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+is study investigates the seepage and deformation characteristics of carbonaceous mudstone coarse-grained soil embankment
with different gradations under the action of dynamic load and rainfall. An indoor geotechnical test is conducted, and the
mechanical parameters of carbonaceous mudstone coarse-grained soil with different gradations are analyzed. A numerical
calculation model of seepage and dynamic characteristics of carbonaceous mudstone coarse-grained soil embankment is
established on the basis of the test data. +e different effects of rainfall infiltration and vehicle load are evaluated. +e seepage,
settlement, and slope stability evolution characteristics of graded carbonaceous mudstone coarse-grained soil embankment slope
are studied. Results show that under the condition of the same rainfall time, the greater the nonuniformity coefficient, the faster
the decrease in pore water pressure of the coarse-grained soil embankment at the same monitoring point. +e seepage velocity
vector in the embankment is concentrated below the soil shoulder.+e smaller the saturated permeability coefficient and saturated
water content, the larger the seepage velocity vector. +e greater the nonuniformity coefficient, the larger the coarse-grained soil
embankment under vehicle load. +e smaller the embankment settlement, the lower the safety factor of embankment. +e safety
factor decreases slowly at first and then decreases rapidly in the whole study period under the effect of dynamic wetting. +e
research results provide a theoretical reference for the practical engineering application of carbonaceous mudstone coarse-grained
soil embankment in rainy areas.

1. Introduction

Carbonaceous mudstone is widely distributed in southwest
China [1, 2]. It was often discarded as bad filling material in
highway construction in the past due to its strong water
resistance, easy weathering, low strength, and large defor-
mation. However, with the rapid development of highway
construction in China, suitable filling materials are ex-
tremely scarce in many areas. Considering the economy and
environmental protection, the use of carbonaceous mud-
stone for embankment filling is imperative. However, the
rheological phenomenon of coarse-grained soil filler often
occurs during the operation period under long-term vehicle
dynamic load and rainwater infiltration.+is condition leads
to the gradual weakening of the service performance (water
stability, strength, and stability) of high embankment with

coarse-grained soil and then causes the local or overall
instability of high embankment [3, 4]. Considering this
problem, scholars at home and abroad have conducted
numerous research and considered that the influence of
seepage and dynamic load on embankment is mainly re-
flected in the following aspects: (1) the change in matric
suction of unsaturated soil is mainly caused by gradation [5];
(2) the seepage flow along the embankment slope direction
during rainfall infiltration increases the overall sliding force
of the slope [6, 7]; (3) the rainfall infiltration reduces the
matric suction of unsaturated soil, and mass suction leads to
the decrease in soil shear strength [8].

In the aspect of the influence of gradation on the hydraulic
characteristics of coarse-grained soil, Wang et al. [9] inves-
tigated the influence of gradation on the hydraulic charac-
teristics of coarse-grained soil. On the basis of VanGenuchten
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(VG) water retention model, two pedotransfer functions are
proposed by using semiphysical and semistatistical methods
to estimate the water retention curve of sand. Feng et al. [10]
studied the influence of porosity and fractal dimension of
particles on the seepage characteristics of sandstone. Chiu
et al. [11] presented a method to estimate the soil-water
characteristic curve by using particle size distribution. Meng
et al. [12] explored the deformation characteristics of coarse-
grained soil with different gradations.

+e particle size distribution of soil sample affects its
hydraulic and mechanical parameters in different degrees.
+erefore, the hydraulic and physical properties of carbo-
naceous mudstone coarse-grained soil embankment filling
with different gradations are compared to investigate the
deformation characteristics of carbonaceous mudstone
filling with different gradations. +is process can verify the
feasibility of carbonaceous mudstone coarse-grained soil
filling road and determine the feasibility of the project. +e
best graded carbonaceous mudstone coarse-grained soil
embankment is determined in the project. However, the
above studies only consider the influence of soil particle
gradation and disregard the influence of soil load in the
analysis of the hydraulic characteristics of soil.

