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Loess landslides induced by rainfall and traffic load are significant hazards during the
construction and operation of highways in many loess-covered areas. Studies of the
deformation and stability of loess slopes with seepage fissures are limited. In the study, a
case study of the Yangpoyao loess slope with seepage fissures in China’s Loess Plateau
was conducted to reveal the deformation development mechanism and assess the
landslide hazards of such fissured loess slopes. First, the hydraulic-mechanical
properties of the Q2 loess were investigated through experiments, and the
mathematical expressions of the relationships between various mechanical parameters
and water content were fitted, indicating that the mechanical parameters, such as
cohesion, angle of internal friction, and deformation modulus, vary in a quasi-linear
manner with the water content. Then, a new numerical method was proposed to
simulate the mechanical behaviours of the loess considering its water sensitivity and
transverse isotropy, where the water sensitivity was considered through the
implementation of the mathematical expressions of the hydraulic-mechanical
relationships, and the transverse isotropy was considered by the modified constitutive
model that combined the logics of transversely elastic model and a ubiquitous-joint model.
Finally, the deformation development mechanism of the fissured loess slope under rainfall
and traffic load was revealed by using the proposed method. The roles of the rainfall and
traffic load in the fissure propagation and deformation development process of the slope
were explored, and some stabilisation measures are recommended for the prevention of
its failure. The proposed method and findings arising therefrommay provide references for
future studies of the stability and landslide hazard assessment of fissured loess slopes.

Keywords: fissured loess slope, hydraulic-mechanical property, seepage fissure, deformation development
mechanism, stabilisation treatment, landslide hazard

Edited by:
Min Wang,

Los Alamos National Laboratory
(DOE), United States

Reviewed by:
Chao Deng,

Central South University, China
Wen Xin,

Chang’an University, China

*Correspondence:
Xianlun Leng

xlleng@whrsm.ac.cn

†These authors have contributed
equally to this work and share first

authorship

Specialty section:
This article was submitted to
Geohazards and Georisks,

a section of the journal
Frontiers in Earth Science

Received: 01 September 2021
Accepted: 20 September 2021

Published: 05 October 2021

Citation:
Leng X, Wang C, Zhang J, Sheng Q,
Cao S and Chen J (2021) Deformation
Development Mechanism in a Loess

Slope With Seepage Fissures
Subjected to Rainfall and Traffic Load.

Front. Earth Sci. 9:769257.
doi: 10.3389/feart.2021.769257

Frontiers in Earth Science | www.frontiersin.org October 2021 | Volume 9 | Article 7692571

ORIGINAL RESEARCH
published: 05 October 2021

doi: 10.3389/feart.2021.769257

http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2021.769257&domain=pdf&date_stamp=2021-10-05
https://www.frontiersin.org/articles/10.3389/feart.2021.769257/full
https://www.frontiersin.org/articles/10.3389/feart.2021.769257/full
https://www.frontiersin.org/articles/10.3389/feart.2021.769257/full
https://www.frontiersin.org/articles/10.3389/feart.2021.769257/full
http://creativecommons.org/licenses/by/4.0/
mailto:xlleng@whrsm.ac.cn
https://doi.org/10.3389/feart.2021.769257
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2021.769257


INTRODUCTION

Loess covers 6.31 × 105 km2 of China and is widely distributed in
several provinces Xinjiang, Ningxia, Gansu, Shaanxi, and Shanxi
of the country (Derbyshire, 2001; Liu, 2002). The instability of
loess slopes is one of the major causes of disasters in the loess-
covered areas, especially in the Loess Plateau with an area of
3.17 × 105 km2, posing a serious threat to the safety of the lives
and property of the people there (Derbyshire, 2001; Zhang and Li,
2011; Zhuang et al., 2018; Juang et al., 2019). The loess has high
void ratios and well-developed vertical joints (Zhang et al., 1988;
Derbyshire et al., 1998), featuring a remarkably collapsibility and
transverse isotropy (Jiang et al., 2014; Xu and Coop, 2016). As
such distinctive soil structure facilitate water infiltration, it is very
common to see seepage fissures on loess slopes (Jin et al., 2012;
Krzeminska et al., 2013; Pu et al., 2020; Chang et al., 2021).

These fissures destroy the integrity of a slope, resulting in
increased rainfall infiltration and a gradual reduction in the
strength of the soil (Jin et al., 2012; Wang J. et al., 2018).
Also, the fissures lead to stress concentration and large
deformation in the slope body, resulting in slope instability
(Wang et al., 2017; Wang J. et al., 2019). Previous studies on
rainfall-induced landslides of fissured loess slopes have generally
discovered that the failure process of the slopes can be divided
into three stages: water infiltration, fissure-deformation
development, and sliding (Wang et al., 2017; Zhuang et al.,
2018), where the fissure-deformation development stage is of
most importance in the formation of loess landslides (Jin et al.,
2012; Wang J. et al., 2018; Chen et al., 2018).

