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In this study, to support slope stability estimating engineering, the stability of a slope with cracks lying on two-layered slopes
was investigated by a self-developed adaptive element limit analysis (AFELA) code. Upper bound (UB) and lower bound
(LB) results of soil additional gravity factor SF within 4% relative error were obtained to quantify the effects of several
factors, including the Moore‒Cullen strength ratio, angle of the slope, thickness of the top layer, length of the crack, angle of
the crack, and crack’s distance from the edge. Typical failure patterns were also discussed for deeper insight into the two-
layered slope stability with cracks. In addition, the results of the AFELA code were compared with the actual situation of the
slope and existing commercial calculation software to verify the reliability of this investigation.

1. Introduction

1e in situ geological survey report shows that, due to the
influence of dry‒wet cycles [1], erosion caused by rainfall [2],
and human disturbances, there may be a large number of
initial cracks in the shallow slope, and the existence of these
cracks will affect the stability of the slope [3, 4]. When a slope
with cracks is in a rainy environment, rainwater will invade
the depths of the slope along the cracks. 1e increase in soil
water content will not only reduce the shear strength of the
soil, but also increase the gravity. Both will reduce the stability
of the slope [5–7]. When a slope with cracks is subjected to
dynamic loads such as earthquakes [8], the existence of initial
cracks will greatly weaken the stability of the slope, causing
local landslides [9] or overall landslides, endangering people’s
lives and property [10]. Based on a field investigation and
model test, Zhang et al. [9] proved that the initial crack
distribution is a potential problem causing slope instability;
Krzeminska et al. [11] pointed out that the distribution of
cracks in the slope is related to the hydrological environment,
which will affect the stability of the slope. In addition,
according to the research results of He et al. [12], cracks often

appear on the slope surface and at the top of the slope. 1e
appearance of cracks at the top of the slope has the greatest
impact on the stability of the slope, because it may directly
affect the failure mode [13]. 1erefore, it is necessary to study
the stability of a slope with cracks on the top.

In order to evaluate slope stability, designers have
proposed many methods, such as the semiempirical formula
method [9], limit equilibrium method [14–17], slip line
method [6, 18], and upper and lower limit solutions [19, 20],
but these methods first assume a specific slip line. However,
when relying on some parameters and engineering experi-
ence to determine the sliding type (arc, logarithmic spiral
[21], etc.) and location of the slip line [22, 23], this does not
guarantee the reliability of the slope stability analysis. With
the development of slope calculation theory and the ad-
vancement of computer technology, the method of nu-
merical analysis has gradually been promoted, which has
overcome the problem of preassuming slope failure surface.
Cheng et al. [23] compared the calculation results of limit
analysis and strength reduction method [24] in slope sta-
bility and proved the reliability of limit analysis in calcu-
lating the stability of homogeneous soil slopes. Liu et al. [25]
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used the finite element method to study the stability of the
soil‒rock slope and obtained the real slope plastic devel-
opment zone; Zhou et al. [26] used limit analysis to study the
influence of uneven distribution of soil strength on slope
stability. In recent years, the limit stability analysis method
with adaptive function has often been used for slope stability
analysis. 1is method can efficiently and reliably calculate
the slope stability [20, 27, 28].

In the existing slope stability analysis process with cracks,
the slope material is generally simplified as homogeneous.
However, in a real slope, due to geological structure, sedi-
mentation, and other factors, the soil is settling.1e process has
obvious layering characteristics [29–31].1e research results of
Favre et al. [11, 32–34] showed that the failure mode of double-
layer soil slopes is significantly different from that of single-
layer soil slopes, but there are few related studies in this area
[29]. 1e analysis results of Li et al. [35] also reached the same
conclusion. When a two-layer slope includes cracks, the depth
and position of the cracks will affect the stability of the slope
[36, 37]. 1rough model tests and numerical analysis, Huang
et al. [25] proved that the distribution of cracks will have an
impact on slope stability. After that, Utili et al. [38] conducted
in-depth research on the stability of cracked slopes, but their
research conclusions are not sufficient to guide engineering
applications.

Based on the previously mentioned analysis and research
conducted on a slope support project in Zhenjiang City,
Jiangsu Province, this paper uses improved adaptive limit
analysis software to study the stability of a double-layered
soil slope with cracks. 1e specific research contents are as
follows: (1) multifactor parameter research is carried out,
and the change trend of the slope safety factor is explained in
the design chart, (2) revealing the influence of these influ-
encing factors on the slope failure mode and summarizing
several typical slope failure modes, and (3) the calculation
results of the adaptive limit analysis software are compared
with the analysis results of the engineering site and Optum
G2, which verifies the reliability of the numerical model.