In the aspect of saturated-unsaturated seepage of em-
bankment slope, Wang et al. [8], Liu et al. [13], Kim et al.
[14], and Kim et al. [15] studied the influence of water
volume content and pore water pressure of unsaturated soil
on slope stability under rainfall conditions. Wu et al. [16]
conducted numerical analysis on unsaturated seepage of
loess slope caused by rainfall infiltration and quantitatively
evaluated the relationship between rainfall infiltration and
slope stability by monitoring the water content, pore water
pressure, and slope deformation of loess slope. Liu et al. [17],
Volz et al. [18], and Kim et al. [19] conducted numerical
simulation on the rainfall damage of unsaturated soil em-
bankment slope and analyzed the influence of rainfall in-
tensity, rainfall duration, and soil long-term intensity on the
instability characteristics of unsaturated soil embankment
slope under rainfall. Cho [20] and Nguyen and Likitlersuang
[21] used numerical models to analyze the slope stability
under heavy rainfall and predict the probability of slope
instability. +e above research results reveal the seepage
characteristics of rainfall infiltration in the embankment and
show that the numerical software can better simulate the
gradual process of real embankment slope instability. In
practical engineering, many factors affect the embankment
deformation, and indoor model test is difficult to restore the
real environment and vehicle load of the embankment.
+erefore, the help of numerical analysis software to sim-
ulate the real situation of embankment deformation char-
acteristics can maximize the simulation of the actual project,
so as to lay a good theoretical foundation for practical
engineering application. Relevant scholars have conducted
many studies on the mechanical properties of carbonaceous
mudstone. However, they only consider the influence of
rainfall or static load. Few studies have been performed on
the mechanical properties of carbonaceous mudstone
coarse-grained soil embankment under the combined action
of rainfall infiltration and dynamic load.

Research on the migration characteristics of seepage
water in embankment under the combined action of vehicle
load and rainfall infiltration is lacking at home and abroad.
+e aim of this study is thus to study the influence of rainfall
infiltration and vehicle load on the seepage field and dy-
namic characteristics of carbonaceous mudstone coarse-
grained soil slope with different gradations using the
GeoStudio and FLAC 3D software. +e influence of dis-
placement field and stability evolution can provide theo-
retical guidance for engineering practice.

1.1. Analysis of Particle Size Distribution. According to en-
gineering experience, disintegrated carbonaceous mudstone
is generally used as embankment filler instead of bulk
carbonaceous mudstone [22]. In this study, carbonaceous
mudstone was placed outdoors for disintegration and was
sprayed with appropriate amount of water every day until it
was naturally dried. After 30 days, the carbonaceous
mudstone coarse-grained soil was mixed with a shovel to
mix it evenly [23]. +e coarse granular soil of carbonaceous
mudstone was screened. +e gradation used in this study is
based on the design data of the project, as shown in Table 1,
and the gradation curve is shown in Figure 1. In this study,
soil samples with three different gradations are called gra-
dation 1, gradation 2, and gradation 3, respectively.

Existing research shows that when the fractal dimension is
greater than 2.3, carbonaceous mudstone coarse-grained soil
can be used as embankment [24] filler in accordance with the
calculation formula of passing percentage and fractal
dimension of carbonaceous mudstone coarse-grained soil
[25]. +e fractal dimension of carbonaceous mudstone
coarse-grained soil used in this study after disintegration is
shown in Table 2. +e fractal dimension of each soil sample is
greater than 2.3, which meets the requirements of road use.

1.2. Physical and Mechanical Parameters. +e test data
through the indoor geotechnical test of the soil sample
prepared on the basis of the proposed gradation in the
project are shown in Table 3. +ese data provide accurate
physical and mechanical parameters for the subsequent
numerical simulation.

