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Abstract

This study investigates water-induced weakening retrogressive landslides and proposes a stability evaluation method based
on the two-surface progressive failure mechanism. A new test device was designed to reproduce retrogressive landslides
by injecting water into the sliding zone soil from bottom to top, and the inclination angles of trailing edge fracture surfaces
and horizontal displacement were measured. Then, the calculated inclination angles were taken as slice types, which were
combined with the shear stress—shear displacement constitutive model and the shear displacement model of the sliding
surface to characterize the stability change caused by deformation development of slopes and define the quantitative rela-
tionship between horizontal displacement and safety factor. The model test reproduces the progressive formation process
of multistage sliding masses. Each sliding mass showed two failure surfaces, a bottom sliding surface and a trailing edge
fracture surface. The inclination angles of the trailing edge fracture surfaces were 66 ~90°. Moreover, the relative errors
between the theoretical and experimental inclinations were 1.33 ~9.09% for the model slope. For the actual landslide, the
relative errors (SM3 ~SM?7) between the theoretical and actual inclinations were 1.45~10.94%, and the relative errors of
SM1 and SM2 were larger because of large deformation, so the calculation of inclination angles was not suitable for slopes
with large deformation. The relative error of the total displacement was 2.33%. These tiny differences suggest that the theo-
retical approach is applicable. This theoretical method can infer the stability of landslide through macroscopic deformation
and drilling sampling.

Keywords Retrogressive landslide - Water-induced weakening - Two sliding surfaces - Inclination angle - Progressive
failure - Stability analysis

Introduction

Due to the influence of natural and human factors such as
rainfall, groundwater effect, engineering excavation, reser-
voir water level change, river erosion, water-induced weak-
ening, and earthquakes, landslide disasters frequently occur
around the world, and the types of landslides are complex
and diverse (Ding et al. 2012; Liu and Li 2015; Take et al.
2015; Xu et al. 2017a, b; Azarafza et al. 2021a, b; Graber
et al. 2021; Nanehkaran et al. 2021). Some of the slope bod-
ies are affected by erosion and artificial slope cutting at the
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leading edge, resulting in steep slope and instability. Cracks
are caused at the trailing edge. With the development of
deformation, the slope body at the rear of the trailing edge
deforms and loses instability, and new sliding occurs, result-
ing in traction sliding failure that gradually extends to the
rear of the slope from the foot of the slope, forming retro-
gressive landslides (Qi et al. 2018; Kennedy et al. 2021;
Shan et al. 2021).

Among the various factors inducing retrogressive land-
slides, rainfall (Alimohammadlou et al. 2014; Zhang et al.
2016; Pan et al. 2017; Li et al. 2020), reservoir level change
(Li et al. 2018; Liu et al. 2021), groundwater rise (Lv et al.
2019), irrigation (Lian et al. 2020; Graber et al. 2021),
and other factors will lead to the weakening of the slope,
forming a retrogressive landslide. Similar cases have been
reported many times (Oezdemir and Delikanli 2009; Huang
et al. 2018; Yin et al. 2020). Rainfall and reservoir-induced

@ Springer


http://orcid.org/0000-0001-8138-7937
http://crossmark.crossref.org/dialog/?doi=10.1007/s10064-022-02860-3&domain=pdf

382 Page2of21

Bulletin of Engineering Geology and the Environment (2022) 81: 382

Fig.1 A rainwater weakening-
induced retrogressive landslide
(Wang et al. 2021)

 ;

\

landslides accounted for most (Huang et al. 2020; Liu et al.
2021). Figures 1 and 2 show the retrogressive landslides
induced by rainfall and reservoir water, respectively. There-
fore, studying retrogressive landslides caused by water-
induced weakening is of great practical significance.

Figure 3 is a schematic diagram of rain, reservoir water,
groundwater, or irrigation water invading the sliding zone,
which leads to weakening by water saturation. The above
factors will lead to an increase in the water content of the
sliding zone soil at the low position to reach saturation,
resulting in an increase in pore water pressure, a decrease
in effective stress, and a continuous attenuation of shear

Fig.2 A reservoir water
weakening-induced retrogres-
sive landslide (Guo et al. 2020a)

(M t. Baijiashan

strength, which in turn leads to local failure of slope (Jiang
et al. 2014; Liao et al. 2021). With the constant expansion
of the water saturation weakening range of the sliding zone
soil, the whole landslide is finally unstable (Sun et al. 2021).

Water-induced weakening retrogressive landslides usu-
ally develop into multistage sliding masses and form multi-
stage trailing edge fracture surfaces (Kennedy et al. 2021),
as shown in Fig. 4. According to the field investigation,
there are usually two sliding surfaces in the landslide with
retrogressive sliding failure (Xu et al. 2014), which are the
bottom sliding surface that controls sliding and the trail-
ing edge fracture surface between the unstable sliding mass
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Fig.3 Representation of the
water infiltration path and
softening process of the sliding
zone soil
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and the rear slope. However, the failure paths of the bottom
sliding surface and the trailing edge fracture surface are dif-
ferent. The bottom sliding surface is usually a weak inter-
layer or soil—rock interface parallel to the sliding direction.
The trailing edge fracture surface is due to the continuous
decrease in the shear strength of the bottom sliding surface
caused by water infiltration, which leads to the formation
of the sliding masses inside the slope and the instability of
the sliding masses (Xu et al. 2014; Lian et al. 2020). This
failure process is called the two-surface progressive failure
mechanism in this study.

To the best of our knowledge, there is no study on the pro-
gressive failure mechanism and stability evaluation method
of two sliding surfaces of retrogressive landslides consid-
ering water-induced weakening. For the field investigation
of landslides, the characteristics and location of the bottom
sliding zone are primarily defined by drilling. Based on the
surface cracks, the boundary of the landslide and the inter-
face between the unstable masses are judged, but the spatial
form of the trailing edge cracks in the landslide is challeng-
ing to detect. In fact, the spatial distribution of the trail-
ing edge fracture surfaces largely determines the size of the
landslide and has an essential impact on the stability analysis
of the landslide. Therefore, it is necessary to decide on the
spatial distribution of the trailing edge fracture surfaces in
the slope, and there is no suitable method to resolve it. In
addition, field survey can directly obtain the deformation
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Fig.4 Multiple sliding masses and multiple scarps caused by water-
induced weakening retrogressive landslides. SM represents the slid-
ing mass
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information of the slope. If we can predict the stability of the
slope according to the macroscopic deformation and estab-
lish a connection between the degree of deformation and the
stability of the slope, it is of great significance for landslide
warning (Thiebes et al. 2014).

