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The frequency of mudflow disasters induced by rainfall in the Loess Plateau is
increasing with the occurrence of global warming. The initial water content is
one of the basic properties of soil, which affects the initiation of loess mudflow. In
this work, the field study of the debris flow gullies in Yan'an City, Shaanxi Province,
China, was conducted, and the main factors that induce gully loess mudflow were
summarized. Based on the investigation results, a flume model was designed to
carry out flume tests with different initial soil water contents. The experimental
results demonstrate the following. (1) Different initial soil water contents lead to
different soil failure models. The damage of soil by water flow when the soil
water content is in the range of 0—5% is mainly gully erosion; that within the
range of 10—15% is mainly rill surface erosion; that within the range of 20—25%
is mainly dam breach failure. (2) When the water content of loess is equal to or
less than 5% or equal to or greater than 20%, soil can promote the formation
of loess mudflow, and the destruction of soil is more likely to cause mudflow
disasters. In contrast, when the water content is within 10—15%, loess mudflow
is not easily produced. The research results of the initial water content provide
not only theoretical support for the study of loess mudflow disasters, but also a
reference for the prevention and control of loess mudflow disasters in the Loess
Plateau.
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1. Introduction

The Loess Plateau is one of the most fragile geological environments in
China (Xin et al, 2015). The frequency of extreme rainfall in this region is
increasing with the occurrence of global warming (He, 2008; Shi et al, 2012;
Jia et al, 2014; Zhao A. Z. et al, 2017; Zhang et al, 2019). Rainstorm disaster
is one of the natural disasters that usually occur on a global scale, and it is
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the main cause of soil erosion (Zhou and Wang, 1992; Li et al,
20105 Yang et al., 2023a), and are also an important factor in the
occurrence of landslides, debris flows, and other geological disasters
(Livetal, 2023; Yang et al., 2023b; Zhao et al., 2023). Loess mudflow
is a common geological disaster in the Loess Plateau. The content
of sand in the composition of solid material is between 10 and 20%,
and more than 98% of the particles are smaller than 2 mm (Wu,
2014). Compared with debris flow, loess mudflow is characterized
by some particularities. However, it also erupted suddenly and
violently, which greatly threatens the personal and property safety
of the people. For example, in July 2013, Yan’an City in Shaanxi
Province suffered continuous rainstorms and triggered mudflow
disasters, which resulted in more than 10 casualties (Huang et al.,
2014a,b).

Many studies have been conducted to investigate the initiation
mechanism of loess mudflow. Research shows that rainfall (Jiang
et al, 2002; Chen and Wang, 2013), agricultural irrigation (Wu
et al., 2011; Lin, 2013; Zhao, 2013; Zhao J. F. et al., 2017),
and groundwater (Xi et al., 2017) are important reasons for the
development of loess mudflow. However, there are no definitive
conclusions regarding the initial conditions of the development of
loess mudflow. Iverson et al. (2000) and Hu et al. (2014, 2015a,b)
found that different initial conditions have a very important impact
on the development of debris flows. Therefore, it is necessary
to study the influence of differences in initial conditions on the
development of loess mudflow.

The initial soil water content is one of the basic properties
of soil, and affects the initiation of loess mudflow. The research
shows that soil erosion is affected by many aspects, among which
water is the most important factor leading to soil erosion (Meshram
et al., 2022). Soil with different initial water contents exhibits
different erosion phenomena under other related factors, which
leads to different types of debris flow disasters. Cui et al. (2003)
found that the change in the soil water content caused by early
rainfall plays an important role in the formation of debris flow.
Zhou carried out experiments on debris flow induced by artificial
rainfall with a self-made flume model. The relationship between the
rainfall intensity and water content was analyzed, and the effects
of different initial soil water contents on the initiation of sand
debris flow were studied (Zhou et al., 2012, 2016). Hu et al. (2015b)
carried out flume experiments and found that the initial soil
water content can affect the permeability coeflicient and internal
mechanical properties of soil, which led to significantly different
types in the initiation of debris flow. The effect of antecedent
rainfall on the initiation of debris flow was then simulated by
different initial soil water contents (Xu, 2014; Zhu, 2014). Pan et al.
(2017) carried out the glacial debris flow initiation test of natural
moraine soil with different initial water content, and approximately
simulated the initiation process of debris flow formed by melting
water scouring moraine under different early rainfall, and studied
the influence of initial water content on the initiation of glacial
debris flow.