Various physical model experiments have been conducted to
reveal the fissure-deformation development process of loess
slopes with fissures subjected to rainfall or human activities.
For example, Wu et al. (2017) and Zhang et al. (2019)
conducted flume experiments to study dynamic behaviours of
a loess slope subject to rainfall and found a relationship between
the slope stability and the rainfall infiltration. Sun et al. (2019)
undertook different model experiments to assess the effects of
rainfall patterns on the process of the deformation and failure of
fissured loess slopes. Zhang S. et al. (2020) conducted a centrifuge
model test of a loess slope and revealed the landslide process
induced by excavation. Chen et al. (2018) observed three stages of
a rainfall-induced loess landslide from an in-situ experiment
involving artificial rainfall. Wang J. et al. (2018) analysed the
failure modes of loess-filled fissured slopes based on the
combination of field survey, in-situ monitoring, and laboratory
testing. These physical model experiments have restored the
destruction of fissured loess slope to a certain extent; however,
they suffer numerous drawbacks due to the small simulation scale
and high cost of materials.

To overcome the shortcomings of physical model
experiments, numerical analysis was conducted to examine the
deformation processes in fissured loess slopes. Through the
employment of seepage-stress coupling via finite element
analysis, researchers investigated the deformation and sliding
mechanism of a fissured loess slope subjected to rainfall and
excavation (Wang et al., 2014; Li et al., 2020), rainfall and earthquakes
(Carey et al., 2017; Wang et al., 2020; Pu et al., 2021), and upon

variation of prevailing hydraulic conditions (Hou et al., 2018).
Moreover, other numerical methods were used to explore this
problem. For example, Zhou et al. (2014a) proposed a moving
boundary algorithm for mechanical-hydraulic coupled analysis
and used it to investigate the failure mechanism of a loess slope
along cracks caused by infiltration of water. Chang et al. (2021)
simulated the failure process of fissured loess slope under rainfall and
earthquake load via the PFC3D discrete element software.

As can be seen from the physical model experiments and
numerical analysis above, triggering factors including rainfall,
earthquakes, and human activities, intensify the fissure-
deformation development process in loess slopes (Zhang and
Li, 2011). Among the triggers of loess landslides, rainfall and
traffic load emerge as the most important on China’s Loess
Plateau (Derbyshire, 2001; Tu et al., 2009; Zhang and Li, 2011;
Juang et al., 2019) where many important highways have been
built upon implementation of the Western Development Drive in
China in recent years. Therefore, a good understanding of the
deformation development mechanism of fissured loess slope
under rainfall and traffic load is of engineering concern in the
loess-rich area. Moreover, previous studies are insufficient in
terms of the analytical methods: most of the studies (Tu et al.,
2009; Jin et al., 2012; Wang et al., 2014; Carey et al., 2017; Li et al.,
2020; Wang et al., 2020; Pu et al., 2021) were based on the theory
of unsaturated soil mechanics (Bishop et al., 1961) to ascertain the
effects of water infiltration on loess slopes, while ignoring the two
most important properties of the loess, the collapsibility (water
sensitivity) (Zhou et al., 2014b; Garakani et al., 2015) and
transverse isotropy (Jiang et al., 2014; Wen and Yan, 2014; Xu
and Coop, 2016).

In the study, a typical loess slope of the highway engineering
on China’s Loess Plateau, the Yangpoyao loess slope with a
seepage fissure, was taken as a case study. The hydraulic-
mechanical properties of the loess were obtained by
experiment. A new numerical method was used to simulate
the fissure-deformation development process of the slope
under rainfall and traffic load by considering the collapsibility
and transverse isotropy of the loess; the simulated results were
verified by in-situ monitoring data. Based on the analysis of the
simulation and field monitoring results, some stabilisation
treatments are recommended for the prevention of fissured
loess slope failure.

OVERVIEW OF THE YANGPOYAO SLOPE

The Yangpoyao slope is located in Ganquan County, Yan’an City,
Shaanxi Province, China. The slope is a typical loess slope along
Huang-Yan Highway (from Huangling to Yan’an) through the
centre of China’s Loess Plateau (Figures 1A,B). The total length
of the slope is about 100 m, and its cross-section is shown in
Figure 1C. The slope is filled with a typical loessQeol

2 found across
the Chinese Loess Plateau. The reinforce measure suggested for
the slope is a gravity retaining wall (Figure 2C). In the
construction of the highway, the trailing edge of the slope was
cut to improve the stability of the slope. At the start of the cutting
process, the highway had already been put into use and a
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temporary road was built for the earthmoving machinery. Both
the highway (with six lanes) and temporary road (with two lanes)
were limited to a maximum load of 10.5 kN/m per lane (with
reference to the Chinese Highway Engineering Code). The slope
was intact without any fissures at the beginning of construction:
however, under the action of vehicle load for months and
infiltration from several rainfall events, a fissure with a length
of about 40 m, a width of about 0.15 m, and a depth of about
0.7 m developed on the slope (Figures 1D,E).