At present, there are many studies on slope stability anal-
ysis (Amini et al. 2017; Wang et al. 2019), such as the com-
bination of the limit equilibrium weakening coefficient and
numerical methods to determine the critical slip surface and
safety factor (Kainthola et al. 2013; Kumar et al. 2018), the
stability analysis of discontinuous slopes by the limit equi-
librium method (Thiebes et al. 2014), and the application of
key block theory (Azarafza et al. 2017, 2021a, b; Azarafza
and Zhu 2022). However, there are no links between the
stability analysis of retrogressive landslides and slope defor-
mation. Therefore, this paper conducts in-depth research on
how to quantitatively evaluate the stability of landslides.

The indoor model test is an essential means of study-
ing the stability of retrogressive landslides. Most previous
studies used rainfall or reservoir water soaking of slopes to
carry out experimental research, but these test methods were
difficult to infiltrate into the sliding zone in a relatively short
period of time. In most cases, erosion damage occurred on the
shallow slope, and the sliding zone soil had not yet reached
saturation (Regmi et al. 2014; Sun et al. 2018; Wu et al. 2015).
For the water-induced weakening retrogressive landslide,
the saturated sliding zone simulation is more consistent with
the instability mechanism than that of the slope body.

Based on the above considerations, this paper takes the
water-induced weakening retrogressive landslide as an
example and develops a test device that can simultaneously
stimulate the groundwater softening sliding zone and the
progressive failure process of landslides. Through the satu-
rated softening of the sliding zone in stages, the progressive
failure process of two-surface instability of retrogressive
landslides is understood. Based on summarizing the defor-
mation characteristics of model tests, the progressive failure
mechanical model of two sliding surfaces is established, and
a landslide stability analysis method based on the progres-
sive failure mechanism of two sliding surfaces (TSPFM) is
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proposed. The method can calculate the inclination angle of
the trailing edge fracture surface of the sliding mass as a new
type of block division. In addition, the shear stress—shear
displacement constitutive model and shear displacement
model are used to link the strain-softening characteristics
of sliding zone soil with the progressive failure of landslides.
A specific algorithm is proposed to realize the quantitative
relationship between the displacement of the sliding mass
and the safety factor. Finally, this paper illustrates how to
apply the TSPFM method in practical engineering and veri-
fies the applicability of this method by practical examples.

Model tests
Model test equipment

In this study, a model test device of the “sectional sliding surface
permeation method” is designed and developed to simulate the
progressive instability process of retrogressive landslides caused
by the sectional saturated weakening of sliding zone soil.

The model test device comprises a model box frame,
permeability system, water injection system, test system,
and high-speed photography acquisition system. The
size of the model box frame is 120 cm X 30 cm X 80 cm
(Iength x width X height). The box contains the sliding
body soil and sliding zone soil. The sliding bed is fixed,
as shown in Fig. 5. Transparent tempered glass is used as
the visual window on both sides of the model box. The

Fig.5 Model box framework
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transparent coordinate calibration paper (used for accu-
rate deformation positioning analysis) is set. Through the
video tracker and digital camera installed on the side of
the model box, we can observe the whole deformation
process of the landslide in real time. The sliding zone
permeation system is composed of 10 permeation boxes.
The size of the permeation box is 30 cm X 12 cm X2 cm,
which is made of a steel plate with a wall thickness of
1 mm. A bracket with a height of 1 cm is set inside the
permeation box, and the permeable stone is placed on the
bracket. The water injection pipe is drawn from the bottom
of the permeation box and connected to the water injection
container. The water control ball valve is installed on the
upper part of the water injection pipe to control the open-
ing and closing of water and adjust the flow rate. The per-
meability of the permeable stone is large, and the perme-
ability coefficient of the actual soil is as close as possible
through water pressure debugging and velocity control of
the water control ball valve before the test. At the begin-
ning of the test, the sliding zone soil and sliding body
soil filled the segmented sliding surface, and the water
was injected into the water injection container. Each water
injection pipe was adjusted to the same flow rate, and the
flow through the permeable stone uniformly infiltrated into
the sliding zone soil. The water content of the sliding zone
soil increased and softened the soil, resulting in landslide
instability. Three working conditions are designed to inject
water into different permeable boxes, simulating various
segmented sliding and progressive failure tests.

Model box

Water pipes

/
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Slope materials for model test

Clay soil landslides, as one of the six categories of land-
slides in China, are widely distributed. Generally, the slid-
ing surface of cohesive soil landslides is formed due to the
stress concentration at the slope toe and the softening by
immersion, which follows the progressive failure principle.
It is representative in the study of water-induced weakening
retrogressive landslides and is more in line with the experi-
mental principle of this paper. Therefore, this paper takes
cohesive soil landslides as the research object. The survey
found that the main components of clay landslides were clay
and sand, so quartz sand and bentonite were selected as test
materials in this study.

Sand (50 mesh quartz sand) and bentonite (600 mesh
ultrafine clay) were selected as the slope materials in the
model test (He et al. 2018; Zou et al. 2020), and the sliding
body soil and sliding zone soil (Li et al. 2018; Liu et al.
2020) were configured by adjusting the proportion of the
two materials. After many trials and adjustments, the final
proportions of sliding body soil and sliding zone soil are set
to 2:1 and 1:5 (the ratio of sand to soil), respectively.

To facilitate the test of the water-induced weakening
mechanism of landslides, a low initial moisture content is
adopted. The physical and mechanical parameters of sliding
body soil and sliding zone soil are shown in Table 1, where
7 is the natural weight, E is the compression modulus, c is
cohesion, and ¢ is the internal friction angle. The perme-
ability coefficient of the slope material is (3~5) x 1076 m/s,
which is enough to absorb all the infiltration water. Accord-
ing to the water content test results of sliding zone soil, the
cohesion and internal friction angle decrease with increasing
water content, as shown in Table 3.