In summary, the initial soil water content is an important
initial condition for studying the initiation mechanism of
debris flow. However, there are no definitive conclusions
mudflow. Therefore, in the
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different initial water contents is carried out, and the failure
different

on the
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contents were analyzed. The research results will provide
theoretical support for the prevention and control of loess
mudflow disasters.

2. Experimental design

2.1. Experimental device

The test takes the loess mudflow channel in Yan’an City,
Shaanxi Province as the research object. The main parameters of
mudflow disasters in the Yan’an area are obtained based on a field
investigation and report (Huang, 2015). The gullies of debris flow in
Yan’an are small watershed gullies with an average watershed area
of 4.08 km?, an average gully length of 3.03 km (0.34—7.1 km),
an elevation difference of 54—349 m, and an average gradient
of 21.2% (1.94—32.83%). According to the similarity principle,
a scale of 1:850 was selected to design the flume model, the
main parameters of which are reported in Table 1. The flume
model (Figure 1) is a channel model composed of transparent
materials with a length of 3.6 m and a trapezoidal cross-sectional
area (with a bottom width of 0.1 m, an upper floor width of
1.02 m, and a height of 0.39 m). The slope is 21.2%. The
channel is divided into three parts, namely the catchment area,
soil accumulation area, and running area. Moreover, in order to
increase the friction between the transparent material and the test
soil, sandpaper is pasted at the contact area between the sink and
the pile soil to increase the friction between the bottom groove
and the side (Hu et al, 2014, 2015a,b). A flow pump is used to
supply water during the experiments, and the water supply rate
is 0.3 £ 0.01 L/s. The design of the water flow rate is scaled
according to the flow rate in the Yan’an small watershed with a
design frequency of 2%.

2.2. Experimental materials

The materials used in the experiments were sourced from
a watershed in Baota District, Yan’an City, Shaanxi Province
(109°31'07 "E, 36°29'58"'N). The basic physical and mechanical
parameters were measured, and were reported in Table 2 (Yang
et al,, 2019). The grading curve was obtained by screening the test
materials (Figure 2). The flume model was scaled proportionally
to the field conditions. The test materials were then similarly
translated in the flume experiments to avoid the influence of the
larger particle size of the accumulated soil on the experimental
result. However, the particle size of loess is small, and the content
of particles smaller than 0.075 cm was found to reach 53.97%
(Figure 2). Therefore, the field loess soil samples were used directly
in the experiments (Yuan et al., 2015).

TABLE 1 The main parameters of the flume model.

Volume of | Dry bulk | Flow rate

deposit V | density pg | Q (mL-s~1)

(m3) (kN-m~—3)
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FIGURE 1
The flume model.

TABLE 2 The basic physical properties of loess. TABLE 3 The experimental parameters.
Natural Natural Specific Plastic Experiment| Designed |Measured| Designed | Measured
volumetric water |gravity (Gg)| limit wp water water dry bulk dry bulk
weight p content w (VA] content | content | density py | density pgy
(kN-m~3) (%) ws (%) | w(%) | (kN-m~3) | (kN-m~3)
113-135 7.47-13.51 2.60 1621 28.35 1 0 047 £0.17 116 115+ 0.1
2 5 4624015 11.8 £ 0.2
3 10 10.20 4 0.20 115+ 0.1
100
4 10 10.01 =+ 0.27 116 £ 0.1
0 5 10 10.19+0.14 115 £0.1
%
2 60 6 15 15.31 4024 11.6 0.1
= “ 7 20 20.19 = 0.63 114 0.1
E 8 25 24744071 118402
& 20
0
10 : s 20 ot to ensure that the soil water content and bulk density of the soil
Grain size/cm . . .
samples met the experimental requirements. When the soil water
FIGUREZ . . content met the requirements, the soil layering step was carried out.
The gradation curve of the experimental materials. ) . . 3 ) L. .
During laying, the piled soil was successively divided into layers of

5, 10, 10, and 5 cm. After each layer of soil was laid, a cutting ring
was used to sample the soil to ensure that the soil water content
2.3. Experimenta[ scheme and bulk density met the requirements. After all the soil was laid
and the other parameters were found to have met the requirements,
The measured dry bulk density of the loess sample was the experiments were immediately initiated and carried out within
11.6 kN/m®. The water content of the experimental soil samples 20 min to avoid water evaporation.
was changed with a gradient of 5% to ensure that the water content During the experiments, the fluid produced was collected in
was not affected by the bulk density. The soil initial water content  plastic containers. The time interval of the fluid collection in each
of each group is reported in Table 3. The soil water content of the  container was recorded by a stopwatch, and the volume and mass
samples in different positions was measured before the experiments  of the fluid in the container were then measured.
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FIGURE 3
Volume concentration of parallel experiments.