2. Problem Definition

Figure 1 shows a real slope support project in Zhenjiang
City, Jiangsu Province. Under the effect of rainfall, cracks
with varying degrees of influence appeared on the top of
the slope. Dislocation, tension cracks, and slight landslides
occurred in the soil layer, which affected the stability of the
slope. If the slope has a landslide, it could cause damage to
the industrial plant at the foot of the slope, so it is nec-
essary to conduct a stability assessment of the slope.
1rough the on-site geological survey, it can be found that
the slope is a typical double-layer soil slope with initial
cracks on the top of the slope. Affected by the geological
structure and human activities, there are certain differ-
ences in the Moore‒Cullen strength ratio, the angle of the
slope, thickness of the top layer, length of the crack, angle
of the crack, and crack’s distance from the edge. 1erefore,
in order to better evaluate the slope stability, it is necessary
to understand the influence of these factors on the slope
stability and failure mode.

According to the geological survey report, the geometric
dimensions of a typical slope surface are as follows. As shown
in Figure 1, the slope height is 10m, the slope angle β is 45°, the
distanceD between the crack and the slope is 2m, the length of
the shallow crack L is 1.5m, and the top layer thicknessT is 5m.
It should be noted that the conclusion of geological survey
report is based on the on-situ investigation, geological con-
ditions, surrounding engineering cases, and survey results from
geological radar, comprehensively. According to the Geo-
technical Test Regulations, the measured strength parameters
(cohesion and internal friction angle) of the top and bottom
soils are 8 kPa and 18° and 10.67 kPa and 23.42°, respectively. In
order to fully consider the influence of crack distribution on
slope stability, combinedwith the results of a crack soil strength
test, the crack strength parameters are considered as 0.1 kPa
and 0.1°, respectively.

In order to objectively analyze the influence of various
influencing factors on slope stability (the Moore‒Cullen
strength ratio of the angle of the slope, thickness of the top
layer, length of the crack, angle of the crack, and crack’s
distance from the edge), a dimensionless slope stability analysis
model is determined. 1e standard dimensionless top layer
strength of theMoore-Cullenmodel (S.MC) is set to 1.0 (8 kPa,
18°), and the corresponding calculation equation is shown in
(1) [24, 25]. 1e adjusted range of S.MC is set to 0.5–1.5; the
slope angle β is set to 30°–60°; the crack angle α is set to
60°–120°; the dimensionless distance between crack and slope
D/H is set to 0–0.25; the dimensionless length of crack L/H is
set to 0.05–0.3; and the dimensionless thickness of top layer
T/H is set to 0.1–0.6. It should be noted that some ranges of the
previously mentioned research variables are low possibility of
occurrence in practice, but it is meaningful and typical for
better presenting the failure modes of slope with cracks.

S.MC �
cs

ca

�
tanφs

tanφa

. (1)

Combined with the influencing factors of a double-
layered slope with cracks, the safety factor of slope can be
described as follows:

SF � f S.MC, α, β,
D

H
,

L

H
,

T

H
 . (2)

3. Analytical Method

3.1. AFELAModel. In recent years, due to higher calculation
accuracy and efficiency, finite element limit analysis (FELA)
has been widely used in slope stability analysis. Compared
with the previous slope limit analysis method, FELA solves
the problem that the slope sliding belt needs to be assumed
in advance (circular arc, spiral, etc.), which makes the cal-
culated slope slip surface closer to the real slope failure
surface. In the calculation process, by separately solving the
slope velocity field and stress field, the strict upper limit
solution [39] and lower limit solution [40] of the slope
stability can be obtained. Based on the obtained upper limit
solution and lower limit solution, the real slope stability
value and the corresponding slope shear surface can be
obtained. In order to obtain accurate calculation results of

2 Advances in Civil Engineering



slope safety factor, the discontinuous finite element calcu-
lation equations of the upper limit solution and lower limit
solution are introduced [41, 42]. 1e use of discontinuous
finite element formulation in the static form of limit analysis
leads to two nonlinear optimization models that can be
presented in the same form:

Minimize: λ, (3)

Subject to: B
Tσ � g0 + λg, (4)

f σj ≤ 0, j � 1, . . . , nσ , (5)

where λ is the load multiplier of additional gravity; is the
operator of discrete equilibrium type, σ � (σ1, . . . , σnσ)T is
the vector of σj; nσ is the sum of discrete stresses, g0 and g

are the vectors of gravity and prescribed gravity; and f is the
yield function.