The climate of the slope site is arid or semi-arid with an annual
rainfall amount of about 550 mm. The distribution of annual
rainfall is concentrated seasonally, about 70% of which occurs in
the rainy season between June and September (Figure 1F). The
maximum monthly rainfall amount appears in July or August,
accounting for about 40% of the annual rainfall amount.
Furthermore, the maximum daily rainfall with an average
amount of 50 mm/day usually occurs in July or August. The

concentrated rainfall creates the conditions for the formation of
seepage fissures on the loess slope.

Monitoring work (Figure 1D) was immediately carried out on
the slope when the seepage fissure appeared. The data (Figure 2)
were monitored from 25 November to December 30, 2016,
including the rise of the underground water table (associated
with rainfall infiltration), the total horizontal deformation and the
daily horizontal deformation of the slope. As illustrated in
Figure 2, the monitored process of the changes in the depth
of water table and the deformation of the slope can be divided into
three periods according to their growth trends, which indicates
that the rise of the water table is related to the increase in
deformation (Xu et al., 2014); however, it also shows that the
deformation increment does not explicitly vary with the water
table in each period, suggesting that the deformation increment is
not completely controlled by the rising water table (Mirus et al.,
2018). The change in the water table is just one of the key factors

FIGURE 1 |Overview of the Yangpoyao slope: (A,B) location of the site, (C) cross-section of the slope, (D,E) a fissure on the slope and (F) statistical distribution of
monthly average rainfall.
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influencing the deformation and other factors, such as the traffic
load on the highway and temporary haul road, also contribute to
the deformation. Therefore, it is necessary to study the hydraulic-
mechanical response of the slope under the action of rainfall
infiltration and traffic load to reveal the fissure-deformation
development mechanism of this loess slope with its seepage
fissure.

SIMULATION METHOD FOR THE LOESS
SLOPE WITH A SEEPAGE FISSURE

Consideration of Water Sensitivity of Loess
Loess is extremely sensitive to water and its strength reduces
rapidly upon wetting (Xing et al., 2016; Yan et al., 2018). Research
has revealed that water sensitivity of loess is manifest by the
collapse of the original soil structures and the decrease in the
shear strength and stiffness after encountering water (Feda, 1988;
Zhou et al., 2014b; Garakani et al., 2015); however, in terms of
loess landslides, previous studies (Tu et al., 2009; Jin et al., 2012;

Wang et al., 2014; Carey et al., 2017; Li et al., 2020; Wang et al.,
2020; Pu et al., 2021) usually evaluated stability of a loess slope by
using the general theory of unsaturated soil mechanics, such as
the Bishop’s shear strength formula (Bishop et al., 1961) which
considers pore-water and pore-air pressure in soils but does not
consider the water sensitivity of mechanical parameters of the
loess (Xu L. et al., 2018; Xu Y. et al., 2018). This analysis method
usually overestimates the slope stability due to neglecting the
water sensitivity of loess, therefore, loess slopes should consider
not only the effects of rainfall infiltration on the increase of the
pore water pressure but also the variations in the mechanical
parameters with increasing water content.

To demonstrate such specific hydraulic-mechanical
characteristics of loess in slope stability analysis, especially for
loess slopes with seepage fissures under the action of rainfall
infiltration and traffic load, a new simulationmethod is proposed,
as shown in Figure 3.

First, the hydraulic conductivity curve and soil-water
characteristic curve of the loess are experimentally derived,
and the unsaturated steady seepage theory is used to inversely
calculate the initial water content and initial pore water pressure
of the slope based on the pore water pressure and the water table
as measured on-site.

Second, the water content increment field of the slope under
rainfall is calculated based on the fields of water content before
and after infiltration, and then the mechanical parameter fields,
such as the distributions of cohesion, angle of internal friction,
deformation modulus, and unit weight, are fitted based on the
measured hydraulic-mechanical properties of the loess and the
distribution of the increment in water content.

Finally, a constitutive model suitable for the loess (presented in
Consideration of Transverse Isotropy of Loess ) is adopted to
conduct mechanical analysis of the slope based on the pore water
pressure and fitted mechanical parameters of the slope. The
fissure-deformation development mechanism of the slope is
revealed by analysing the calculated results, and the slope
stability is evaluated.

It is noted that this method is an equivalent method of
mechanical parameters to consider the water sensitivity of
loess. The changes in mechanical parameters of the loess after
encountering water, such as the decrease in strength and stiffness
and the increase in unit weight, are fully considered in the
method, but the collapse of the soil structure and the change
in volume are not involved.

Consideration of Transverse Isotropy of
Loess
Soil structures are the inherent determinants of the strength and
stiffness of the soils, especially for loess (Jiang et al., 2014; Wen
and Yan, 2014; Xu and Coop, 2016). Figure 4A depicts the Qeol

2
loess collected at the study site, which exhibits transverse isotropy
due to the layered structures and micro-cracks in the soil. The
loess is equivalent to the mechanical model due to this transverse
isotropy as shown in Figure 4B. In the equivalent model, x’, y’,
and z’ are the local coordinates, where the x’ and y’-axes are in
the plane of the layer and the z’-axis is normal to it. The strength

FIGURE 2 | Monitoring data of the slope: (A) depth of water table, (B)
daily displacement, and (C) total displacement.
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and stiffness of the soil are isotropic in the layer plane (in either
the x’ or y’-direction) (Jiang et al., 2014; Luo et al., 2018).