Model test condition design and test
implementation

The model test is divided into three working conditions:
working condition 1 (permeation boxes 2 ~4), working con-
dition 2 (permeation boxes 5~ 7), and working condition 3
(permeation boxes 8 ~ 10). The permeation box is numbered
from the front shear outlet of the model box, and the order
is 1, 2, and 3... 10 from front to back. The specific size of
the model is shown in Fig. 6. According to multiple tests,
permeation box 1 at the foot of the slope is prone to erosion

Table 1 Physical parameters of the soils in the model slopes

Soil type w/% y/kN/m> c/kPa ¢@/°  EJ/MPa
Slope body soil 204 20.04 1375 25.14 8.15
Original sliding zone soil ~ 10.0 14.03 28.24 19.56 4.21

Softened sliding zone soil 30.0 17.23 368 995 1.19

Fig.6 The model slope consisting of a straight sliding zone and slope
body

damage and affects the testing result. Therefore, it is not
injected with water to avoid affecting the overall test effect.
In making the test model, the designed sliding zone is
fixed at the bottom of the model box, the permeable box is
laid on the pulley in turn, and the connection and the sur-
rounding boundary are sealed. Then, using thicknesses of
2 cm and 10 cm, the amount of sliding zone soil and slid-
ing body soil is calculated, respectively. The filling soil is
layered and compacted, and the design slope is obtained. To
reduce the friction between the slope and the glass on both
sides, the friction reducer is added to the contact area, which
significantly reduces the influence of side friction.

Test process and result analysis

During the test, water was injected into the permeable boxes
following the working conditions order. The sliding zone
soil was partially saturated and weakened, and the shear
strength was reduced. Then, the bottom sliding surface grad-
ually formed, and the local slope slipped. Subsequently, the
trailing edge fracture surface formed in the upper slope of
the unstable sliding zone. When the bottom sliding surface
and the trailing edge fracture surface are connected, the slid-
ing mass is unstable.

Figure 6 shows the original slope model, and the test is
divided into three stages. First, water is injected into working
condition 1 (permeable boxes 2 ~4), the first-grade sliding
zone soil is weakened after absorbing water, the bottom slid-
ing surface is gradually penetrated, the sliding body slides
locally, and the trailing edge fracture surface forms inside
the slope. When the bottom sliding surface and the trailing
edge fracture surface are penetrated, sliding mass 1 (SM1) is
completely unstable. Then, the following working conditions
were started, and water was injected in working condition 2
(permeable boxes 5 ~7) and working condition 3 (permeable
boxes 8 ~ 10) until the end of the working conditions. Cracks
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C,, C,, and C; shown in Fig. 7a-d are trailing edge cracks
formed with the instability of the sliding masses (SMs). Fig-
ure 8a-c show the sliding mass range formed by different
sliding zone instabilities.

To accurately describe the geometric shape of the trail-
ing edge crack inside the sliding body, the inclination angle
0 of the trailing edge fracture surface is used to represent
it, which is defined as the angle between the slope crack
point and the horizontal plane after connecting the end of
the unstable sliding zone. The inclination angles of the trail-
ing edge fracture surface of the SMs are 76°, 83°, and 72°,
respectively, as shown in Fig. 8d.

Figure 8e shows the deformation characteristics of the
slope after the instability of the sliding masses. Figure 8
shows that the unstable sliding zone has a good correlation
with the deformed slope, and the instability range of the
sliding zone directly affects the deformation area of the land-
slide. The range of slope deformation caused by the instabil-
ity of the first sliding zone is called SM1, and the range of
slope deformation caused by the instability of the other two
sliding zones is called SM2 and SM3. As the deformation of
the sliding mass intensifies, the internal stress of the sliding
mass is continuously adjusted, and the secondary sliding
mass is gradually formed.

The test results show that the unstable bottom sliding sur-
face correlates with the trailing edge fracture surface. Each
formation of a sliding mass corresponds to the appearance
of a set of bottom sliding surface and trailing edge fracture
surface. That is, in the process of deformation and instabil-
ity of retrogressive landslides, the sliding masses have two
failure surfaces, namely, the bottom sliding surface and the

trailing edge fracture surface, which are called two sliding
surfaces in this paper.

Stability analysis method for the progressive
failure of two sliding surfaces

Establishment of a mechanical model
for progressive failure of two sliding surfaces

The model test shows that the instability of the retrogres-
sive landslide is mainly manifested as the progressive failure
mechanism of two sliding surfaces. For ease of calculation, the
bottom sliding surface and the trailing edge fracture surface
are assumed to be planes, as shown in Fig. 10. There are many
cases of this assumption in actual landslides (Hu et al. 2015;
Guo et al. 2020a, b), the bottom sliding surface of such land-
slide is usually plane, and there is an obvious interface between
the upper soil layer and the base course, as shown in Fig. 9.

New method of strip partition
Difference from traditional limit equilibrium slice method

At present, the slope stability analysis method adopts the
limit equilibrium slice method (Huang 2013; Wu et al.
2019), and different types of division have a significant influ-
ence on the calculation accuracy. In fact, the forms of the
trailing edge fracture surfaces of sliding masses are differ-
ent, and they do not show a specific type. To a large extent,
the spatial distribution of the trailing edge fracture surface

Fig.7 Generation of 3 level
back scarps of the slope: a slope
after injection 1; b slope after
injection 2; ¢ slope after injec-
tion 3; and d front view of the
slope after injection 3
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Fig.8 Generation of 3 sliding masses of the slope: a SM1 (slope after injection 1); b SM2 (slope after injection 2); ¢ SM3 (slope after injection
3); d side view of the SMs; e front view of the SMs

determines the size of the landslide and has an important  landslides, and the inclination angle is used as a block parti-
impact on the stability analysis of the landslide. Therefore,  tion type for subsequent stability calculations.

this section presents a calculation method for the trailing For the traditional limit equilibrium analysis method
edge fracture surface inclination angle of retrogressive  (Spencer 1967; Sarma 1973), there are usually two
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Fig. 9 Geological profile of the Xierguazi landslide (Guo et al. 2020b)

assumptions: the first is that all parts of the failure surface
have the same safety factor; the second is that when the pre-
set sliding surface reaches the minimum safety factor, the
whole landslide is all unstable. In fact, for the water-induced
weakening retrogressive landslides, the formation of two
sliding surfaces of the same sliding mass has an apparent
order. The safety factors of the two sliding surfaces are not
the same. First, due to the water saturation weakening of
the bottom sliding surface, the shear strength decreases, and
local damage occurs until the sliding surface is penetrated.
As the sliding mass slips, the rear edge fracture surface grad-
ually forms. Therefore, in the stability calculation method of
this paper, the two sliding surfaces are set to have different
safety factors.