2. Analysis of the Seepage
Characteristics of Embankment

2.1. Seepage Numerical Model. +is study establishes a
seepage calculation model based on a highway carbonaceous
mudstone coarse-grained soil embankment project in
Guangxi to explore the seepage change law of carbonaceous
mudstone coarse-grained soil embankment under different
rainfall conditions. +e embankment height is 8m, and the
slope is 1 :1.5. +e specific geometric size is shown in
Figure 2. GeoStudio numerical analysis software is used to
establish the seepage numerical model, as shown in Figure 3.
+e mesh is divided in accordance with the four-node
method [26], with a total of 2698 nodes and 2588 elements.
Eleven monitoring points are set in the embankment slope
model to analyze the variation of volume moisture content
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in the process of rainwater seepage. +e monitoring points
1–5 are buried at the depth of 0.5m below the slope, and the
spacing of each monitoring point is 3.2m. +e monitoring
points 6, 8, 9, and 3 are in the same horizontal position, and
the spacing of each monitoring point is 0.7m. +e moni-
toring points 7, 10, and 11 are belowmonitoring point 3, and
their spacing is 0.7m, as shown in Figure 3.

In this model, the soil shoulder, embankment slope
surface, and subgrade surface on the right side of the slope toe
are taken as rainfall infiltration boundary, and the pavement is
taken as impermeable boundary.+e left groundwater level is
set at the depth of 10m below the carbonaceous mudstone
coarse-grained soil embankment.+e right groundwater level
is set at the depth of 11m below the carbonaceous mudstone
coarse-grained soil embankment.

+e influence of heavy rainfall on the slope seepage
characteristics is evaluated on the basis of the local rainfall
data. +e rainfall intensity is determined to be 1.16×10−6m/
s, and the rainfall duration is 72 h.+e seepage parameters of
soil with different gradations are shown in Table 2. +e VG
model is used to fit the soil-water characteristic curve of
coarse-grained carbonaceous mudstone soil with different
gradations, as shown in Figure 4.

2.2. Variation Law of the Negative Pore Water Pressure and
VolumeMoisture Content of Embankment. In the process of
water level rise and fall, the pore water pressure in the
embankment changes with the moisture migration. +is

study only lists the distribution of pore water pressure in the
embankment of carbonaceous mudstone coarse-grained soil
with different gradations at 24 and 72 h, as shown in
Figure 5.

As shown in Figure 5, the variation trend of the pore
water pressure of coarse-grained carbonaceous mudstone
soil with different gradations is similar during rainfall in-
filtration. +e continuous rainfall causes the groundwater
level to rise, and the carbonaceous mudstone coarse-grained
soil embankment forms a transient saturation zone at the
bottom of the slope. Soil sample 2 has the largest rainfall
infiltration depth compared with soil samples 1 and 3.

Figures 6 and 7 show the variation curves of negative
pore water pressure and volumetric water content with time
at different depths of monitoring points under the effect of
rainfall infiltration.

As shown in Figure 6, the negative pore water pressure of
embankment slope gradually decreases with the increase in
rainfall duration after the beginning of rainfall. +e negative
pore water pressure on the slope surface decreases fast, and
the negative pore water pressure inside the slope decreases
slowly. Within 35 h of rainfall, the negative pore water
pressure of three grading soil samples at monitoring points
1–5 decreases to 0. +e order of decreasing rate is moni-
toring point 1>monitoring point 2>monitoring point
3>monitoring point 4>monitoring point 5.+e change law
can be summarized in three stages: rapid decrease in 0–20 h,
slow decrease in 20–35 h, and basically stable in 35–72 h.
After 10 h of rainfall, soil sample 2 has a more obvious
downward trend than soil samples 1 and 3.

+e hydraulic characteristics of soil sample 2 are better
than that of soil samples 1 and 3 through comparative
analysis. For soil sample 2, monitoring points 6 and 7 in the
slope are reduced to 0 kPa within 55 h, and the reduction rate
is monitoring point 6>monitoring point 7. For monitoring
points 3, 6, 8, and 9, the matric suction decreases from the
slope surface to the slope interior. For monitoring point 11
of soil sample 2, the negative pore water pressure of soil
sample 2 decreases rapidly from 120 kPa to 40 kPa within
35–72 h of rainfall, which decreases by 66%.