In order to solve equations (3)‒(5), the authors proposed a
nonlinear optimization algorithm, which is an optimization of
the arc interior point algorithm [43, 44]. In order to ensure the
accuracy and efficiency of the calculation, an adaptive meshing
method based on the energy method is proposed. 1e cal-
culation process of this method mainly includes the following:

(1) 1e input of the initial grid parameters, including the
number of basic elements (B.E.), number of remeshing
elements (M.E.), and number of repeat times (R.T.).

(2) As shown in Figure 2(a), mesh the slope and perform
the first limit analysis.

(3) Search for the remeshing area and the corresponding
remeshing elements based on the strain, stress, or
shear dissipated energy.

(4) Grid remeshing, as shown in Figure 2(b): the higher the
strain, stress, and shear dissipated energy is, the greater
the density of the mesh is; after remeshing is finished,
the slope stability is analyzed again.

(5) Repeat steps 3 and 4 until the designed remeshing
times are reached. Figures 2(c)‒2(e) show the slope
meshing results when the number of repeats is three,
four, and five, respectively; it can be seen from Fig-
ure 3 that as the densification increases, the mesh
density of the slope shear zone area becomes larger
and the calculation result is more accurate.

In order to determine the appropriate meshing pa-
rameters, different initial meshing elements and remeshing
elements and times are set, and the slope safety factor
calculation results are as shown in Figure 3. Among them,
the slope safety factor is the average value of the upper limit
solution and the lower limit solution of the slope gravity
increase coefficient, as shown in

SF �
λUP + λLP

2
. (6)

It can be seen from Figure 3 that as the number of repeats
increases, the safety factor and the difference between the
upper limit solution and the lower limit solution are
gradually reduced, and greater reducing amplitude appeared
when the repeat times number three or fewer. Hence, it can
be concluded that three is the most suitable number of
repeats. In addition, by comparing the results with different
meshing elements, it can be observed that, with the increase
in the number of basic meshing elements, the safety factor
accuracy is higher, and 8000 is recognized as the highest
number of suitable basic elements that leads to both great
accuracy and calculation efficiency.

3.2. Model Rationality Verification. 1e research results of
Huang et al. [9, 16, 45] showed that the slope will have
certain precursors before a landslide, such as crack at slope,
soil dislocation, and vegetation tilt. At this time, the safety
factor of the slope should be 0.98–1.02. When the slope
safety factor is higher than 1.02, the slope should be in a
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Figure 1: Definition of two-layered slope with cracks.
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stable state, which is different from a condition where the
slope is about to slide. When the slope safety factor is lower
than 0.98, the slope should have already produced a land-
slide, which contradicts the on-site situation, where the slope
has not yet slipped.1e calculation result of slope stability in
this paper is 1.005, which is in the range of 0.98–1.02.
1erefore, the analysis result of this model can be considered
reasonable.

Optum G2 is a widely accepted commercial finite
element limit analysis calculation software, and the ra-
tionality of its calculation results has been verified by Wu
et al. [20]. 1erefore, this software is used to verify the
reliability of the calculation results in this paper. It can be
seen from Figure 4 that, with the increase in the di-
mensionless strength S. MC of the top layer, the slope
safety factor continues to increase. 1e analytical results
of this paper and Optum G2 have the same trend in the
calculation results. Comparing the relative error of the

slope safety factor calculation of the two (7), it can be seen
that the difference between the two is always small and the
relative error calculated by AFELA is smaller than those
calculated by OptumG2, so the method proposed in this
paper is reasonable. In terms of stability of calculation
results, comparing the calculation results of Optum G2
and the algorithm in this paper, it can be seen that the
upper and lower safety factors of the slope using the
algorithm in this paper are included in the upper and
lower limits of Optum G2, and the difference between the
upper and lower limits is more stable than with Optum
G2. 1is shows that the grid encryption algorithm in this
paper has certain computational advantages over Optum
G2, mainly in terms of computational accuracy and
stability.

