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Quantitative risk assessment of landslides induced by slope failure is an important precondition for formulating effective disaster
prevention, mitigation measures, and establishing a landslide risk warning system. In general, the location of the critical slip
surface and the failure mode is unlikely to be predicted due to the spatial variability in soil. It remains a challenging task to
effectively identify the critical slip surface and conduct the efficient risk assessment based on a three-dimensional (3-D) slope with
spatial variability. Based onMonte Carlo simulation and the random field method, a quantitative risk evaluation method for slope
failure considering the spatial variability of soil parameters is proposed in the study. Compared with a uniform soil slope, the
landslide volume, the critical slip surface, and the factor of safety considering the spatial variability of soil are all uncertain; thus,
the soil spatial variability has a significant effect on the failure mode and stability of the slope. By using the random finite element
method, the critical slip surface of the slope is accurately identified, the corresponding landslide volume and slide distance are
calculated, and the modified risk index for a landslide is further enriched, which can provide the reference basis for predicting the
landslide deformation, quantitatively evaluating the landslide risk, and mitigating the landslide disaster.

1. Introduction

In mountain regions, landslides are one of the most dan-
gerous natural hazards, which can result in devastating and
fatal disasters to human society and urban agglomeration
[1–4]. One of the most destructive landslide events is the
2020 Pettimudi landslide in India, which resulted in more
than 66 fatalities and destroyed and buried severe village
infrastructures. ,e occurrence dangers are affected or
dominated by the concealment and irregularity of the critical
slip surface of the slope, the spatial variability of geotechnical
parameters, and the temporal and spatial variation of various
boundary conditions [5, 6]; Qi and Li 2018 [7], where the
spatial variability of geotechnical parameters is one of the
most vital uncertainties affecting the slope stability [8].
Griffiths et al. [9] demonstrated that soils inherently

exhibiting spatial variability can impact slope stability sig-
nificantly on account of the complicated geological processes
during their formation. Jiang et al. [10] illuminated the great
necessity for quantitatively assessing the risk of landslide
hazards induced by slope instability considering the soil
spatial variability. Cheng et al. [11] expounded that many
geotechnical designers should not only take into account the
slope stability but also the failure consequence caused by
slope instability from an engineering perspective.

Quantitative risk assessment of slope instability plays a
significant role in slope design and risk mitigation, and most
of the previous studies have paid close attention to quan-
titative risk assessment methods in geotechnical engineering
(e.g., [12–14]. Huang et al. [15] developed an efficient
framework for quantitative risk assessment of slope insta-
bility where the failure consequence for each failure mode of
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the slope is assessed respectively; however, the influence of
the correlation between slip surfaces has not been consid-
ered effective by the method. Li and Chu [16] proposed a
quantitative risk assessment approach for two-dimensional
(2-D) slope lope failure that can identify a series of repre-
sentative slip surfaces by limit equilibrium method, where
this method only considers the slope failure risk with the
horizontal spatial variability of soil parameters. ,e typical
investigations on risk assessment of landslide hazards due to
slope failure are summarized in Table 1.

Table 1 illustrates that the landslide hazard risk assess-
ment mainly includes two elements. One is the possibility of
slope instability, namely failure probability. ,e other is the
impact of landslides on people, property, society, and the
environment, which can be summarized as failure conse-
quences. Obviously, the failure probability and the failure
consequences are directly related to the failure mode of the
slope. ,e effective identification of the failure mode of the
slope is a key step in the quantitative assessment of landslide
risk. Due to the spatial variability of soil parameters, multiple
failure modes may exist in the slope and the effective
identification of the critical slip surface is a complicated
problem. Overall, how to quantify the risk assessment of
landslide hazards induced by slope failure considering the
soil spatial variability remains an intricate challenge.

