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In view of the failure characteristics of rainfall erosion and imbricate layered sliding of silt
subgrade slopes, this paper proposes a slope surface protection technology that is a
composite protection layer that combines basalt fibre for reinforcing soil and polyacrylamide
for solidifying soil. The anti-infiltration and anti-erosion performances of these proposed
composite layers were systematically investigated through the finite element and discrete
element numerical simulation methods. Based on the optimum proportions of
polyacrylamide and basalt fibre found in a series of mechanical experiments, Geo-studio
software was used to simulate numerical tests of rainfall infiltration of the silt subgrade slope,
and the variation laws of volumetric water content and pore water pressure at the
characteristic points and the selected sections of the slope were discussed. In addition,
the PFC2D particle flow program was used to develop numerical tests on the slope erosion
process of the composite layers and to analyze the degree of soil erosion during the process.
The influences of layer thickness on infiltration and erosion were considered. In conclusion,
the results indicate that the composite layers can effectively improve the anti-infiltration and
anti-erosion performances of the silt subgrade slope. This highlights that the thickness of
composite layers mixed with basalt fibre can satisfy the design parameter requirements for
anti-erosion performance.
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INTRODUCTION

Silt consists of Quaternary fluvial-lacustrine or aeolian sediments, which are widely distributed in the lower
course of the Yellow River, Huaihe River and Haihe River in China. A silt is a fine-grained soil, or the fine-
gained portion of a soil, with a plasticity index less than 4 or having the plot of plasticity index versus liquid
limit fall below the “A” line (ASTM, 2011). Silt is easily hydrated when it is soaked, which worsens its
engineering properties (Wang, et al., 2020).When silt is used as a subgradematerial, rainfall infiltration and
runoff can easily erode and scour the silt on the slope surface and induce layered slipping of the silt subgrade.

The erosive potential of rain, referred to as “erosivity”, depends on the rain intensity and the size
and speed of fall of the raindrops (Renard, 1997). Soil detachment by raindrops is expressed as a
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function of their kinetic energy, which depends on the quantity of
rain and the intensity of the showers. Runoff is the second factor
in erosion, and it occurs when the porosity of the soil is saturated
or when rainfall intensity exceeds the infiltration capacity. Runoff
water detaches and transports solid grains and is an essential
agent in erosion. The action of runoff on particle detachment
depends on the hill-slope morphology and the speed and depth of
the flow (Alavinia et al., 2018; Chehlafi et al., 2019; Acharki et al.,
2022; Yang et al., 2022). Erosion can be quantified by periodic and
accurate topographic measurements of the surface of an
experimental plot or by rain simulation and reclamation of
eroded soil at the foot of the slope (Courault et al., 1993;
Ferro, 1998; Guo and Griffiths, 2020). Other methods rely on
physical and mathematical models to quantify soil erosion
(Meyer and Wischmeier, 1969; Cochrane and Flanagan, 2001;
Kang et al., 2019; Fan et al., 2020). These methods, when they are
well established, are an indispensable tool in choosing anti-
erosion practices that allow for limiting runoff volumes and
better controlling flow water on the slope scale.

Silt stabilization is a process of improving the physical and
mechanical properties of a problematic silt to some
predetermined targets (Adamo, et al., 2006; Giannopoulou
et al., 2009; Kang, et al., 2021), which is currently one of the
well-accepted ways to treat and utilize silt (Dohnalkov et al., 2018;
Cristelo et al., 2012; Hou et al., 2016). Stabilization often
significantly increases the strength and reduces the
compressibility of the soil (Blanck et al., 2013; Chen et al.,
2019; Eisazadeh et al., 2013; Guo et al., 2020a). Advancing silt
stabilizer research and promoting its application in construction
projects can enhance desilting in rivers, lakes, and coastal tidal flat
deltas, which has important significance for the sustainable
development of the economy, society, and environment
(Zezin, et al., 2015; Fu, et al., 2020; Wang, et al., 2021a).
Traditional stabilizers include slag (Wild et al., 1998; Gao
et al., 2021), coal furnace fly ash (Kolias et al., 2005; Show
et al., 2003; Arulrajah et al., 2018; Disfani et al., 2015), cement
and lime (Lemaire et al., 2013), cement cellar dust (Baghdadi
et al., 1997; Miller and Azad, 2000; Rivard-Lentz et al., 1997),
domestic waste incineration slag (Kukko, 2000; Consoli et al.,
2019), unconventional additives (Seco et al., 2011; Urena et al.,
2013), lignin (Cai et al., 2016), alkaline activators (Cristelo, et al.,
2012; Wang, et al., 2019), lime (Little, 1995; Choobbasti, et al.,
2010), and calcium carbide residue (Jiang, et al., 2016; Du, et al.,
2016). To date, silt stabilization research and practice have made
good progress (Indraratna et al., 2012; Kavitha et al., 2015), but
there is still much room for improvement, including stabilization
effectiveness and cost (Marto et al., 2014; Suksiripattanapong,
et al., 2015; Guo et al., 2020b; Wang, et al., 2021b).Based on a new
slope protection system of three composite layers [silt and
polyacrylamide (SP layer); silt, basalt fibre and polyacrylamide
(SBP layer); and silt and basalt fibre (SB layer)], the aim of this
study is to explore the anti-infiltration and anti-erosion
performances of the composite layers and discuss the
thicknesses of the SP, SBP and SB layers by means of
mechanical and erosional experiments and the rainfall
infiltration and erosion of numerical simulation.