Error �
2(A − B)

A + B




· 100%. (7)

R.T. = 1

(a)

R.T. = 2

(b)

R.T. = 3

(c)

R.T. = 4

(d)

R.T. = 5

(e)

Figure 2: Meshing results of slope. (a) R.T.�1. (b) R.T.� 2. (c) R.T.� 3. (d) R.T.� 4. (e) R.T.� 5.
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4. Results and Discussion

1is chapter analyzes in detail the influence of each variable
in equation (2) on the stability of a two-layered slope with
cracks and summarizes the corresponding failure mode of
the slope under the influence of each variable.

4.1. Effect of Dimensionless Strength of Top Layer. It can be
seen from Figure 5 that, with the increase in S. MC, the safety
factor of the slope increased gradually in total, but with a
different change tendency under different variables. For the
standard group (α� 90°, β� 45°, D/H� 0.2, L/H� 0.15, T/H
� 0.5), when the S. MC is smaller than 1.0, with the increase
in S. MC, the safety factor shows greater increasing am-
plitude; when the S. MC is larger than 1.0, the safety factor

shows lower increasing amplitude. Comparing the safety
factor of the standard group, the D/H� 0.1 (the crack close to
the slope), and the L/H� 0.05 group (the crack length is
small), it can be observed that the difference between the three
is small with different S. MC values. Hence, it can be con-
cluded that the distance between the crack and the slope and
the crack length were less affected by the S. MC. Comparing
the results between the standard group and α� 120° group, it
can be seen that the changing tendency of the safety factor
with S. MC is similar, but the α� 120° group is smaller than
the standard group under the given S. MC. When the T/H
(the top layer thickness is small) is set to 0.3, the S. MC is
smaller than 1.25 and the safety factor of the T/H� 0.3 group
is greater than the standard, but when the S. MC is larger than
1.25, the opposite tendency appears. Furthermore, it should
be observed that the safety factor of the T/H� 0.3 group is
always greater than 1.0. When the slope angle β is set to 30°,
the safety factor of the slope increased rapidly with the in-
crease of S. MC. Only when the S. MC is 0.5 is the safety factor
of the slope lower than 1.0; otherwise, the safety factor of the
slope is always greater than 1.0.

Based on the previously mentioned analysis with different
S. MC, it can be concluded that (1) the distance between crack
and slopeD/H and the crack length L/Hhave a little effect on the
slope safety; (2) the greater crack angle α will lead to a lower
safety factor; (3) the reduction of top layer thickness T/H and
slope angle β will increase the safety factor of the slope. In
addition, by analyzing the failure modes of two-layer slope with
cracks at different S.MC, it can be concluded that the slope tends
to partial failuremode at a low S.MC (shown in Figure 6(a)) and
the failure surface is from the toe of the top layer to the bottomof
the crack; as shown in Figure 6(b), the slope tends toward overall
failure, and the failure surface is from the toe of slope to the
bottom of the crack.1e different failuremode can be explained
by the antisliding force caused in the top layer [35, 45].When the
strength of top layer is lower which means lower antisliding
force, the shear surface will develop from the toe of top layer to
the crack and formpartial failure.When the strength of top layer
is higher, the shear surface will develop from the toe of slope to
the bottom of crack and form overall landslide.

Figure 7 shows the four typical shear failure surfaces of a
two-layer slope with cracks at S. MC� 1.5, including (1) a
partial landslide without through cracks; (2) a deep landslide
without through cracks; (3) an overall landslide with through
cracks; and (4) an overall landslide without through cracks. As
shown in Figure 7(a), S. MC� 1.5 and β� 30°, and the slope
shows a partial landslide without through cracks. 1is can be
explained by the smaller slope angle β. As shown in
Figure 7(b), when the S. MC is large (S. MC� 1.5) and the
distance between slope and crack is small (D/H� 0.1), the
slope shows an overall landslide without through cracks. 1is
can be explained by the high strength of the soil making the
shear surface deeper and the crack being close to the slope,
which leads to an overall landslide without through cracks. As
shown in Figure 7(c), when the S. MC is great (S. MC� 1.5),
the development of the shear surface is exactly through the
cracks, and the failure surface consists of the shear surface and
crack. As shown in Figure 7(d), when the crack angle is large
(α�120°), the shear surface developed from the toe of the
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slope to the bottom of the crack. As shown in Figure 7(e),
when the thickness of top layer is low (T/H� 0.3) and the
S. MC is high (S. MC� 1.5), the shear surface develops from
the toe of slope to the bottom of crack and forms an overall
landslide through the crack. As shown in Figure 7(f), when
the S. MC is high (S. MC� 1.5) and the crack length is small
(L/H� 0.05), the failure surface will bypass the crack and form
a deep landslide without through cracks, which is related to
the minor weakening effect of the crack on slope stability.