Previous researches on slope stability analysis and risk
assessment considering soil spatial variability were domi-
nated by 2-D analysis (e.g., [24]; Li et al. 2016; [25]. However,
the 2-D model cannot reflect the failure mode of slope more
realistically in terms of the shape, location, and length of the
critical slip surface. Liu et al. [26] illuminated that slope
failure will occur in areas with low soil shear strength due to
the spatial variability of soil parameters, which directly af-
fects the shape and position of the slip surfaces of the slope.
Meanwhile, how to effectively identify the potential and
critical failure slip surface of a 3-D slope and quantitatively
calculate the landslide volume is still a complicated problem.
,us, it is necessary to investigate the stability analysis and
risk assessment of 3-D slope with the spatial variability of
soil properties.

Several studies (e.g., [22, 27, 28] have made great efforts
to estimate 3-D slope reliability. Xiao et al. [5] proposed an
auxiliary random finite element method to quantify the risk
of 3-D slope considering spatial variability of soil properties.
Vanmarcke et al. [29] pioneered the quantitative risk as-
sessment of 3-D slope that is regarded as an extension of 2-D
slope reliability analysis based on the first-order second-
moment method. However, previous studies on the quan-
titative risk assessment of slope failure require a presumed
critical failure surface of the slope, which becomes im-
practical when the soil spatial variability is taken into
account.

In this study, the problem that effectively identifies the
exact location of slip surface and estimate the probability of
failure in a 3-D slope consisting of spatially random soils can
be solved by the finite element analysis (denoted by FEA),
where the irregular slip surface caused by the spatial vari-
ation can be captured automatically in a 3-D slope without a
prescribed slip surface and the volume of slide mass can

therefore be calculated exactly. Based on Monte Carlo
simulation and the random field method, a quantitative risk
evaluation method for slope failure considering the spatial
variability of soil parameters is proposed. By calculating the
corresponding landslide volume and travel distance, a
modified risk index is proposed to evaluate the landslide
hazard, where the risk index can be used for a regional
landslide hazard assessment. ,is research aims to provide a
practical method for quantitative risk assessment of slope
failure, formulate the risk prevention, and control plan of
landslide disasters.

2. Finite Element Model

,e quantitative risk assessment of the 3-D slope in spatial
variability soil is conducted by the finite element method.
Figure 1(a) illustrates the 3-D slope model that consists of
43,200 eight-node brick elements and the soil undrained
shear strength (denoted by cu) is characterized by a random
field. ,e corresponding 2-D plane strain model is shown in
Figure 2(a), where the plane strain boundary conditions are
also in accord with the 3-D finite element model. Since the
properties of materials are strictly positive, a lognormal
random field is applied to embody the random variables so,
that guarantees all soil properties are nonnegative. ,ere-
fore, a 3-D lognormal random field is adopted to charac-
terize the undrained shear strength, where the lognormal
random field is obtained from a Gaussian random field that
is generated by the modified linear estimation method
(see [30]).

Figure 1(b) illustrates the contour of the maximum
principal plastic strain of a typical sample. A small element
size is used to capture the potential slip surface by the finite-
element program in each simulation, where the sensitivity of
results to mesh refinement in a 3-D slope is verified by
Griffiths and Marquez [2]. ,e spatial correlation length
along the vertical directions (denoted by Θy) and the spatial
correlation length along the horizontal direction (denoted as
Θx) refer to the values in Li et al. [31]. Xiao et al. [8]
demonstrated that the failure mode and stability of 3-D
slopes can be significantly influenced by the horizontal
spatial variability. ,us, the Θx is considered to explore its
effect on the overall performance of landslides. ,e soil is
regarded as an elastic-perfectly-plastic material based on the
Mohr-Coulomb yield criterion. ,e parameters displayed in
Table 2 are assumed to be deterministic except for the
undrained shear strength, which is referred to as those re-
ported by Liu and Shields [32].

