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Red bed slopes in the southwest of China are associated with a grant number of geological hazards, such as landslides, mud-rock
flows, and rock blocks falling, which are vital problems in geotechnical engineering. The damage can be induced or triggered due
to a series of human and environmental activities, such as excavation, concentrated or long-term rainfall, earthquake, and
fluctuation of groundwater level. According to the field observations and geological exploration results, a small-scale landslide was
observed on January 10, 2016, after excavation along XiaoMo highway in Yunnan Province. A numerical model in actual size
using GeoStudio software based on this typical red bed engineering slope was established in this study. Back analyses and
laboratory tests were used to obtain the mechanical parameters of the geomaterial inside the slope. The historic rainfall data of
Mengla County from July to September in 2016 was utilized as the flux boundary in analyzing the seepage variation features and
the stability of the engineering slope in the rainy season. One major tension crack was set in the shallow region of the silty clay
according to the geology survey to perform the disturbance of excavation on the geomorphology of the slope. Attempts were made
to establish the anisotropic permeability of the crack induced by the complex fillings, and differences in the hydraulic response
between the cracking and completed slope during the rainfall process were discussed. The result shows that the factor of safety of
the slope without crack before the rainfall is 1.076, and the slope is considered in the state of the critical limit equilibrium, which is
in accordance with the previous state of the slope under real conditions. The pore water pressure variations of the monitor points
in the shallow region of the completed slope present close compliance with the rainfall intensity subjected to different rainfall
patterns, which also controls the distribution of the plastic zone in the slope after rainfall. The comparisons in the seepage field and
plastic zone between the cracking and completed slope reveal that the crack can shorten the infiltration path effectively, and the
higher the permeability coefficient in the vertical direction is, the larger the pore water pressure increasing zone is and the higher
the underground water level is, which should be paid more attention in highway constructions.

1. Introduction compound inside. The earliest descriptions of red beds in the

geological data are related to Coronation Geosyncline and
The term “red beds” refers to the special detrital sedimentary Athapuscow aulacogen in western Canada [1]. It is con-
red or reddish-brown rock masses due to the ferric oxide  vinced by the early researchers that the occurrence of red


mailto:xdfu@whrsm.ac.cn
https://orcid.org/0000-0002-3801-936X
https://orcid.org/0000-0002-0646-7643
https://orcid.org/0000-0002-3316-4824
https://orcid.org/0000-0001-7295-4223
https://orcid.org/0000-0002-7199-2321
https://orcid.org/0000-0001-8003-2122
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6658211

beds was the direct result of arid paleoclimate, mostly
distributed in the desert, and could be formed at subsurface
conditions [2]. So far, general continental red beds have been
found in various environments and climatic settings, such as
the upper Cretaceous oceanic red beds in the North Alps and
southern Tethyan Himalaya of Southern Tibet [3, 4] and
Cretaceous red beds in Sichuan Basin and Southwest Japan
[5, 6].

In China, red beds are widely distributed in the
southeast, southwest, and northwest area, covering ap-
proximately 9.5% of China, and 83% of these lands are
distributed in the humid region, which makes it an im-
portant part of research on the red bed slope stability during
rainfall [7]. Red beds are widespread in the central and
western parts of Yunnan Province as a geohazards-prone
rock formation. As the major components of the red bed
area, the siltstone and mudstone formed in different ages are
typical clay-bearing rocks, which are highly susceptible to
disintegration and crumble when exposed to moisture
varying [8, 9]. A lot of studies have presented the softening
effect of the increasing water content on the mechanical
characteristics of the soft rock based on laboratory tests and
numerical simulations [10-12]. Therefore, long-term rainfall
and strong weathering turn the clay-bearing rock in the red
bed area into clastic rocks in different sizes mixed up with
the residual soil. The particle diameter of the strongly
weathered rock clasts ranges from a few to tens of centi-
meters, and the random spatial positions of the rock masses
often create several large pores, which leads to the loose
structure of the natural material in the shallow region of the
red bed area. The differences in the strength and stiffness
between the two compositions result in that the vertical
tension cracks are common to be observed during or after
the disturbances in the shallow red bed area [13, 14]. The
crack provides a fast movement path for rainfall into the
slope and the slope failure in the red bed area is prone to
occur during rainy seasons, representing persistent threats to
human settlements and infrastructures [15, 16]. However, it
is noteworthy that the crack in the shallow region generally
shows rough and tortuous with soil or small size stone clasts
filled in the crack, which results in anisotropic permeability
of the crack. Therefore, it is necessary to consider the an-
isotropic feature in the permeability of the crack in analyzing
the cracking slope failure mechanism subjected to rainfall.