MATERIAL AND MECHANICAL
EXPERIMENTS

Traditional slope protection methods with anti-infiltration
and anti-erosion features have certain limitations. In this
section, the material properties and the structural
characteristics of composite layers mixed with
polyacrylamide solidification and basalt fibre reinforcement
are presented. After that, direct shear tests and erosion tests of
these proposed composite layers are conducted to determine
the optimum content of the basalt fibre and polyacrylamide as
well as the optimum length of the basalt fibre.

Slope Protection Structure
Basalt fibre is an inorganic fibre obtained from natural basalt as a
raw material through high-temperature melting, wire drawing,
and cooling. Due to its excellent performance characteristics,
such as high tensile strength, large elastic modulus, good
corrosion resistance and chemical stability, basalt fibre is
widely used to prevent tensile crack formation and increases
in brittleness and to improve the shear strength and unconfined
compressive strength of silt subgrades. Polyacrylamide, as a soil
stabilizer agent, has good flocculation and agglomeration
functions, which can effectively enhance the agglomeration
effect between soil particles. The composite layers have three
layers (Figure 1). The top layer is a grass planting + SP layer
(0.5–2 cm) consisting of grass, silt, and polyacrylamide with
liquid plant nutrients, which can reduce rainwater runoff and
solidify soil. The intermediate layer is an SBP layer (2–5 cm)
containing silt, basalt fibre, and polyacrylamide with liquid plant
nutrients, which can strengthen the silt structure, increase the
cohesion of aggregate, reduce rainfall infiltration, and improve
the tensile and shear strength of the soil of the slope. The bottom
layer is an SB layer (5–15 cm) that includes silt and basalt fibre,
which can connect the soils between the surface and depth.
Moreover, the distribution of nondirectional fibre can
preferably prevent soil erosion and slipping along with the
surface layer.

FIGURE 1 | Material and structure of the composite layers for silt
subgrade slopes.
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Mechanical Properties of Raw Materials
The silt used in this research was dug from the Suqian section
of provincial highway 325 in Jiangsu Province, China. The
physical properties of silt are greyish-yellow, very wet, high-
density, lusterless, low toughness, low dry strength and
uniform particles. Tests were conducted to determine the
basic physical characteristics and mechanical properties of
the silt, as shown in Table 1. Most particles of silt are
mainly concentrated in the range of 0.075–0.005 mm, the
silt content accounts for 97.8%, and the clay content is
approximately 2.2%. The coefficient of nonuniformity Cu

(d60/d10) is 3.0, and the particle size distribution is
relatively uniform, the curvature coefficient Cc(d

2
30/(d10·d60))

is 1.33. Therefore, it can be judged that it is a poorly graded
fine-grained soil with most of the silt content and very few clay
content. Additionally, the mechanical properties of the main
compositions of the basalt fibre and the polyacrylamide are
shown in Tables 2, 3, respectively.

Specimen Preparation and TestingMethods
In this study, a series of direct shear tests were conducted on
specimens of the original silt, silt mixed with basalt fibre, silt
mixed with polyacrylamide, and silt mixed with both basalt fibre
and polyacrylamide using a ZJ strain-controlled direct shear
instrument with a shear rate of 0.8 mm/min. The different
failure surfaces of composite silt obtained by incorporating
different solidified materials are shown in Figure 2.

A professional rainfall sprinkler, whose precipitation degree
and time can be adjusted independently, was used for the erosion
experiments to test various rainfall durations in different rainy
season conditions (Figure 3A). To investigate the anti-erosion
performances of the mixed specimens under four rainfall
durations, as shown in Figure 3B, this study mainly analysed
the mass losses and block spalling damage of the specimens. A
filter screen was set below the specimen to measure the soil that
was peeled off due to rainfall erosion. To quantify the rainfall
erosion of the mixed specimens, the average rainfall intensity was

TABLE 1 | Physical characteristics and mechanical properties of silt.

Wet density/(g • cm−3) Void ratio Liquid limit/% Plasticity index/% Particle percentage content/% Uneven coefficient Curvature
coefficient

0.075–0.005 mm <0.005 mm Cu Cc

1.65 0.591 26.6 8.2 97.8 2.2 3 1.33

TABLE 2 | Mechanical properties of basalt fibre.

Type Density/(kg/m3) Tensile strength/MPa Elastic modulus/GPa Acid and
alkali resistance

Melting point/°C Elongation at
break/%

Single bundle 2,650 ≥2000 90–110 ≥99% 1,250 3.5

TABLE 3 | Mechanical properties of polyacrylamide.

Moisture absorption property Density Softening temperature (°C) Toxicity Corrosive

Moisture absorption properties of solids 1.32 g/cm3 210 non-toxic no

FIGURE 2 | Failure surfaces of composite specimens in the direct shear test. (A) Silt, (B) silt mixed with basalt fibre (B), (C) silt mixed with polyacrylamide (P) and (D)
silt mixed with both B and P (SBP)
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set as 60.6 ± 0.5 mm/h, and the rainfall durations were 30, 60, 90,
and 240 min (Figure 3B).