3. Experimental results

3.1. Repeated experiments

The experimental phenomenon of the development of loess
mudflow under different soil water contents was determined via
flume model experiments. To ensure the accuracy and repeatability
of the experiments, three repeated experiments were carried out.
The water content of the repeated experiments was 10%, which
was close to the field sampling data. The volume concentration
measured during the repeated experiments is presented in Figure 3.

10.3389/fevo.2023.1141155

Based on the comparison of volume concentration in the
repeated experiments, the change rules in each group were found
to be roughly the same, but there were some minor differences.
The differences between repeated experiments were mainly caused
by the comprehensive action of many factors involved in the
occurrence of debris flow. Moreover, experimental error may also
have affected the experimental results. Based on the comparison
of the experimental parameters, the volume concentration in the
repeated experiments fluctuated within the range of 2.61—7.02%,
and the volume concentration decreased with time, the overall
fluctuation range is not large. In summation, some differences were
found in the sequence and process of the experiments under the
same conditions. However, from the perspective of the movement
process, the changes in the parameters of the experimental products
met certain conditions. These findings all demonstrate that the
experimental results obtained by using the indoor flume model
have certain reliability.

3.2. Failure law of soil under different
initial soil water contents

Different initial soil water contents led to different types of soil
failure. The failure of the experimental soil can be roughly divided
into three types, namely gully erosion, rill surface erosion, and
dam breach failure.

When the water content of the soil was between 0 and 5%,
the damage caused to the soil by the water flow was primarily
gully erosion. When the water flowed over the soil, the water
could not infiltrate quickly. Most of the water flow on the soil
surface formed a flow similar to surface runoff, which constantly
eroded the surface of the soil, and then formed deeper undercut
gullies. With the continuation of undercutting erosion, headward

B (=109s]

A t=0s B

Undercutting erosion and
hcadward crosion were occured

FIGURE 4

The experimental process with the initial water content of 0%. In this figure describes the test process when the water content is 0%. For (A,F), it is
the beginning and result node of the test, and (B—E) is the important node in the test process.

3 C 13251
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FIGURE 5
Rill surface erosion.

Dam breach failure]

FIGURE 6
Dam breach failure.

erosion occurred. The undercut gullies extended to the back and
eventually formed narrow erosion gullies. The entire process of
the experiment with the initial water content of 0% is presented
in Figure 4 and lasted for 400 s. After the start of the experiment,
the water flow accumulated continuously behind the piled soil and
overflowed from the upper part of the soil at 109 s (Figure 4B).
The loess particles were carried out by the overflowing water flow,
and obvious gullies were formed on the free surface of the soil in a
short period (Figure 4C). Then, the obvious under erosion of the
soil occurred. It was then found that headward erosion occurred in
the backward direction of the soil (Figure 4D). Under the effects
of undercutting erosion and headward erosion, the soil developed
from small gullies to large gullies. The soil on the right side of the
gullies collapsed at 387 s (Figure 4E). It was obvious that the soil on
the collapse surface was still dry, indicating that the permeability of
dry loess was very poor. At the end of the experiment at 400 s, the
soil did not change greatly.

The rill surface erosion damage mainly occurred in the soil
water content of 10 ~ 15%. When the water flowed through the
piled soil, the water still could not infiltrate in time. The sediment
carrying capacity of the water was low. Thus, a flow channel could
not be formed rapidly, which contributed to a large area of water
flowing through the soil surface (Figure 5). Numerous small gullies
were then formed on the soil surface with the continuation of the
experiment.

Collapse damage occurred when the water content was between
20 and 25%. Due to the high water content of the soil, the strength
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The variation of the bulk density in each experiment.
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The relationship between the water content and the maximum bulk
density.

of the soil was relatively low. The loess flocculated into clusters
with a high water content, which led to the development of a large
number of cracks between the soils. A large amount of water then
flowed into the soil, and the soil water content further increased.
Therefore, the strength of the soil continued to decline. When the
strength was below a certain threshold, dam breach failure occurred
(Figure 6).

4. Effect of the initial soil water
content on the bulk density

To further explore the effect of the soil water content on the
development of mudflow, the bulk density of the experimental
products was measured. The relationship between the bulk density
and the water content in each experiment is exhibited in Figure 7,
from which it can be seen that the bulk density decreased gradually
with the continuation of time. The maximum bulk density in each
experiment is presented in Figure 8.