As shown in Figure 7, the water content of the em-
bankment slopes of three carbonaceous mudstone coarse-
grained soil samples increases under the effect of rainfall. +e
water content of the points close to the slope surface increases
rapidly.+e transient saturation area gradually expands to the
inside of the slope after forming at the surface of the em-
bankment slope. +e saturated water content of the soil at
monitoring point 5 first reaches the top of the slope, and that
of the soil at monitoring point 1 at the foot of the slope
increases rapidly. +e growth rate of negative pore water
pressure is the slowest. For soil sample 2, the volumetric
moisture content in monitoring points 1–5 located on the
slope reaches saturation within 55 h of rainfall, and the order
of increasing rate is monitoring point 1>monitoring point
2>monitoring point 3>monitoring point 4>monitoring
point 5. +e monitoring point 6 located in the slope reaches
the saturated water content after 72 h of rainfall. For moni-
toring points 3, 7, 10, and 11, the increase rate of volumetric
moisture content decreases from top to bottom in the vertical

Table 1: Grading statistics of carbonaceous mudstone coarse-
grained soil.

Soil sample d10 d30 d60 Cu Cc Fractal dimension
Gradation 1 1.14 8.43 26.55 23.29 2.35 2.46
Gradation 2 0.40 2.90 9.80 24.50 2.15 2.55
Gradation 3 0.60 3.30 10.40 17.33 1.75 2.50
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Figure 1: Particle size distribution curve.
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Table 2: Calculation parameters of road bed and pavement materials.

Material parameters +ickness (m) Volume weight (kN/m3) Elastic modulus (MPa) Poisson’s ratio Damping ratio (%)
Pavement surface 0.15 25.0 1200.0 0.25 0.12
Pavement base 0.36 24.0 1100.0 0.27 0.10
Embankment 1 8.00 22.4 300.0 0.28 0.15
Embankment 2 8.00 22.2 401.5 0.28 0.15
Embankment 3 8.00 22.1 340.0 0.28 0.15
Subgrade 15.00 19.0 200.0 0.33 0.22

Table 3: Physical and mechanical parameters.

Optimum
moisture

content (%)

Maximum dry
density (g/cm3)

Saturated
water content

(%)

Cohesion
(kPa)

Internal
friction
angle (°)

Elastic
modulus
(MPa)

Saturated
permeability

coefficient (m/s)

Unit
weight
(kN/m3)

Gradation
1 6.6 2.24 38.33 30.0 21.9 300.0 5.88×10−7 22.4

Gradation
2 6.0 2.22 36.56 37.6 20.2 401.5 3.45×10−7 22.2

Gradation
3 6.0 2.21 37.44 30.8 20.5 340.0 4.09×10−7 22.1
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Figure 2: Moving dead load model.
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Figure 3: Numerical analysis model of embankment seepage. (a) Overall model diagram. (b) Specific location of monitoring points.
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Soil-water characteristic curve (graduation 3)
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Figure 4: Fitting soil-water characteristic curve and permeability coefficient curve of carbonaceous mudstone coarse-grained soil. (a)
Gradation 1. (b) Gradation 2. (c) Gradation 3.
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direction of embankment slope. For monitoring points 3, 6, 8,
and 9, the volumetric moisture content decreases from the
slope surface to the slope interior in the horizontal direction
of the embankment slope. Specifically, the wetting front
expands from the slope surface to the slope interior.

In conclusion, the negative pore water pressure of soil
embankment decreases under the effect of rainfall, and the
water volume content of the area affected by rainfall infil-
tration increases or reaches the saturated water content. +e
changes in the above physical quantities can be summarized in
the following two points: (1) the water content of carbonaceous
mudstone coarse-grained soil increases, and the surface ten-
sion of soil decreases gradually after rainwater infiltration in
the embankment. +is condition results in the rapid decrease
in the negative pore water pressure of soil until it reaches 0 kPa.
However, the monitoring points located in the embankment
far from the slope surface are less affected by rainwater in-
filtration. +us, the change in pore water pressure is unre-
markable. (2) +e influence degree of rock and soil slopes
affected by rainfall is related to the rainfall time.+e longer the
rainfall time, the greater the rainfall infiltration depth. Under
the action of gravity and head difference, the rainwater in-
filtrating in the slope moves to the lower and front of the
carbonaceous mudstone coarse-grained soil embankment.
With the increase in rainfall duration, the range and depth of
transient saturation zone expand along the slope direction.