After a series of designated rainfall times, the volumes of some
specimens increased to varying degrees but did not collapse.
However, a few cracks and erosion damage began to appear in
the specimens when the erosion time increased to 240min. The
spalling soil and air-dried unqualified soils were collected under
natural conditions, and then the weight was measured
approximately 2 days later. An air-dried specimen was used to
investigate the relationship between the mass loss rate and
erosion time.

Mechanical Experiments on Silt and
Polyacrylamide Composite Layer
Direct Shear Test
To explore the optimum content ratio of the polyacrylamide in
the mixture of the first layer, direct shear tests were used to test
the shear performances, and erosion tests were used to show the
anti-erosion properties of the composite SP layer. Table 4
presents symbols for the original silt and four different
component ratios of the polyacrylamide, 1, 2, 3, and 4%.

Figure 4 shows the stress-strain curves of the five solidified SP
specimens under different vertical pressures. There is no obvious
peak value in the shear stress displacement curve of plain silt,
which is characterized by hardening strain. The stress-strain
relationships of the SP mixed specimens have obvious peak
values, showing softening strain characteristics. From
Figure 4, the peak strength of the SP mixed specimens
decreased under the same vertical pressure as the
polyacrylamide content increased, and the shear stress
increased as the vertical pressure increased.

Figure 5 presents a comparison of the shear strength of the
polyacrylamide content at 100 kPa, 200 kPa, and 300 kPa. With

the increase in polyacrylamide mixed into the silt, the shear
strength of the SP mixed silt first increased and then decreased
with increasing polyacrylamide content. The peak strength of the
SP mixed specimen is obtained when the content of
polyacrylamide is 1% for every vertical pressure. It can also be
found that the strength of solidified 1% polyacrylamide silt at the
three vertical pressures is 224.4, 109.9, 150.7% higher than that of
plain silt.

Each shear test was conducted to obtain the cohesion and
internal friction angle of the different polyacrylamide contents of
the mixed silt, as shown in Table 5. The incorporation of
polyacrylamide substantially increases the cohesion 3) and
internal friction angle (φ) of SP mixed silt, and the c and φ of
the SP1 specimen are 1.64 times and 2.47 times those of plain silt,
respectively. From Table 5, it is observed that c and φ reached a
maximum and then decreased with increasing polyacrylamide
content; generally speaking, the maximum c and φ of mixed silt is
SP1. The reason is that polyacrylamide is absorbed on the surface
of silt particles through the active groups on the long carbon
chain, forming a spatial grid structure between silt particles to
improve the aggregate bonding between silt particles and
effectively enhance the shear performance of the mixed soil.
However, when the content of polyacrylamide is too high, a
large number of polyacrylamide particles absorb water in the soil,
the moisture content of the soil is greatly reduced, and the friction
between the soil particles is reduced. Furthermore, part of the
polyacrylamide is not dissolved in water and is unable to form
aggregates, so the shear strength of the soil decreases.

Erosion Test
To investigate the erosion performance of the SP composite layer,
erosion tests were carried out to select the optimum mixing ratio
of the SP1 mixed silt and to compare the mass loss rate of the
composite layer with that of the plain soil, as shown in Figure 6.
The mass loss rates increased with increasing erosion duration for
plain silt and SP1 mixed silt. The mass loss rate of plain silt
increased sharply, but the increase of SP1 was relatively slow. The
comparisons between the mass loss rate of plain silt and SP1 silt
show that the anti-erosion performance of the composite layer

FIGURE 3 | Erosion tests and specimens after rainfall erosion with different rainfall durations. (A) Erosion test (B) Specimens after rainfall erosion

TABLE 4 | SP composite layer with different polyacrylamide ratios.

Soil specimen symbol S SP1 SP2 SP3 SP4

P content/% 0 1 2 3 4
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increased by approximately 2.24–3 times. The hydrogen bonds
and ionic bonds of polyacrylamide were absorbed on the surface
of the soil particles, and the distance between the hydrophilic
mineral layer and soil water decreased, which effectively
enhanced the stability of the composite layer. Therefore, the
SP1 composite layer can not only improve the shear strength
but also effectively prevent soil erosion.

Direct Shear Test on Silt, Basalt Fibre and
Polyacrylamide Composite Layer
The SBP mixed soil is the intermediate layer and includes silt,
basalt fibre, and polyacrylamide. To study the influence of
different contents of basalt fibre (B) and polyacrylamide (P)

FIGURE 5 | Relationship between shear strength and polyacrylamide
content.

TABLE 5 | Shear strength index of SP mixed silt.

Shear strength S SP1 SP2 SP3 SP4

c/(kPa) 18.87 30.99 31.72 22.70 19.43

φ/(°) 12.03 29.76 26.84 28.34 24.67

FIGURE 6 | Relationship between mass-loss rate and erosion duration

FIGURE 4 | Stress-strain curves of the different SP mixed silts under three vertical pressures. (A) Vertical pressure of 100 kPa (B) vertical pressure of 200 kPa (C)
vertical pressure of 300 kPa
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on the engineering performance of the SPB composite layer and
to determine the optimum proportions, direct shear tests and
penetration tests were conducted on the SBP specimens.

