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Abstract: This study investigated the weakening model, law of mechanics parameters, and stability
of the sliding zone soil associated with thrust-load-induced accumulation landslides triggered by
rainfall infiltration. The spatial and morphological characteristics and rule of the sapping process
were analyzed, considering the constitutive equation of the sliding zone soil, in order to establish
a state curve equation for the weakening coefficient of sliding zone soil based on the “S”-shaped
curve. Moreover, a formula for calculating slope stability with this failure mode was derived and
applied to calculate the stability of a deformation body in Danbo reservoir, China. The results show
that the sliding zone in this type of landslide exhibits steep upward and slow downward trends,
and affected by rainfall infiltration, its failure develops gradually from the trailing edge to the front
edge. In the constitutive equation, the weakening of soil mechanical parameters is manifested as
the weakening of shear stiffness, while the “S”-shaped curve of the weakening coefficient reflects
the spatial characteristics of the weakening process. The main factors affecting the accuracy of the
slope stability calculation are the values of model parameters and assessment of the development
characteristics and weakening stage of the sliding zone.

Keywords: rainfall infiltration; accumulation landslide; sliding zone soil; weakening coefficient;
“S”-shaped curve; weakening law; slope stability

1. Introduction

Accumulation landslides refer to a type of landslide associated with Quaternary and
modern loose accumulation slopes [1], and they account for a large proportion of global
landslides [2]. Such accumulation slopes mainly develop in deep valleys with complex
geological settings [3,4]. Accumulation bodies are a product of interactions between internal
and external geological processes [5-8], and the formation of an accumulation body has
apparent spatiotemporal characteristics, controlled by the comprehensive actions of static
and dynamic factors. Therefore, accumulation landslides usually have the following
characteristics: (1) The internal cause of the occurrence of accumulation landslides is
mainly controlled by the weak surface of the original slope. The sliding surface is usually
the base interface or various relatively weak interfaces (belts) in the accumulation body. (2)
Controlled by the weak surface, they usually exhibit creep-slip characteristics. (3) Rainfall
infiltration into the slope, which further weakens the surface strength parameters of the
rock-soil mass, is the main factor inducing this type of landslide. (4) The strength properties
of the weak surface of the rock-soil mass gradually weaken with time, and the landslide
presents the characteristics of gradual deformation and failure at the macro level.
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Regarding the formation mechanism of such landslides and considering the above-
mentioned characteristics of accumulation landslides, the current research focus is on
the water-soil interaction mechanism after rainfall infiltration: (1) Water-soil mechanical
reactions in the accumulation body caused by rainfall infiltration are mainly characterized
by changes in hydrostatic and hydrodynamic pressure due to saturated seepage [9-17]
and matric suction changes due to unsaturated seepage [18-23]. The changes in hydro-
static pressure are reflected by increases in pore water pressure in the rock-soil mass,
which reduce the effective stress and shear strength on the potential sliding surface. The
changes in hydrodynamic pressure are reflected by the transport of fine-grained materials
in the rock-soil mass to the lower part of the slope. An increase in pore water pressure
will decrease the matric suction of the rock-soil mass, thus reducing its shear strength.
(2) Water-soil physical and chemical reactions caused by rainfall infiltration [24,25] are
mainly characterized by changes in the chemical composition or structure [26-30] and
the weakening of mechanical properties [31-33]. Changes in the chemical composition or
structure are mainly attributable to large-scale ion exchanges between rainfall infiltration
and sliding zone media, and the attenuation of rock-soil mass mechanical parameters is
mainly attributable to the action of acidic and alkaline water. (3) Based on unsaturated
soil mechanics, saturated—unsaturated constitutive relationship models, and other theories,
the characteristics of changes in the slope seepage field, influence of stability, and sliding
mechanism under various rainfall conditions have been mathematically analyzed [34-38].
Although previous studies have provided deep insight into the mechanism of accumulation
landslides, the following shortcomings remain to be addressed:

(1)  The slope body structure of accumulation slopes has not been taken into account-the
spatial structure of the weak surface controls the rainfall infiltration process and
landslide failure mode [39];

(2) Research results on the mechanisms of water-soil interactions after rainfall infiltration
are not universal because some landslides have extremely unique characteristics [9-33];

(3) The characteristics of gradual creep failure in accumulation landslides have not been
considered [40];

(4) After rainfall infiltration, the mechanical properties of accumulation slopes exhibit
gradual weakening, however the geotechnical physical parameters considered in
the calculation of slope stability are all fixed values. Therefore, the spatiotemporal
variability of the mechanical parameters is neglected [41,42];

(5) The traditional stability calculation method cannot fully reflect the characteristics of
shear stress and displacement changes in the sliding zone [43].

Considering the characteristics of thrust-load-induced accumulation landslides trig-
gered by rainfall infiltration and the limitations of the current analysis methods [44,45], this
paper proposes a novel approach toward studying the weakening law of sliding zone soil
and determining the stability of such landslides. In this study, the constitutive equation
for the sliding zone soil and the “S”-shaped curve are applied to establish a state curve
equation for the weakening coefficient of sliding zone soil.

2. Failure Mode of Thrust-Load-Induced Accumulation Landslides Triggered by
Rainfall Infiltration

In the traditional classification of accumulation landslides, the deformation and failure
of slopes can be divided into two basic types according to the mechanical mechanism of
deformation and failure: retrogressive landslides (backward type) and thrust-load-induced
landslides (forward type) (Figure 1). This classification emphasizes the deformation force
and development trend of slope deformation at the macro level and has the advantages of
ease of visualization and simple and direct identification (Figure 1) [44,46].
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Figure 1. Traditional classification of accumulation landslides. (a) Schematic diagram of the classic structural sections of
retrogressive accumulative landslides and the staged matching system for surface cracks. (b) Schematic diagram of the
classic structural section of thrust-load-induced accumulation landslides and the staged matching system for surface cracks.

Retrogressive accumulation landslides are characterized by relatively gentle dip an-
gles of the sliding surface, with generally abundant free space at the leading edge (usually
attributable to water erosion and cuts, reservoir water level changes, or engineering exca-
vation and other factors), while deformation of the leading edge is usually initiated by the
action of gravity. After local sliding failure of the rock-soil mass at the leading edge, a new
free surface is formed, which leads to local sliding failure of the rock-soil mass adjacent to
the leading edge, and so on. Macroscopically, it shows a sliding mode of “gradual retreat”
extending from the front to the back [44,46].