2.3. Variation Law of the Seepage Velocity Vector. +e
rainwater migrates inside and forms a seepage field after it
infiltrates into the surface of the carbonaceous mudstone
coarse-grained soil embankment. During seepage, the
rainwater fills the pores of the coarse-grained soil particles
and exerts a drag force on the coarse-grained soil particles,
forming a seepage force. +e size and direction of this
force can be expressed with the seepage velocity vector
generated by the embankment. +e seepage velocity
vector calculation results of different soil samples are
shown in Figure 7.

As shown in Figure 8, the variation trend of the seepage
velocity vector of three soil samples is similar. +e smaller the
saturated permeability coefficient and saturated water content
of embankment, the larger the seepage velocity vector. Under
the action of atmospheric rainfall, the seepage field first forms
on the surface of carbonaceous mudstone coarse-grained soil
embankment slope. When the rainfall is 24 h, the seepage
velocity vector is mainly concentrated below the soil shoulder,
and the arrow length is large, forming a dense area of seepage
velocity vector. When the rainfall reaches 72h, the seepage
velocity vector at the toe of the embankment slope gradually
turns upward at the groundwater level, forming a return flow
zone. +is phenomenon may be due to the following reasons.
In the initial stage of rainfall, part of the rainwater collects and
infiltrates at the soil shoulder of the embankment because it is
relatively flat. +is condition results in a large amount of
rainwater infiltration under the soil shoulder and a rapid
seepage speed, forming a dense seepage area. With the con-
tinuous rainfall, the rainwater infiltrating in the slope gradually
collects at the foot of the slope.When the rainwater expands to
the groundwater level, the groundwater level gradually climbs
up along the foot of the slope, forming a return flow zone.

3. Analysis of the Stress and Deformation
Characteristics of Embankment

3.1. Dynamic Simulation Scheme. +e data of embankment
pore water pressure under different rainfall conditions are
imported into FLAC 3D software to investigate the influence
of dynamic humidification on embankment deformation.+e
seepage results are combined with a dynamic model. A
strength reduction method is used to calculate the stability of
embankment slope with different grades of carbonaceous
mudstone coarse-grained soil under dynamic humidification.

+e moving dead load model adopted in this study is
shown in Figure 3. +e vehicle load before the dynamic
loading of the carbonaceous mudstone coarse-grained soil
embankment model is based on the calculation method of
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Figure 5: Cloud chart of the pore water pressure of carbonaceous mudstone coarse-grained soil embankment. (a) Gradation 1 (24 h
rainfall). (b) Gradation 1 (72 h rainfall). (c) Gradation 2 (24 h rainfall). (d) Gradation 2 (72 h rainfall). (e) Gradation 3 (24 h rainfall). (f )
Gradation 3 (72 h rainfall).
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unit load. +e equivalent circular load is simplified to
0.37m× 0.25m rectangular load, and the vehicle load is
converted into uniformly distributed load [27, 28]. +e load
track is set along the vehicle driving direction, and the track
width and uniform load are calculated. At this time, the
vehicle load is equivalent to the uniformly distributed load
acting on the road, and the load size remains unchanged.+e
action position gradually moves along the driving direction

with the movement time, and the vehicle speed can be re-
alized by controlling the action time of the vehicle load at a
certain point.+e load running from the starting point to the
end point of the track is regarded as one loading. +is
loading is imported into the seepage model of carbonaceous
mudstone coarse-grained soil embankment after 24 and 72 h
of rainfall. +e model is loaded 7000 times under the
standard axle load of 100 kN.
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Figure 6: Pore water pressure variation of themonitoring points of carbonaceousmudstone coarse-grained soil embankment. (a) Gradation
1. (b) Gradation 2. (c) Gradation 3.
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Selection of calculation parameters: the calculation pa-
rameters of road bed and pavement materials in accordance
with the indoor experimental results and design data are
shown in Table 2.

As shown in Table 2, the rigidity of the surface and basic
structure is large. An elastic model is adopted for surface and
base courses to ensure the accuracy of numerical simulation.
+e Mohr–Coulomb constitutive model is adopted for

embankment and soil foundation.+ematerial dissimilation
of surface and basic structure is disregarded in the model
calculation.