Table 6 summarizes the results of the direct shear tests of SBP
mixed soil with different basalt fibre and polyacrylamide
contents. According to the test results, the optimum content
of basalt fibre is 0.4% and the optimum polyacrylamide
content is 1%.

The stress-strain relationship curves of the optimum content
of the SBP mixed soil and the plain silt under different vertical
pressures are plotted in Figure 7A. It is clear that the variation
trends of the stress-strain of those two soils are similar, but the
shear stress of the SBP mixed soil is much greater than that of the
plain silt with the same shear displacement. Figure 7B displays
the peak strength change behaviour with the contents of two
compositions of themixed soil. The cohesion and internal friction
angle of the SBP mixed soil are 1.88 times and 2.24 times that of
plain silt, respectively, and the strength of the SBP composite
layer increases by approximately 80–150%.

Direct Shear Test on Silt and Basalt Fibre
Composite Layer
The SBmixed layer is the bottommost of the composite layers and
includes silt mixed with basalt fibre (B). Carrying out the direct

shear test, the performances of the SB mixed soils were analysed
with different basalt fibre contents and lengths. The different
content ratios and lengths of the basalt fibre as well as the shear
strengths of the SB mixed soils are shown in Table 7. In
accordance with the direct shear test results, the optimal
content and length of the basalt fibre are 0.4% and 12 mm,
respectively, that is, SB2.

Figure 8 demonstrates the relationships between the shear
strength and basalt fibre contents and lengths of the SB mixed
soil under different vertical pressures. The shear strength of
SB2 is obviously higher than that of the other SB mixed soils,
and the strength of SB2 is almost 4 times that of plain silt. The
reason why SB2 is the optimum content ratio and length is that
if the basalt fibre easily overlaps and accumulates because the
content is too high, it cannot fully contact the soil particles,
and the basalt fibre cannot contribute to restraining
deformation. If the reinforcement length is too short, the
basalt fibres will be dispersed and cannot fully overlap
between soil particles to form a network structure. The
binding force between basalt fibre and soil particles will be
reduced, which makes the basalt fibre easy to pull out. If the
reinforcement length is too long, the long fibres easily
agglomerate and bend, but the overlap and combination
effect between fibre and soil particles is a disadvantageous
factor.

TABLE 6 | Shear strength index of SBP mixed soil.

Shear strength SBP1 SBP2 SBP3 SBP4 SBP5 SBP6

The proportion of B/% 0.2 0.4 0.6 0.2 0.4 0.6
The proportion of P/% 1 1 1 2 2 2
c/(kPa) 35.49 36.24 33.10 28.40 27.54 24.88
φ/(°) 26.93 34.01 29.87 29.63 31.55 30.03

FIGURE 7 | Stress-strain curves under different confining pressures of SBPmixed silt. (A) Stress-strain curves under different confining pressures of SBPmixed silt
(B) Shear strength fitted surfaces of SBP mixed silt

TABLE 7 | Shear strength index of SB mixed soil.

Index SB1 SB2 SB3 SB4 SB5

The proportion of B/% 0.2 0.4 0.6 0.4 0.4
The length of B/mm 12 12 12 6 18
c/(kPa) 52.02 84.02 82.13 74.05 78.27
φ/(°) 15.05 15.34 14.03 12.34 13.17
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NUMERICAL SIMULATION OF RAINFALL
INFILTRATION

Numerical Model and Parameters
This section analyses the feasibility and practicability of the
composite layers and considers the effects of rainfall
infiltration and rainwater erosion on silt subgrade slope
stability. A two-dimensional finite element model was
established based on the geologic investigation and mechanical
parameters of the silt subgrade slope in Suqian city, Jiangsu
Province, as shown in Figure 9. The slope height is 12 m, and

the length is 25 m. The calculation grid unit is set to 0.3 m, and the
numbers of grid units and nodes are 2045 and 1936, respectively.
Several feature points from the top to the bottom of the slope were
selected to explore rain infiltration, and the geotechnical
parameters are given in Table 8. According to the basic
mechanical parameters of the soil obtained from the previous
laboratory tests and engineering investigation, the van Genuchten
mathematical model was used to calculate the volumetric soil
water content and soil permeability coefficient of the silt subgrade
corresponding to each matrix suction. With the change in the
composite protection surface, the corresponding mechanical

FIGURE 8 | The shear strength behaviour of SB mixed silt under different vertical pressures. (A) Fitted curves of the shear strength of SB under different vertical
pressures. (B) Shear strength fitted surfaces of SB mixed silt.

FIGURE 9 | Two-dimensional geometry and element mesh of the silt subgrade slope.
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parameters were substituted into the van Genuchten model to
compute the volumetric water content and permeability
coefficient of different types of soil layers.

Based on the above analysis of the three mixed layers, the
optimum composite protection surface should take 0.4%
basalt fibre with lengths of 12 mm and 1% polyacrylamide
to mix with plain silt in the corresponding layer. The
mechanical parameters of SP, SBP, and SB are shown in
Table 9.