Regarding thrust-load-induced accumulation landslides, the main “force source” is
the trailing edge. Usually, rainfall infiltrates the weak zone along the trailing edge and
gradually seeps into the leading edge of the slope. The mechanical parameters of the weak
zone also gradually weaken from the trailing edge to the leading edge according to the law
of rainwater seepage. Macroscopically, the displacement of the trailing edge is greater than
that of the leading edge (Figures 1 and 2) [44,45]. The sliding surface of such landslides
usually presents the spatial distribution characteristics of a two-stage composite sliding
surface with steep upward and slow downward movement [44,45], and their sliding dip
angles are usually between 10° and 35° [47-49]. Some examples of such landslides are the
Xitan and Bazimen landslides [50,51] in Zigui county, Hubei province, and the Yuhuangge
landslide in Wushan county [52].
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Figure 2. Two patterns and generalized models of thrust-load-induced accumulation landslides [44]: (a) step 1; (b) step 2;

(c) step 3.

Slope failure is the final stage of the cumulative deformation of a slope [44,45]. Accord-
ing to current research results on thrust-load-induced accumulation landslides triggered by
rainfall infiltration [44,45], in terms of the evolution of the sliding zone, the slope usually
undergoes three stages: the creep segment, transition segment, and anti-slip segment (shear
segment) [47-49]. The shear segment is the final stage of the development of landslide
creep, and its sliding zone has a relatively gentle dip angle, while the transition segment is
a stage between the two (Figures 1 and 2).

Numerous studies have conducted geotechnical and physical tests [47-52] and re-
ported that rainfall infiltration weakens the mechanical properties of most rock and soil
masses in slopes. Accordingly, this study considered strain weakening of soil in the sliding
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zone and temporarily ignored the influences of the increases of the sliding body weight
and sliding force caused by rainfall.

3. Weakening Law of the Mechanical Parameters of Sliding Zone Soil of
Thrust-Load-Induced Accumulation Landslides Triggered by Rainfall Infiltration

3.1. Constitutive Model of Sliding Zone Soil

The weakening characteristics in the sliding zone and the relationship between shear
stress and shear displacement can be effectively reflected by combining the negative
exponential constitutive equation and the constitutive equation of soil in the sliding

zone [43,49,53,54]. .
T(u) = GSZexp{— (:;) } @

where T(u) is the shear stress on the sliding zone soil and Gg is the initial shear modulus of
the sliding zone soil. The initial slope of the curve of the governing equation reflects the
stiffness of the sliding zone. Here, u is the slip distance of the slide body relative to the
slide bed in the sliding direction; / is the thickness of sliding zone soil; u is the average
strain measure, which is related to the stress level and increases with increasing normal
stress and the position of the peak point of the curve of the governing equation; m is the
brittleness index, which is positively correlated with the weakening characteristics of the
sliding zone soil (Figure 3). In actual landslides, the peak strength displacement of the
sliding zone soil also increases with thickness.

4r Gs =1.5MPa
m=8 h =03m
3+ m=6 Uy =1.0m
=
2 2/ m=1
=
1_
m=4>~m=2
0 0.5 1.0 1.5 2.0
u/m

Figure 3. Constitutive curves of sliding zone soil for different values of m.

Take the first and second derivatives of # in Equation (1):

=Gerf-(2) Hin(2))
cw=Sen{ () {8 Hom @) o

When /(1) = 0 and v (u) = 0, the peak intensity Tmax at the curve in Equation (1)
and its corresponding displacement 1 and the displacement u; at the inflection point can

be obtained: )
1\
Mf = U (m) (4)
Gs [1\" 1
Tmax = 75”0 <m> exp — p 5)

U = g (’”“) " 6)
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Through the curve of the Taylor series expansion, Equation (1) before the peak can be
expressed as follows:

To(u)

Its truncation relative error is:

5(1_) — At _ T(u) _TO(u) _ exp{_(

G
~ =2y

@)

%)}

®)

T(u) T(u)

erp{-(#)"}

As shown in Figure 4, error curve clusters under different m values can be obtained
from Equation (6) and the linear generalization accuracy of the constitutive equation curves
in the creep stage are positively correlated with the m values. As shown in Figure 5, with
increased displacement of the sliding zone, it undergoes the softening segment (transition
segment) and finally enters the shear segment (anti-slip segment).
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Figure 4. Series of error curves for different values of m.
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Figure 5. Constitutive model curve for sliding zone soil.

3.2. Weakening Law of the Mechanical Parameters of Sliding Zone Soil

3.2.1. Basic Weakening Law of Mechanical Parameters

The mechanical parameters of rock and soil materials weakened by external factors
(such as rainfall infiltration) are usually reflected by the reduction of cohesion force ¢ and
internal friction angle ¢, which can be seen by the weakening of shear stiffness Gg in the

constitutive model of the sliding zone soil [43,49,53].
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Assuming that the changes of 1 all correspond to normal stress ¢ and the correlation
coefficient between them is P, we can get:

=1

UZPM0=P<;1> ! Llfzauf )

where & = P(1/m) "™,
Substituting Equation (9) into Equation (5), we get:

1
G 1\m 1
(40 is Tmaxi) = {uo hf”o:’ (m) €xP<—m)} (10)

1
G 1\m 1
(UirTmaxi) = Pug,'/ ?SuOi (m) exp(_> (11)

m

WG "
(uf irTmaxi) = {(;) Uois U0 (;) exp(—nli)} (12)

According to the basic idea of determining strength through rock-soil mechanics tests,
a set of normal shear stress (¢, T;) data is fitted by the least squares method to obtain the
strength parameters of cohesion ¢ and internal friction angle ¢. Therefore, using the least
squares method to fit Equations (11) and (12), c and ¢ can be obtained. Supposing that the
slope of the fitted line (equivalent intensity envelope) is K (Figure 6), ¢ can be obtained:

¢ = tan~? (?) (13)

2.0r K=3.140

L6y —~ G.=0.5MPa
£ 1.2 K'=1.884 G. = 0.3 MPa
> h =01m
T 0.8 P N\ m=6

o _/

0 02 04 06 08 10
u/m

Figure 6. Envelope curves of equivalent strength.