Landslide prediction in the red bed area is a necessary
task during the engineering construction programs. Rainfall
acts as one of the important triggering factors for the slope
failure, and the failure mechanism of the rainfall-induced
landslide has been studied in depth [17-19]. The concen-
trated rainfall usually leads to sudden variations in the pore
water pressure and groundwater level, which constitute the
trigger of the typical landslide. The influence of rainfall on
the slope stability is significant, especially on the bedding
slope. Because the potential sliding surface of the bedding
slope is common to be located in the relatively soft surface or
intercalation surface, the rainfall infiltration plays a role in
reducing the strength of the layer of the material and the
rock or soil inside the slope is easy to move downwards along
the soft layer surface under gravity.
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Many studies analyze the influence of rainfall on slope
stability, and two main methods are utilized: (1) field in-
vestigations and monitoring data analysis through model
tests [20-23] and (2) numerical simulations, such as the
finite element method and finite difference method [24-28].
Numerical simulation has advantages in obtaining some key
physical quantities, which are difficult to measure in the
model tests and field investigations. In addition to several
numerical simulation methods, the limit equilibrium
method has been promoted to analyze the failure mecha-
nisms of rainfall-induced red bed landslides. The factor of
safety of the potential sliding surface inside the slope is the
most common index to assess slope stability. The calculation
often relies on the limit equilibrium model, which builds on
the assumption that the slope consists of rigid materials and
that possible destruction occurs along the potential sliding
surface over a large number of the randomly selected sliding
surfaces. However, the stress distributions obtained from the
traditional limit equilibrium formulations are not neces-
sarily representative of the actual field stress. The limit
equilibrium method has received considerable attention for
two-dimensional [29-31] and three-dimensional [32-34]
slope assessments combined with algorithm and geographic
information system. Zheng [35] presents a work based on
the combination of the limit equilibrium model with the
genetic algorithm method for predicting the factor of safety
and failure surfaces of rock slopes subject to flexural toppling
failure. Jia et al. [36] propose a spatiotemporal approach for
analyzing rainfall-induced slope stability, coupling a rainfall
infiltration model, and three-dimensional limit equilibrium
methods within the geographic information system.

Recently, the numerical simulations based on the finite
element stress to calculate the factor of safety have been
proved to be effective in looking for the position of potential
slip surface and judging the slope stability [37-40]. The
approximate location of the potential failure surface in the
slope could be set in advance, and the sliding body is divided
into finite vertical slices, and stress of the mid-point of the
slice base is collected to obtain the factor of safety [41]. The
difficulty in the calculation of the negative pore water
pressure in the traditional limit equilibrium method is
solved based on the finite element method in seepage cal-
culation. At the same time, the results of the seepage field
could be put into the volumetric deformation calculation to
obtain the plastic zone and deformation of the slope during
the rainfall.

A better understanding of the evolution mechanisms of
the landslide is important to predict the occurrences of
landslides and suggest remediation measures based on the
failure mechanisms and deformation characteristics. Up to
now, most studies focused on the influence of rainfall
amount (rainfall threshold), rainfall intensity, and duration
on the slope stability. However, the rainfall pattern as one of
the major features of the rainfall event should not be
neglected in analyzing rainfall-related slope stability.
Rainfall pattern reflects the rainfall intensity over time,
which controls the flux condition at the ground surface and
affects the slope stable state. Although many researchers
have realized the important role played by rainfall patterns
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in slope stability assessment, the rainfall pattern is always
simplified as a uniform type or a time-related linear dis-
tribution due to loss of rainfall monitor data. In reality, the
rainfall intensity shows random fluctuations over the whole
rainfall process, which may not be classified as one typical
rainfall pattern. In this study, the statistical information of
historical data from July to September in 2016 is utilized to
analyze the red bed slope stability under different rainfall
patterns to characterize and restore the real natural
condition.

The objective of this study is to investigate the red bed
slope stability considering the rainfall patterns and aniso-
tropic permeability of crack based on a real engineering
slope located in the red bed area in Yunnan Province. The
measured rainfall data collected from the meteorological
data station in Mengla County from July to September in
2016 were selected as the target rainfall patterns to simulate
the influence of real rainfall patterns on the red bed slope.
The tensile crack with anisotropic permeability was taken
into account and the historical rainfall data of August were
adopted to perform the influence of crack on the seepage
field and plastic zone. Meanwhile, the variation laws of the
factor of safety of the cracking and completed slope under
the same rainfall condition were introduced to analyze the
influence of anisotropic permeability of the crack on the
slope stability.

2. Study Area and Site Conditions

The highway from Xiaomengyang to Mohan (XiaoMo
highway) is one of the vital parts of the Asian highway
network planning, which connects China and other ASEAN
countries. The medium-to-thick-bedded mudstone clasts are
commonly found to be exposed in the slope along the
highway (Figure 1). Most of the totally strongly weathered
slopes are terrestrial lacustrine deposits. The fine-grained
argillaceous rock formed under the relative static water
condition is turned into the inclined red bed slope with
several tectonic joints after tectonic movement.