Results of Rainfall Infiltration
Volumetric Water Content
Figure 10A shows the distribution of the volumetric water
content of the silt subgrade slope with and without the
composite protection layers after rainfall. The volumetric
water content of both slope conditions (without or with
composite layers) increases rapidly from the relative
minimum, however, the distribution area of the volumetric
water content of the slope with composite layers is
significantly smaller than that of the slope without
composite layers. The subgrade slope with composite
protection layers rises to the saturated volumetric water
content of 0.46 only in the SP mixed layer, and the area of
variable volumetric water content occupies 27% of the slope.
In contrast, the area of variable volumetric water content
without composite layers takes up 42% of the slope. The
groundwater table without composite layers rises to around
0.28 m above the toe of the slope, which is more dangerous for
toe failure of the slope. For the composite layers, the
groundwater table passes through the foundation layer
below the toe of the slope, which is safer for the weakest
part of the slope (shown Figure 10A).

Figure 10B compares the behaviour of the volumetric water
content of the feature points as rain falls over time with and
without composite layers. The volumetric water content speedily
increases with increasing rainfall time and reaches the peak in
volumetric water content on 4 days. Feature point 5 is located on
the toe of the subgrade slope and has the maximum volumetric
water content. Feature points 1 to 4 are located at the slope
surface and the changing trend of their volumetric water content
are comparatively similar, those which are smaller than that of
feature point 5. For the without composite layers, the volumetric

water contents of feature points 1 to 4 reduce at a faster rate after
4 days, while the reduction rate of feature point 5 is relatively slow
4 days later. That is, after the rainfall stopped, most of the water
gradually gathered at the slope toe in the subgrade without a
protective surface. Conversely, the volumetric water content of all
the feature points simultaneously decreases at a smooth rate
because of the composite layers that protect the slope surface.

Additionally, the behaviour of the volumetric water content of
cross-section A is compared at different elevations in Figure 10C.
For the slope without composite layers, the variation range and
depth of volumetric water content are greatly influenced by the
rainfall days, which will cause relatively deep rainwater
infiltration no matter how long the rainfall is and will also
lead to a large variation of pore water pressure in the
subgrade slope. In section A, the affected depth of volumetric
water content with composite layers is only 0.54 m, but the
affected depth without composite layers is 3.54 m. Therefore,
the composite protection surface is beneficial in preventing
rainfall infiltration for the subgrade slope.

Pore Water Pressure
Figure 11A presents the distribution of the pore water pressure
(PWP) of the silt subgrade slope with and without a composite
protection surface during rainfall. The negative pore water
pressure gradually increases to zero near the slope toe. The
behaviours of pore water pressure with and without composite
layers at the top of the slope are similar; however, there are
apparent differences on the slope surface, and the PWP is
uniformly distributed near the composite protection surface,
where the distribution regions mainly appear in the SP, SBP
and SB mixed layers.

The PWP of the feature points increases with increasing
rainfall time (Figure 11B). Without the composite protection
surface, the rainwater infiltration into the subgrade surface
accelerated to increase the pore water pressure during rainfall.
However, due to the increased strength of the composite layer, the
rainwater infiltration of the composite slope surface changes
uniformly, which will allow for an even distribution of stress
on the slope.

Figure 11C shows that the depth affected by the PWP with
composite protection layers is only 0.87 m, whereas the affected
depth without composite protection layers is approximately

TABLE 8 | Geotechnical parameters of the silt subgrade slope.

Soil layers γ/(kN/m3) w/(%) c/(kPa) φ/(°) E/(MPa) μ kh/(cm·s−1)

Silt 17.8 46 18.87 12.03 16 0.25 1.75 × 10−4

TABLE 9 | Mechanical parameters of SP, SBP and SB.

Composite
layer

Thickness
(m)

γ/(kN/m3) w/(%) c/(kPa) φ/(°) E/(Pa) μ kh/(cm·s−1)

SP 0.1 17.89 46 30.99 29.76 16 0.25 1.75 × 10−6

SBP 0.3 17.87 46 36.24 34.01 16 0.25 1.75 × 10−6

SB 0.5 17.73 46 39.82 24.47 16 0.25 1.5 × 10−4

Frontiers in Earth Science | www.frontiersin.org January 2022 | Volume 10 | Article 8156028

Guo et al. Performance of Slopes Composite Layers

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


3.80 m. Accordingly, the original silt subgrade slope is easily
affected by rainwater infiltration, which will form a positive pore
water pressure near the toe of the slope. In contrast, the composite
protection surface effectively prevents rainwater infiltration near
the slope face and toe and maintains the stability of the silt
subgrade slope.