Fig. 10 Calculation model of
retrogressive landslides

The trailing edge surfaces

Bottom sliding surfaces

Y
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Inclination angle of trailing edge fracture surface
and minimum safety factor

First, based on the Mohr—Coulomb strength criterion,
the safety factor of the sliding surface is defined as the
ratio of the entire anti-sliding force and the total sliding
force. The shear strength of the sliding zone soil on the
bottom sliding surface decreases gradually due to satura-
tion weakening until the safety factor is reduced to 1. In
this process, the safety factor of the trailing edge fracture
surface is also gradually reduced, but it is still greater
than 1. Only when the safety factor of the trailing edge
fracture surface is reduced to 1 is the sliding mass com-
pletely unstable.
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To verify the correctness of the calculation method, the
test model in the “Test process and result analysis™ section
is selected for calculation, and the calculated soil parameters
are the test parameters of the instability time of the bottom
sliding zone soil in the model test. It is worth noting that
when the bottom sliding zone is completely unstable, the
trailing edge fracture surface still has partial shear strength,
and the safety factor is greater than 1. At this time, the defor-
mation sliding mass is in the near instability state. The incli-
nation angle of the trailing edge fracture surface is the critical
inclination angle of the final failure surface. Then, with the
increase in the water content of the sliding zone soil, the
sliding force increases, and the sliding mass is completely
unstable. In fact, in the process of bottom sliding surface
failure, there are multiple potential trailing edges, and only
the trailing edge corresponding to the minimum safety factor
is most likely to be damaged. Therefore, the inclination angle
obtained by defining the minimum safety factor is the inclina-
tion angle of the trailing edge fracture surface. The surface
where the inclination angle is located is regarded as the strip
partition interface. In the “Calculation of the new segmen-
tation method” section, the inclination angle of the trailing
edge fracture surface corresponding to the minimum safety
factor is examined by establishing the objective function.

Calculation of the new segmentation method

Figure 10 shows the landslide calculation model, where W; is
the weight of sliding mass i; &V, is the positive pressure acting
on the sliding surface of sliding mass i; 7; is the shear force
acting on the sliding surface of sliding mass i; E;_; and E; are
the positive pressures acting on the left and right sides of slid-
ing mass i, respectively; X;_, and X; are the shear forces acting
on the left and right sides of sliding mass i, respectively; /; is
the sliding surface length of sliding mass i; /;” is the length of
the trailing edge fracture surface of sliding mass i; ¢; is the
inclination angle of the bottom sliding surface of sliding mass
i; and @,_, and 6, are the inclination angles of the trailing edge
fracture surfaces of sliding masses i — 1 and i, respectively.
In this calculation model, according to the limit equilibrium
condition of sliding masses and Mohr—Coulomb strength fail-
ure criterion, the equilibrium equation of any sliding mass i
is established.

Assuming that the sliding mass i has a safety factor Fj,
the bottom sliding surface BB, satisfies the limit equilibrium
condition:

- ¢+ l;+N;-tan ((pz,») )
[ F.

1

After the sliding of the bottom sliding surface BB, the
trailing edge fracture surface B,C, is formed, and B,C; is
a tensile-shear failure surface (the crack depth caused by
tensile failure is small, which is ignored). Then, there are:

Xi =Cpit l: + E,' - tan (qomi) (2)

Under the limit state, sliding mass BB,C, satisfies static
equilibrium, and the equilibrium equation in the horizontal
direction is:

T;-cos (a;) —N; - sin (;) +X; - cos (6;) —E; - sin (6,) = 0
3)

The equilibrium equation in the vertical direction is:

T; - sin (a,-) + N; - cos (a,-) +X; - sin (6’,-) +E; - cos (HL-) -W=0

“

In the above formula, c; is the cohesion of the bottom

sliding surface of sliding mass i, ¢_; is the internal friction

angle of the bottom sliding surface of sliding mass i, and c,),

and ¢,,; are the cohesion and the internal friction angle of the

trailing edge fracture surface of sliding mass i, respectively.

Since the sliding mass BB C, is in the limit equilibrium,

it meets the torque balance simultaneously. For the B, point,
there are:

Nily—E; -l +W; -1 =0 5)

where Ij;, [y;, and [; are the force arms of E;, N;, and W,,
respectively, as determined by the geometry in Fig. 10. The
safety factor F; can be obtained by combining the above
formulas. When the safety factor F; is the smallest, the cor-
responding trailing edge fracture angle 6, is obtained.

To simplify the calculation results:

a=cosa,b=cosf,c=sina,d =sinf,e=tang,f

=tan@,,, m =l n= Il

The expression of the safety factor of sliding mass i is:

| 2abcefmW + 2abdefn W + 2dc?efmW + 2d>cefnW + 3m3bcfcZ - 3m3aa"fmcZ + 2bc*emW + 2bcdenW — 3bcecmn2
—2acdemW — 2aed* nW + 3adecmn2 - 3m3abczm - 3cdczm3 — 2cefnW — 2defmW — 2bemnW — aenW — 3c_mn

F. =

Q)

l <2ad2an — 2bdcfaW + 2adcfmW — 2bfmW + 2d*cnW + 2abdnW + 2dc®m — 3dcc,n® + 2abcmW>

—3abc,,n® — 3mbfW + 2bfmW — 2afuW + 3mdW — 2dmW — 2dmW — 3me,,n + cnW
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Fig. 11 Sliding shear displace-
ment vector diagram

Note that Formula (6) is derived on the assumption that
the inclination angle @ of trailing edge fracture surface is
known. For a specific landslide, the derivative of Eq. (8) to
can be obtained. When the derivative is 0, F; is obtained, but
the derivative calculation is too complex. Considering the
actual failure characteristics of the retrogressive landslide,
this paper assumes that each 6 value is in the maximum
search range and calculates the safety factors corresponding
to different @ values, where the inclination angle correspond-
ing to the minimum safety factor is calculated.