Because the K value is related to shear stiffness Gs, Equation (13) suggests that the
value of ¢ is also related to Gg (Figure 6). For the sliding zone soil of a landslide, suppose
that the initial shear stiffness Gg = 0.5 Mpa, the brittleness index m = 6, and the thickness h
= 0.1 m; when the shear stiffness decreases to 0.3 Mpa, then the internal friction angle ¢’ of
the weakened sliding zone can be determined (Figure 6).

Through further derivation, the internal friction angle ¢’ after the weakening of the
sliding zone soil can be expressed as follows:

¢’ = tan~? <II<<,tan(p) (14)

According to the evolution law of thrust-load-induced accumulation landslides [4345,47,53],
the fundamental cause of its deformation and failure lies in the progressive degradation of
the mechanical parameters of sliding zone soil from the back edge to the front edge, and
the shear stiffness Gg of the sliding zone soil is directly related to its mechanical parameters
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c and ¢. Therefore, the analysis of the weakening law of mechanical parameters in this type
of landslide can be generalized to the study of the weakening law of the shear stiffness Gs.

3.2.2. Weakening Model of Mechanical Parameters

The ratio k of shear stiffness Gg after weakening and Gg before weakening of sliding
zone soil is defined as the weakening coefficient of sliding zone soil [43,53].

_ G

k= 28
Gs

(15)
For thrust-load-induced accumulation landslides, the k values of the weakening
coefficient are not consistent at different positions and at different times. For the original
sliding zone soil, k = 1; for continuously weakening sliding zone soil, the weakening rate
changes at different stages and eventually tends toward an extreme value (Figure 7).

(b)

Figure 7. Schematic diagram of the “S”-shaped curve of each stage of the weakening of sliding zone soil of thrust-load-
induced accumulation landslides triggered by rainfall infiltration: (a) the sliding zone begins to weaken locally from the
trailing edge; (b) a complete “S”-shaped curve is formed; (c) the “S”-shaped curve gradually advances towards the front
edge; (d) it approaches the sliding stage.

During the evolution process, any geological body will go through three periods,
ranging from infancy to prime years to decline. Accordingly, an “S”-shaped curve can be
used to describe the weakening process of the mechanical parameters of sliding zone soil
of thrust-load-induced accumulation landslides [54]. First, the mechanical parameters of
sliding zone soil begin to weaken at the trailing edge, as reflected by the k value gradually
approaching a certain extreme value and forming an “S”-shaped curve. The weakening
phenomenon then gradually advances towards the front part of the landslide. Finally,
it advances to the front edge anti-slip segment. When the limit balance between the
tangential load and the anti-slip segment is reached, the landslide reaches the critical
sliding stage (Figure 7).
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3.2.3. State Curve Equation for the Weakening Coefficient

According to the definition of the “S”-shaped curve and combined with the weakening
characteristics of the sliding zone soil, the state curve equation of the weakening coefficient
of the sliding soil can be obtained [43,53]:

A

T lqeown (10

k(x)
where A and H are, respectively, the weakening amplitude and weakening limit of the rock-
soil mass weakening coefficient at x of the sliding zone and are the attribute parameters
of the rock-soil mass itself; ¢’ and b are the form coefficient and the stage representa-
tion values of the weakening coefficient state curve (parameters with a specific temporal
relationship), respectively.

The “S”-shaped curve is shown in Figure 8; the distance from H to A is Ax. As the
change of the curve always approaches an extreme value infinitely, the tolerance scope of
Ax needs to be set according to Equation (8) [43,53].

1—k 1 e~ C0¥/2 1
o(k) = T 177 L e A2 T ] 4o OAY/2 T ]t odAX/7 (17)

0 b X
Figure 8. The “S”-shaped state curve of the weakening coefficient of the sliding zone soil.

4. Stability Calculation of Sliding Zone Soil of Thrust-Load-Induced Accumulation
Landslide Triggered by Rainfall Infiltration

Several case studies on landslides have shown [47-53] that the shear stress value
of sliding zone soil is closely related to its creep displacement value and the degree of
weakening of mechanical parameters. In thrust-load-induced accumulation landslides,
the material compositions of the “up-steep” and “down-slow” (The two-stage composite
sliding surface with steep upward and slow downward movement) sliding zones exhibit
two patterns (Figure 2): (1) For sliding zone soil composed of the same material, the up-
steep section and the down-slow section basically have the same composition, for example
sliding along the old (ancient) landslide slide zone (Figure 2 Pattern 1). (2) The up-steep
section slides along the weak primary surface of the slope, while the down-slow section
cuts through the accumulation body; the mechanical properties of the accumulation body
are stronger than those of the weak surface (Figure 2 Pattern 2).

Equations (1) and (16) can be used to calculate the anti-shear stress value of a certain
position in the sliding zone. Creep slip displacement of sliding zone soil was assumed to
be linearly distributed from the back edge to the front edge. The mathematical expression
of the anti-slip segment is as follows:

M(X):M(xl—i-x”):D(l_;{):D<1_9;;_:_JIC;> (18)
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T'(x/ ) = {k(x) +k(x")}T(u)
e oaien ()" N
+<{%+H2}G52hexp{ (uo)m }> '(x) =7/ (x") + 7' (x7)

14e 2!
= {(x") +k(x")}r{u(x)}

where u(x) is displacement at the sliding zone x; D is the slide position at the rear edge of
the landslide; x’ is the coordinate system of the up-steep section; x” is the coordinate system
of the down-slow section; [ is the apparent length of the sliding zone; and /; is the apparent
length of the up-steep section and I, is the apparent length of the down-slow section. A;
and A; and H; and H, are the weakening amplitudes and weakening limit values of the
rock-soil mass weakening coefficient in the up-steep and down-slow sections, respectively;
¢} and ¢}, and b; and b; are the shape coefficients and stage representation values of the
state curve of the weakening coefficient of rocks and soils in the up-steep and down-slow
sections, respectively; Gg; and Ggp are the shear stiffness of the rock-soil mass in the up-
steep and down-slow sections, respectively; m; and m; are the brittleness indices of the
rock-soil mass in the up-steep and down-slow sections, respectively. If the compositions of
sliding zone soil in the up-steep and down-slow sections are the same, A} = Ay, Hy = H»,
¢} = ¢, my = my; if the compositions of sliding zone soil in the up-steep and down-slow
sections are differrent, they should be assigned and solved separately (Figure 9).