Due to the spatial randomness of the soil, the potential
slip surfaces and the failure modes varied from one simu-
lation (or realization) to another. For this reason, 600 re-
alizations of the lognormal random field for the 3-D full-
model were generated in this study; that is, Monte-Carlo
simulations were conducted to examine the performance of
those models [33]. For each simulation, the factor of safety
(FS) is calculated by the strength reduction method, and the
volume of the slide mass is calculated by summing the
volume of elements whose displacement is greater than a
specific value that is set at 0.2m in this study. ,e
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displacement of element and volume of slide mass can be
calculated by equations (1)–(3). ,us, 600 FSs and the
corresponding volume of the slide mass can be obtained for

each scenario (i.e., each implementation of random field),
where the volume of the slide mass can be considered as an
“equivalent quantity” to characterize the failure consequence
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Figure 1: Typical realizations of undrained shear strength ((c)u) field together with the geometric size and boundary conditions shown in
(a). ,e spatial correlation length Θx is 2m in (a), where red regions signify higher strength values; (b) contour of the maximum principal
plastic strain of 3-D slope with spatially random strength. (c) Contour of the maximum principal plastic strain of 3-D slope with uniform
strength.

Table 1: Summary of typical studies on risk assessment.

References Mode Remarks

Lee and ching [14] 3-D Developing a methodology for calculating landslide volume of infinite slope considering spatial variability of
soil parameters.

Li et al. [15] 2-D Presenting a risk assessment and analysis method considering multiple failure modes of slope based on area
failure probability.

Liu et al. [16] 2-D Investigating the effects of the stratigraphic boundary uncertainty on the slope reliability analysis and risk
assessment considering the spatial variability of soil properties.

Xiao et al. [5] 3-D Developing a collaborative risk assessment framework for 3-D slope reliability analysis and risk assessment in
spatially variable soils.

Zhang and Huang
[11] 2-D Proposing a newmethod to evaluate risk assessment of slope taking into account themultiple failure surfaces.

Li et al. [17] 2-D Enhancing the efficiency of the random finite element method in slope reliability analysis and risk assessment
based on subset simulation.

Ali et al. [18] 2-D Proposing an analytical framework for quantitative risk assessment of landslides caused by rainfall
considering the spatial variability of permeability coefficient.

Hicks et al. [19] 3-D Investigating the influence of the spatial variability of soil parameters on the probability of failure and the
failure consequence of a 3-D slope.

Li et al. [20] 2-D Proposing an approach for quantitative risk assessment of slope instability considering multiple failure
modes based on Monte Carlo simulation.
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of slope in landslide risk assessment [18]. For the models
shown in Figure 3, the elements with nongrey color formed
the slide region of the landslide, which suggests the failure
mode of the slope is dominated by the spatial variability of

soil parameters. ,e calculation procedure of the quanti-
tative risk assessment of a 3-D slope instability considering
the spatially variable soils parameters is schematically shown
in Figure 4.

Table 2: Parameters for soil properties and finite element model.

Parameter Unit Value
(a) Deterministic parameters
Friction angle Degree 0
Undrained shear strength, cu kPa Spatially random (see part b of this table
Dilation angle Degree 0
Young’s modulus kPa 104

Poisson’s ratio – 0.49
(b) Statistical parameters of the lognormal random field for cu
Mean kPa 25
Coefficient of variation – 0.4
Spatial correlation length (horizontal) m 2; 10; 80; 1,000
Spatial correlation length (vertical) m 2

Bottom face: fixed
Four side faces: vertical rollers
Three faces: free

Boundary conditions:

(a)
PEEQ
(Avg: 75%)

0.000
0.040
0.073
0.107
0.140
0.173
0.207
0.240
0.273
0.307
0.340
0.373
0.407
0.440

(b)
PEEQ
(Avg: 75%)

0.000
0.040
0.058
0.076
0.095
0.113
0.131
0.149
0.168
0.186
0.204
0.222
0.241
0.259

(c)

Figure 2: Illustrations of “2-D full-model” consisting of 597 four-node quadrilateral elements: (a) boundary conditions and contour of
undrained shear strength (c)u, where red regions signify higher strength values; (b) contour of the maximum principal plastic strain of 2-D
slope with spatially random strength. (c) Contour of the maximum principal plastic strain of 2-D slope with uniform strength.
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where uk denotes the deformation displacement of the kth
element greater than a specific value of displacement; uki is
the displacement of the ith node of the kth element; xki,yki,
and zki are the coordinate of ith node of the kth element,
respectively; ΔVk is the volume of the kth element; V is the
volume of slide mass.