Study on the shear stress—shear displacement
constitutive model of the sliding surface

The stress—strain model of the sliding zone directly reflects
the development process and evolution characteristics of
landslides. The joint constitutive model proposed by Lu
overcomes the defects of the traditional ideal elastoplastic
model (Lu et al. 2015; Lu 2015) and can describe the whole
process characteristics of strain-softening materials under
different normal stresses. Wang et al. (2018) extended the
above model to fit the relationship between shear stress and
shear displacement, as shown in Eq. (7):

T =Gs[1 +6"/s|° (7

In the formula, 7 and § are the shear stress and shear dis-
placement, respectively. G is the initial slope of the shear
stress—shear displacement curve of sliding zone soil; m, s,
and ¢ are constant coefficients varying with normal stress;
the unit of 7 is Pa, kPa, or MPa; the unit of 4 is m or mm; and
m, s, and £ are nondimensional parameters.

This model has the following properties:

1. The peak shear displacement 6, is:

8pear = V=s/(1 + m&) (8)

The corresponding peak stress 7,,,4 is:

et = GX/=s/ (L + mE[1 = 1/(1 + m&)|° )

@ Springer

2. Under a specific normal stress state, the peak stress of
the model is equal to the critical state shear stress cal-
culated by the Mohr—Coulomb failure criterion. That is,
the peak stress can also be expressed as:

Tpeak = €+ 0, tan @ (10)

3. sis a parameter related to the normal stress of the slid-
ing surface, which can be calculated by the following
formula:

. _(c,,+an tan(p)2 28
G? 1+ 2¢

—2¢
> (1425 (D

4. £ is the parameter describing the softening characteris-
tics of soil, which is related to the features of the mate-
rial itself. When £= —0.5, it can be used to describe
the ideal elastoplastic material; when £=0, it represents
the ideal elastic material; when —0.5 < £ <0, the char-
acteristics of strain hardening materials are described;
and when—1< &< —0.5, it is used to characterize the
attributes of strain-softening materials.

Shear displacement model distributed
along the sliding surface

To consider the influence of displacement factors, the dis-
placement coordination equation of the bottom sliding sur-
face is introduced to characterize the shear displacement
relationship between adjacent sliding masses. Consider the
following assumptions: (1) assuming that only small defor-
mation occurs on the slope; (2) the compression deforma-
tion inside the strip block and the separation and overlap in
the slip process are not considered; (3) shear slip is consid-
ered in the sliding surface shear displacement of all sliding
masses; and (4) considering the dilatancy characteristics, the
shear displacement relationship between the sliding mass i
and sliding mass i — 1 are shown in Figs. 10 and 11:

According to the displacement relationship shown in
Fig. 12 and the trigonometric function, we can obtain:
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Fig. 12 Displacement coordination between adjacent slices

6; = 6,_cos(a,_, — 2y ) [cosQy — a;) (12)

where 0, and §;_, are the slip surface shear displacements
of sliding masses i and i — 1, y is the dilatancy angle, and a;
and a;_, are the bottom inclination angles of sliding masses
iandi—1.

Accordingly, the shear displacement formulas of other slid-
ing masses represented by the horizontal displacement of sliding
mass i can be obtained, as shown in Formulas (13) and (14):

8; = 6op(a;) (13)

() = 1 cos (a; — 2y)
7 cos (o —y) cos (2y — ;)

(14)

In the formula, , is the horizontal displacement of sliding
mass 1, and p(a,) is the displacement coordination coefficient
between adjacent sliding masses.

Stability analysis of two-surface progressive failure
(TSPFM)

This section is based on improving the previous limit equilib-
rium analysis method. (1) A new strip partition type is adopted,
and the bottom sliding surface and the trailing edge fracture
surface of the sliding mass have different safety factors. (2)
Combined with the sliding surface 7-6 constitutive model and
shear displacement model, the strain-softening characteristics
of sliding zone soil are connected with the progressive failure
process of retrogressive landslides, and a specific algorithm is
proposed to characterize the quantitative relationship between
the horizontal displacement and safety factor.

Taking the sliding mass i as an example, as shown in
Fig. 13, §, and §; are the horizontal displacements of sliding
mass i. The specific calculation process is as follows:

T; - cos(a;) = N; - sin (a;) + X; - cos(§;) — E; - sinf; = 0

as)
T;-sina; + N; - cosq; + X; - sin(0,) + E; - cos 9, — W, =0

(16)
Ny = E; -l + W, - lg; =0 a7

Fig. 13 Mechanical analysis of sliding mass i

X;=C,; [ +E; - tan(g,,) (18)
The frictional stress of the sliding surface is:

=G, 5[1+5" /s (19)
The anti-skid resistance is:

T, = G, 6;[1+6" /5]l (20)
Mohr—Coulomb criterion:

Tif = ¢;l; + N, tan @, (1)
The normal stress of the sliding surface is:

o; =N;/l; (22)

s; 1s a parameter related to the positive stress of the slid-
ing surface, and it can be obtained from Eq. (23):

(¢c; + o; tan (pi)2< 28
§; = —

—2¢
i G 1+2§> (1+28) (23)

The safety factor of the sliding mass i is defined as:
K; = Tgf/ T; (24)

Substituting Egs. (7) and (13) into Eq. (20), 7; can be
expressed as:

T, = Gayplap[1 +&p" (o) /s (23)

Ty _ ¢li+N; tan @
L Goop(a;) [1 + 58117"1(0‘;)/%]:

i=

(26)
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Fig. 14 Schematic of slope:

a original slope; b force analysis
of sliding mass 1; ¢ force analy-
sis of sliding mass 2; d force
analysis of sliding mass 3; SM
represents sliding mass

The calculation steps are as follows:
Sliding mass i (i=1, 2, 3... n):

1. The cohesion (c,,), internal friction angle (¢,,;), and
shear modulus (G,;) of the sliding zone soil under differ-
ent water contents were tested through laboratory tests;

2. Replace p(a;) calculated by Formula (14) with Formula
(25) to simplify T};

3. Jointly use (15), (16), (17), (18), and (25) to determine
dpand N;;

4. According to Formula (21), Tifis obtained;

5. According to Formulas (22) and (23), the constitutive
parameter s, is obtained, and according to Formula (8),
Opear 18 Obtained. When 6,> 5,4, K;=1; and

6. The relationship between the displacements (J,,;) and
safety factors (K;) under different moisture contents is
obtained by Formula (26).