+e 3D equivalent model of FLAC3D established in this
study is shown in Figure 9. +e shape, quantity, and size of
the embankment cross section mesh are consistent with the
seepage model. In the setting of boundary conditions, Y
constraints are applied along the boundary of vehicle driving
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Figure 7: Water volume content of the monitoring points of carbonaceous mudstone coarse-grained soil embankment.
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direction to ensure the accuracy of the model calculation
results. X and Y constraints are applied perpendicular to the
boundary of vehicle driving direction, and X, Y, and Z
constraints are applied at the bottom of the model. +e
model is loaded under the condition of 100 kN standard axle
load and 80 km/h vehicle speed.

In this study, the vehicle load is equivalent to the uni-
formly distributed load on the road, which has a wide range
of influence on the dynamic response of the subgrade and
pavement. Selecting typical monitoring points is necessary

to monitor the dynamic stress change law under the action
of vehicle load. +is process is performed to study the dy-
namic response characteristics of the subgrade within the
lateral effective range. +erefore, 13 monitoring points are
set on the top of the subgrade to explore the dynamic re-
sponse of the same depth. On the basis on these monitoring
points, the dynamic stress at different depths is analyzed.+e
layout of monitoring points is shown in Figure 10.

In this calculation, three types of graded carbonaceous
mudstone coarse-grained soil are selected, the depth of

25

20

15

10

5

0

–5
–5 0 5 10 15 20

Distance (m)

El
ev

at
io

n 
(m

)

25 30 35 40

(a)

25

20

15

10

5

0

–5
–5 0 5 10 15 20

Distance (m)

El
ev

at
io

n 
(m

)

25 30 35 40

(b)

25

20

15

10

5

0

–5
–5 0 5 10 15 20

Distance (m)

El
ev

at
io

n 
(m

)

25 30 35 40

(c)

25

20

15

10

5

0

–5
–5 0 5 10 15 20

Distance (m)

El
ev

at
io

n 
(m

)

25 30 35 40

(d)

25

20

15

10

5

0

–5
–5 0 5 10 15 20

Distance (m)

El
ev

at
io

n 
(m

)

25 30 35 40

(e)

25

20

15

10

5

0

–5
–5 0 5 10 15 20

Distance (m)

El
ev

at
io

n 
(m

)

25 30 35 40

(f )

Figure 8: Variation law of velocity vector. (a) Gradation 1 (24 h rainfall). (b) Gradation 1 (72 h rainfall). (c) Gradation 2 (24 h rainfall). (d)
Gradation 2 (72 h rainfall). (e) Gradation 3 (24 h rainfall). (f ) Gradation 3 (72 h rainfall).
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subgrade working area is 1.77m, and unfavorable conditions
are considered. Monitoring point 3 is taken as the research
object, starting from the subgrade surface, every 0m to study
the dynamic response of carbonaceous mudstone coarse-
grained soil subgrade in the vertical direction. +e peak
value of vertical dynamic stress at different subgrade depths
is calculated at 25m.

3.2. Dynamic Response Characteristics of Embankment

3.2.1. Dynamic Response of the Lateral Monitoring Points of
Embankment. Gradation 2 is selected as the research object
in this study because the dynamic stress curves of the three
soil samples are the same. In accordance with the peak
stress of each monitoring point in the carbonaceous
mudstone coarse-grained soil embankment, the vertical
stress peak curve of the monitoring point is drawn, as
shown in Figure 11.

As shown in Figure 11, the three curves all takemonitoring
point 7 as the center, showing an axisymmetric trend. On the
subgrade surface, the peak value of vertical stress of the three
soil samples at monitoring points 3 and 11 directly below the
wheel reaches the maximum value, and the peak value of
vertical stress at monitoring point 7 in the center of two wheels
is the minimum. +erefore, when the vehicle load moves to a
certain point on the subgrade surface, the vertical dynamic
stress response at that point is the most obvious. With the
increase in the distance from the point, the degree of vertical
dynamic stress response gradually decreases.