Based on the analysis of the slope stability and failure
surface at different S. MC, it can be concluded that the
influence of the top layer on slope stability mainly involves
two aspects. On the one hand, under low strength, the slope
is prone to partial landslides instead of the traditional overall
landslide. On the other hand, a change in the top layer
strength will affect the shear surface developing path.

4.2.Effect of SlopeAngle. Figure 8 shows the slope safety factor
under different slope angles. It can be seen from the figure that
as the slope angle increases, the slope safety factor continues to
decrease, and the amplitude gradually decreases. For the

standard group, the safety factors at the slope angles of 30°, 45°,
and 60° are 2.779, 1.005, and 0.610, respectively, and the re-
duction amplitudes are 1.774 and 0.395, respectively. When the
slope angle β was set to 30°, it was found that (1) when crack
angle α was 120°, the slope safety was is smaller than the
standard group; (2) when the crack was close to the slope (D/
H� 0.1) or the crack length was large (L/H� 0.3), the slope
safety factor was similar to the standard; (3) when the top layer
strengthwas high (S.MC� 1.5) or the thickness of top layer was
small (T/H� 0.3), the slope safety was higher than the standard.
In addition, it can also be observed that (4) all the slope safety
factors are larger than 1.0, which means that the slope is stable.

In premise of slope angle β� 45°, when the crack angle is
larger (α�120°), the crack is close to the slope (D/H� 0.1),
the crack length is long (L/H� 0.3), the top layer strength is
high (S. MC� 1.5), or the thickness of the top layer is small
(T/H� 0.3), the safety factor of the slope is always larger than
the standard group and 1.0. When the slope angle β is 60°,
the safety factor of slope with different affecting character is
similar to the standard group and smaller than 1.0. It means
that the Moore‒Cullen strength ratio, the angle of the slope,
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thickness of the top layer, length of the crack, angle of the
crack, and crack’s distance from the edge have less influence
on the slope safety factor when the slope angle β is 60°.

Figure 9 shows the failure surface of a two-layer slope
with cracks at different slope angles. For better presenting
the shear failure zones, referring to Gao’s studies [20], the
deformation of elements was enlarged 3∼100 times. It can be
seen from Figure 9(a) that when the slope angle was 30°,

partial failure occurred and the failure surface only consisted
of the shear surface that developed from the toe of the top
layer to the slope top. At this point, the slope had the
maximum safety factor, which was larger than 1.0. As shown
in Figure 9(b), when the slope angle was 45°, the slope
showed overall landslide and the failure surface consisted of
the shear surface and crack. When the slope angle was 60°, as
shown in Figure 9(c), the failure surface was similar to that in
Figure 9(b), but some difference appeared at the top of the
slope, which tends to lead to secondary partial failure.

Figure 10 shows four typical failure modes of a two-layer
slope with cracks at 30 degree crack angles. As shown in
Figure 10(a), the failure surface developed from the toe of the
top layer to the top of the slope and only consisted of a shear
surface without through cracks. 1is can be explained for the
less slope angle β. As shown in Figures 10(b) and 10(c), the slope
shows an overall failure and the failure surface developed from
the toe of the slope to the top of the slope without including the
crack.1is can be explained by the low thickness of the top layer
and the high strength of the top layer, respectively.1e lower the
thickness of the top layer is and the higher the strength of top
layer is, the shallower the shear surface is. Hence, the failure
surface developed from the toe of the slope to the top of the
slope without contacting the crack. As shown in Figure 10(d),
the failure surface developed from the toe of slope to the bottom
of crack and formed a partial landslide. It can be explained by
the greater crack angle that inducing the development of shear
surface. As shown in Figure 10(e), the failure surface developed
from the toe of top layer to the middle of crack and formed a
partial failure consisting of shear surface and part of crack. It can
be explained by the small distance between slope and crack.
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Combining the slope safety factor and failure mode,
we find that the effect of slope angle on the safety factor
and failure mode of the slope is great. When the slope
angle is small, it tends to appear as a shallow landslide

without through cracks, and the slope obtains a greater
safety factor. When the slope angle is large, it tends to
appear as a deep landslide and obtains a lower safety
factor.