Application of theoretical calculation
methods
An application case of model slope

Calculation process of inclination angles of trailing edge
fracture surfaces

To further illustrate the stability calculation method of pro-
gressive failure process of the two-surface retrogressive
landslide, the model test slope is selected as an application
example. Figure 14a is the geometric size diagram of the

@ Springer

landslide body. According to the working conditions, the
model test is designed. The sliding zone is divided into AB,,
B,B,, B,B;, and B;B,. AB,, B;B,, and B,B; correspond to
the sectional sliding surface range of working condition 1,
working condition 2, and working condition 3 of the model
test, respectively. Taking sliding mass 1 (quadrilateral ACC
1B}) as an example, the bottom sliding surface is AB,, and
the trailing edge fracture surface is B,C,. Its stress analysis
is shown in Fig. 14b, and sliding mass 2 and sliding mass 3
are shown in Fig. 14c and d, respectively.

For sliding mass 1, the length of AB; is 0.40 m, and the
inclination angle a; of the bottom sliding surface is 17°.
When the inclination angle 6, of the trailing edge fracture
surface is known, L, lyy;, and A, can be obtained. To ensure
the full search range of the inclination angle of the trailing
edge fracture surface, B, is connected with C and D, and
the inclination angle 8, of the trailing edge fracture surface
ranges from 33 to 113°. According to the calculation for-
mula in the “Calculation of the new segmentation method”
section, for each given 6, there is a safety factor F;, and the
inclination angle of the trailing edge fracture surface cor-
responding to the minimum safety factor is calculated.

For sliding mass 2 and sliding mass 3, the lengths of BB,
and B,B; are 0.30 m, and the inclination angles of the bot-
tom sliding surfaces are 17°. The inclination angle 8, of
the trailing edge fracture surface corresponding to BB, is
40~143°, and the inclination angle ; of the trailing edge
fracture surface corresponding to B,B; is 56 ~ 147°. The cal-
culation results of the inclination angles of the trailing edge
fracture surfaces are shown in Fig. 15. The safety factor F; of
the sliding masses initially decreases and then increases with
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increasing ;. Each sliding mass only has a unique minimum
safety factor, which is 1.0072, 1.2079, and 1.1649, respec-
tively. The corresponding inclination angles of the trailing
edge fracture surfaces are 75°, 84°, and 66°, respectively. In
Fig. 15b, only some curve values are displayed, mainly to
show the lowest point values. All the calculation results of
the sliding masses are shown in Table 2.

Quantitative evaluation of horizontal displacement
and safety factor

Based on obtaining the inclination angles of the trailing edge
fracture surfaces of sliding masses, the stability calculation
is carried out by combining the shear stress—shear displace-
ment constitutive model of the sliding surface and the shear
displacement model. In the shear stress—shear displacement
constitutive model adopted in this section, £ is the parameter
describing the softening characteristics, which applies to the

Inclination 8,(°)

Table2 The calculated safety factor versus the inclination angle of
the trailing edge fracture surface

Sliding mass 1 Sliding mass 2 Sliding mass 3

0, F, 0, F, 05 F;

33° 1.9215 40° 1.9790 56° 1.1812
40° 1.3479 50° 1.4905 60° 1.1682
50° 1.1179 60° 1.3128 65° 1.1653
60° 1.0377 70° 1.2376 66° 1.1649
70° 1.0100 80° 1.2097 67° 1.1652
74° 1.0074 83° 1.2080 70° 1.1786
75° 1.0072 84° 1.2079 80° 1.2442
76° 1.0075 85° 1.2081 90° 1.3728
80° 1.0102 90° 1.2133 100° 1.6742
90° 1.0318 100° 1.2565 110° 2.0529
100° 1.2814 110° 1.3767 120° 3.0981
113° 1.5360 120° 1.4376 130° 9.1418
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Table 3 Mechanical parameters of the sliding zone soil

/% c/kPa ol° Constitutive parameter

G/kPa m 19
10 28.24 19.56 4435 2 -0.50
15 26.74 17.32 3265 2 —0.55
20 21.30 15.03 2580 2 —0.60
25 16.12 13.45 1647 2 —0.65
30 3.68 9.95 732 2 -0.70

sliding zone soil with strain-softening characteristics. To fully
reflect the strength attenuation process of the sliding zone
soil, the water content of the sliding zone soil is introduced
into the calculation process to reflect the influence of water
content change on the strain-softening features of sliding zone
materials. The constitutive parameters of the sliding zone soil
are shown in Table 3. According to the formula in the “Study
on the shear stress—shear displacement constitutive model
of the sliding surface” section, the z- characteristic curve is
obtained as shown in Fig. 16. In Fig. 16, the sliding zone soil
shows typical strain softening characteristics, and the shear
strength decreases with increasing water content.

In Fig. 16, with the increase in the water content of the
sliding zone soil, the softening coefficient decreases gradu-
ally, and the peak strength of the curve decreases continu-
ously. In this process, the softening part of the landslide
began to deform, the main crack was first produced and
continuously expanded, and the sliding mass was initially

formed. With the increase in deformation, secondary cracks
were produced and developed.

According to the calculation method in the “Stability
analysis of two-surface progressive failure (TSPFM)” sec-
tion, the relationship between the safety factors of sliding
masses and the horizontal displacement curves under the
different water contents can be obtained, as shown in Fig. 17
(the number on the curve represents the water content of
the sliding zone soil). The safety factors of sliding masses
decrease with increasing horizontal displacement. The maxi-
mum horizontal displacement of sliding mass 1 is approxi-
mately 43 mm, the horizontal displacement of sliding mass
2 and sliding mass 3 is relatively small, and the maximum
displacement values are 28 mm and 24 mm, respectively.
The displacement value of sliding mass 1 is the largest, the
displacement value of the back sliding mass of the slope is
smaller, and the stability is better. As the water content of
the sliding zone soil increases gradually, the safety factor of
sliding mass decreases, indicating that the strain-softening
characteristics of the sliding zone soil have an important
influence on the progressive failure process of the landslide.

Comparison with test methods
Inclination angles of the trailing edge fracture surfaces
Using the calculation method for the inclination angle of

the trailing edge fracture surface in the “New method of
strip partition” section, the calculated inclination angles of

Fig. 16 Curve characteristics of
the constitutive model
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Fig. 17 Relationship between
the safety factors and horizontal
displacements of sliding masses L6 Al10%
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sliding mass 1, sliding mass 2, and sliding mass 3 are 75°,
84°, and 66°, respectively, and the experimental values are
76°, 83°, and 72°, respectively. To verify the effectiveness of
the calculation method, the relative error is used for charac-
terization, and the relative error is defined as Ry:

_et - ec

Ry 0

27
where 0. is the calculated value of the inclination angle and
0, is the experimental value of the inclination angle.