Figure 9. Schematic diagram of various morphological parameters reflecting the stability of thrust-
load-induced accumulation landslides induced by rainfall infiltration.
’ "
Thus, the anti-sliding forces f in the up-steep and f in the down-slow sections of the
landslide can be obtained as follows:

" " A U U
d _/ —— tH = (= d 2
f / T {1+e°1(x/bl) * 1}G51hexp{ (uo)ml} x (20)

\dy = lh A, u u
f / dx /0 {He_clM+H2}GszheXp{_(Ll())mz}dx, (21)

We solve the complex trapezoidal formula:

e Divide the up-steep section and the down-slow section of the sliding zone into
equal parts:
Ahy =1h/ny, (22)
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Ahy =1y /ny, (23)

where Ahy and Ahjp and 11, and 7, are the calculated step size and equal fractions of
the up-steep and down-slow sections, respectively.
e  The equidistant nodes can be expressed as follows:

x| = iAhy, (24)
x] = jAhy, (25)
Among them, x/ and xj" and i and j are the equidistant value and number of nodes of

up-steep and down-slow sections, respectively.

o  The sliding resistance force f; of the sliding zone can be calculated according to two
situations: (1) If soil in the up-steep section is not completely weakened, its anti-
!/
sliding force f; is the joint force between the anti-sliding force f of the soil in the
"
up-steep section and the anti-sliding force f of the soil in the down-slow section; (2)
If soil in the up-steep section is completely weakened, its sliding resistance force fs
"

is approximately equal to the sliding resistance force f of the soil in the down-slow
section. Under this condition, the calculation equation can be expressed as follows (1):

J/‘S znglAzhl{T’(x’) —i—T’(x;H)}, (26)
o LRm) @)
L

o N2 1/2
fs—{<fs> +<fs> —2fsfscos(180°—a+ﬁ)} : (28)

The calculation equation for case (2) above is as follows:

fomfum B Ao e, @)

j=0

Among these, T'(x!), T’ (x]f/

nodes ], j,i+1,and j + 1, respectively.

! ! ! "
),T (x/.4),and T (x].H) are the shear stress values at

e  The sliding force of the landslide f; is expressed as follows:

/

f, = pgd isina, (30)

"

fr = pgdylasin B, (31)

2 /2 . 1/2
fr:{<fr> +<fr> —forfrcos(180°—a+/3)} , (32)

e  The slope stability coefficient Fs is expressed as follows:

Situation (1):
1:"s - fS/fI‘r (33)
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Situation (2):
v fsinp fsinp
Fs=f/fr= fisin(180" — B—)  frsin (180" — B — 1)’ .
vy =sin"! {J% sin (180o -0+ /3) }. (35)

n
In the equation, f is the component of the sliding resistance force of the down-slow
section upward on the opposite side of the sliding force f;.
The above medium fractions #n; and n; are directly proportional to the calculation
accuracy of the stability.

5. Case Analysis

The Danbo reservoir is located on the right bank (concave bank) in front of the
Yangfanggou Hydropower Station in the Yalong River basin, 0.5 km away from the dam.
With an elevation range of 2050-2310 m, the slope is mainly composed of multi-stage
collapse accumulation. The slope features an ancient landslide accumulation body at an
elevation range of 2310-2500 m, with a partial overlying collapse accumulation body. The
landslide mass is composed of metamorphic and sandstone block gravel soils and partially
of insufficiently disintegrated slate. The sliding zone lies at N 20-60° W/N 16-31° E,
and its thickness is 0.6-1.2 m. It is mainly composed of soil mixed with gravel, which is
moderately dense in structure and has certain directivity and roundness characteristics

(Figure 10) [55,56].

AN
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AN ‘\\-‘::‘»
3
\ ,ﬂ,.‘\\\\\‘&k'g;!ﬁh
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Figure 10. Geological engineering plan of Danbo accumulation.
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At an elevation of 2340-2420 m, this slope has been experiencing creep deformation
since 14 July 2017. However, the deformation tended to be stagnant by 4 November of
the same year. The maximum downward dislocation height of the tensile crack at the
trailing arc was 1.8 m, while the maximum cumulative displacement in its sliding direc-
tion was 2.4 m (Figures 11 and 12). En echelon shear cracks were formed on both sides
of the deformation zone, which extend intermittently to the front edge, but no obvious
shear outlet could be observed at the front edge. According to the exposed surface during
excavation, deformation slides along the ancient landslide slide belt in the elevation range
of 2380-2420 m, while the dislocation zone in the elevation range of 2340-2380 m is located
in the interior of the ancient landslide. On the whole, there is a two-stage composite sliding
zone with “steep-up” and “slow-down” (The two-stage composite sliding surface with
steep upward and slow downward movement) characteristics (31° — 16°) (Figures 11-13).
The deformation zone extends from north to south for a length of 145 m and from east to
west for a width of 106 m, with a distribution area of 1.4 x 10* m?, an average thickness
of 10 m, and a volume of approximately 15 x 10* m3. The total length of the slip zone
and dislocation zone is 173 m, for which the length of the up-steep section is 60 m with
a dip angle of 28-31° and the length of the down-slow section is 113 m with a dip angle
of 16-28° (Figures 11 and 13). According to the results of a rock-soil mechanics test, the
strength parameters of the slip mass (natural moisture content: w =9.42-12.15%, c = 26 kPa,
@ = 33.5°; saturated moisture content: w = 16.56-17.63%, c = 14 kPa, ¢ = 28.1°) were signifi-
cantly stronger than those of the slip surface (natural moisture content: w = 10.07-16.71%,
c =28 kPa, ¢ = 22°; saturated moisture content: w = 18.19-18.66%, c = 13 kPa, ¢ = 14.5°).
There is a clear correlation between the ground displacement monitoring results during
slope deformation and rainfall events. The cumulative displacement curves for each mon-
itoring point in the deformation area show step-type development, with 4-5 steps for
the flooding season. The step-type development of the accumulative displacement curve
indicates large early rainfall, whereas a flat accumulative displacement curve indicates
small or no early rainfall. Moreover, the occurrence time of the accumulative displacement
step also exhibits uniform hysteresis with rainfall time, generally lagging by 1 to 3 days
(Figures 11 and 12). Numerical simulation tests of the characteristics of the seepage field
change (rainfall data: rainfall monitoring data covering 25 days before deformation; model
prototype: Danbo accumulation body 1-1’ geological engineering profile) revealed that the
saturated area inside the slope first appeared on the trailing edge of the deformed body.
This gradually developed from the trailing edge to the leading edge along the old sliding
zone and finally formed a saturated area matching the actual sliding zone (Figure 14).
In summary, the deformation of this slope is mainly induced by the weakening of the
mechanical parameters of the sliding zone soil due to rainfall infiltration. Rainfall infiltrates
the slope body along the excavation face of the back edge and develops along the front
edge of the sliding zone and the dislocation zone, gradually weakening the mechanical
parameters of the sliding zone and the dislocation zone, which in turn leads to progressive
deformation at the front edge (Figures 10, 12 and 13) [55,56].
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Figure 11. Geological engineering profile of Danbo accumulation (photograph taken on 4 November 2017).
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Figure 14. Simulation results for characteristic variation in the seepage field.

