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Many of the existing reservoir dams are constructed in alpine and gorge regions, where the
topography and geological conditions are complicated, bank slopes are steep, and
landslides have a high potential to occur. Surges triggered by landslides in the
reservoir are one of the major causes of dam overtopping failures. Many factors affect
the slope stability of reservoir banks and the height of surges triggered by landslides, such
as spatial variability of material properties, speed of landslides, etc. To reasonably evaluate
dam overtopping risk caused by landslide-induced surges is a key technology in
engineering that is urgent to be solved. Therefore, a novel risk analysis method for
overtopping failures caused by waves triggered by landslides induced by bank
instability considering the spatial variability of material parameters is proposed in this
study. Based on the random field theory, the simulation method for the spatial variability of
material parameters is proposed, and the most dangerous slip surface of the reservoir
bank slope is determined with the minimum value of the safety factors. The proxy risk
analysis models for both the slope instability and dam overtopping are constructed with the
consideration of spatial variability of material parameters, and then the dam overtopping
failure risk caused by landslide-induced surges is calculated using the Monte-Carlo
sampling. The proposed models are applied to a practical engineering project. Results
show that the spatial variability of material properties significantly affects the instability risk
of slopes, without considering which the risks of slope instability and dam overtopping may
be overestimated. This study gives amore reasonable and realistic risk assessment of dam
overtopping failures, which can provide technical support for the safety evaluation and risk
control of reservoir dams.
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INTRODUCTION

Many dams have been constructed in alpine and gorge regions,
where topography and geological conditions are complicated,
the spatial variability of material properties is large, and the
bank slopes are steep. Consequently, the instability risk of
these slopes is high, which leads to landslide-triggered surges
and subsequently induces dam overtopping failures.
Therefore, the study on the reasonable evaluation of dam
overtopping failure risks caused by landslide-induced surges
considering spatial variability of material parameters is of
great significance to ensure the long-term safety operation
of dams.

The statistical analysis shows that overtopping is one of the
main causes of dam breaks, and the break proportions of Earth
dams, gravity dams, and landslide dams are 49.7, 29.3, and 91.8%
(Zhang et al., 2016). Liu and Wu (2020) proposed a methodology
for overtopping risk analysis of Earth dams considering the effects
of failure duration of release structures based on the Bayesian
networks. Zhang and Tan (2014) established a comprehensive
risk assessment system of dam overtopping induced by flood,
which considers the gate failure, randomness of the flood, initial
water level, and time-varying effects (e.g., the height of dam crest
is a function of time t). Sun et al. (2012) investigated a probability-
based risk analysis methodology to evaluate Earth dam
overtopping risk induced by concurrent flood and wind, and
discussed the influence of initial water surface level, flood, wind
velocity, and dam height.

In recent years, the risk assessment of landslides has been a
research hotspot, and some new methods and achievements have
been put forward (Hungr and McDougall, 2009; Zhang et al.,
2019; Peng et al., 2020a; Peng et al., 2020b; Yu et al., 2021). The
consequences of landslides are often very serious, the huge surge
induced by the large-scale and high-speed landslide on the
reservoir bank will not only destroy the hydraulic structures
and block the river channel, but also cause overtopping, ship
damage, casualties, and others (Jaeger, 1965; Ward and Day,
2011; Wang et al., 2020; Zheng et al., 2021), so it cannot be
ignored. Lin et al. (2015) simulated the entire process of surge
wave generation, propagation, and overtopping of a dam using a
coupled incompressible smoothed particle hydrodynamics
(ISPH) model. Liu, (2020) experimentally investigated whether
landslide surge waves can influence a dam failure process caused
by flood overtopping and found that the surge wave could lead to
a large instantaneous peak discharge that exceeded the dam
failure peak discharge of the experiments with no surge wave.
Xiao and Lin (2016) studied the velocity and turbulence kinetic
energy features during wave-generation and overtopping
processes based on the coupled solid-fluid numerical model
and an experiment of dam overtopping in an open channel.
Tessema et al. (2019) studied the landslide-generated waves and
the overtopping process over the dam crest in a three-
dimensional (3D) physical model test and proposed
dimensionless empirical relations between the overtopping
volume and the governing parameters. In addition, some
analysis methods about the height of surges are put forward,
such as the Noda method (Noda, 1970), Pan method (Pan, 1980),