According to Formula (27), the relative errors between the
test values and the calculated values of the SMs are 1.33%,
1.19%, and 9.09%, respectively. The relative errors of sliding
mass 1 and sliding mass 2 are small, and the relative error of
sliding mass 3 is large. The reason is that sliding mass 3 of
the model test is close to the box, and the boundary effect is
noticeable, which has a significant influence on the test value
and leads to a significant error. In general, this difference is
small and will not have a great impact on the actual project.
The calculation method in this paper is applicable.

Horizontal displacements of sliding masses

To further verify the calculation results of horizontal displace-
ments, this paper uses GeoPIV-RG image processing technol-
ogy to process the horizontal displacement images of model
test. The analysis results are shown in Fig. 18 (White et al.
2016; Li et al. 2018).

Horizontal displacement /mm

In Fig. 18a, the maximum displacement of sliding mass
1 appears near the toe of the slope, reaching 50 mm, and the
horizontal displacement of the rear side of sliding mass 1
is relatively slight, which is in the range of 20~30 mm. In
Fig. 18b, the horizontal displacement of sliding mass 2 is
in the range of 20 ~40 mm. Due to the forward slip of slid-
ing mass 2, the cumulative displacement of sliding mass 1
increases again, and the maximum value reaches 80 mm. In
Fig. 18c, the horizontal displacement of sliding mass 3 is
mainly concentrated in the range of 20 ~30 mm, and the dis-
placement distribution is relatively uniform, indicating that
the overall slip occurs at this time. With the forward slid-
ing of sliding mass 3, the cumulative displacements of slid-
ing mass 1 and sliding mass 2 continue to increase. At this
time, the formation and development of secondary sliding
masses are aggravated due to the uneven stress distribution
and inconsistent deformation in the sliding masses. After all
working conditions, the maximum cumulative displacement
of sliding mass 1 reaches 80 mm, the maximum cumula-
tive displacement of sliding mass 2 reaches 60 mm, and the
maximum displacement of sliding mass 3 is 30 mm.

Figure 18 shows that the displacement of the model
slope has prominent zoning characteristics. The cumu-
lative displacement of sliding mass 1 is the largest, and
the stability is the worst. The smaller the displacement
toward the rear of the slope is, the higher the stability
is. Generally, overall sliding occurs at the initial stage of
the deformed slope, forming unstable sliding masses. As
the deformation intensifies, it gradually decomposes into
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Fig. 18 Horizontal displace-
ments of model slope: a sliding
mass 1; b sliding mass 2; ¢ slid-
ing mass 3
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multiple secondary sliding masses. The above conclusions
are confirmed in previous studies (Sun et al. 2016), as
shown in Fig. 19.

The theoretical results of horizontal displacement are
compared with the experimental results. In the initial defor-
mation stage, the difference in horizontal displacement is
slight. Due to the multistage cumulative displacement of
sliding masses 1 and 2, the experimental value of horizon-
tal displacement is greater than the theoretical calculation
value.

Due to the influence of the size effect and contact friction
in the test process, there will be some errors. However, the
conclusions obtained by the two methods tend to be con-
sistent, which supports the applicability of the theoretical
calculation method and preliminarily realizes the quantita-
tive relationship between the horizontal displacement and
the safety factor.

@ Springer

60
]
] 40
+
i 20
]
1 = L
300 120

720 600 480
X (mm)

Application of theoretical calculation
method in engineering practice

Calculation of landslide case with known bottom
sliding surface

In this paper, the stability calculation of the model slope is
based on the known length and inclination angle of the bot-
tom sliding surface, and the inclination angle of the trailing
edge fracture surface is calculated. In practical engineering,
the length of the bottom sliding surface cannot be directly
obtained. It is necessary to determine the extension range
of the bottom sliding surface and the location of the surface
cracks through field surveys and drilling. Figure 10 shows
the retrogressive landslide caused by reservoir softening
(Xu et al. 2014). The path of the bottom sliding surface
depends on the interface between the weathered shale and
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Fig. 19 The geological profile of the Huangtupo landslide (Sun et al. 2016)

its overlying soil. Combined with the water level survey
information, the morphology and sliding path of the bot-
tom sliding surface can be preliminarily determined, and the
inclination angles of the trailing edge fracture surfaces can
be calculated accordingly.

Based on obtaining the inclination angles of the trailing
edge fracture surfaces of the sliding masses, the mechanical
parameters and constitutive parameters of the sliding zone
soil are tested through field soil sampling, and the displace-
ments of the sliding masses and the corresponding safety
factors can be calculated.

Stability calculation of landslides in engineering
practice

In this section, the retrogressive landslide caused by water-
induced weakening is selected for analysis, as shown in
Fig. 20. The landslide is due to rainfall infiltration into the
internal cracks of the slope, which leads to a decrease in the
shear strength of the soil and a weakening of the saturated
soil in the sliding zone. In addition, the excavation of the
slope toe leads to a decrease in the sliding resistance, thus

Fig.20 The cross-sectional
view of a real soil landslide
located in Xin’an town, Ping-
shan County, China (Xu et al.
2014)

Main slip surface of the landslide

0 10m

inducing instability. The saturated weakening of the sliding
zone soil is an important triggering factor.

Figure 20 shows the deformed landslide, in which the
deformation of sliding mass 1 and sliding mass 2 is relatively
large, and the sliding distance is rather long. The deforma-
tion of the other five sliding masses is relatively small, and
the sliding distance is short. The actual sliding distance of
the landslide is approximately 1.2 m (Xu et al. 2014).