The study area is a typical red bed slope along the
XiaoMo highway located in Xishuangbanna, Yunnan
Province. The geographic coordinates are longitude 101°07’
and latitude 21°12" as shown in Figure 2. The initial slope was
located on the right side of the highway, and the route was
passed through in the form of the excavation cutting. A
small-scale landslide occurred on January 10, 2016, after
stage excavation, and several tension cracks were observed
outside the groove line. The collapsed area is approximately
100 m long and the estimated total volume of collapsed mass
is around 700 thousand m’. Considering the relatively long
rainy season in Yunnan Province, the rainfall and crack
would pose a great threat to the highway slope. The stability
of the slope along the highway is vital considering the safety
of highway use and construction. Therefore, it is necessary to
focus on the influence of the rainfall patterns and crack on
the deformation and failure mechanisms and the stability of
the engineering slope.

Figure 3(a) shows the engineering geology planar of the
landslide and surface conditions, and the results show that

the surface of the slope is dominantly covered by the silty
clay and strongly weathered silty mudstone. Figure 3(b)
shows the profile of the studied slope and the locations of site
boreholes, and borehole samples are used to obtain the
physical and mechanical properties of the geomaterial inside
the slope. The lithology comprises the medium-to-thick-
layered silty and argillaceous mudstone showing close
contact with the underlying bedrock. The drilling results
show that the coarse-grained mudstone clast is commonly
mixed with residual soil in the layer of argillaceous
mudstone.

The climate in the study region is characterized as the
seasonal tropical monsoon climate with a typical rainfall
period. Figure 4(a) shows the daily rainfall distributions
from May to October based on the measured data from the
meteorological monitor station in Mengla, and July-
September is considered as the concentrated rainfall period.
The daily rainfalls of July, August, and September are
presented in Figures 4(b)-4(c). The 22 days in July were
monitored as the effective rainy days, which means the daily
rainfall is more than 0 mm, and the max daily rainfall oc-
curred on July 14, 2016. The rainfall pattern is similar to the
single-peak type viewed from the whole month, as the
rainfall intensity increases first and then decreases. The daily
rainfall in August is shown to be more complex than that in
July. The effective rainy day is 24, and the maximum con-
tinuum rainy day is 10 from August 7 to August 16. There is
about nine days’ rainfall amount more than 15mm and the
distribution of rainfall is relatively scattered, which could be
classified as the wave-type rainfall. The daily rainfall in
September is much smaller than the one in July and August,
and there are only 14 effective rainy days. The differences in
the daily rainfall in each rainfall event are not significant.
Therefore, the rainfall pattern of September could be con-
sidered as the uniform type. The effect of the rainfall pattern
on the seepage and stress field of the completed slope is
discussed based on the real historic data of July, August, and
September in 2016. From the discussions about the daily
rainfall above, the rainfall patterns of July, August, and
September could be considered as the three types of rainfall
pattern: single-peak, wave, and uniform type, respectively.

3. Data and Method

3.1. Materials and Tests. Preliminary exploration results in
Figure 3(b) show that the thickness of the 4.5m reddish-
brown silty clay layer is distributed on the surface of the
slope, and the strongly weathered silty mudstone, softening
argillaceous mudstone, and bedrock are found from the
surface to the bottom. The grading characteristic curve of the
collected samples of the strongly weathered silty mudstone is
shown in Figure 5. The maximum diameter is about 10 mm,
and the material is mainly composed of the fine grain (sand
and silt) (80%) and gravel (20%). The natural moisture
content was obtained through the field moisture test as 7.3%,
and the saturated moisture content was 22.01% based on the
laboratory results. In order to avoid the scale effect and
boundary effect of the gravel particle on the accuracy of
mechanical laboratory test results, the large-scale triaxial
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FiGure 1: Surface of the highway slope along XiaoMo highway in Yunnan Province.
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FIGURE 2: Site location of the XiaoMo highway.
apparatus was selected to obtain the shear strength pa-  groundwater level in the long term. The water softening
rameters. The results are shown in Table 1. effect changes the mudstone into soft plastic soil mixed with

rock clasts. The geology exploration borehole results show
that the softening argillaceous mudstone layer contains
3.2. Parameter Back Analysis. Figure 3(b) shows that thereis  several rock fragments for large scale. Therefore, the argil-
a layer of argillaceous mudstone which was below the  laceous mudstone samples collected from the field may not
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FIGURE 3: The (a) planar graph; and (b) cross-sectional profile of the studied slope.

cover the completed particle grading of the natural material
and the limitations of the mechanical laboratory tests of the
material with large-scale particles should be noted.

