vegetation Restoration on the Relationship between Runoff and
Sediment Generation

Vegetation restoration had an important influence on the relationship between runoff
and sediment production and affected the runoff driving mechanisms. Among the five
sets of prototype-designed rainfall intensities, a typical prototype’s maximum at 10-min
rainfall intensity of 1.14 mm min−1, with a return period of 2 years, was selected as the
experimental rainfall intensity, and the changes in runoff and sediment content over time
at the outlet of the watershed before and after vegetation restoration were compared, as
shown in Figures 18 and 19. The figures show that before vegetation restoration, the
surface runoff stabilization time after runoff generation was 20 min, the average discharge
after stabilization was 4.92 m3 s−1, the average sediment content was 87.3 kg/m3, the
flood peak discharge was 6.4 m3/s, the flood peak time was 91.8 min, the sediment peak
discharge value was 112 kg m−3, and the sediment peak discharge time was 106.8 min.
After vegetation restoration, the flow stabilization after surface runoff generation occurred
at 120 min, the average discharge after stabilization was 0.036 m3 s−1, the average sediment
content was 0.21 kg m−3, the flood peak discharge was 0.043 m3 s−1, the flood peak time
was 336 min, the peak sediment discharge value was 0.22 kg m−3, and the peak sediment
time was 200 min.

The above results showed that the runoff and sediment generation times clearly
reduced and the amount of runoff and sediment was significantly reduced after vegetation
restoration. These results indicated that the vegetation measures taken had positive impacts
on soil and water conservation. Additionally, this experiment showed that the sediment
peak discharge occurred at the front while the flood peak occurred at the back when
watersheds were highly managed. These findings were important as they indicated a
change in the runoff production mechanism, and new topics have been proposed for flood
control and early warning—especially the variation points of vegetation coverage need
further study.
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3.3. The Influence of Land Consolidation on Erosion Transport

To explore the impact of land consolidation projects on erosion transport in small water-
sheds, experiments were performed with six rain intensities, 1.14 mm min−1, 5 mm min−1,
7 mm min−1, 10 mm min−1, 15 mm min−1 and 20 mm min−1, and five land consolidation
proportions, 0.47%, 0.85%, 2.00%, 3.30% and 6.13%. The changes in runoff and sediment
movement were comprehensively analyzed under the various land consolidation propor-
tions and rainfall intensities for the 90% managed watershed, as shown in Figures 20–28.
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3.3.1. The Impacts on Runoff and Sediment Generation

Due to the different proportions of land consolidation in the gully, the degree of impact
on the erosion and transport of water and sediment is also different. The low rainfall
intensity of 1.14 mm min−1 did not produce runoff in most land consolidation cases and
hence the analyses predominantly considered data for the rain intensities of 5–20 mm min−1.
Figure 20 shows that the runoff generation time for each rain intensity level increased
with increasing land consolidation proportion, and the runoff generation time under each
consolidation proportion was delayed in comparison to without consolidation. These
results demonstrated that land consolidation projects with different proportions exhibited
varied effects on the runoff generation time of small watersheds. A greater consolidation
proportion and lower rainfall intensity corresponded to a longer runoff generation time.
When the proportion of land consolidation was less than 0.85%, the runoff generation
time shifted smoothly and land consolidation had little effect on runoff generation in the
watershed—when the proportion was between 0.85% and 3.3%, it would have varying
degrees of impact on the runoff generation time under different rain intensities, and when
it was greater than 3.3%, the runoff generation time changed significantly.

Figure 21 shows the influences of the land consolidation projects of different scales on
peak flood discharge time. The results indicate that the flood peak time is proportional to
the land consolidation proportion and all land consolidation projects delay flood peak time.
The greater the consolidation proportion, the more obvious the effect of flood peak time.
The main reason for this pattern is that an increase in the proportion of land consolidation
results in increases in land area and infiltration. The variation point of flood peak time was
approximately 2% of the consolidation proportion.