The Anisotropic-Elasticity Ubiquitous-Joint Model in Flac3D

(Itasca Consulting Group, 2018) was modified to simulate the

transversely isotropic strength and stiffness of the loess. The
modified model integrates the logic of the transversely elastic
model (which is used to simulate the transverse isotropy of the
deformation of the loess) with that of the ubiquitous-joint model

FIGURE 3 | Method for slope stability analysis considering water sensitivity.

FIGURE 4 | Structural characteristics of the loess: (A) loess sampled at the study site and (B) generalised model of the structure of the loess.
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(which is employed to simulate the yield of the loess in a specific
direction, i.e., the anisotropic strength of the loess). In calculation
using the model, the elastic stress and strain of the elements are
first calculated by the transversely elastic model (i.e., elastically
trial calculation). Then, the plastic elements are determined based
on the elastic stress and the yield function, and accordingly, the
stress is corrected based on the distribution of the plastic
elements. Followed by the stress correction, the strain of the
plastic elements is corrected using the plastic flow rules to
determine the incremental plastic strains. The main
modification of this model is the stress and strain correction
in the x′, y′, and z′-directions.

The Mohr-Coulomb strength criterion is employed to judge
the yield elements and correct the stress, and then the associated
or non-associated plastic flow rule is accordingly used for the
strain correction. Let τi be defined as the magnitude of the
tangential traction component in i′ direction
(i, j, k ∈ {x, y, z}), then we obtain

τi �
��������
σ2
i′j′ + σ2

i′k′

√
(1)

where σ i′j′ is stress component of the j′-direction in the plane
normal to the i′-direction. Let ci be the strain variable associated
with τi, then

ci �
��������
ε2
i′j′ + ε2

i′k′

√
(2)

where εi′j′ is the elastic strain component of the j′-direction in the
plane normal to the i′-direction. For shear failure in the
i′-direction, the failure criterion fs

i has the following form

fs
i � τ + σ i′i′tanϕi − ci (3)

where ϕi and ci are the angle of internal friction and cohesion in
the i′-direction, respectively. For tension failure in the
i′-direction, the failure criterion ft

i has the following form

ft
i � σ i′i′ − σt

i (4)

where σti denotes the tensile strength in the i′-direction. The
potential functions, gs and gt, are used to define the shear plastic
flow and the tensile plastic flow, respectively. The function gs

corresponding to a non-associated law has the following form

gs
i � τ + σ i′i′tanψi (5)

where ψi is the angle of dilation in the i′−direction. The function
gt corresponding to the associated law is

gt
i � σ i′i′ (6)

It is noteworthy that the main modification of the Anisotropic-
Elasticity Ubiquitous-Joint Model involves the yield judgment
and stress correction in the x′, y′, and z′-directions based on the
structural characteristics of the loess. The transversely elastic
calculation method and the forms of the failure criteria and
potential functions are still consistent with the existing model.
Similar modification has been made for jointed rock mass and the
rationality of such modification has been verified (Wang and
Huang, 2014; Leng et al., 2021), so, the verification of the model

modification is not presented here due to the existing similar
verification having been published previously.

HYDRAULIC-MECHANICAL PROPERTIES
OF Q2 LOESS
Unsaturated Hydraulic Characteristics of
the Loess
The undisturbed Q2 loess collected from the Yangpoyao loess
slope is brown yellow, hard, and dense, with layered structures
and micro-cracks in the soil (Figure 4A). The physical
properties were listed in Table 1. The main particle
components of the loess are silt particles: the proportion of
the loess particles with a diameter larger than 0.05 mm is 12.9%,
the proportion of those from 0.005 to 0.05 mm is 71.5%, and the
proportion of those smaller than 0.005 mm is 15.6%. The liquid
limit and plastic limit of the soil are 31.4 and 16.7%, respectively.
The unit weight of the loess varies with the water content. In the
natural state, the lowest water content of the loess is about 14%,
and the corresponding unit weight is 1.52 g/cm3; the saturated
water content is about 30%, and the corresponding unit weight
is 1.73 g/cm3. The relationship between the water content and
the bulk unit weight is roughly linear:

c � 1. 33 + 1. 33w (7)

where c and w are the bulk unit weight and water content of the
loess, respectively.

To measure the hydraulic characteristics of the loess, the tests
of soil-water characteristic curve were conducted using a
volumetric pressure plate apparatus under pressures of 10, 50,
100, 200, 300, 500, 750, 850, and 1,000 kPa. The test data are
shown in Figure 5A. Generally, the soil-water characteristic curve
can be described by some models, such as van Genuchten
function (van Genuchten, 1980), Fredlund-Xing function
(Fredlund and Xing, 1994), and modified Kovacs function
(Aubertin et al., 2003). In the present study, as the main
particle components of the loess are silt particles, the
Fredlund-Xing function (Eq. 8) is used to fit the soil-water
characteristic curve, and the fitted function is displayed in Eq. 9.