In order to obtain the more accurate shear strength
parameters of this layer, the parameter back analysis was
performed. The back analyses with test data, monitoring
data, and field observations have played an important role in
geotechnical techniques and the accuracy has been proved
by several researchers [42-44]. Recently, spatial variability of
the soil properties has been taken into account in the
probabilistic back analyses to improve the facticity of the

results. The parameter back analysis in this study is per-
formed based on several groups of parameter trial calcu-
lations due to the limited monitoring data. In this paper,
laboratory test results of strongly weathered silty mudstone
were used as the initial values of the geomaterial parameters.
Considering the water softening effect and excavation dis-
turbance on the mudstone under the groundwater level, the
strength parameters of the argillaceous mudstone were re-
duced. According to the relationship between the factor of
safety of the potential sliding surface and the development
stage of the landslide based on field observation, the suitable
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TaBLE 1: Material parameters.
. Dry density EffeCt.l ve E.E?Ct Saturatf:si Saturated water Bffective E- Poisson’s
Material (g/em’) cohesion friction permeability content (%) modulus ratio
8 (kPa) angle (°) coefficient (m/d) ? (MPa)
Silty clay 1.8 26 20 0.03 33.4 18 0.27
Strongly weathered 2.1 24.5 215 0.8 220 328 0.26
silty mudstone
Softening
argillaceous 2.0 21.5 19.4 0.08 25.2 558 0.26
mudstone
Bedrock 2.45 200 35 8.64e—-3 7.5 970 0.25
Tension crack — — — 35.8 le-3 le-3 0.49

shear strength of the softening argillaceous mudstone could
be determined after several trial calculations. The results are
shown in Table 1.

3.3. Methodology. Slope stability analysis of the red bed
slope in this study is performed utilizing the GeoStudio
software and the models of SIGMA, SEEP/W, and SLOPE/W

are coupled to assess the slope stability during the rainfall.
During the rainfall, the variation in pore water pressure
changes the geomaterial inside the slope by physical,
chemical, and mechanical effects, which leads to the change
in the stress field. At the same time, the varying stress
distribution changes the void’s structure and permeability of
the material. Therefore, the interaction between seepage and
stress in the soil and rock system is noteworthy in analyzing



the rainfall-induced landslide mechanisms. Sometimes, in-
stead of solving two sets of equations at the same time in the
coupled analysis, it is numerically advantageous to solve
the SEEP/W transient flow equations first and then use the
results in the coupled equations as known hydraulic
boundary conditions. The results of the coupled and
uncoupled analysis are similar, and the uncoupled analysis
shows great advantages in the complex calculation condi-
tions. For the simulation under rainfall, the results of the
steady seepage are applied in the SEEP/W for the transient
seepage and the pore water pressure was reentered into
SIGMA model for the coupled stress-pore water pressure
analysis.

The stress distribution in the traditional limit equilib-
rium method may not represent the actual stress field due to
the limitations of the inherent concepts and assumptions.
The relationship between stress and strain has to be added to
the stability analysis to overcome the limitations. In this
study, the stress distributions of the slope during the whole
rainfall process were calculated first in the SIGMA model,
and the factor of safety was obtained based on the stresses
using the SLOPE/W model. The factor of safety determined
based on the finite element stress-based method is calculated
as the ratio of the sum of the total available shear stress
resistance to the sum of the mobilized shear along the entire
length of the slip surface. The soil system in the unsaturated
state has three phases, soil phase, liquid phase, and gas phase,
and only one single stress variable might not be appropriate
for its explanation. In this paper, the unsaturated shear
strength equation by extended Mohr-Coulomb criterion is
utilized as follows [45]:

= +(0-u,)tang’ + (u, —u,)tan ¢’ (1)

where 7 is the shear strength at failure; ¢’ is the effective
cohesion; o—u,, is the effective normal stress on the plane at
failure; u,—u,, is the matric suction, as the negative pore
water pressure, and ¢’ is the effective angle of internal
friction; u, is the air pressure; ¢ is the effective friction angle
related to matric suction. According to equation (1), matric
suction (negative pore water pressure) variation due to
rainfall infiltration has an important impact on the strength
of unsaturated material. Therefore, the unsaturated slope
stability usually shows a dynamic trend during the rainfall
due to the various water content and pore water pressure.

4. Modeling

A generalization model for the red bed slope was completed
based on the borehole results and geologic section as shown
in Figure 6. The slope model is approximately 103.6 m in
height and 220 m in width. The global element size is 1.0 m,
and the entire profile is divided into 11861 nodes and 11707
quadrilateral-triangular elements. Based on the laboratory
test and back analysis results, the mechanical parameters of
the geomaterial inside the slope are given in Table 1.
Compared with the saturated seepage analysis, the water
content and permeability coefficient changing with the pore
water pressure are the particular functions in the
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unsaturated seepage calculation. The soil-water character-
istic curve (SWCC) is a key function to describe the rela-
tionship between pore water pressure and water content.
Although many researchers have obtained the SWCC
through laboratory tests, there is a large limitation in the
determination range and the measurement process requires
time. The SEEP model in GeoStudio software provides
available methods to build the volumetric water content
function based on the grain size, saturated water content,
and material property.