Crack

Partial failure caused with β = 30°

(a)

Crack

Overall failure caused with β = 45°

(b)

Overall failure caused with β = 60°

Crack

(c)

Figure 9: 1e failure surface of slope at different slope angles. (a) β� 30°. (b) β� 45°. (c) β� 60°.
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Figure 10: Typical failure modes at different crack angles.
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4.3. Effect of Top Layer 6ickness. Figure 11 shows the in-
fluence of the thickness of the top layer on slope stability. It
can be concluded that, with the increase in top layer
thickness, the safety factor of the slope reduced gradually,
but the reducing amplitude was different. Comparing the
safety factors of the standard group and the α� 120° group,
we observe that the safety factor of the α� 120° group was
always smaller than the standard at the same T/H. When the
strength of the top layer was low (S. MC� 0.5), with the
increase in T/H, the safety factor of the slope rapidly de-
creased. When the slope angle was small (β� 30°), the safety
factor of slope was always larger than 1.0. When the crack
was close to the slope, compared to the safety factor of the
slope, the safety factor of theD/H� 0.1 group was larger than
that of the standard group. When the length of crack L/H
increased to 0.3 and T/H was smaller than 0.5, both safety
factors were similar, but when T/H was larger than 0.5, the
slope with the longer crack had a lower safety factor than the
standard.

As shown in Figure 12, the failure surface of the slope
consisted of the shear surface and crack, but the length of the
shear surface in the top layer was different. As shown in
Figure 12(a), the thickness of the top layer was small, and less
shear surface distributed in the top layer. As shown in
Figure 12(b), when the thickness of the top layer was large,
there was a greater shear surface lying on the top layer.
Because the top layer was low in strength, with more shear
surface, there was lower antisliding force to the sliding body,
which means a lower safety factor. Hence, it can be con-
cluded that the influence of the top layer’s thickness on the
slope is mainly manifested in the antisliding force.

Based on the previously mentioned analysis of the slope
safety factor under different topsoil depths and the corre-
sponding shear surface development model, it can be

concluded that as the thickness of the upper soil increases,
the slope safety factor gradually decreases. 1e main reason
is the lower strength of the topsoil, so the failure surface
provides less sliding resistance. Among all the influencing
factors, when the topsoil strength is low and the thickness is
large, the slope will produce a local landslide phenomenon of
the topsoil; when the topsoil thickness is thin, the slope tends
to produce a whole landslide. In the geological survey
process, when the strength of the upper soil is low, special
attention should be paid to the influence of the thickness of
the topsoil on the slope stability.

4.4. Effect of the Distance between Crack and Slope.
Figure 13 shows that, with the increase in distance between
the crack and the slope, the safety factor of the slope changes
little. For the standard group, the change in amplitude is 0.01
and the safety factor of the slope is always greater than 1.0.
When the crack angle was 120°, the changing amplitude of
the safety factor was smaller, within 0–0.15 D/H, which is
larger than 1.0; when D/H was larger than 0.15, great re-
ducing amplitude appeared and the safety factor was smaller
than 1.0. When the S. MC was set to 0.5, the safety factor of
the slope was always smaller than 0.5, and the changing
amplitude under different D/H was 0.01. When the slope
angle was small (β� 30°), the changing amplitude of safety
factor under different D/H was 0.05 and always higher than
1.0. When the crack length was greater (L/H� 0.3), the safety
factor of the slope was similar to the standard.When the T/H
was set to 0.3, the changing amplitude of the safety factor was
0.02 and always greater than that of the standard group.
Hence, it can be concluded that (1) a reduction in the slope
angle and top layer thickness will improve the slope safety
factor; (2) a reduction in the top layer strength will reduce
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Figure 11: 1e influence of the thickness of the top layer on slope stability. (a) Calculation results. (b) Partial calculation results.
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the slope safety; (3) the crack length have less effect on the
slope stability with different D/H; (4) when the distance
between the slope and the crack is greater, a greater crack
angle will lead to a low safety factor.