Figures 22 and 23 indicate variations in flood peak and average discharge under
different land consolidation proportions and rainfall intensities. The figures show that
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when the rain intensity was less than or equal to 5 mm min−1, flood peak discharge and
average outlet discharge decreased with increasing consolidation proportion and the land
consolidation projects reduced the flood peak discharge and average outlet discharge.
When the rain intensity exceeded 5 mm min−1 and the land consolidation proportion
was greater than 0.85%, both flood peak discharge and average discharge increased with
increasing consolidation proportion, and when the consolidation proportion exceeded
3.3%, the changes gradually intensified. These results indicated that flood peak discharge
and erosion in highly managed watersheds can be expected to increase sharply when the
exposed area exceeds 3.3%; therefore, the proportion of land consolidation should not
exceed 3.3%.

Figure 24 shows the influence of land consolidation projects of different scales on
sediment peak discharge time. In the figure, it can be seen that the sediment peak discharge
time curves are almost horizontal and there was little influence on the sediment peak
discharge times in the range of 0 to 0.85% of land consolidation proportion. When the
rainfall intensity was less than or equal to 5–7 mm min−1, the peak sediment discharge
time increased with increasing land consolidation proportion. This finding indicated
that the land consolidation project increased infiltration and reduced runoff and erosion,
which delayed the arrival time of the sediment peak discharge and a higher consolidation
ratio resulted in a more obvious effect. When the rain intensity exceeded 5–7 mm min−1,
the sediment peak discharge time decreased with increasing consolidation proportion.
Generally speaking, when the land consolidation proportion was less than 0.85%, the
change in sediment peak discharge time was not obvious compared with an unmanaged
watershed. When the land consolidation proportion was between 0.85 and 3.3%, the
sediment peak discharge time changed differently under different rainfall intensities. When
the consolidation proportion exceeded 3.3%, the sediment peak discharge time changed
drastically, especially when the rain intensity was high, for instance, a sharp decrease in
sediment peak discharge time occurred and the sediment peak discharge appeared early,
indicating an increase in erosion.

Figures 25–27 show the changes in the sediment peak discharge value, average outlet
sediment content, and average outlet sediment transport ratio for the small watersheds
with different land consolidation proportions and rainfall intensities. In all figures, the
curves were nearly horizontal between 0% and 0.85% land consolidation proportions,
and when the consolidation proportion was between 0.85% and 3.3%, the sediment peak
discharge, average sediment content, and the average sediment transport ratio exhibited
a slow rise with the increase in the land consolidation proportion. However, when the
proportion was greater than 3.3%, most of the curves showed significant upward trends
with increasing land consolidation proportion. Therefore, no more than 3.3% of land
consolidation proportion should be critical for controlling sediment transport for HMSW.

Furthermore, a small watershed-scale simulation test was conducted under the condi-
tions of a 150-mm prototype-equivalent rainfall and six rain intensities of 1.14 mm min−1,
5 mm min−1, 7 mm min., 10 mm min−1, 15 mm min−1, and 20 mm min−1 to obtain the
changes in the erosion modulus under different land consolidation conditions, as shown
in Figure 28. The trends of these curves were similar to those above: the consolidation
proportions less than 0.85%, between 0.85 and 3.3%, and greater than 3.3% correspond to
different degrees of changes, and are the thresholds for the land consolidation proportion.

In summary, the critical value of the land consolidation proportion was established for
the highly managed watershed. When the threshold was exceeded, the erosion obviously
increased and the environment deteriorated. In the Kangjia watershed with 90% coverage,
the proportion of GLCP should not exceed 3.3%, since when it was between 0.85% and
3.3%, the impact was not too great.