Based on the above understanding, the model of the weakening of the mechanical
parameters was generalized. The parameters were selected according to the test results of
the physical and mechanical parameters of rock-soil masses (Table 1) [55,56].

Table 1. Parameter values for the slope stability calculation model.

Steep Upper Sliding Zone Soil Shallow Lower Sliding Zone Soil
Parameter Value Parameter Value Parameter Value Parameter Value
Ay 0.44 d /m 10 Ay 0.45 d /m 10
¢ 0.23 di/m 8.66 c 0.05 dy/m 9.14
H; 0.56 a/() 30 H, 0.55 B/C) 24
Gs1/MPa 22 D'/m 2.08 Gsy/MPa 2.3 D'/m 2.08
him 0.9 D/m 2.4 h/m 0.9 D/m 24
my 3 p1/(kg-m™3) 2360 my 3 p2/(kg-m~3) 2260
up/m 0.7 Ii1/m 60 ug/m 0.7 I,/m 113

In Table 1, Gg1 and Gg) are based on the results of on-site rock and soil mechanics
tests and are indirectly obtained by combining the Duncan—-Zhang bicurve model [57,58];
the values of A1, Ay, Hy, and Hj are also based on the results of the on-site rock and
soil mechanics tests, and are calculated by comprehensively analyzing the drop range
of mechanical parameters from natural moisture content to saturated moisture content
(cohesion ¢ and internal friction angle ¢); m; and my are empirical values obtained based
on the existing sensitivity analysis results [59]; 1 is based on the results of the on-site rock
and soil mechanics tests, and its value was obtained from existing research results [43,59];
p1 and p; (density) are obtained based on the results of the on-site rock and physical soil
tests. The remaining parameters Iy, I, d’, dy, do, a, B, D', D are calculated based on the
parameters actually measured on-site combined with the geological generalization model
(Figure 10).

Based on the two cases of slip resistance force fs, the stability coefficients of the slope
at different evolutionary stages were calculated according to the characteristic values b,
and by at different stages. The range of the characterized value by of the up-steep section
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was 0 m < by < 60 m, while the range of characterized value b, of the down-slow section
was 0 m < by <113 m (Figure 15).
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Figure 15. Relationship curve between the characteristic values of the Danbo deformation body at
different stages and slope stability coefficients.

The stability coefficient of the Danbo deformation body was calculated using MATLAB
(b1 to by). When the mechanical parameters of the sliding zone soil presented an “S”-shaped
curve with weakening at the front edge, the change curve of the stability coefficient could
be divided into three stages. First, before the weakening of the sliding zone soil from the
back edge to the end of the up-steep section, the slope stability coefficient showed slight
decreases (magnitude 10%). Subsequently, the slope stability coefficient decreased from
1.861 to 1.29 at the end of the weakening of the up-steep section and the beginning of
the weakening of the down-slow section. Finally, with the weakening of the down-slow
section, the b,—Fs curve exhibited an “S” shape with initial easing followed by steepening.
The curve reached a critical sliding state at b, = 78.3 m. The above b-F; curve indicates that
the trailing edge was the “force source” of the thrust-load-induced accumulation landslide,
while the sliding of the trailing edge creep section and the transition section had a weak
influence on its stability. Overall, the decisive factor controlling its failure was the rock-soil
strength of the anti-slide section at the front edge (Figure 15).

6. Conclusions

In this study, the weakening model, law of mechanics parameters, and stability of the
sliding zone soil of thrust-load-induced accumulation landslides were investigated. The
main findings can be summarized as follows:

(1) Itis concluded that the deformation and failure mode of thrust-load-induced accumu-
lation landslides is triggered by rainfall infiltration, and the sliding zone is governed
by the spatial morphology law of up-steep and down-slow actions. Moreover, the
weakening of the sliding zone soil is gradual from the trailing edge to the front edge,
with the three stages of creep, transition, and shear;

(2) The negative exponential equation was introduced into the constitutive equation
of the sliding zone soil and combined with the constitutive curve. The relationship
between shear stress and shear strain in the weakening process of the sliding zone
soil caused by rainfall infiltration was expounded in detail from the two aspects of
time and space;

(3) In the constitutive model, the weakening law of the mechanical parameters of sliding
zone soil can be generalized to weakening shear stiffness. On this basis, the concept of
the weakening coefficient is put forward and the state curve equation of the weakening
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coefficient of sliding zone soil is established by combining the “S”-shaped curve of
the evolution of the geological body;

(4) According to the level of similarity of the material composition of the up-steep section
and the down-slow section of sliding zone soil in thrust-load-induced accumulation
landslides induced by rainfall infiltration, the two failure modes were further divided
and a formula for calculating the stability of such slopes under the two conditions
of incomplete weakening of the up-steep section and complete weakening of the
up-steep section was derived;

(5) Taking a deformation body in the Danbo reservoir (thrust-load-induced accumulation
landslide) as a geological prototype, in which the main factor controlling the land-
slide is the weakening of mechanical parameters due to rainfall infiltration into the
sliding zone, the derived formula was applied and the relationship curve between
the characteristic values of b; and b, at different weakening stages of the sliding zone
soil and slope stability was established. The results reflect the progressive failure
characteristics of thrust-load-induced accumulation landslides to a certain extent.