θw � C(φ) θSat{ln[(e + φ/a)n]}m (8)

θw � 0. 48

{ln[(e + φ/10. 65)15.18]}0.209 (9)

where C(φ) is a correlation function, θw is the volumetric water
content, θSat denotes the saturated volumetric water content, φ is
matrix suction (equal to the negative pore water pressure), and
parameters a, n, and m represent the fitting parameters that
control the shape of the volumetric water content function. θw
can be converted to water content w by equation w �
θw/(1. 5 + θw) × 100% where 1.5 is the bulk unit weight of the
dry loess.

The hydraulic conductivity curves can be fitted based on the
existing models, such as the van Genuchten model (van
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Genuchten, 1980) and Fredlund-Xing-Huang model (Fredlund
et al., 1994). In the study, Fredlund-Xing-Huang model (Eq.
10) is used to fit the hydraulic conductivity function based on
the water-soil characteristic curve function and the soil
properties, such as the saturated hydraulic conductivity, and
saturated and residual water contents. The fitted hydraulic
conductivity curve obtained by using the estimation
techniques of Seep/W (part of the Geostudio suite) is
demonstrated in Figure 5B.

Kw(θw) � Ksat ∫θw

θres

θw − x

φ2(x) dx/∫
θsat

θres

θsat − x

φ2(x) dx (10)

where Ksat is the saturated hydraulic conductivity, and x
represents a dummy variable of integration representing the
water content.

Mechanical Properties of the Loess
Considering Water Sensitivity
Hydraulic-mechanical characteristics and their mathematical
expressions in the loess are necessary for the seepage-stress
coupling simulation of the slope under rainfall and traffic
load. Previous studies revealed some hydraulic-mechanical
characteristics of loess, including the variation in the matric
suction, shear strength and stiffness with the water content
(van Genuchten, 1980; Fredlund et al., 1994; Aubertin et al.,
2003; Haeri et al., 2014; Wang W. et al., 2018; Xu Y. et al., 2018;
Liang et al., 2018). However, these studies rarely propose
mathematical expressions of the variation in the mechanical
parameters with the water content, so, it is difficult to apply
the results to numerical simulation in any direct sense.

These mathematical expressions were further studied by using
direct shear tests. The tests were conducted using the direct shear
apparatus at a horizontal (shear) speed of 0.8 mm/min under the
condition of the vertical stresses of 100, 200, 300, and 400 kPa,
respectively. Six groups of the remoulded samples with the water
contents of 14 (initial water content), 16, 18, 20, 22, and 24%,
respectively, were prepared for the direct shear tests. The
relationships between the shear stress and shear deformation
of the samples with varying water contents tested under the
vertical stress of 100 kPa (those at 200, 300, and 400 kPa had
similar patterns and are not given) were revealed, as illustrated in
Figure 6A.

The mechanical parameters, including the cohesion
(Figure 6B), angle of internal friction (Figure 6C), and
deformation modulus (Figure 6D), were obtained based on
the results of the direct shear tests. The fitted functions of the
variation in the mechanical parameters with the water content
increment are shown in Eqs. 10–13, where c is the cohesion
(kPa), Δw is the change in water content (%), ϕ is the angle of
internal friction (°), and Em denotes the deformation
modulus (MPa).

c � 80 − 689Δw (11)

ϕ � 28 − 92Δw (12)

Em � 19. 3 − 57. 4Δw (13)

It is noted that due to the limitations imposed by the prevailing
conditions at the study site, it is difficult to obtain undisturbed Q2

loess samples with different water contents, such that remoulded
samples with a 14–24% water content were formed in the
laboratory. According to related studies (Wang Y. et al., 2019;
Chang et al., 2021), the difference in mechanical parameters
between the undisturbed loess and remoulded samples
gradually decreases with an increasing water content and is
acceptable when the water content is 14–24%. As the

TABLE 1 | Physical properties of the loess.

Dry density/
g/cm3

Porosity/% Liquid limit/% Plastic limit/% Plasticity index Mass ratio of each grain group (mm)/%

>0.05 0.05–0.005 <0.005

1.33 50.2 31.4 16.7 14.8 11.9 71.5 16.6

FIGURE 5 | Soil-water characteristic curve (A) and hydraulic
conductivity curve (B) of the loess.
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remoulded samples lose their structural characteristics compared
with the undisturbed loess, it is necessary to convert the
mechanical parameters of remoulded loess into those of
undisturbed loess. Based on the transformation method
proposed in previous studies (Jiang et al., 2014; Zhang L.
et al., 2020; Liu et al., 2020), the strength and stiffness
parameters of undisturbed loess is about 1.05 times that of
remoulded loess in the isotropic plane and 0.9 times that of
remoulded loess out of the isotropic plane. In general, this
relatively small difference between the remoulded loess and
undisturbed loess does not affect our investigation of the
deformation development and destabilisation mechanism of
fissured loess slopes.