To verify the practicability of the calculation method in
this paper, the soil parameters of the landslide model (Xu
et al. 2014) are used to calculate the inclination angles of
the trailing edge fracture surfaces of seven sliding masses,
as shown in Fig. 21. In Fig. 21, there is a unique minimum
safety factor for every sliding mass, and the safety factor
corresponds to the unique inclination angle of the trailing
edge fracture surface. The safety factors F; of all curves
decrease at first and then increase with increasing inclina-
tion angle 6;. The calculated value and the actual value of
the inclination angles of the trailing edge fracture surfaces
are shown in Table 4. The relative errors of the inclination
angle of SM1 and SM2 are very large because SM1 and
SM2 have undergone long-distance rotation slip. That is,
the trailing edge fracture surface predicted by the original

120°
s

Ground surface

Sub-slip surface
Slope-excavation
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Fig.21 The calculated safety factors versus the inclination angles of the trailing edge fracture surfaces in the seven sliding masses: (a) sliding

masses 1 ~3; (b) sliding masses 4 ~5; (¢) sliding masses 6~7

slope has experienced a long-distance rotation slip and
developed into the present form. Due to the small defor-
mation of SM3 ~SM?7, the relative errors of the inclination
angles are small, ranging from 1.45 to 10.94%. The results
show that the calculation method of the inclination angles
of the trailing edge fracture surfaces proposed in this paper
is more suitable for the slope in the limit equilibrium state
or small deformation stage and is not suitable for the slope
with large deformation.

Table 4 The calculated inclination angles and displacement

The calculated horizontal displacements of all sliding
masses are shown in Table 4. The sum of the displacements
is 117.2 mm, which is slightly different from the actual
measured value of 120 mm. According to the calculated
value of the horizontal displacement and the inclination
angle of the trailing edge fracture surface of each sliding
mass, it is speculated that the slope shape before deformation
is shown in Fig. 22. In Fig. 22, the blue boundary line is the
slope model before deformation, and the red boundary line is

Number of Calculated inclination  Original Relative error/%  Calculated displacement/ Calculated total Original reference
sliding mass  angle/® reference/° mm displacement total displacement
1 78 56 39.28 26.6

2 90 54 66.67 337

3 71 64 10.94 16.2 117.2 mm 120.0 mm

4 68 63 7.94 139

5 69 67 2.99 12.7

6 68 65 4.62 8.4

7 70 69 1.45 5.7
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Fig. 22 The cross-sectional view of pre-deformation slope versus deformed slope

the slope model after deformation. In general, the inclination
errors of the trailing edge fracture surfaces of sliding masses
with large deformation are more significant (SM1~SM2),
and the inclination errors of the sliding masses with small
deformation are more minor (SM3 ~SM7). The final total
displacement error is small, indicating that the TSPFM
method in this paper is applicable. Of course, more landslide
examples are needed to verify the accuracy and feasibility
of this method.

Discussion on the application of the TSPFM method

The application of the TSPFM method is first to calculate
the possible inclination angle of the trailing edge fracture
surface of landslide instability according to the existing sur-
vey data. However, the survey data of many landslides are
unknown, and the geometric shape and length of the bottom
sliding surface cannot be directly obtained. At this time, the
position of the trailing edge scarps observed on the surface
can be used as a known parameter, and the inclination angle
range of the trailing edge fracture surface can be calculated
by assuming the geometric function of the bottom sliding
surface to obtain the information of the bottom sliding sur-
face. This method is helpful for targeted bottom geological
exploration operations, such as deformation monitoring and
exploration coring. More importantly, the inclination angle
of the trailing edge fracture surface can guide the strip divi-
sion of the actual landslide and improve the accuracy of
landslide stability analysis, which is of great significance for
landslide thrust calculation and targeted support.

In addition, the TSPFM method can characterize the cor-
relation between horizontal displacement and landslide sta-
bility and evaluate the stability of landslides based on mac-
roscopic deformation. In the process of field investigation,
the deformation information of landslides can be obtained
directly, and the trend of stability can be speculated and
predicted.

It is verified by the landslide example that the TSPFM
method is more suitable for the calculation of the inclination

angle of the trailing edge fracture surface for retrogressive
landslides in the limit equilibrium state or with small defor-
mation, and it is not suitable for the sliding mass that has
undergone rotation slip or large deformation. In addition,
there are many forms of bottom sliding surfaces in nature.
If the bottom sliding surface is not an approximate plane
but a curved surface or irregular shape, a derivative calcula-
tion method can be introduced to calculate the bottom slid-
ing surface. However, the mathematical calculation of this
method is difficult and needs further discussion.

Conclusion

Quantitative evaluation of landslide stability is a very impor-
tant part of geological disaster assessment. In this paper,
the failure mechanism and stability characteristics of water-
induced weakening retrogressive landslides are discussed in
depth by combining model tests with theoretical analysis.
The main research results are as follows.

The designed and developed model test device of the
“segmented sliding surface bottom permeation method”
reproduces the retrogressive landslide induced by water-
induced weakening and the multistage sliding masses
formed in this process well. The test results show that the
water-induced weakening retrogressive landslide presents a
typical two-surface progressive failure mechanism. That is,
due to the soil saturation weakening in the bottom sliding
zone, the shear strength decreases, and the bottom sliding
surface is gradually formed. Subsequently, the deformed
slope on the sliding surface slides to form the trailing edge
fracture surface.

The inclination angles of trailing edge fracture sur-
faces are all steep dip angles of 66 ~90°. The relative error
between the theoretical and experimental values of the
inclination angles of the trailing edge fracture surfaces of 3
sliding masses for the model test is 1.33 ~9.09%, the rela-
tive error between the theoretical and measured values of
the small deformation sliding masses (SM3 ~SM7) of the
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actual landslide is 1.45~10.94%, and the error of the slid-
ing masses (SM1 and SM2) with large rotation slip is large.
The TSPFM method is suitable for calculating the inclina-
tion angles of the trailing edge fracture surfaces under the
limit equilibrium state or small deformation and has high
accuracy.

The instability range of the sliding zone directly affects
the deformation area of the landslide. The horizontal dis-
placement of sliding masses at all levels has obvious zon-
ing characteristics, and there are secondary sliding masses.
The TSPFM method can perform the quantitative evaluation
between the horizontal displacement and the safety factor.
With the increase in the moisture content of the sliding zone
soil, the larger the horizontal displacement of the sliding
mass is, the smaller the safety factor. The actual landslide is
selected for calculation, and the relative error between the
calculated value of the total horizontal displacement and the
measured value is 2.33%, which verifies the applicability of
the theoretical method.

The test method in this paper should be further developed
and improved, considering a variety of soil conditions, land-
slide types, sliding zone morphology and slope morphol-
ogy, and other factors. At present, the theoretical calcula-
tion method only selects the approximate plane slip band
for calculation, and the shape of the surface or irregular slip
band is less considered. The theoretical analysis of this part
needs to be further strengthened, which will be shown in
subsequent research.
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