As shown in Figure 14, when the crack position changes,
according to the relative position of the shear surface and crack,
three typical failure modes will be obtained: (1) including
failure, as shown in Figure 14(a), the crack is close to the slope,
and the development of the failure surface is not affected by the
crack; (2) combining failure, as shown in Figure 14(b), the
presence of a crack will affect the development direction and
length of the shear surface; the failure surface consists of the
shear surface and part of the crack; (3) away failure, as shown in
Figure 14(c), the crack is away from the shear surface and has
less effect on the slope failure surface.

4.5. Effect of Crack Length. Figure 15 shows the influence of
the crack length on slope stability. For the standard group,
with the increase in crack length, the safety factor of slope

gradually decreased, but the reducing amplitude was small
(0.016). When the crack angle was 120°, with the increase in
crack length L/H, the safety factor of the slope gradually
decreased, and a greater reducing amplitude appeared when
the crack length L/H was larger than 0.15. 1e total reducing
amplitude of the slope was 0.136. When the top layer
strength S. MC was 0.5, the safety factor of the slope was
smaller than 0.5, and the total reducing amplitude was 0.012.
When the slope angle was small, the safety factor of the slope
was far larger than 1.0, and the corresponding reducing
amplitude was 0.005. When the distance between the crack
and the slope was small, the safety factor of the slope was
similar to that of the standard group. When the thickness of
the top layer was small, the safety of the slope was larger than
1.0 and surpassed that of the standard group.

Figure 16 shows the different failure modes of a two-
layer slope with cracks at different crack depths. As shown in
Figure 16(a), the crack length was small. 1e shear surface
developed from the toe of the slope to the crack nearby.
When the length of the crack increased, as shown in
Figure 16(b), the shear surface developed from the toe of
slope to the bottom of the crack, and the failure surface
consisted of the shear surface and crack. When the length of
crack L/H reached 0.3, the shear surface developed from the
toe of slope to the middle of the crack (shown in
Figure 16(c)), and the failure consisted of the shear surface
and part of the crack. 1is can explain the smaller induced
effect of the crack on the development of the slope shear
surface [25]. When the crack was large (120°), the induced
effect of the crack on the development of the slope shear
surface improved, and the shear surface developed toward
the bottom of crack, as shown in Figures 16(d) and 16(e). In
addition, comparing the length of the shear surface in
Figures 16(d) and 16(e), it can be observed that the shear
surface length in Figure 16(d) is larger, which means that
more antisliding force appeared in the sliding body. Hence,
the slope stability in Figure 16(d) is larger than that in
Figure 16(e).

Based on the previously mentioned analysis and dis-
cussion of slope safety factors and the development path of
the shear surfaces, it can be concluded that when the slope
angle of the crack is 120°, the change in the depth of the crack
has a greater impact on the safety factor of the slope. 1e
main reason is related to the full play of the “induction
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effect” of the crack on 1ptthe shear surface. “Induction
effect” means that the failure surface tends to develop in
the direction of weak zones in the slope, and it is detailed
in Liu’s studies [25]. 1e other factors are less sensitive to
the change in slope crack length. When the slope forms a
combined failure surface of shear surface and crack, the
longer the length of the crack, the shorter the length of
the shear surface, the smaller the antisliding force pro-
duced by the sliding body, and the lower the safety factor
of the slope.

4.6. Effect of Crack Angle. As shown in Figure 17, with the
increase in crack angle, the safety factor of the slope
gradually decreased, but the reducing amplitude was dif-
ferent. For the standard group, the safety factor of the slope
decreased slowly, and the reducing amplitude was 0.035.
With a long crack length (L/H � 0.3), when the rock angle
was smaller than 90°, the safety factor of the slope was less
affected by the crack; when the crack angle was larger than
90°, a greater reducing amplitude appeared with the in-
crease in crack angle and the safety factor of the slope was
smaller than 1.0. When the top layer was low in strength
(S. MC � 0.5), the reducing amplitude of the safety factor of
the slope was 0.042, and the safety factor of the slope was
smaller than 1.0. When the crack was close to the slope (D/
H � 0.1), with the increase in crack angle, the safety factor of
the slope slowly decreased, and the reducing amplitude was
0.009. When the slope angle was small (β� 30°), the safety
factor of the slope was larger than 1.0 and the changing
amplitude was small (0.007). When the thickness of the top
layer was smaller (T/H � 0.3), the safety factor of the slope
was larger than the standard, and the changing amplitude
was 0.044. 1e sensitivity relationship of each factor to the
safety factor of the slope was crack length > top layer
(dimensionless thickness) > soil (dimensionless strength)
> standard group > distance between crack and slo-
pe > slope angle.