3. Results

,e irregular slip surface caused by the spatial variation of
soil parameters may fail at any location of the slope, which
can lead to additional difficulty in identifying the exact
location of the critical slip surface and calculating the vol-
ume of slide mass. However, the critical slip surface can be
automatically identified by the finite element method in each
simulation prior to a prescribed slip surface. ,us, it is
reasonable to accurately evaluate the failure probability of
the slope and the corresponding failure consequence that
depends on the area (2-D model) or volume (3-D model) of
the slide mass. To evaluate the risk of landslide hazard

induced by slope failure with the spatial variables in soil, 600
realizations of different random strength fields are generated
so that can obtain 600 values of the FSs and the corre-
sponding consequence of slope failure. In the study, the
landslide volume and the corresponding travel distance are
regarded as the evaluation indicators of the failure conse-
quences of slope instability, and probabilistic parametric
studies on landslide hazard risk are conducted for the cases
where the Θx value is presented in Table 2.

3.1.Comparisonbetween2-Dand3-DSlopeStabilityAnalyses.
To preferably assess the landslide hazard induced by the
slope failure with the spatial variability of soil, we herein
introduce a concept of the standardized landslide volume,
which is defined as the ratio of slide volume of a slope with
spatially random strength over the slide volume of a slope
with uniform strength. ,us, the standardized landslide
volume can be treated as a simple indicator to characterize
the consequence of the landslide hazard. Figure 5 displays
the histogram of the 600 values of the standardized landslide
volume on the basis of 2-D and 3-D analyses with variousΘx
values. ,e histograms suggest that the spatial variability of
soil has a prominent influence on the perspective of the
standardized landslide volume compared to the determin-
istic model (a blue arrow) whether it is a 3-D or a 2-D
analysis. ,e reason is that the material parameter charac-
teristic values of nonuniform slopes are different in different
regions, the region with stronger or weaker soil strength is
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Figure 3: Schematic diagram of influence of spatial variability of soil parameters on 3-D slope slide region. Contours of slide region for
slopes (a) with uniform strength and (b, c) with spatially random strength.
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uncertain from one simulation to the next, however, slope
failure will occur in the region with a low shear strength of
soil, which can directly affect the location and shape of the
critical slip surface and result in the irregular failure modes

of slope and these uncertainties will inevitably affect the
volume of the slide mass (see Figure 3). ,is result also
emphasizes the necessity of considering the spatial variation
in soils in slope stability analysis.

Start

Generate the desirable random field

No

i=1

End

Input random field information (e.g., Mean, COV, Θx, Θy)

Monte-Carlo Simulations

Modeling the slope

Yes

Yes

Yes

No

Judge the deformation displacement of
element >0.2 m

Calculate the slide volume
of corresponding element

Repeat times k =43200

Calculate the factor of safety
and the slide volume

Repeat times i =600

Implement statistical analyses
and risk assessmentModeling

i=i+1

k=k+1

Figure 4: Calculation procedure for 3-D slope risk assessment with Monte-Carlo simulations.
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For cases presented in Table 2, the standardized landslide
volume range of the 2-D model is larger, and the range of
standardized landslide volume of 3-D is more concentrated.
,e findings can be explained that the 3-D model can more
realistically reflect the location and shape of the critical slip
surface and failure consequences of the slope compared to
the 2-D model. ,e range of the standardized landslide
volume in Figure 5 is overtly wider when Θx is 1000m
compared with those of the models thatΘx is 2m for both 2-
D and 3-D models. ,ese findings indicate that the location
of the critical slip surface of the slope with a larger value of
Θx will be tough to be identified which results in the dif-
ficulty of quantitative assessment of the landslide volume.
,is phenomenon can be reflected by the COV of the cal-
culated results summarized in Table 3. For instance, whenΘx
is 1000m in the 3-D model, the COV of the standardized
landslide volume is as high as 0.19. Such a high COV value
indicates that the volume of the slide mass is uneasy to be
evaluated, which can make the landslide risk assessment