the China Institute of Water Resources and Hydropower
Research method (Cui and Zhu, 2011), etc. The above
research mainly focuses on the height formulas, influence
factors, and the process of the dam overtopping caused by the
landside-induced surges, while there is not abundant research
concerning the dam overtopping risk caused by the landside-
induced surges. Moreover, the gradient of near-dam reservoir
bank slopes is always large and the material parameters have high
spatial variability (Cho, 2010; Jiang et al., 2018a; Qi and Li, 2018;
Li et al., 2019), which has a direct effect on the overtopping risk
caused by the landslide-induced surges, so the influence of the
uncertainty of parameters in near-dam reservoir bank slopes on
the overtopping caused by the landside surge should be paid more
attention to.

The objective of this paper is to study the dam overtopping
failure risks caused by landslide-induced surges considering the
spatial variability of material parameters. To achieve this
research is arranged as follows: a) Studying the simulation
technology of the spatial variability of soil materials in slopes
based on the random field theory and the midpoint method; b)
Determining the most dangerous slip surface and constructing
the composite response surface equations of slope instability
considering the spatial variation of parameters; c) Based on the
Pan method, establishing the calculation formula of the
landslide surge and putting forward the overtopping failure
risk analysis method caused by landslide-induced surges; d)
Taking the PB Earth rockfill dam as an example, to analyze and
discuss the applicability and rationality of the proposed
methodology.

METHODOLOGY

Dam overtopping failure risk caused by landslide-induced surges
includes two aspects: the slope instability risk of reservoir banks
and the overtopping risk caused by the surge, that is,

P(L,S)f � P(L)f × P(S)f , (1)

where P(L,S)f is the overtopping failure risk of the dam caused by
landslide-induced surges; P(L)f and P(S)f are the slope instability
risk and the overtopping risk caused by the surge, respectively.

FIGURE 1 | Sketch map of the Pan method.

Frontiers in Earth Science | www.frontiersin.org July 2021 | Volume 9 | Article 6759002

Dong et al. Dam Overtopping Failure Risks

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Instability Risk Analysis Method of the
Near-Dam Reservoir Bank Slopes
Considering the Spatial Variability of
Material Parameters
Simulation Method for the Spatial Variability of
Material Parameters
In the field of slope engineering, discrete random fields are
commonly adopted to describe the spatial variability of soil
parameters. A steady random field of parameters (e.g., elastic
modulus, internal friction angle, cohesion, etc.) can be
constructed by the corresponding mean value, the coefficient
of variation, the autocorrelation function, and the autocorrelation
distance. The discrete method commonly includes the midpoint
method, the local average method, the spectral representation,
and the Karhunen–Loève function (Montoya-Noguera et al.,
2019). The midpoint method is widely applied because its
dispersion is not affected by the shape of the element, and the
calculation is simple (Lu et al., 2020; Li et al., 2021).

Based on the midpoint method, the two-dimensional slope
model is divided into n elements Vi, and the location of an
element center point is Xi(i � 1, 2, . . . , n). The characteristic ofVi

can be described by the value Z(Xi) of Xi in the random field
Z(X), which is discretized into n random variables,
Z(X1),Z(X2), . . . ,Z(Xn). The spatial variability of soil
parameters in the slope can be determined by an
autocorrelation function. In this study, the exponential
autocorrelation function is used (Li and Lumb, 1987; El-Ramly
et al., 2011):

ρi,j � exp( − (|xi − xj|
Lx

+ |yi − yj|
Ly

)), (2)

where ρi,j is the autocorrelation coefficient of the parameters in
any two elements i, j; xi and yi are the x- and y-coordinates of the
midpoints of the ith element; xj and yj are the x- and
y-coordinates of the midpoints of the jth element; and Lx and
Ly are the autocorrelation distances of the concrete material in the
x and y directions.