Author Contributions: Z.Z., conceptualization, methodology, formal analysis, and writing—original
draft preparation. J.S., validation. S.T., and EG., investigation. W.D.,].W., and R.Y., data curation. S.Z.,
software and calculation. All authors have read and agree to the published version of the manuscript.

Funding: This study was funded by the Natural Science Foundation of China (Grant Nos. 41572308
and 41977226) and Power China Huadong Engineering Corporation Limited.

Institutional Review Board Statement: The study does not require ethical approval.
Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are contained within the article and
are available on request from the corresponding author.

Acknowledgments: Thanks to the numerous scientists who provided additional information from
their studies. The authors also thank anonymous reviewers, editor-in-chief and associate editor for
their suggestions on the quality improvement of the present paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tu, G.Q.;Huang, D.; Huang, R.Q.; Deng, H. Effect of locally accumulated crushed stone soil on the infiltration of intense rainfall:
A case study on the reactivation of an old deep landslide deposit. Bull. Eng. Geol. Environ. 2019, 78, 4833-4849. [CrossRef]

2. Xu, Q.; Chen, W,; Zhang, Z.Y. New Views on Forming Mechanism of Deep Overburden on River Bed in Southwest of China. Adv.
Earth Sci. 2008, 23, 448-456. [CrossRef]

3. Wang, Z.G. Engineering Geological Study on Large Quaternary Deposits in the Deeply Valley Southwestern China. Ph.D. Thesis,
Chengdu University of Technology, Chengdu, Sichuan, China, 2015.

4. Song, H.; Cui, W. A large-scale colluvial landslide caused by multiple factors: Mechanism analysis and phased stabilization.
Landslides 2016, 13, 321-335. [CrossRef]

5. Wang, DJ,; Tang, HM.; Li, C.D.; Ge, Y.F; Yi, X.L. Stability analysis of colluvial landslide due to heavy rainfall. Rock Soil Mech.
2016, 37, 439-445. [CrossRef]

6. Zhang, FY,; Huang, X.W. Trend and spatiotemporal distribution of fatal landslides triggered by non-seismic effects in China.
Landslides 2018, 15, 1663-1674. [CrossRef]

7.  He, K.Q; Bai, ].Y.; Wang, S.J. Analysis of displacement dynamic features of colluvial landslide induced by rainfall. Rock Soil Mech.
2005, 26, 705-709. [CrossRef]

8.  Wang, Z.G. Study on Geological Disaster of Water Conservancy and Hydropower Engineering in Southwest China and Its Prevention
Measures; China Water Power Press: Beijing, China, 2013.

9.  Wang, RB,; Xia, R; Xu, W.Y,; Wang, H.L.; Qi, J. Study on physical simulation of rainfall infiltration process of landslide
ac-cumulation body. Adv. Eng. Sci. 2019, 51, 47-54. [CrossRef]

10. Pearce, A.]. Streamflow Generation Processes: An Austral View. Water Resour. Res. 1990, 26, 3037-3047. [CrossRef]

11. Okura, Y,; Kitahara, H.; Ochiai, H.; Sammori, T.; Kawanami, A. Landslide fluidization process by flume experiments. Eng. Geol.
2002, 66, 65-78. [CrossRef]

12.  Wang, G.H,; Sassa, K. Pore-pressure generation and movement of rainfall-induced landslides: Effects of grain size and fine-particle

content. Eng. Geol. 2003, 69, 109-125. [CrossRef]


http://doi.org/10.1007/s10064-019-01460-y
http://doi.org/10.3321/j.issn:1001-8166.2008.05.002
http://doi.org/10.1007/s10346-015-0560-y
http://doi.org/10.16285/j.rsm.2016.02.017
http://doi.org/10.1007/s10346-018-1007-z
http://doi.org/10.16285/j.rsm.2005.05.006
http://doi.org/10.15961/j.jsuese.201900295
http://doi.org/10.1029/WR026i012p03037
http://doi.org/10.1016/S0013-7952(02)00032-7
http://doi.org/10.1016/S0013-7952(02)00268-5

Water 2021, 13, 466 18 of 19

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Wu, Y. Mechanism analysis of hazards caused by the interaction between groundwater and geo-environment. Environ. Geol. 2003,
44, 811-819. [CrossRef]

Sergio, D.N.L.O,; Sassa, K.; Fukoka, H. Failure process and hydrologic response of a two layer physical model: Implications for
rainfall-induced landslides. Geomorphology 2006, 73, 115-130. [CrossRef]

Jian, B.T,; Lu, X.B.; Wang, S.Y.; Chen, X.Q.; Cui, P. The Movement of Fine Grains and Its Effects on the Landslide and Debris Flow
Caused by Raining. Chin. J. Undergr. Space Eng. 2005, 1, 1014-1016.

Senthilkumar, V.; Chandrasekaran, S.S.; Maji, V.B. Geotechnical characterization and analysis of rainfall-induced 2009 landslide at
Marappalam area of Nilgiris district, Tamil Nadu state, India. Landslides 2017, 14, 1803-1814. [CrossRef]

Uyeturk, C.E.; Huvaj, N.; Bayraktaroglu, H.; Huseyinpasaoglu, M. Geotechnical Characteristics of Residual Soils in Rainfall-
Triggered Landslides in Rize, Turkey. Eng. Geol. 2020, 264, 105318. [CrossRef]

Lam, L.; Fredlund, D.G.; Barbour, S.L. Transient seepage model for saturated—unsaturated soil systems: A geotechnical engineering
approach. Can. Geotech. J. 1987, 24, 565-580. [CrossRef]

Kim, J.; Jeong, S.; Park, S.; Sharma, J. Influence of rainfall-induced wetting on the stability of slopes in weathered soils. Eng. Geol.
2004, 75, 251-262. [CrossRef]

Fredlund, D.G. The emergence of unsaturated soil mechanics. Can. Geotech. |. 2014, 51, ix—x. [CrossRef]

Qi, S.C.; Vanapalli, S.K. Simulating hydraulic and mechanical responses of unsaturated expansive soil slope to rainfall: Case
study. Int. ]. Geomech. 2018, 18, 05018002. [CrossRef]

Shao, W.; Yang, Z.].; Ni, ].J.; Su, Y.; Nie, W.; Mao, X.Y. Comparison of single- and dual-permeability models in simulating the
unsaturated hydro-mechanical behavior in a rainfall-triggered landslide. Landslides 2018, 15, 2449-2464. [CrossRef]

Rahardjo, H.; Kim, Y.; Satyanaga, A. Role of unsaturated soil mechanics in geotechnical engineering. Int. ]. Geo-Eng. 2019, 10.
[CrossRef]

Wang, G.X.; Li, T.C. Review and Forecast of Landslide Research in China; Sichuan Science and Technology Press: Chengdu, Sichuan,
China, 1987.