It can be seen from Figure 8 that with the increase of the soil
water content, the effect of the water content on the initiation of
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TABLE 4 The variance of the water content and the maximum bulk density.

10.3389/fevo.2023.1141155

Parameters Degrees of freedom

Maximum bulk density Ymmax (KN-m™ 3) Regression 2 0.013 0.0065 1269.46 0 97.61% 97.53%
Residual error 62 0.0032 0.00
Total 64 0.013

TABLE 5 The verification results of the model of the relationship
between the soil water content and the maximum bulk density.

Parallel Water | Maximum bulk density | Relative
experiment| content Ymmax (KN-m~3) error
VAVA er (%)
Measured |Theoretical
value value
Gl 10.01 10.93 11.190 2.38%
G2 10.19 10.72 11.193 4.41%

mudflow was first restrained and then promoted. When the soil
water content was low, there was a lack of water cohesion between
the soil, resulting in low soil strength. Thus, the soil could easily
be lost under the action of water flow. When the soil water content
was high, the matrix suction of the soil was low, which led to the
decrease of soil cohesion. Thus, the soil could easily be destroyed.
To further explore the relationship between the soil water content
and the maximum bulk density, the data were fitted and analyzed
by Origin software. The optimal fitting model given by Eq. (1) was
then obtained.

Ymmax = 0.019w?-0.369w + 12.98 (1).

In Table 4, SS and MS are, respectively, the regression
square sum and the mean square deviation, and F is the F-test
distribution value. Moreover, P is a coefficient used to determine
whether the regression fitting model has significant statistical
significance, and is usually compared with a = 0.05; if the
P-value is less than 0.05, the correlation of the fitting model
is determined to be statistically significant. Finally, R> and R?
(adj) are, respectively, the unadjusted and adjusted correlation
coefficients. In general, R? (adj) should be greater than 80%. The
larger the value of R? (adj), the higher the goodness of the model
fitting data.

Based on the theoretical analysis of the mathematical
statistics, it can be determined from Table 4 that the correlation
coefficients R* and R? (adj) of the fitting model were both
more than 95%, indicating that the relationship between the
model and the experimental results was good. Therefore, the
fitting model was found to meet the requirements of statistical
theory.

The values of two groups of parallel experiments were
substituted into Eq. (1) to validate its effectiveness. The comparative
analysis results with the measured values are reported in
Table 5, from which it can be seen that there was little
difference between the theoretical values of the maximum
bulk density of the parallel experiments and the measured
values, the relative error was less than 5%. Therefore, Eq.
(1) can be used to better predict and calculate the maximum
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bulk density values that may occur at different initial water
contents.

5. Conclusion

The loess mudflow gullies in Yan’an City, Shaanxi Province,
China, were selected as the research object of this study. Based on
the field investigation and the survey data, the flume model was
designed to carry out flume experiments with different initial soil
water contents, and the following conclusions were obtained.

(1) Different initial soil water contents led to different soil failure
modes. The failure of the experimental soil can be roughly
divided into three types, namely gully erosion (within the soil
water content range of 0—5%), rill surface erosion (within the
soil water content range of 10—15%), and dam breach (within
the soil water content range of 20—25%).

(2) When the water content of loess was equal to or less than 5%
or equal to or greater than 20%, the maximum bulk density
of the experimental products was found to be relatively high,
and mudflow occurred in some instances, indicating that the
soil has a promoting effect on the formation of loess mud
flow. When the soil water content was between 10 and 15%,
the maximum bulk density of the experimental products was
low, and mudflow was not obviously formed. Therefore, loess
mudflow cannot easily occur when the soil is damaged.

(3) A quantitative analysis demonstrated that the relationship
between the maximum bulk density of each experiment
and the soil water content was as follows: 7y
max = 0.019w?—0.084w+12.98. This model was verified
by parallel experiments, and the error was less than 5%.

This research explored the influence of the initial soil water
content on the failure mode of soil in the development of loess
mudflow. The results revealed that the initial soil water content
has an obvious influence on the formation process of loess
mudflow. However, while the failure types of soil were found to
be distinguished, the critical water content of these failure types
was not determined. Therefore, further research on the critical
soil water content for soil failure should be carried out. The
research results provide not only technical support for the study
of loess mudflow in Yan’an, but also a theoretical reference for the
prevention and control of mudflow disasters in this area.
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