NUMERICAL SIMULATIONS FOR
RAINFALL EROSION AND RUNOFF

Numerical Modelling andMicro-parameters
In this section, the particle follow code (PFC) is adopted to
simulate the rainfall erosion process with and without composite

FIGURE 10 | Behaviour of the volumetric water content of the silt subgrade slope with time and elevation. (A) Distribution of volumetric water content of the silt
subgrade slope. (B) Behaviour of the volumetric water content of the feature points with time. (C) Behaviour of the volumetric water content of section A with
elevation
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FIGURE 11 | Behaviour of the pore water pressure of the silt subgrade slope with time and elevation.without composite layers with composite layers. (A)
Distribution of pore water pressure of the silt subgrade slope. (B) Behaviour of the pore water. pressure at feature points with time. (C) Behaviour of the pore water
pressure of section A with elevation
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protection layers, which reflects the distribution and migration of
soil particles on the slope surface, and to analyse the anti-erosion
performances of the composite protection layers of the silt
subgrade slope. The object of PFC numerical simulation is
meso soil particles, and the parameters obtained in the
simulation process are meso-parameters. It is necessary to
mark the macro- and meso-parameters of soil particles by
means of a particle flow biaxial test, thereby obtaining the

meso-parameters of the soil particles. The particle radius of
the test model is set as the particle radius of the simulated
slope, which is loaded under confining pressures of 100 kPa,
200 kPa, and 300 kPa. The measured partial stress-strain curves
of the three mixed layers are plotted in Figure 12. Through
numerical simulation, the partial stress-strain relationship is
transformed into the macrostrength parameters represented by
the Mohr circle and Mohr-Coulomb failure envelope. The
measured values are compared with the simulated values to
judge that the calibrated meso-parameters are reasonable and
reliable in the numerical simulation of rainfall erosion of
the slope.

The particle flow generated by PFC2D is a disordered
arrangement, and the radius expansion method is used to
establish the particle flow model. To eliminate the influence of
rainwater particle retention on the test results, only the subgrade
part is selected in this model, the length of the subgrade slope is
13 m, the effective height is 8 m, and the number of generated
particles reaches 3,500 (see Figure 13). The model is established
according to the relationship between the macro- and

FIGURE 12 | The stress-strain relationship of the three mixed layers from lab tests. (A) SP mixed layer test results (B) SBP mixed layer test results (C) SB mixed
layer test results

TABLE 10 | Erosion depth of subgrade slopes with and without composite
protection surfaces.

Duration 20 h 40 h 60 h 80 h

Without (m) 0.35 0.5 0.72 1.0

With composite Layers(m) SP 0 Failure Failure Failure
SBP 0 0.15 0.25 Partial failure
SB 0 0 0 0.4

SP refers silt mixing with polyacrylamide; SBP refers silt mixing with basalt fibre and
polyacrylamide; SB refers silt mixing with basalt fibre.

FIGURE 13 | Schematic diagram of the feature point locations
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micromechanical parameters of the slope. In this numerical
analysis, the fluid is set up with fine particles to simulate
rainfall and is solved by a discrete equation with a staggered
grid method of finite volume elements. A zone of 0.3 m × 8m area
is set at 1 m above the top of the slope to generate fluid for
simulating rainfall erosion, and the simulated rainfall intensity is
equivalent to the torrential rain level of the National
Meteorological Department. At 0.5 m above the top of the
slope, the stable fluid is set up through fine particles to
simulate the runoff formed by rainfall on the slope.
Meanwhile, 6 feature points are set on the surface and
protective layer of the slope, and they are distributed at the
top, middle, and toe of the slope. The displacement of these
feature points is monitored in real time.

Results of Rainfall Erosion
During the rainfall erosion simulation, the longest rainfall
duration was set to 80 h, and Table 10 summarizes the rainfall
erosion situations and the maximum erosion depths of the silt
subgrade slope at 20, 40, 60, and 80 h. The slope failure
mechanisms of the silt subgrade slope with and without
composite protection layers at different rainfall durations are
illustrated in Figure 14.

These results clearly indicate that when rainfall lasts for 20 h, a
large amount of soil particles is flushed away from the top of the
subgrade slope without composite layers, resulting in a large
displacement of the slope top in a short time. Some particles are
washed away in the middle of the slope, and the maximum erosion
thickness was 0.35m on the slope surface (Figure 14A). On the
other hand, for the subgrade slope with the composite protection
layers, only some tiny particles on the SP mixed layer begin to slide.

When the rainfall lasts for 40 and 80 h, the erosion depth of the
slope without composite layers greatly increases with increasing
rainfall duration; for example, approximately 60% of soil particles
on the slope surface are eroded by rainwater. As seen from
Table 10 and Figure 14B, the maximum erosion depth of the
original subgrade slope reaches up to 1.0 m, leading to slipping of
the soil particles and failure of the subgrade surface. In contrast,
analysing the composite protection surface under the same
rainfall erosion and durations, the erosion depths of the slopes
only occur in the intermediate SBP composite layer when the
rainfall continues for 60 h, and the erosion depth of the SBP layer
is approximately 0.25 m. From Figure 14B, for the slope without
composite protection layers, the subgrade surface was damaged
by runoff because of long-term rainfall, that is slope failure. Even
though most soil particles on the SP and SBP composite layers are

FIGURE 14 | Comparison of erosion failure mechanisms without and with composite slope protection at. (A) 20 h and (B) 80 h
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washed away, only some of the particles on the SB composite
layer were eroded from the top of the slope, namely partial failure
of the slope. The comparison shows that the original slope occurs
a sliding instability, but an erosion depth of approximately 0.4 m
take place on the SB composite layer on the top of the
reinforced slope.