Bicocchi, G.; Tofani, V.; D’Ambrosio, M.; Tacconi-Stefanelli, C.; Vannocci, P.; Casagli, N.; Lavorini, G.; Trevisani, M.; Catani, F.
Geotechnical and hydrological characterization of hillslope deposits for regional landslide prediction modeling. Bull. Eng. Geol.
Environ. 2019, 78, 4875-4891. [CrossRef]

Shuzui, H. Process of slip-surface development and formation of slip-surface clay in landslides in Tertiary volcanic rocks, Japan.
Eng. Geol. 2001, 61, 199-220. [CrossRef]

Guglielmi, Y.; Vengeon, ].M.; Bertrand, C.; Mudyry, J.; Follacci, J.P.; Giraud, A. Hydrogeochemistry: An investigation tool to
evaluate infiltration into large moving rock masses (case study of La Clapiere and Sechilienne alpine landslides). Bull. Eng. Geol.
Environ. 2002, 61, 311-324. [CrossRef]

Chigira, M.; Nakamoto, M.; Nakata, E. Weathering mechanisms and their effects on the landsliding of ignimbrite subject to
vapor-phase crystallization in the Shirakawa pyroclastic flow, northern Japan. Eng. Geol. 2002, 66, 111-125. [CrossRef]
Bogaard, T.; Guglielmi, Y.; Marc, V.; Emblanch, C.; Bertrand, C.; Mudry, J]. Hydrogeochemistry in landslide research: A review.
Bull. Soc. Geol. Fr. 2002, 178, 113-126. [CrossRef]

Martins-Champina, B.; Huneau, F; Fabre, R. The Eaux-Bonnes landslide (Western Pyrenees, France): Overview of possible
triggering factors with emphasis on the role of groundwater. Environ. Geol. 2008, 55, 397-404. [CrossRef]

Meehan, C.L.; Brandon, T.L.; Duncan, ].M.; Twari, B. Direct shear testing of polished slickensided surfaces. Landslides 2010, 7,
157-167. [CrossRef]

Tang, W.; Yao, Z.B.; Li, S.J.; Sun, Q.C. Effect of pore water chemistry on physical and mechanical properties of sliding-zone soil:
An experimental study. Rock Soil Mech. 2016, 37, 2885-2892. [CrossRef]

Xue, Y.;; Zhang, X,; Li, S.; Qiu, D.H.; Su, M.X,; Xu, Z.H.; Zhou, B.H,; Xia, T. Sensitivity analysis of loess stability to physical and
mechanical properties: Assessment model. Int. ]. Geomech. 2019, 19, 06019012. [CrossRef]

Duan, Z.; Cheng, W.C.; Peng, ].B.; Wang, Q.Y.; Chen, W. Investigation into the triggering mechanism of loess landslides in the
south Jingyang platform, Shaanxi province. Bull. Eng. Geol. Environ. 2019, 78, 4919-4930. [CrossRef]

Zhang, J.; Li, ].T. Delay Failure Mechanism of Rainfall-Caused Shallow Landslide. Geotech. Geol. Eng. 2018, 36, 2293-2304.
[CrossRef]

Mingxin, Z.; Luming, Z.; Tao, F.; Weihong, L.; Xiangying, K. Stability Analysis of Unstable Permeability Field and Unsaturated
Soil of Landslide. J. East China Jiaotong Univ. 2011, 28, 44-48.

Jin, X.G.; Li, X.H,; Liu, X.R. Stress and Displacement Numerical Modeling of Bedding Bank Slope Including Weak Inter bed. J.
Chongging Univ. 2004, 27, 129-136.

Chen, L.H,; Jin, X.G. Study on the applicability of three criteria for slope instability using finite element strength reduction
method. China Civ. Eng. ]. 2012, 45, 136-146.

Wang, L.Q.; Yin, Y.P.,; Zhang, Z.H.; Huang, B.L.; Wei, Y.J.; Zhao, P.; Hu, M.]. Stability analysis of the Xinlu Village landslide
(Chonggqing, China) and the influence of rainfall. Landslides 2019, 16, 1993-2004. [CrossRef]

Tiande, M.; Chongwu, M.; Shengzhi, W. Evolution Model of Progressive Failure of Landslides. J. Geotech. Geoenviron. Eng. 1999,
125. [CrossRef]

Yu, M.D. Analysis on stability of mountain mass and numerical calculation of landslide resistance based on strength reduction
method. Arab. . Geosci. 2020, 13, 617. [CrossRef]


http://doi.org/10.1007/s00254-003-0819-9
http://doi.org/10.1016/j.geomorph.2005.06.004
http://doi.org/10.1007/s10346-017-0839-2
http://doi.org/10.1016/j.enggeo.2019.105318
http://doi.org/10.1139/t87-071
http://doi.org/10.1016/j.enggeo.2004.06.017
http://doi.org/10.1139/cgj-2014-0095
http://doi.org/10.1061/(ASCE)GM.1943-5622.0001106
http://doi.org/10.1007/s10346-018-1059-0
http://doi.org/10.1186/s40703-019-0104-8
http://doi.org/10.1007/s10064-018-01449-z
http://doi.org/10.1016/S0013-7952(01)00025-4
http://doi.org/10.1007/s10064-001-0144-z
http://doi.org/10.1016/S0013-7952(02)00035-2
http://doi.org/10.2113/gssgfbull.178.2.113
http://doi.org/10.1007/s00254-007-0985-2
http://doi.org/10.1007/s10346-010-0199-7
http://doi.org/10.16285/j.rsm.2016.10.020
http://doi.org/10.1061/(ASCE)GM.1943-5622.0001400
http://doi.org/10.1007/s10064-018-01432-8
http://doi.org/10.1007/s10706-018-0462-6
http://doi.org/10.1007/s10346-019-01240-5
http://doi.org/10.1061/(ASCE)1090-0241(1999)125:10(827)
http://doi.org/10.1007/s12517-020-05617-y