3.2.2. Dynamic Stress Response of Embankment at Different
Depths. +e vertical dynamic stress peak values at different
subgrade depths are calculated every 0.25m from the sub-
grade surface to study the dynamic response of carbonaceous
mudstone coarse-grained soil subgrade in the vertical di-
rection. +e calculation results are shown in Figure 12.

As shown in Figure 12, when the vehicle load is 100 kN
and the vehicle speed is 80 km/h, the vertical dynamic stress of

three soil samples at the monitoring point gradually decreases
with the increase of subgrade depth.+e peak vertical dynamic
stress of subgrade surface of soil sample gradation 1 is 24 kPa.
When the depth of monitoring point reaches 2m, the peak
value of vertical dynamic stress is only 3 kPa, which decreases
by 87.5%. +e peak value of vertical dynamic stress of soil
gradation 2 decreases from 25kPa to 4 kPa, which decreases by
84%. Soil sample of gradation 3 decreased by 89.1%.

3.3. Variation Law of the Embankment Settlement
Displacement. Figure 13 shows the settlement displacement
curve of embankment with different gradations of carbo-
naceous mudstone coarse-grained soil.

As shown in Figure 13, the settlement displacement of
the three graded carbonaceous mudstone coarse-grained soil
subgrades is extremely small, and the cumulative rate of
plastic strain is low when the number of vehicle loads acting
on the carbonaceous mudstone coarse-grained soil em-
bankment with rainfall duration of 24 and 72 h is less than
2000 times. When the number of vehicle loads acting on the
carbonaceous mudstone coarse-grained soil embankment
reaches 5000 times, the settlement displacement of the three
graded carbonaceous mudstone coarse-grained soil em-
bankments increases greatly. +e settlement displacement of
the embankment increases to 16, 14, and 13mm after 24 h of
rainfall (plus quantity). +e settlement displacement of the
embankment increases to 20, 19, and 16mm after 72 h of
rainfall. +e plastic deformation of carbonaceous mudstone
coarse-grained soil subgrade accumulates rapidly. When the
vehicle load acts on the carbonaceous mudstone coarse-
grained soil embankment for 7000 times, the settlement
displacement of carbonaceous mudstone coarse-grained soil
subgrade with different gradations tends to be stable.

+e data show that the subgrade soil is mainly elastic
strain at the initial loading stage. +e subgrade soil can
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Figure 9: Pavement structure of numerical analysis.
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subgrade surface.

Advances in Civil Engineering 11



restore to its original state in time after each loading.
However, a small plastic strain still remains in the subgrade
soil. With the increase in loading times, the residual plastic
strain gradually accumulates, and the subgrade soil cannot
restore to its original state immediately. When the loading
times reach a certain degree, the subgrade soil gradually
compacts, and the soil particles become close to each other.
Each loading leads to the decrease in the plastic strain of the
subgrade soil and gradually tends to be stable.

3.4. Variation Law of the Embankment Safety Factor. +e
stability of carbonaceous mudstone coarse-grained soil

embankment is measured in terms of safety factor. According
to the rules of the safety coefficient of +e Highway Roadbed
Design Specification (JTG d30-2015), the stability state of the
carbonaceous mudstone coarse-grained soil embankment
slope used in this study can be divided into three states: stable,
unstable, and unstable, as shown in Table 4. +e variation law
of the safety factor of embankment slope with different grades
of carbonaceous mudstone coarse-grained soil under dy-
namic humidification is shown in Figure 14.

As shown in Figure 14, the safety factors of three graded
carbonaceous mudstone coarse-grained soil embankments
decrease with the increase in time. During 0–24 h, the
embankment safety factor of soil samples 1, 2, and 3

25

20

15

10

5

0
0.0 0.5

Depth of subgrade working area (m)

Gradation 1
Gradation 2

Pe
ak

 v
er

tic
al

 d
yn

am
ic

 st
re

ss
 (k

Pa
)

1.51.0 2.0

Gradation 3

Figure 12: Vertical dynamic stress peak curve at different subgrade depths.