SIMULATION OF THE YANGPOYAO SLOPE

Settings for the Seepage and Mechanical
Simulation
The seepage boundary conditions are set as shown in Figure 7A
based on the water table revealed in the site investigation and the
rainfall conditions over the study area. In the seepage model, the
boundary conditions at the bottom and on the highway are
impervious boundaries with zero water flux (WF), those on

the left and right sides below the water table are constant
pore-water head (PWH) boundaries, those on the left and
right sides above the water table are water unit gradient
(WUG) boundaries and that on the upper surface is a water-
infiltration boundary with a water flux (WF) of 50 mm/d (the
seepage lasts for 1 day). To simulate the fissure development
process, the depth of the fissure is set to 0, 0.5, 1.0, and 1.5 m,
respectively. The boundary condition at the fissure is pore-water
pressure head varying with the depth of the fissure. The saturated/
unsaturated seepage theory is used in seepage calculations, and
the material parameters, including the soil-water characteristic
curve and hydraulic conductivity curve, are assigned to the model
according to the fitted results (Unsaturated Hydraulic
Characteristics of the Loess).

The mechanical boundary conditions are set as shown in
Figure 7B. In the mechanical model, the horizontal
displacements of the left and right boundaries and the vertical
displacement of the bottom boundary are fixed. The boundary
conditions of the highway (with six lanes) and temporary road
(with two lanes) are stress boundaries with a normal stress
thereon of 10.5 kN/m (per unit width out of the plane of
analysis) per lane. Other boundary conditions of the model,
including the slope surface and the fissure with varying depth,
are free (stress boundary with zero stress). Moreover, the pore

FIGURE 6 | Variations of shear stress-shear stress curves (A), cohesion (B), angle of internal friction (C) and deformation modulus (D) of the loess with the water
content.
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water pressure distribution is applied to the model based on the
calculation results of the seepage. The modified constitutive
model in Consideration of Transverse Isotropy of Loess is used
for the mechanical calculation, and the material parameters,

including the cohesion, friction, deformation modulus, and
bulk unit weight of the loess, are fitted based on the seepage
results and assigned to the model, as shown in Settings for the
Seepage-Coupled Stability Simulation.

FIGURE 7 | Boundary conditions for seepage calculation (A) and mechanical calculation (B).

FIGURE 8 | Fields of the pore-water pressure before (A) and after (B) rainfall infiltration; fields of the water content before (C) and after (D) rainfall infiltration; and the
fitted fields of the cohesion, angle of internal friction and deformation modulus (E).
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FIGURE 9 | Fissure-deformation development process of the slope under rainfall and traffic load: initial stage (A), micro-crack penetration stage (B), fissure
propagation stage (C) and sliding surface formation stage (D).
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Settings for the Seepage-Coupled Stability
Simulation
Figures 8A–D show the results of the seepage calculation on the
slope with a 1.5-meter-deep fissure. It can be seen from the figures
that the water content and pore-water pressure on the slope
surface, especially at the fissure, have increased significantly after
infiltration (Jin et al., 2012; Zhou et al., 2014a; Chang et al., 2021).
The seepage results are used for the mechanical analysis of the
slope by the method proposed in Consideration of Water
Sensitivity of Loess and the steps are as described below.

Firstly, the pore-water pressure field after rainfall infiltration
(Figure 8B) is directly applied to the mechanical calculation
model of the slope.

Secondly, the water content increment can be obtained by
subtracting the water content field before (Figure 8C) from that
after (Figure 8D) water infiltration. The mechanical parameter
fields (Figure 8E), including those pertaining to the cohesion,
angle of internal friction, and deformation modulus, can be
calculated via Eqs. 11–13 based on the water content
increment. A similar method is used to fit the bulk unit
weight field via Eq. 7 based on the water content distribution
after water infiltration (Figure 8D).

Finally, the fields pertaining to the cohesion, angle of internal
friction, deformation modulus, unit weight and pore-water
pressure are assigned to the mechanical model for slope
stability analysis.

SIMULATION RESULTS AND ANALYSIS OF
THE FISSURE-DEFORMATION
DEVELOPMENT MECHANISM OF
YANGPOYAO SLOPE

Fissure-deformation Development Process
Under Rainfall and Traffic Load
Previous studies (Ma et al., 2016; Tan et al., 2017) divided the
fissure-deformation development process of soil slopes under
internal and external actions into the trailing-edge tensile fissure
stage (initial deformation stage), side-edge shear fissure stage
(uniform deformation stage), leading-edge tensile fissure stage
(accelerated deformation stage), and fissure penetration stage
(sharp deformation stage); however, in terms of loess slopes with
seepage fissures, the fissure-deformation development process is
different.

Figure 9 illustrates the schematic diagrams of the shear
strength field, the distribution of the plastic zones and the
displacement counter at different fissure development stages of
the slope under rainfall and traffic load. The fissure-deformation
development process can be back-analysed based on the data
shown in Figure 9.