As shown in Figure 18, which compares the development
path of the slope surface with crack angles of 60° and 120°,
when the crack angle is larger, the overall length of the slope
shear surface is smaller than that of the slope with a smaller
crack angle, which means the sliding body of the slope
provides less antisliding force, and the safety factor of the
slope is lower. 1e failure surface in the two figures is

Sa
fe

ty
 fa

ct
or

Standard
α = 120°
S.MC = 0.5

β = 30°
D/H = 0.1
T/H = 0.3

0.5

1.0

1.5

2.0

2.5

3.0

0.10 0.15 0.20 0.25 0.300.05
L/H

Figure 15: 1e influence of the crack length on slope stability.

Part failure caused with L/H = 0

Crack contained in 
the sliding body

(a)

Overall failure caused with L/H = 0.15

Crack connected with 
shear surface

(b)

Part failure caused with L/H = 0.25

Crack away from 
sliding body

(c)

Figure 14: Failure modes of slope under different distances between crack and slope. (a) D/H� 0. (b) D/H� 0.15. (c) D/H� 0.25.
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(a) (b)
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(e)

Figure 16: Failure mode of slope at different crack depths. (a) L/H� 0.05. (b) L/H� 0.10. (c) L/H� 0.15. (d) L/H� 0.20. (e) L/H� 0.25.
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composed of a combination of shear surface and cracks, but
the slope cracks under a large crack angle occupy a larger
proportion of the sliding belt, which means that the sliding
body provides lower sliding resistance and the safety factor
of the slope is small. In addition, the “induction effect” of the
crack on the development of the slope shear surface is also
the reason for the higher stability of the slope with a small
fracture dip. Huang et al. [25] proved that when the de-
velopment path of the shear surface was parallel to the crack,
the safety factor of the slope was lower. 1erefore, the safety
factor of a slope with a small crack angle is higher than that
with a large crack angle.

Synthesizing the slope safety factors under different crack
angles and the development path of the shear surface, it can be
concluded that when the crack length is large, the change in the
crack angle has a greater influence on the slope safety factor.
1e influence of the safety factor of the slope, with the variation
in the inclination of the crack, is mainly manifested in the
“induction effect” of the development path of the shear surface
and the “shortening effect” of the length of the sliding surface.

5. Conclusions

Based on a slope project in Zhenjiang City, Jiangsu Province,
this paper used the self-developed AFELA program to study
the stability of a two-layered slope with cracks. Based on the
slope section, some potential influencing factors were an-
alyzed. 1e influence of each influencing factor on the slope
safety factor and the development law of the failure surface
was analyzed in detail, and the analysis results were com-
pared with the project condition andOptumG2.1e specific
research conclusions were as follows.

(1) A finite element limit analysis calculation model
with self-adaptive function was proposed, and this
model was used to study the stability of two-lay-
ered slopes with cracks. 1e results of the model
were compared with the calculation results of the
project condition and Optum G2 to verify the
reliability of the adaptive model.

(2) According to the slope stability analysis under different
strengths of top layer, its influence on slope can be
summarized as follows: when the top layer strength is
low, the slope tends to appear as a partial landslide

rather than an overall landslide.1e change in top layer
strength will affect the developing path of the failure
surface; when the top layer strength is high, the failure
surface will develop behind the crack and the slope will
form a deep landslide without through cracks. In
addition, the change in top layer strengthwill also affect
the antisliding force of the sliding body.

(3) Regarding the geometric dimensions of the slope,
when the angles of the slope change from small to
large, the safety factor of the slope gradually de-
creases, and the failure mode of the slope changes
from partial failure to overall failure; with low top
layer strength, when the thickness of the topsoil of
the slope changes from shallow to thick, the safety
factor of the slope gradually decreases, which is
related to the smaller antisliding force on the shear
surface passing through the top layer.

(4) In terms of cracks, the safety factor of the slope
increases with an increase in the length of the crack,
and the effect is most obvious when the crack angle is
120°; the safety factor of the slope generally increases
with the increase in the crack angles. In addition,
when the crack angle is greater than 90°, the influence
of various influencing factors on the slope safety
factor is greater than when the crack inclination
angle is less than 90°; the slope safety factor generally
increases as the distance between the crack and the
slope surface increases, but the amplitude is small.
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