Generally, the erosion of the subgrade slope with composite
protection layers is approximately 50–60% less than that
without a composite protection surface, and the erosion area
is much smaller than that without a composite protection
surface. The erosion area of the slope without composite

protection layers accounts for half of the whole slope surface,
and the erosion depth without composite protection layers is
40% higher than that with the composite protection layers. The
composite protection layers greatly reduce the soil loss of the
slope surface and enhance the anti-erosion performance of the
silt subgrade slope.

Results of Rainfall Runoff
When the soil porosity is saturated or the rainfall intensity is
greater than the permeability of the soil, runoff may be the second
most important factor influencing rainfall erosion. The solid

FIGURE 15 | Comparison of runoff erosion failure mechanisms without and with composite slope protection at. (A) 40 h and (B) 80 h

TABLE 11 | Damage depth of subgrade slopes with and without composite protection surfaces.

Time 20 h 40 h 60 h 80 h

Without (m) 0.18 0.32 0.68 0.72

With composite Layers(m) SP NA Several Partly failure Partial failure
SBP NA NA Several Partial failure
SB NA NA NA Several

SP refers silt mixing with polyacrylamide; SBP refers silt mixing with basalt fibre and polyacrylamide; SB refers silt mixing with basalt fibre.
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grains and soil are detached and transported by runoff water,
which is the crucial factor in rainfall erosion. Figure 15 presents
the effects of runoff on soil particle detachment and
transportation of the subgrade slope with and without
composite layers after 40 and 80 h of rainfall. Table 11 lists
the runoff situations and maximum damage depths of the silt
subgrade slope at 20, 40, 60, and 80 h.

After 20 h of rainfall, a large number of soil particles are
washed away from the top of the silt subgrade slope without
the composite surface layer, which results in a relatively large
displacement on the top of the slope in a short time, and the
corresponding maximum damage thickness is 0.18 m.
However, with continuous rainfall, surface runoff is
formed, and soil particle damage is generated on the top of
the slope with composite layers when the rainfall lasts 40 h. In
addition, displacement occurs in the SP composite layer, and

several particles of the SBP composite layer on the top of the
slope are washed away with runoff channels (Figure 15A).

The thickness of soil particles flushed by runoff gradually
increases to approximately 0.68 m, and almost 1/3 of the soil
particles on the slope surface without composite layers are
washed away. One obvious phenomenon from Figure 15B is
that the slope surface has been almost damaged by rainfall
infiltration and runoff when rainfall lasts for 80 h, resulting in
the runoff thickness increases to 0.72 m. In terms of the
composite protection surface on the subgrade slope, the
runoff thickness and surface damage degree are improved
by approximately 50–70% after the 80 h of rainfall.
Table 11 and Figure 15B show that a certain number of
soil particles on the SP and SBP layers slip before 60 h of
rainfall, which defines partly failure in this study. Furthermore,
the SB composite layer has a small displacement, and there are

FIGURE 16 | Behaviour of volumetric moisture content and PWP with depth at cross-section A. (A) volumetric water content with depth. (B) Pore water pressure
(PWP) as a function of depth
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some soil particles on the top of the slope that wash away after
80 h of rainfall.

Some of the particles of the SP and SBP mixed layers are
washed to the foot of the slope. Only the particles on the top of the
slope of the SB mixed layer have small displacements because of
rainwater runoff, and the thickness of erosion reaches 0.20 m. The
particles on the top of the slope are displaced because of the
runoff water. One-third of the particles of the SP mixed layer rush
away, the washed away particles of the SBP mixed layer slightly
increase, and the plain silt under the composite layers hardly slip.
Therefore, it can be concluded that the composite protection
surface not only strongly prevents the soil particles from
detaching and being transported by runoff water but also
promptly limits the runoff volumes and controls flow water on
the silt subgrade slope.

DISCUSSION

Effect of Composite Layer Thickness on
Rainfall Infiltration
From the above analysis, it can be seen that the zone of the
reinforced subgrade slope affected by rainfall infiltration and
slope erosion is mainly concentrated in the composite surface
layers. In addition, the SP and SBP composite layers play very

important roles in anti-infiltration behaviour. To further analyse
the anti-infiltration performance of the composite protection
layers, the thickness effects of the composite layers should be
discussed and given more attention.

Effect of Thickness of SP Composite Layer
Figure 16 illustrates the behaviour of the volumetric moisture
content and PWP at cross-section A corresponding to the
thicknesses of 0.1 and 0.2 m of the SP composite layer. As
seen from the figures, with an increase in thickness of the SP
composite layer, the variability of volumetric water content and
PWP on the top of the slope decreases, and slope elevation has a
similar behaviour. When the thickness increases from 0.1 to
0.2 m, the depths influenced by the volumetric moisture
content decrease from 0.54 to 0.49 m and by PWP decrease
from 0.87 to 0.63 m. In general, the increase in composite
layer thickness has no significant effect on either volumetric
water content or PWP.

Effect of Thickness of SBP Composite Layer
The same method was used to determine the effects of the SBP
composite layer with 0.3 and 0.5 m thickness on the volumetric
water content and PWP. The results demonstrate that the thicker the
SBP composite layer is, the larger the variability of the volumetric
water content and PWP are at cross-section A. The influence of the

FIGURE 17 | Erosion failure modes of slope protected with different SB composite thicknesses. (A) SB composite layer with 0.3 m thickness. (B) SB composite
layer with 0.5 m thickness
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volumetric water content and PWP with the slope elevation are
similar for these two thicknesses. The depths influenced by the
volumetric water content and PWP decrease by approximately 18
and 55%, respectively, corresponding to 0.3 and 0.5 m.