3.3.2. The Impact on Pollutant Transport

Figures 29 and 30 show the changes in average nitrogen and phosphorus concen-
trations at the outlet for a given land consolidation proportion, under different rainfall
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intensities. These figures show that the average concentrations of nitrogen and phosphorus
at the outlet of the watershed increased with increasing land consolidation proportion
under different rain intensities. The greater the rainfall intensity, the higher the land
consolidation proportion with more pollutant concentrations. The relationships can be
represented by the following exponential functions:

CN = 30.7× 100.023w (16)

CP = 5.73× 100.13w (17)

As shown in the figures, the curves were almost horizontal in the land consolidation
proportion ranging from 0–2%; however, the varying degrees of land consolidation projects
increased the pollutant output concentration of the watershed. When balancing the re-
lationship between the efficient use of land resources in the watershed and the control
of pollutant output risk, it is recommended that the consolidation proportion remains
below 2%.

As a result of the above analyses, it was possible to identify the functional relationships
between the erosional transport parameters, land consolidation proportion (w), and rainfall
intensities (i) in HMSW in the LHGR; the recommended consolidation proportions are
presented in Table 5. The above results can be used as a reference for the calculation of
runoff generation, collection and the design of land consolidation of small watersheds
under high management in the Loess Plateau of China or other parts of the world.
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Figure 30. Changes in average phosphorus concentration at the outlet with land consolidation
proportion under different rainfall intensities.

Table 5. Changes in the small watershed erosion and transport parameters and the recommended consolidation proportion.

Runoff Sediment Parameter Law of Change Proposed
Consolidation Proportion

Runoff generation time (tc) tc = 95.3× 100.08w−0.04i ≤3.3%
Flood peak time (th) th = 386× 100.06w−0.03i ≤2%

Flood peak discharge (Qh) Qh =

{
2.85× 10−0.03w(i ≤ 5 mm/min)

2.39× 100.03w+0.06i(i > 5 mm/min)
≤3.3%

Average outlet discharge (Qp) Qp =

{
2.25× 10−0.02w(i ≤ 5 mm/min)

1.76× 100.02w+0.06i(i > 5 mm/min)
≤3.3%

Peak sediment discharge time (ts) ts =

{
212.8× 100.08w−0.02i(i ≤ 7 mm/min)

334.7× 10−(0.05w+0.03i)(i > 5 mm/min)
≤3.3%

Peak sediment discharge value (Sf) S f = 1.44× 100.08w+0.02i ≤3.3%
Average sediment content atoutlet (Sp) Sp = 1.31× 100.07w+0.02i ≤3.3%

Average sediment transport ratio at
outlet (Gs

′) Gs′ = 2.36× 100.09(w+i) ≤3.3%

Soil erosion modulus (E) E = 3.58× 100.05(i+w) ≤3.3%
Average nitrogen concentration at outlet (CN) CN = 30.7× 100.023w ≤2%

Average phosphorusconcentration at
outlet (CP) CP = 5.73× 100.13w ≤2%

4. Discussion
4.1. Physical Scale Model Simulation

GLCP in the LHGR is typically based on small watersheds [38] with a series and
parallel styles. The conditions in small watersheds are usually complex and have a substan-
tial impact on the evolution of the erosional environment; therefore, the layout requires
optimization. However, the topography of a small watershed is highly complex, showing
strong three-dimensionality, and the mathematical model employed in the small watershed
simulation process has to be generalized and simplified, which makes calculation accuracy



Water 2021, 13, 1540 29 of 32

difficult to guarantee [39–41]. In most cases, the issues can only be described qualita-
tively [42,43]. It remains difficult to accurately reconstruct the scene [44–46]. Therefore,
determining the impact of a land consolidation project on the evolution of the erosional
environment remains an important issue in gully land consolidation.

In this study, a physical scale simulation technology was introduced. This method was
strongly three-dimensional in promoting runoff, sediment, and pollutant transportation.
This method was also able to reproduce the evolution and developmental processes of the
watershed erosional environment under different rainfall amounts, vegetation coverage
levels, and consolidation conditions, which allowed analysis of the impact of engineering
measures on the hydrological processes in the watershed; such information is useful for
optimizing the project layout [47–49]. The experiment in the present study focused on the
evolution of the erosional environment of small watersheds before and after management
and the variability of the watershed’s erosional transport conditions under different land
consolidation proportions. The results showed that runoff and sediment generation were
clearly suppressed after vegetation restoration and that the effects on soil and water
conservation were more obvious after vegetation restoration than before. A critical value in
the scale of the GLCP in the highly managed watershed was identified; however, within a
certain range, the land consolidation activities increased the erosion base level and reduced
and delayed floods and the transport of sediment and pollutants. The results showed
that this method has broad developmental prospects for studying the impacts of various
projects on the evolution of the erosional environment in watersheds.