sophisticated in reality.,e reason is that a larger value ofΘx
indicates a stronger correlation between neighboring zones
and the possibility of a local failure becomes greater on
account of the inherent existence of randomness in soil (Li
et al. 2021).

,e difference between the 2-D model and the 3-D
model (e.g., the standardized landslide volume) is inversely
proportional to the Θx. ,e failure mechanism of landslides
can be factually reflected by the 3-D slope in terms of the
shape, position, and length of the critical slip surface
compared to the 2-D model. For a conservative estimation,
the infinitely large horizontal spatial correlation length is
recommended to quantitatively evaluate the landslide haz-
ard taking into account the inherent spatial variability in
soils. ,e tail of the histograms in Figure 5 lies on the left-
hand side of the distribution; that is, the data are left-skewed,
which can be verified by the skewness of all cases with
random soils. ,e skewness of the calculated results sum-
marized in Table 3 is generally negative. ,is finding
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Figure 5: Histograms of standardized landslide volume with variousΘx values based on 2-D and 3-Dmodels. (a)Θx � 2m, (b)Θx � 10m, (c)
Θx � 80m, and (d) Θx � 1000m.
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suggests that some smaller portion of the slide (i.e., local
failure) may come up in reality. From the perspective of
standardized landslide volume, the study reveals that the
spatial variability of soil parameters has played a significant
role in the quantitative assessment of landslide risk.

,e empirical cumulative distributions of FS of all the
cases are plotted in Figure 6. Figure 6 illustrates that the
stability of the slope can be dominated by the spatial vari-
ability of soil parameters when compared to the deter-
ministic model (black dashed line). However, the traditional
slope stability analysis method demands a presumed critical
failure surface of the slope, which becomes impractical when
the soil spatial variability is taken into account. ,e spatial
variability of soil parameters can result in the critical failure
surface being irregular and unknown, which makes the
probability of a slope local failure become greater. ,e slip
surface of local failure is small, and the energy required for
failure is low, which can result in a small FS for slope.
Moreover, Figure 6 clearly illuminates the conservativeness
of the 2-D analysis from the perspective of FS, which is in
accord with the results of previous researchers [2, 23].

3.2. Stability Analyse and Failure Consequence for 3-D Slope.
For a 3-D slope with spatially random strength, the slide
volume varies from one simulation (or realization) to an-
other. ,e variables plotted in Figure 7 can examine the
relationship between the slide volume fraction (defined as
slide volume over the total volume) and the stability (FS) of
the 3-D model. As Figure 7 shows that the deterministic
result is located near the most likely occurrence point in
terms of the slide volume fraction, however, the FS calcu-
lated by the deterministic FEA is significantly greater than
the results of random analysis, which can be verified by the
mode of the calculated results in Table 3. Especially, for the
case shown in Figure 7(a), where the spatial correlation
length in both directions is set at 2m, the FS obtained by
random FEA are all lower than the deterministic result. ,e
FS obtained from random FEA increases to a certain extent
with the increases of Θx but still less than the deterministic
result in general, which can manifest the assumption that a
uniform soil is likely to overestimate the stability of a slope in
terms of FS.