Effect of Composite Layer Thickness on
Rainfall Erosion and Runoff
Based on the above results and because the SB composite layer
connects the other two protection layers and the plain soil layer,
the thicknesses are chosen as 0.3 and 0.5 m to analyse the anti-
erosion performances. To preferably highlight the anti-erosion
effects of the bottom layer, three times the rainfall intensity and a
120-h rainfall duration are used in this simulation. Figure 17
displays the rainfall erosion behaviours under different rainfall
durations and thicknesses.

The rainfall erosion of these two thicknesses were compared at
60 h, 80 h, and 120 h through PFC2D simulation. It can be inferred
that soil particle erosion at the top is the major contributor to slope
instability under the 60-h rainfall conditions. Increasing the SB layer
thickness is one of the relatively important factors for protecting the
subgrade slope by reducing soil erosion and runoff damage and
strengthening the cohesion between composite layers and plain silt.
As the rainfall duration increases to 80 h, the differences in slope
erosion are increasingly obvious for thicknesses of 0.3 and 0.5 m.
Approximately 25% of the soil particles in the SB layer with 0.3 m
thickness are eroded, and the failure depth on the slope top is 0.56m.
For the 0.5 m layer, approximately 10% of the soil particles erode,
and the failure depth is approximately 0.28 m on the top of the slope,
indicating that the thickness of the SB composite layer in the anti-
erosion treatment has a significant effect on reducing rainwater
runoff and improving slope stability.

When the rainfall duration is relatively long, such as 120 h, as
illustrated in Figures 17A,B a thicker SB composite layer is more
suitable for enhancing the slope surface and preventing the composite
protection surface from being damaged by rainfall erosion and
rainwater runoff. In Figure 17A, the soil particles on the protective
surface aremore vulnerable to erosion due to long-term rainfall, and the
soil particles of thefirst and second layers are almost erodedwith a layer
thickness of 0.3m. However, when the thickness increases to 0.5m, the
decrease in the slope surface area of the rainfall erosion means that the
anti-erosion performance of the SB composite layer effectively increases
to reduce rainwater runoff (see Figure 17B). Meanwhile, the failure
depth at the top of the slope will decrease at the same time. Therefore,
the 0.5m thickness of the SB composite layer distinctly reinforces the
anti-erosionperformancemore remarkably than the 0.3m thickness for
the 120-h rainfall duration. Overall, the anti-erosion performance of the
SB composite layer will be increased by approximately 25–35% when
the layer thickness increases by 0.2m, which can be considered an
important design parameter for anti-erosion performance and reducing
rainwater runoff in slope stability analysis.

CONCLUSION

According to the failure characteristics of the silt subgrade slope
and rainfall-induced erosion failure and imbricate layered slip in

the silt slope, a composite protection surface is proposed, which is
composed of plain silt, polyacrylamide, and basalt fibre. In
light of the comparative analysis of the anti-infiltration
properties and anti-erosion performances of a slope with
and without the composite protection surface based on a
silt subgrade slope in Suqian, the following conclusions can
be drawn from this study:

1) Based on the experimental results, the optimal content of the
basalt fibre is 0.4%, the optimal length is 12 mm, and the
optimal content of the polyacrylamide is 1% in the proposed
composite protection layers.

2) The composite protection layers can effectively improve
the anti-infiltration properties on silt subgrade slopes.
Both the simulated and experimental results indicate
that the top and intermediate composite layers initially
limit rainwater infiltration on the upper surface,
avoiding damage from rainwater runoff to the
uppermost soil. According to the characteristics of the
SB composite layer, the protective layers and original
silt are mainly connected to protect the plain silt from
soil loss and rainfall erosion. Therefore, the anti-
infiltration properties of the composite protection layers
could be guaranteed by decreasing the volumetric water
content and improving the shear strength of the protective
surface.

3) The composite protection layers can beneficially strengthen
the anti-erosion performance of silt subgrade slopes. The
bottommost mixed layer can effectively attach the anti-
infiltration protection layers to the original slope surface to
comprehensively enhance the anti-erosion property of the
composite protection layers. For long-lasting rainfall, the
rainwater will increase and may infiltrate into the deepest
layer so that rainwater runoff probably forms either at the
composite protection layers or under the base of the
composite surface cover; accordingly, the SB composite
layer can significantly minimize both the rainfall erosion
and rainwater runoff of the silt subgrade slope.

4) Reasonably increasing the thickness of the composite
protection layers brings about a substantial increase in
anti-erosion performance. Comparing different
thicknesses of the three mixed layers, the anti-erosion
performance of the reinforced subgrade slope
significantly increased by 25–35%. Thus, the
thickness of protective layers should be considered in
the design parameters of anti-infiltration properties
and anti-erosion performance in silt slope stability
analysis (Darboux and Huang, 2003; Hamza, 2014;
Nima et al., 2015; Horpibulsuk et al., 2009;
Horpibulsuk et al., 2008).
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