4.2. The Determination of Pollutant Scale

Nonpoint source pollutant results from GLCP include rainfall erosion and pollutant
transport. The hydrodynamic erosion mechanism in this study was so complex that it was
difficult to provide equations and scales for N, P, K, and pesticides theoretically, and there
was little literature available for reference [50–54]. Drawing on the experience of determin-
ing the sediment carrying capacity scale in river engineering model tests [55], the authors
adopted the ratio of the pollutant content in the corresponding plots between the model
and prototype as the test scale. The theoretical basis was the similarity theory. It was deter-
mined that similarity in the boundary conditions is a sufficient and necessary condition to
ensure the similarity of the model and prototype and that similar models and prototypes
obey the same physical equation. Through experimental verification, this method was
determined to be reasonable. This method expands the mechanisms for experimental
research and is of great significance for simulating complex erosional environments.

4.3. Increasing Erosion and Changes in Runoff Generation-Collection Mechanisms in Highly
Managed Watersheds under Extreme Rainstorm Conditions

With climate change, extreme rainstorms are expected to increase in frequency on
the Loess Plateau [56,57]. Extreme rainstorms increase erosion rates in highly managed
watersheds, and this has been consistently found at home and abroad [58–61]. Accordingly,
in this study, erosion increased significantly under high rain intensities as the vegetation
coverage reached 0.9. Therefore, critical values for the land scale should be considered
based on different vegetation coverage levels and rain intensities for HMSW.

Another issue requiring attention is the changing runoff generation–convergence
mechanism in highly managed watersheds [62]. This experiment found that the flood
discharge peaks are delayed compared to the sediment discharge peaks under high-level
management. This finding is inconsistent with previous understanding of the characteris-
tics of generation and collection in the Loess Plateau. Whether the significant improvement
in vegetation indicates changes in runoff generation and collection mechanisms requires
careful study.
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5. Conclusions

Based on the above discussion, the following conclusions were drawn:
A new method for determining the scale of pollutants was developed, which can

be applied under similar boundary conditions to meet the similarity requirements for
rainfall, runoff, erosion, sediment transport, and deformation of bed surfaces. This method
considered the average ratio of pollutant content at corresponding typical areas of the
prototype and model. In this experiment, the nitrogen and phosphorus contents of corre-
sponding typical areas in the prototype and model were surveyed and sampled and scale
curves were generated along different positions in the prototype and model. From the
results, when the geometric scale was λl = 100, the nitrogen and phosphorus content
scales of the erosion nonpoint source pollutants were determined to be λNm = 0.5 and
λPm = 0.9. This finding was verified by the designed similarity simulation test. By using
this technique, a perfect similarity criterion and method for simulating the evolution of the
erosion environment in small watersheds were established.

After the vegetation coverage reached 90%, the runoff generation, flood peak ap-
pearance time, and sediment peak appearance time were increased by a factor of 3.1, and
the flood peak discharge and sediment peak discharge values were reduced by over 93%.
Another finding was that the current flood peak lagged behind the sediment peak. This
finding suggests that a significant change in the runoff production mechanisms might have
occurred.

In highly managed watersheds, the degree of impact on the erosional environment
varied with the proportion of consolidated land. The quantitative relationships among
the erosion dynamic parameters, land consolidation proportion, and rainfall intensity
were identified. The critical values of consolidation proportion were recommended as
0.85% and 3.3%—when it exceeded 0.85%, there was a certain degree of impact, when
it exceeded 3.3%, the impact was more obvious. This study provides a reference for the
design, planning, and implementation of land consolidation projects on the Loess Plateau
and other parts of the world.
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