Initial stage (Figure 9A): there are no fissures on the slope at
this stage. The slope, with a depth of soil of only about 300 mm,
reaches a saturated state after rainfall infiltration (Wu et al., 2017;
Hou et al., 2018), which causes a minor reduction in the strength
and stiffness of the slope. The deformation of the slope under the
traffic load is small, and the slope remains stable.

Micro-crack penetration stage (Figure 9B): loess contains
many micro-cracks inherently, but these micro-cracks do not
penetrate in a natural state (Jiang et al., 2014; Wen and Yan, 2014;
Xu and Coop, 2016); however, under traffic load on the trailing-
edge of the slope, the middle part of the slope surface is subjected
to tensile stress, which contributes to the expansion and
penetration of the micro-cracks in the soil. Rainfall infiltration
reduces the strength of the soil within a certain depth of the slope
surface, promoting micro-crack penetration.

Fissure propagation stage (Figure 9C): after rainfall infiltrates
the soil along the penetrating micro-cracks, the strength and
stiffness of the slope are significantly reduced. The reduction of
the stiffness causes an increase in the deformation of the slope,
and that of the strength leads to an increase in the shear and
tensile failure on the slope surface. With the development of the
deformation and failure zone of the slope, the fissure developed
from the penetrating micro-cracks gradually propagates
downwards, with further increases in the depth, width, and
length of the fissure.

Sliding surface formation stage (Figure 9D): a sliding surface
is initially formed along the fissure under the continuous action of
rainfall and traffic load. The fissure becomes an express channel
for water infiltration under precipitation (Jin et al., 2012; Zhou
et al., 2014a; Chang et al., 2021). The seepage field near the fissure
is greatly affected so that the strength and stiffness of the soil are
correspondingly reduced, resulting in a failure zone expanding
around the fissure. Meanwhile, with propagation of the fissure,
the constraint of the slope near the fissure is gradually reduced,
and as a result, the slope becomes more prone to deforming under
traffic load. When the area of the failure zone and the magnitude
of the deformation reach a certain level, the slope sliding surface
gradually forms.

Deformation Development Process After
Stabilisation Treatment
The study of deformation development process of the slope after
stabilisation treatment is key to early warning and hazard
assessment of landslides (Tu et al., 2009; Springman et al.,
2013; Zhang et al., 2019). Previous studies found that the
slope deformation-sliding development process is mainly
divided into four stages: initial deformation, uniform
deformation, accelerated deformation, and sharp deformation
(sliding) (Tu et al., 2009; Xu L. et al., 2018; Chen et al., 2018; Sun
et al., 2019; Li et al., 2020). However, the deformation-
stabilisation development process for slopes with fissures after
stabilisation treatment under rainfall and traffic load is much less
frequently explored.

Figure 10 illustrates the monitored horizontal displacement of
the Yangpoyao slope and the rainfall over the study site. The
displacement was monitored using the deep borehole inclinometer
labelled in Figure 10A, and the rainfall was monitored by rain
gauges at the study site. The displacement was recorded from
January 1, 2017 to June 1, 2019 (the data recorded thereafter are not
presented since they are generally unchanged compared with those
recorded within the first few months of 2019). During the
monitoring period, two stabilisation measures were taken to
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prevent the fissure from further propagating. One of the treatments
was that the traffic load on the slope trailing-edge was removed
from February 2017, and the other was that a lawn was planted on
the slope surface in the spring (especially April) of 2017, which
restrained infiltration into the slope.

From the deep horizontal displacements in the middle of the
slope (Figure 10A), the displacements are large within the depth
range from 0 to 6 m and are small at the depth below 9 m. The
displacements change greatly within the depth range from 6 to
9 m, indicating that the depth of the potential sliding surface is
mainly within that range. On the other hand, the depth of the
potential sliding surface shown in the figure generally matches
that predicted in Figures 9C,D, which indicates that the
simulation in is reasonable.

From the monitored horizontal displacements of the slope
surface (Figure 10B), the slope deformation development process
can be divided into three stages: rapid deformation (from January
2017 to April 2017), slow deformation (from May 2017 to
November 2017), and stable deformation (from December
2017). There is a significant boundary between the rapid
deformation stage and the slow deformation stage, but the
boundary between the slow deformation stage and the stable
deformation stage is not obvious. The characteristics of each stage
are described below.

In the rapid deformation stage, the total horizontal
deformation of the slope increased from 0 to 400 mm in the
4 months from January 2017 to April 2017. The monthly
deformation increment was 80 mm in January 2017 and

FIGURE 10 | Distribution of horizontal deformation along the depth (A) and development of horizontal deformation on the surface (B) of the slope monitored by the
deep borehole inclinometer.
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increased to 150 mm in February 2017. To suppress the growing
deformation and improve the stability of the slope, the traffic load
on the trailing edge of the slope was removed in February 2017, as
a result of which the monthly deformation increment was
reduced to about 90 mm in March 2017. A lawn was planted
on the slope in March 2017, preventing infiltration, reducing the
monthly deformation increment in April 2017 to 10 mm.