,e spatial variability of soil properties has a remarkable
effect on the slide volume fraction, especially as shown in
Figure 7(d). ,e COV of the slide volume fraction can reach
up to 0.19 and the slide volume fraction change from 15.2%

to 75.8% when Θx is 1000m. ,e larger COV indicates that
the evaluation of slide volume of the slope is of complexity,
which increases the difficulty of quantitative assessment of
the risk of landslide hazard. ,e slide volume fraction of
random finite element analysis is still different from the
deterministic result with the decrease of Θx. Overall, the
spatial variability of soil parameters can impact observably
the slope stability and failure mode. Figure 7 indicates that
the slide volume fraction can be treated as being indepen-
dent of the FS, which can make the landslide hazard as-
sessment be complicated and changeable. In addition, when
the horizontal spatial correlation length is greater than the
model size, the results of cases show display similar char-
acteristics, which can be demonstrated by the histogram in
Figures 5 and 6.

4. Risk Assessment

Quantitative risk assessment of slope instability is an im-
portant basis for landslide disaster risk management and the
formulation of various disaster prevention and mitigation
measures. ,e main purpose of carrying out a special
landslide disaster risk assessment is to conduct risk man-
agement and control, mitigate or eliminate landslide risks,
and avoid the hazards caused by the landslide disasters to the
safety of personnel and property in complex geological
conditions. ,e effect of spatial variability of soil properties
on slope risk may be profound on account of the failure
consequences associated with different slope failure modes
generally differ. Li et al. (2021) illustrate that the traditional
equation may not be directly applicable to a 3-D slope risk
assessment with a large number of potential slip surfaces due
to the spatial variability of soil properties [11]. When the
spatial variability exists in the undrained shear strength, the
potential slip surface is unknown and makes the conse-
quence of slope failure also uncertain. However, the failure
probability and the failure consequences are directly con-
nected with the failure mode of the slope; thus, the effective
identification of the critical slip surface is a crucial step in the
quantitative risk assessment of landslide hazard. ,e po-
tential and irregular slip surface can be automatically cap-
tured by the finite element software so that the quantitative
risk assessment of slope failure with the spatially variable
soils can be implemented [3]. Since the 2-D model cannot
reflect the location and shape of the critical slip surface, the
failure mode of the slope is a large-scale 3-D problem. ,us,
a quantitative risk assessment method for 3-D slope failure

Table 3: Statistics of random finite element analyses of 3-D slope model.

Case no. Θx m
,e slide volume of a nonuniform slope/the slide volume of a uniform slope

2-D 3-D
Mean Mode COV Skewness Kurtosis Mean Mode COV Skewness Kurtosis

1 2 1.02 1.03 0.17 −1.06 4.70 0.99 0.94 0.07 0.56 3.11
2 10 0.96 1.04 0.25 −0.85 2.99 0.95 0.96 0.12 −1.27 6.14
3 80 0.96 1.04 0.24 −0.95 3.42 0.95 0.98 0.17 −0.41 2.05
4 1000 0.95 1.05 0.24 −0.86 3.16 0.91 0.99 0.19 −0.97 3.36
# — 1 — — 1 — —
# represents the deterministic result.
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considering the spatially variable soils is proposed based on
Monte Carlo simulation and the random field method,
which can provide valuable risk assessment information for
project designers.

Huang et al. [15] elaborated that the failure consequence
of slope depends on the landslide volume. Meanwhile,
Scheidegger [34] demonstrated that the landslide volume is
one of the predominant factors on landslide travel distance.
,e prediction of landslide travel distance is a significant
prerequisite for formulating rational strategies to improve
disaster prevention and relocation of residents and infra-
structures facilities nearby. ,us, the travel distance can be
regarded as the landslide hazard intensity factor, and the
modified risk index R for landslide hazard is proposed in this

study, where R combines the probability of slope instability
and the corresponding failure consequence.

,e empirical formula for predicting the value of travel
distance is as follows:

lg
H

L
  � −0.15666lgV + 0.62419, (4)

where H is the maximum fall elevation of the slope; L de-
notes the travel distance; V is the slide volume.