The permeability of the unsaturated geomaterial shows a
close relationship with the pore water pressure, and the flow
of water becomes much easier following the suction decrease
because of the increased area and decreased tortuosity in the
water phase. The hydraulic conductivity function obtained
from the laboratory measurements often takes a very long
time due to the low conductivity values that can be present in
the saturated soil. The diameter of the clastic mudstone in
the strongly weathered mudstone makes demands on the
size of the test apparatus. Therefore, we use the model
provided by SEEP to predict unsaturated hydraulic con-
ductivity function with the saturated permeability measured
through the tests. Figure 7 presents the SWCC and per-
meability coefficient curves of all the geomaterials inside the
slope for the unsaturated calculation.

A large number of studies have attempted to simulate the
preexisting cracks and one of the common methods is to
determine the special crack element as the empty or solid
element, which is convenient to analyze the crack propa-
gation with known depth and position [46-48]. In this study,
a major crack was observed as the landslide occurs after
excavation with 0.35 m width and 3 m depth according to the
geological survey. The position and geometric sizes are
applicable in numerical simulation, and the cracking slope
model is shown in Figure 6. The crack is set as a rectangular
region with a mesh size of 0.1 m. The crack is easy to be filled
with water during the actual rainfall process, especially in the
concentrated and strong rainstorm. In this study, the top
interface of the crack region is considered in the saturated
state during the effective rainy days to analyze the impact of
the extreme rainfall situation on the slope stability.

The discussions about the crack are concentrated on the
influence of the crack with anisotropic permeability on the
slope stability. The permeability coeflicient ratio is intro-
duced to describe the anisotropic hydraulic conductivity of a
crack, and it is expressed by

k

n= k. (2)

where 7 is the permeability ratio; k. and k, are the saturated
hydraulic conductivities of the crack in the normal and
tangential directions, respectively. The saturated perme-
ability coefficient in the normal direction of the crack is
shown in Table 1, and three permeability ratios (y=0.1, 1,
and 10) of the crack are considered. The permeability ratio of
0.1 means that the saturated tangential permeability is
smaller than the one in the normal direction, which rep-
resents that the crack is still filled with rock clasts and
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downward infiltration is blocked. The permeability ratio of
1.0 can be considered as a special case where the saturated
permeability of the crack is isotropic. This case is suitable to
describe that the filling inside the crack is residual soil or
other homogeneous materials. The permeability ratio of 10
means that the saturated tangential permeability coeflicient
is considerable, which can be supposed to the situation
where there are no fillings inside the crack and the rainfall
could reach the bottom of the crack in a short time since the
rainfall starts.

For the seepage analysis, the initial groundwater table is
set according to the information on the cross-sectional
profile of the slope. The downward vertical influx is on the
slope surface based on the rainfall statistics above. Surface
runoft is permitted when the developed pore water pressure

on the surface gets to a positive value. An automatically
adjusted time-step increment is selected for attaining
convergence.

5. Results and Discussion

5.1. Effect of Rainfall Patterns on the Slope Stability without
Crack. Figure 8 shows the pore water pressure contour and
plastic zone distribution of the slope without the crack (the
completed slope) before rainfall. The potential sliding sur-
face of the slope without crack before the rainfall could be
found in Figure 8(a), and the factor of safety is 1.076. In the
numerical analyses, the geomaterials inside the slope are
considered as the homogeneous and continuous medium to
increase the accuracy and convenience of the numerical
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FIGURE 8: (a) Pore water pressure contour; (b) plastic zone distribution of the completed slope before rainfall.

calculation. The potential sliding surface is obtained after
several times of iterations and the shape is shown in
Figure 8(a) as a circular arc sliding surface. According to the
Specifications for Design of Highway Subgrades (JTG D30-
2004), the range of the factor of safety of the potential sliding
surface in the slope in the critical stable state is set as 1.0~1.1.
The value of the factor of safety of the potential sliding
surface based on the numerical calculation is close to 1.0,
which means that the state of the red bed slope is close to the
limit equilibrium state according to the specification. Due to
a lack of the monitor data of slope deformation, the slope
stability state is considered to be used to testify the results of
the numerical simulations based on the mechanical pa-
rameters obtained from laboratory tests. According to the
field observations, the slope failure has occurred after ex-
cavation and the tension crack was observed in the middle
part of the slope, which is in agreement with the critical state
in the numerical result.

The plastic zone distribution is shown in Figure 8(b),
which shows that the middle and back regions of the
softening argillaceous mudstone have been into the yield
stage under the initial condition, caused by the low strength
parameters under the long-term water softening effect.
Besides, the weathered silty mudstone near the bottom of the
excavation region has been covered with the plastic zone,
which is attributed to the uploading and stress redistribution
inside the slope due to the excavation. The position of the
potential sliding surface in Figure 8(a) almost covers the
middle part of the plastic zone in the layer of the argillaceous
mudstone, which means that the soft interlayer has a
controlling effect on the destruction region and form of the
slope.