In the slow deformation stage, the total horizontal
deformation of the slope increased from 400 to 440 mm with
a monthly deformation increment of 6 mm in the 7 months from
May 2017 to November 2017. The average rainfall amount in July
and August in 2017 reached 110 mm, but because the lawn
(planted in March 2017) had grown on the slope by this stage
and prevented rainfall from infiltrating into the slope along the
fissure, the rainfall scarcely affected the deformation.

In the stable deformation stage, the increment of the total
horizontal deformation of the slope within the 2 years (2018 and
2019) was about 30 mm. Since the deformation of the slope is very
slow, it can now be recognised as a stable slope without risk of
landslide.

Insights From the Stabilisation Treatment
Measures
Slope stabilisation treatments generally include reducing driving
forces, increasing resisting forces, or both (Chen and Liu, 2007;
Wang et al., 2014). Many effective techniques have been
developed to prevent landslides, such as the pile-anchor
combined structure, anchor-lattice beam combined structure
and micro-pile structure (Iverson et al., 2000; Chen and Liu,
2007; Tu et al., 2009; Wang et al., 2014; Tang et al., 2015);
however, these methods are not completely suitable for the
stabilisation treatments of loess slopes with seepage fissures
considering the efficiency and cost. Based on the analysis in
Fissure-deformation Development Process Under Rainfall and
Traffic Load and Deformation Development Process After
Stabilisation Treatment, some insights are obtained from the
stabilisation measures applied to the Yangpoyao slope.

1) The presence of fissures is one of the important internal
factors that affect the trend in deformation development
and the stability of loess slopes (Zhou et al., 2014a; Chang
et al., 2021). To avoid the development of further fissure-
deformation on fissured loess slopes, it is necessary to avoid
loading on the trailing edge which results in tensile stress on
the slope surfaces. The tensile stress on the slopes will cause
the existing micro-cracks in the loess to expand and penetrate,
resulting in the formation of fissures on the slopes. The
fissures act as channels for rainwater infiltration, greatly
weakening the loess and posing serious threats to the
stability of such slopes (Jin et al., 2012; Tang et al., 2015).
For the fissured slope in the present study, one of the
treatments used to avoid tensile stress zones occurring on
the slope surface is to avoid traffic load too close to the trailing
edge of the slope.

2) When a fissure already occurs on a loess slope (such as the
Yangpoyao slope in the present study), intervention should be

timeous to prevent rainwater from infiltrating through the
fissure. Rainwater infiltration into the interior of the slope will
greatly reduce the strength and stiffness of the loess, causing
larger deformation and plastic zones under the roadway.
Furthermore, the existing fissure propagates with greater
rainwater infiltration to the further detriment of the
stability, eventually resulting in a landslide. For the fissured
slope in the present study, one of the efficient and economical
treatments to prevent rainwater from infiltrating through the
fissure is to plant lawns on the slope.

3) The increasing deformation and decreasing stability of
fissured loess slopes are related to the rise of water table
and the increase in pore-water pressure (as shown in
Figure 2). For the fissured slopes after stabilisation
measures were implemented, monitoring of the
displacement and seepage field (including the depth of
groundwater table and pore-water pressure) should be
strengthened to ensure the long-term stability of the slope.

CONCLUSION

The fissure-deformation development process is an important
stage of the failure evolution process of loess slopes under rainfall
and traffic load, and understanding the mechanism of fissure-
deformation development is key to the hazard assessment and
prevention of slope failures. In the present study, a typical
highway slope on the Chinese Loess Plateau was taken as a
case study to investigate such mechanism. The hydraulic-
mechanical properties of the Q2 loess were studied through
experiments, and a new simulation method that considers the
water sensitivity and transverse isotropy of the loess was
proposed. The following conclusions can be drawn:

1) The Q2 loess exhibits strong water sensitivity, which is
reflected in the mechanical parameters exhibiting a high
correlation with the water content: the cohesion, angle of
internal friction, and deformation modulus vary in a quasi-
linear manner with the water content.

2) The water sensitivity and transverse isotropy of the loess can
be considered in numerical simulation using the proposed
method: the water sensitivity is considered by correlating the
mechanical parameter fields with the seepage field, and the
transverse isotropy is considered by using the enhanced model
which combines the logic of the transversely elastic model
with that of the ubiquitous-joint model.

3) The fissure-deformation development process of the loess
slope under rainfall and traffic load can be summarised
into three stages: micro-crack penetration, fissure
propagation, and sliding surface formation. Each stage is
affected by the combined effects of the rainfall and load,
where the role of the load is to create the stress conditions
necessary for fissure-deformation development, and that of
the rainfall infiltration is to reduce the strength and stiffness of
the slope soil.

4) Loess slopes should not be loaded close to their trailing edge to
prevent fissures from occurring on the slope surface, however,
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when a fissure already has developed on the slope, planting
lawn on the slopes is an effective and economical means of
preventing rainwater infiltration into the body of the slope.
The stabilisation process of fissured loess slopes after
treatment can be summarised as one involving three stages:
rapid deformation, slow deformation, and stable deformation;
the transition from the rapid deformation stage to the slow
deformation stage is a sign that the slope tends to be stable.
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