Water 2021, 13, 466 19 of 19

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

Castellanos, B.A.; Brandon, T.L.; VandenBerge, D.R. Use of fully softened shear strength in slope stability analysis. Landslide 2016,
13, 697-709. [CrossRef]

Zou, Z.X.; Yan, ].B,; Tang, HM.; Wang, S.; Xiong, C.R.; Hu, X.L. A shear constitutive model for describing the full process of the
deformation and failure of slip zone soil. Eng. Geol. 2020, 267, 105766. [CrossRef]

Xu, Q.; Tang, M.G.; Tu, K.X.; Huang, X.B. Research on space-time evolution laws and early warning-prediction of landslides.
Chin. ]. Rock Mech. Eng. 2008, 27, 1104-1112. [CrossRef]

Tang, HM.; Zou, Z.X.; Xiong, C.R.; Wu, Y.P,; Hu, X.L.; Wang, L.Q.; Lu, S.; Criss, R.E.; Li, C. An evolution model of large
consequent bedding rockslides, with particular reference to the Jiweishan rockslide in Southwest China. Eng. Geol. 2015, 186,
17-27. [CrossRef]

Guangrun, L.L.U; Echuan, Y.A.N.; Cao, L.I.LA.N. Discussion on classification of landslides. J. Eng. Geol. 2002, 10, 339-342.

Yong, R. Interaction between Thrust Load Caused Landslide and Antislide Pile in Jurassic Strata in Three Gorges Reservoir
Region. Ph.D. Thesis, China University of Geosciences, Wuhan, Hubei, China, 2014.

Li, Y.Y. Research on Prediction and Forecast of Progressive Bank Landslide in the Three Gorges Reservoir. Ph.D. Thesis, China
University of Geosciences, Wuhan, Hubei, China, 2010.

Zheng, M.X. Research of strength characteristic of landslide slip and revised counter calculation method. Rock Soil Mech. 2003, 24,
528-532. [CrossRef]

Xu, PE. Study on Weakening Effect of Deformation Strength Parameters and Stability Evolution Law of Accumulation Landslide:
A Case Study of Xintan Landslide. Master’s Thesis, Qingdao Technological University, Qingdao, Shandong, China, 2012.
Zhang, J. Study on the Unload-Load Response Ratio of Debris Landslide and its Stability Evolution-Selecting Bazimen Landslide
as the Example. Master’s Thesis, Qingdao Technological University, Qingdao, Shandong, China, 2011.

Zhu, D.P. Revival Mechanism and Deformation Prediction of Typical Accumulative Landslide in the Three Gorges Reservoir.
Ph.D. Thesis, China University of Geosciences, Wuhan, Hubei, China, 2010.

Zou, Z.X.; Tang, HM.; Xiong, C.G.; Wu, Y,; Liao, S. Geomechanical model of progressive failure for large consequent bedding
rockslide and its stability analysis. Chin. |. Rock Mech. Eng. 2012, 31, 2222-2232. [CrossRef]

Chen, Q.J.; Wang, Q.C. Optimization calculation of design thrust for landslide. J. Zhejiang Univ. Eng. Sci. 2018, 52, 1320-1328.
Li, Y. Study on Deformation Mechanism of DanBo Deposits in Front of Dam of Yangfanggou Hydropower Station on Yalong
River. Mater’s Thesis, Chengdu University of Technology, Chengdu, Sichuan, China, 2019. [CrossRef]

Zhou, Z.; Shen, J.H.; Shu, J.C.; Duan, W.E; Yang, R.C.; Li, Y. Predictive and Early Warning Study on Deformation of Deposit Ahead
of Dam of a Hydropower Station in Southwest China. J. Chengdu Univ. Technol. Sci. Technol. Ed. 2020, 47, 481-491. [CrossRef]
Binghui, S.; Wenwu, C.; Weijiang, W. Experimental study of large scale direct shear test of sliding zone soil of Suoertou landslide
with different moisture contents. Rock Soil Mech. 2012, 33, 77-84. [CrossRef]

Wang, Z.M; Jiang, G.L.; Wei, Y.X. Experimental research on parameters of Duncan-Chang model for mud-stone. Subgrade Eng.
2009, 28, 52-54. [CrossRef]

Qin, S.Q.; Wang, Y.Y.; Ma, P. Exponential laws of critical displacement evolution for landslides and avalanches. Chin. J. Rock Mech.
Eng. 2010, 29, 873-880. [CrossRef]


http://doi.org/10.1007/s10346-015-0597-y
http://doi.org/10.1016/j.enggeo.2020.105766
http://doi.org/10.3321/j.issn:1000-6915.2008.06.003
http://doi.org/10.1016/j.enggeo.2014.08.021
http://doi.org/10.3969/j.issn.1000-7598.2003.04.008
http://doi.org/10.3969/j.issn.1000-6915.2012.11.010
http://doi.org/10.26986/d.cnki.gcdlc.2019.000213
http://doi.org/10.3969/j.issn.1671-9727.2020.01.10
http://doi.org/10.16285/j.rsm.2012.s2.005
http://doi.org/10.3969/j.issn.1003-8825.2009.06.026
http://doi.org/10.1016/S1876-3804(11)60004-9

	Introduction 
	Failure Mode of Thrust-Load-Induced Accumulation Landslides Triggered by Rainfall Infiltration 
	Weakening Law of the Mechanical Parameters of Sliding Zone Soil of Thrust-Load-Induced Accumulation Landslides Triggered by Rainfall Infiltration 
	Constitutive Model of Sliding Zone Soil 
	Weakening Law of the Mechanical Parameters of Sliding Zone Soil 
	Basic Weakening Law of Mechanical Parameters 
	Weakening Model of Mechanical Parameters 
	State Curve Equation for the Weakening Coefficient 


	Stability Calculation of Sliding Zone Soil of Thrust-Load-Induced Accumulation Landslide Triggered by Rainfall Infiltration 
	Case Analysis 
	Conclusions 
	References