The effect of rainfall patterns on the slope seepage is
discussed based on the pore water pressure distributions of
the monitor points in segment 1, which are located near the
entry of the potential sliding surface in the shallow region of

the slope. Figure 9 shows the pore water pressure distri-
butions of the points at different heights during the rainfall
duration. In order to make the variations much clearer, the
data points with an obvious increase compared with the
initial state (+=0d) were marked as the hollow points.
The results in Figure 9 show that the pore water pressure of
the points of which the height is higher than 81.975 m shows
the response to the rainfall, and the response laws of the pore
water pressure of the monitor points located on the surface
(H=84.975m) are similar to the daily rainfall variations.
Take the pore water pressure of the slope under the wave-
type (in August) rainfall in Figure 9(b) as an example. The
pore water pressure of the point at 84.975m (marked as
the black hollow square) presents two obvious increases on
the 3rd, 5th, and 14th days and several small waves could
also be observed, which is in agreement with the daily
rainfall variation in August. The pore water pressure of the
point at the surface under three rainfall patterns increases to
a stable status after a period of rainfall. The whole rainfall in
August is about 389.2mm, which is much larger than
187.4 mm in July and 153.2 mm in September. Therefore, the
final value of pore water pressure in Figure 9(b) is near
—26.67 kPa, while the final values at the end of July and
September in Figures 9(a) and 9(c) are near —38 kPa. The
variations of the points located at 81.975 m-83.975 m inside
the slope all present the different degrees of increase after
rainfall subjected to the various rainfall patterns. The value
of pore water pressure of the point at 83.975m presents an
obvious increase from -250kPa to -25kPa after 22 d wave-
type rainfall, while the values of the point at the same height
keep increasing during the whole rainfall process under the
single-peak and uniform type of rainfall in July and Sep-
tember. The shortest response time of the pore water
pressure of the point with the height of 81.975 m appears in
Figure 9(b) among the three rainfall patterns, which is at-
tributed to the largest rainfall in early August. In contrast,



Advances in Civil Engineering

g o WA;

MMM IAMMAMMMAI00Y,: ndAMMMAMAMALA T
- A AAX VW

R R v VWV

(((GeesSSesy

Pore water pressure (kPa)

0 4 8 12 16 20 24 28 32
Rainfall duration (d)
—o— H=84.975m

—o— H=83975m
—4— H=282975m

—v— H=81975m
—— H=79.975m
—<— H=77975m

(a)

50
-100

-150

11

|

v

(=] (=)
1 n 1

-150 A

|
[\
(=}
[=}
1

Pore water pressure (kPa)

0 4 8 12 16 20 24 28 32
Rainfall duration (d)
—o— H=84.975m

—o— H=283.975m
—— H=82975m

—v— H=81975m
—— H=79975m
< H=77975m

-200

SUPREI NP

Pore water pressure (kPa)

»)
7
AR SAMMAMAAA000915,%,%"

0 4 8 12

16 20 24 28 32

Rainfall duration (d)

—o— H=84975m
—o— H=283.975m
—— H=82975m

(c)

—v— H=81975m
—— H=79975m
—<— H=77975m

FIGURE 9: Pore water pressure distribution of monitor points in the slope under the rainfall pattern of (a) single-peak; (b) wave; (c) uniform.

the response time of the point with the same height in July
and September is the 23rd and 26th days, respectively. At the
end of the rainfall pattern, the increase of the pore water
pressure in September is slight, which means that the wetting
front just moves to this height.

Figure 10 shows the plastic zone distributions and pore
water pressure contour of the slope after rainfall under
different rainfall patterns. Compared with the plastic zone
distribution of the slope before rainfall in Figure 8(b),
shallow regions of silty clay have been in the yield status in
Figure 10. Besides, the linear plastic zones are observed
under the excavation stages and the largest plastic zone
appears in Figure 10(b). The reason for the added plastic
zone is given as the decrease of the shear strength due to the
increase of pore water pressure. Therefore, the position of
the plastic zones inside the slope has a close relationship with

the pore water pressure variation area according to the pore
water pressure contour. The plastic zones in the strongly
weathered silty mudstone region in Figures 10(b) and 10(c)
have already connected to the ones in the silty clay region,
and several small transient saturated zones could also be
observed inside the plastic zone. The comparison of pore
water pressure contours of the slope under different rainfall
patterns reveals that the more rainfall leads to a larger pore
water pressure increase and higher fluctuation in the
groundwater level. The rainfall amount in July and Sep-
tember is close, but the increase of groundwater level in
Figure 10(c) is much larger than that in Figure 10(a), which
could be explained by the strong rainfall that occurred at the
end of September.