0
0

2

4

6

8

10

12

14

16

18

1000 2000 3000 4000
Loading times

Se
ttl

em
en

t d
isp

la
ce

m
en

t (
m

m
)

5000 6000 7000 8000

Gradation 1
Gradation 2
Gradation 3

(a)

0
0

5

10

15

20

25

1000 2000 3000 4000
Loading times

Se
ttl

em
en

t d
isp

la
ce

m
en

t (
m

m
)

5000 6000 7000 8000

Gradation 1
Gradation 2
Gradation 3

(b)

Figure 13: Displacement curve of embankment with different gradations. (a) Displacement curve of embankment (24 h). (b) Displacement
curve of embankment (72 h).
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decreases from 1.88, 1.87, and 1.85 to 1.80, 1.77, and 1.70,
respectively. +e average decrease in the three soil samples is
0.003, 0.004, and 0.006 per hour, respectively. +e em-
bankment safety factor shows a small decline. When the
study lasted for 24–72 h, the embankment safety factor of
soil samples 1, 2, and 3 decreases to 1.38, 1.28, and 1.20,
respectively. +e average decrease rate of the three soil
samples is 0.01 per hour, and the decrease rate of safety
factor increases considerably. When the rainfall lasted for
72 h, the safety factor reaches the lowest value. +e safety
factor of soil sample 2 is greater than that of other soil
samples at the same time, and the safety factor of soil sample
1 is the lowest. In accordance with the above data, the
variation law of embankment safety factor shows a trend of
slow decrease at first and then rapid decrease during the
whole study period.

Slow decreasing stage: in the initial stage of rainfall, the
infiltration depth of rainwater on the surface of embank-
ment slope is limited. +e effect on the embankment slope
of carbonaceous mudstone coarse-grained soil is relatively
small, and the number of vehicle loads is minimal.+us, the
safety factor of the embankment slope of carbonaceous
mudstone coarse-grained soil has a small downward trend.
Rapid reduction stage: with the continuous influence of
dynamic humidification, the seepage velocity vector of
embankment slope gradually increases. +e contribution of
seepage force to slope stability is gradually obvious,
resulting in the rapid decline rate of embankment safety
factor.

4. Conclusion

(1) After the beginning of rainfall, the matric suction
near the embankment slope decreases rapidly, the
volume moisture content of soil increases rapidly.
+e wetting front expands from the slope surface to
the slope interior, and the negative pore water
pressure of gradation 2 decreases rapidly from
120 kPa to 40 kPa within 35–72 h of rainfall, which
decreases by 66%. Under the condition of the same
rainfall time, the greater the nonuniformity coeffi-
cient, the faster the decrease in the pore water
pressure of the soil sample at the same monitoring
point.

(2) +e smaller the saturated permeability coefficient
and saturated water content are, the larger the
seepage velocity vector is.

(3) At the initial loading stage, the carbonaceous
mudstone coarse-grained soil subgrade mainly
produces recoverable elastic strain that can be re-
covered after driving. However, a small irrecover-
able plastic deformation is still found under the
elastic deformation. +is deformation gradually
accumulates and develops into settlement dis-
placement under the cyclic action of vehicle load.
When the settlement displacement reaches a certain
position, the gap between the soil particles de-
creases gradually, causing the subgrade soil to be
dense, and the settlement displacement tends to be
stable. In the stable stage, the larger the nonuni-
formity coefficient, the smaller the settlement
displacement.

(4) Under the effect of dynamic humidification, the
variation of embankment safety factor in the whole
study period shows a trend of slow reduction at first
and then rapid reduction. In the slow reduction
stage, gradations 1, 2, and 3 decrease by 0.003, 0.004,
and 0.006 per hour on average, respectively. In the
rapid reduction stage, all the three soil samples
decrease by 0.01 per hour on average. On the whole,
the safety factor of the soil sample with large non-
uniformity coefficient is better than that of the two
other graded carbonaceous mudstone coarse-
grained soil samples.
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Table 4: Classification standard for the safety factor of embank-
ment slope.

Slope condition Safety factor standard
Steady state 1.35≤ FS
Unsteady state 1.00< FS< 1.35
Stability failure FS≤ 1.00
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