Ci � Li/Lt,

Ri � Ci ×
FSmin

FSi
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Figure 6: Empirical cumulative distribution functions of the FS with various cases. (a) Θx � 2m, (b) Θx � 10m, (c) Θx � 80m, and (d)
Θx � 1000m.
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Figure 7: Relationship of slide volume fraction and FS of 3-D slope model with variousΘx values. (a)Θx � 2m, (b)Θx � 10m, (c)Θx � 80m,
and (d) Θx � 1000m.
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Figure 8: Continued.
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where Ci denotes the consequences of landslide hazard; Li
denotes the travel distance of ith; Lt is the travel distance
induced by the total failure of the slope; Ri and FSi are the
risk index and the ith simulation of FS, respectively; FSmin is
the minimum FS calculated out of the Monte-Carlo simu-
lations. In this manner, we can readily evaluate the average
risk and maximum risk out of Monte-Carlo simulations,
which can be employed to categorize the landslide hazard.
,us, it is viable to effectively evaluate the risk induced by
slope failure, which can result in the landslide risk assess-
ment is not complicated. By doing so, the risk index can
make the serious consequences of landslide hazards be easy-
to-understand, which enhances the risk perception and
communication for geotechnical practitioners.

Figure 8 demonstrates the histogram of R of the cases
listed in Table 4, where the risk index R is generally less than
0.95. ,e acceptable value of R should be determined by the
practitioner based on the specific site in a particular geo-
logical environment. ,e results in the histograms can
provide powerful evidence that the horizontal spatial vari-
ability of soil parameters has a vital role in determining the
slope risk, which can be proved by the COV of the calculated
results summarized in Figure 8. Figure 9 shows the empirical
cumulative distribution functions of the 3-D slope model
under various Θx values and can obtain a risk assessment
table (see Table 4). According to the table, different risk

levels can be categorized. By this means, more quantitative
information for risk assessment can be provided rather than
merely giving an FS or the consequence of slope failure.

5. Conclusions

,is study proposed a simple but effective approach for
quantitative risk assessment of slope instability considering
the spatial variability of soil properties based onMonte Carlo
simulation and the random field method. ,e critical slip
surface of the slope is accurately identified the corre-
sponding landslide volume and travel distance are calculated
by the random finite element method. By comparing the 2-D
model and 3-D model, the effect of horizontal spatial var-
iability on slope stability and risk assessment of landslides is
explored. ,ree main findings can be summarized:
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Figure 8: Histograms of risk index (R) of 3-D slope model under various Θx values. (a) Θx � 2m, (b) Θx � 10m, (c) Θx � 80m, and (d)
Θx � 1000m.

Table 4: Quantitative risk assessment on landslide considering
spatially variable soils.

Case ID Θx m
Risk assessment

R> 0.8 (%) R> 0.85 (%) R> 0.9 (%)
Case 1 2 100 100.0 86
Case 2 10 98.3 83.5 5.3
Case 3 50 6.7 1.0 0
Case 4 1000 12.0 1.3 0.3
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Figure 9: Empirical cumulative distribution functions of risk index
(R) of 3-D slope model.
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(1) Compared to a uniform soil slope, the landslide
volume, the critical slip surface, and FS of slope
considering the spatial variability of soil are all
uncertain, which cast lights the role that the soil with
inherently spatial variability has a vital effect on the
stability of the slope and landslide hazard assessment

(2) A longer horizontal spatial length can lead to a larger
range of slope failure consequences. For a conser-
vative estimation, it is suggested that the infinite
horizontal spatial correlation length should be
considered in the quantitative risk assessment of
landslide hazards

(3) A modified risk index proposed in this study com-
bines the probability of slope instability and corre-
sponding failure consequence, which can be adapted
to the risk assessment of landslide hazard under
various working conditions, and provide a reference
for the emergency plan of landslide hazard and
formulating the risk prevention and control plan of
landslide disaster

However, the current study merely focuses on the effect
of the spatial variability of soil properties on the landslide
risk assessment, and the landslide hazard induced by rainfall
or earthquakes is not conducted. ,ese issues are equally
important for the quantitative assessment of landslide di-
saster risk and are worthy of further study. In addition, a
more complete and specific assessment of the damage
consequences of landslide disasters is a future research
objective.
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