In order to reveal the influence of rainfall patterns on the
slope stability, Figure 11 presents the variations of the factor
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Figure 10: Continued.
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FIGURE 11: Factor of safety of the potential sliding surface of the slope subjected to different rainfall patterns.

of safety of the potential sliding surface of the slope during
the rainfall process subjected to different rainfall patterns.
The results show that the largest decrease in the factor of
safety of the potential sliding surface is observed as 0.023
after 31-day wave-type of rainfall utilizing the data in Au-
gust, while the decrease of the factor of safety after the other
two rainfall patterns is 0.012 and 0.0145, respectively. Be-
sides, the decreasing trend of the factor of safety is related to
the rainfall intensity. The higher the rainfall intensity is, the
faster decrease velocity of the value is. In the first 7 days
(marked as the yellow region in Figure 11), the rainfall
intensity of the wave-type is the largest, while the ones in the
uniform and single-peak type are all smaller than 15 mm/d.
Therefore, the only curve for the slope subjected to wave-

type rainfall shows an obvious decrease, while the variations
in the factor of safety of the other two curves are similar.
During the middle stage of the rainfall process (marked as
the green region), especially for t=14d, the high rainfall
intensities are observed in July and August. A fast decrease
could be found in the curve of the slope subjected to single-
peak and uniform type of rainfall in the period of
t=13d~16d. In the final part of the rainfall, there is a rainfall
event on September 24 to 28 with two days’ rainfall intensity
being much larger than 15mm/d. Therefore, the factor of
safety at the end of rainfall in September shows a sudden
decrease. The pore water pressure contours in Figure 10
show that the influence of rainfall on the slope stability is
concentrated on the pore water pressure variation area near
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the excavation face and the fluctuation of the groundwater
level. The comparisons of the seepage field in the slope under
different rainfall patterns reveal that the rainfall amount and
intensity distribution have an impact on the distribution of
pore water pressure and plastic zone. According to the
unsaturated strength theory, the increase in pore water
pressure would lead to a decrease in effective stress and shear
strength. Therefore, the stability of the slope subjected to the
wave-type rainfall (August) is the most sensitive to the
rainfall. Although the rainfall in July is a little larger than that
in September, the uniform type of rainfall shows a greater
threat to the slope stability.

5.2. Effect of Anisotropic Permeability of Crack on the Slope
Stability. According to the field observation, there was an
obvious crack in the shallow silty clay region due to exca-
vation, which was located at a horizontal distance of about
92 m from the final stage of the excavation. Considering the
influence of fillings inside the crack on the permeability
anisotropy, three types of anisotropic permeability were set
as the permeability ratios of 0.1, 1.0, and 10. To present the
pore water pressure variations in the slope with different
degrees of anisotropic permeability subjected to the wave-
type rainfall, several monitor points are set in segment 2
located below the crack at the height of 61.825 m as shown in
Figure 6. The results in Figure 12 show that the values of pore
water pressure of the points of which the horizontal ordinate
is in the range of 168-172m at the same height have in-
creased to 0 kPa after 5-10 days’ rainfall, while the values of
the points outside the range increase continually during the
whole rainfall. The anisotropic degree in the permeability of
the crack has an obvious influence on the variation range
and speed of the pore water pressure. According to the
variation range, the range of horizontal ordinate of the
monitor points with pore water pressure variation during
the rainfall is divided into two parts as region A and region
B. Region A covers the horizontal range of the monitor
points whose pore water pressure has already reached the
stable value close to 0 kPa after 15 d rainfall. Region B covers
the horizontal range of the monitor points whose pore water
pressure shows continuous increase during the whole
rainfall process. The comparison among three pore water
pressure distributions in Figure 12 shows that the smallest
width of region A appears in the cracking slope with the
permeability ratio of 0.1 (Figure 12(a)), which means that the
variation range of pore water pressure in the slope with
n=0.1 is the smallest under the same rainfall pattern. The
largest width of pore water pressure variation region (the
sum of regions A and B) is observed in the cracking slope
with a permeability coefficient ratio of 10.0 beginning from
x=165m to 176 m. After 3.5-3.6d rainfall, one monitor
point located in region A in the cracking slope with per-
meability ratio of 1.0 and 10 has increased from —105.52 kPa
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to 2.44 kPa, which means that the rainfall infiltration from
the crack has already moved to this depth. The similar
situation in the slope with permeability ratio of 0.1 costs
more time: the pore water pressure of the points located in
region A increased above 0 kPa after 5.4 d rainfall. Only in
the slope with isotropic crack (permeability ratio of 1.0) are
the widths of the two parts of region B equal and sym-
metrically located on both sides of region A.

The pore water pressure contour of the cracking slope
after rainfall in Figure 13 shows that the pore water pressure
variation area is located primarily below the crack region
and the excavation region. The cracking slope with a per-
meability ratio of 10.0 covers the maximum pore water
pressure area and the highest rise of the groundwater level.
Figure 13 reveals that a lower permeability ratio leads to the
bias of the infiltration towards the normal direction and a
lower infiltration velocity in the tangential direction, which
also results in a lower total saturated permeability coefficient
based on the given saturated permeability in the normal
direction. Therefore, the rainfall infiltration from the an-
isotropic crack with a permeability ratio of 0.1 shows a
tendency towards the horizontal direction rather than the
tangential direction of the crack in the other two slopes. As a
result, the response of the pore water pressure of the monitor
points in the left part of region B is the lowest and smallest in
the cracking slope with the permeability ratio of 0.1 among
three cracking cases.

The distributions of the plastic zone are similar in the
cracking slope with the permeability ratios of 0.1, 1.0, and 10.
The plastic zone and potential sliding surface of the cracking
slope with the permeability ratio of 1.0 after rainfall are
presented in Figure 14 as an example. Compared with the
plastic zone in the completed slope after the same rainfall, as
shown in Figure 10(b), there is an obvious ascending region
near the groundwater level below the crack region, which is
close to the left boundary of the pore water pressure vari-
ation area in the contour.

The locations of the potential sliding surfaces in three
types of cracking slope are also shown in Figure 15. Due to
the similarities in the plastic zone distribution in the
cracking slope with different anisotropic permeabilities, the
position and shape of the potential sliding surfaces in three
cases are also alike, and the higher height in the groundwater
level in the slices is observed in Figures 15(b) and 15(c). To
present the influence of crack on the potential sliding
surface, the pore water pressure of the mid-point of the slice
base of three types of the slope was collected during the
rainfall. According to the various characteristics of the
pore water pressure along the potential sliding surface in
Figure 15, the potential sliding body is divided into three
regions: the rainfall infiltration influence region, the
groundwater level influence region, and the combined effect
region. The rainfall infiltration influence region could be
turther divided into the crack infiltration and surface
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FIGURE 12: Pore water pressure distribution of the cracking slope with an anisotropic degree of permeability as (a) 0.1; (b) 1.0; (c) 10.

infiltration. The pore water pressure of the points located in
the rainfall infiltration influence region first shows an in-
crease after 3 d rainfall, which is only caused by the rainfall
infiltration. The pore water pressure in the groundwater level
influence region starts to increase in the middle-final part of
the rainfall, and the range of the horizontal ordinates of the
points in this region is within x=110-170 m. Compared
with the potential sliding surface position, this region is

located in the groundwater level fluctuation region. The
rainfall moves from the crack to the toe of the slope con-
tinually under gravity and matric suction, which costs a little
time. Therefore, the response of the pore water pressure in
this region is a little slower than the one in the rainfall
infiltration region. The combined effect region is located
near the toe of the slope, where the rainfall infiltration and
groundwater level fluctuation both influence the pore water
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Figure 13: Continued.
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FIGURE 13: Pore water pressure contour of the cracking slope with permeability ratio as (a) 0.1; (b)1.0; (c) 10 after rainfall.
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FIGURE 14: Plastic zone distribution of the cracking slope with permeability ratio as 1.0 after rainfall.

pressure. The differences in the pore water pressure in the
cracking slope with different permeability ratios are not
significant, which could be explained by the same rainfall
condition in three calculation cases.

Figure 16 presents the values of the factor of safety of the
potential sliding surface of the completed slope and cracking
slope with various permeability ratios. The results show that,
under the same rainfall condition, the difference in the

decrease in the factor of safety between the completed and
cracking slopes is notable, which demonstrates the direct
effect of the crack on the slope stability. The decreases in the
factor of safety of the cracking slope increase from 0.055 to
0.076 during the rainfall as the permeability ratio increases.
The discussions about the seepage field features above reveal
that a higher permeability ratio means a greater tangential
permeability coefficient, which plays an important role in
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accelerating rainfall movement to the groundwater level and
pore water pressure increase. The variations in the seepage
field have a negative effect on the effective stress and shear
strength, which leads to a reduction in the slope stability
directly.

6. Conclusions

It is significant to understand the stability and failure
mechanism of the red bed slope subjected to rainfall to
utilize effective measures to avoid their occurrence. In this
study, a typical red bed slope in Yunnan, China, is selected to

analyze the red bed slope stability and seepage field distri-
bution during the rainfall process. The effects of actual
rainfall patterns and the crack on the seepage and stability of
the slope are discussed in the paper. The results show that the
pore water pressure variation region is concentrated in the
shallow region of the completed slope during the rainfall.
The plastic zone distribution is closely related to the pore
water pressure variation area, and the greater rainfall is, the
larger the plastic zone is. The decrease rate of the factor of
safety of the potential sliding surface of the completed slope
coincides with the rainfall intensity, and the largest rainfall
amount in August induced the smallest factor of safety.
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Although the rainfall amounts in July and September are
similar, the slope under the uniform type of rainfall is more
prone to damage due to the strong rainfall intensity at the
end of the process. The impact of the crack on the seepage
field and slope stability is obvious and noticeable, which
provides the preferential channels for rainwater. The an-
isotropic permeability coefficients of crack have various
impacts on the distribution of pore water pressure inside the
slope: the increase of tangential permeability accelerates
tangential infiltration rate and leads to a greater increasing
area of pore water pressure. Therefore, the slope with a
higher tangential permeability crack is more vulnerable
under the same rainfall duration.
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