When the material parameter obeys the log-normal
distribution, the probability density function of the
distribution is:

f (x, μ, σ) � ⎧⎪⎨⎪⎩ 1



2π

√
σx

exp[ − 1
2σ2

(ln x − μ)2], x > 0,

0, x ≤ 0
(3)

where x is a random variable that satisfies the log-normal
distribution; μ and σ are the mean and standard deviation of
x, respectively. The mean μln x and the standard deviation σ ln x of
the corresponding normal distribution are:

σ ln x �










ln(1 + α2)√

,

μln x � ln μ − σ2ln x
2

,
(4)

where α is the coefficient of variation and α � σ/μ.

Based on the Cholesky decomposition method (Box and
Muller, 1958), the steps to generate the random variable X of
an n-dimensional correlation log-normal distribution are as
follows:

Step 1: Generate the sampled sequence matrix A of an
n-dimensional independent standard normal distributed
random variable, where n is the number of elements and m is
the random sampling time of each element parameter, and
calculate the autocorrelation coefficient matrix ρ.

Step 2: Decompose the autocorrelation coefficient matrix ρ,
and make the linear transformation according to the linear
transformation invariance of normal variables, as follows:

ρ � BTB,D � AB (5)

where B is an upper triangular matrix.
Step 3: Present the sampled sequence matrix X from a log-

normal distribution that satisfies the autocorrelation coefficient:

X � exp(σ ln xD + μln x). (6)

Failure Risk Analysis of Bank Slopes Considering the
Spatial Variability of Parameters
At present, the rigid body limit equilibriummethod and the finite
element method are commonly used in the analysis of rock and
soil slope stability (Liu et al., 2015). In this paper, the strength
reduction method (SRM) is used to calculate the slope stability,
and the convergence of the finite element calculation is taken as
the criterion of the critical failure state (Liu et al. 2020; Ma et al.,
2020).

In the finite element analysis, the most dangerous slip surface
(MDSS) is essentially a parallel system composed of several
elements, and the Drucker-Prager criterion is commonly used
in civil engineering analysis for determining the most dangerous
slip surface. However, the location of theMDSS is closely related to
the material properties of the slope, so the uncertainty of material
parameters has a great influence on the MDSS. Aiming at this
situation, the simulation method for the spatial variability of
parameters is adopted to describe the uncertainty. In addition, a
random field of parameters has a correspondingMDSS. In order to
fully consider the influence of uncertainty of material parameters
on the slip surfaces and determine the unique MDSS, the Monte-
Carlo simulation method is used to generate enough random fields
(N1). Based on the simulation results with strength reduction
method, the corresponding MDSSs and safety factors with the
number of N1 can be calculated, and then the most dangerous slip
surface considering the spatial variability of parameters is
determined according to the minimum value of the safety
factors (Jiang et al., 2018b).

For the anti-sliding stability of a slope composed of joints,
fissures, and faults, the stress algebra of elements in the sliding
path is adopted to establish the performance function of the anti-
sliding stability GL(X)

GL(X) � ∑n
i�1
(f i′ · σ i + ci) · li −∑n

i�1
τi · li, (7)
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where n is the number of elements in the sliding surface; f i′ and ci
is the frictional coefficient and cohesion of the element i,
respectively; σ i and τi are the normal stress and shear stress of
element i, respectively; and li is the length of element i along the
direction of the sliding surface.

However, the performance function (Eq. 7) cannot
explicitly reflect the influence of random variables on the
performance function, and cannot be directly applied in the
engineering risk analysis. Therefore, the quadratic response
surface method without considering the cross term is
selected to construct the performance functions (Guo
et al., 2016). In the traditional deterministic method, the
parameters of soils in the same partition zone on the MDSS
are the same, but the parameters of each element on the
MDSS is different after considering the spatial variability of
material properties, that is, the uncertainty of soil
parameters is reflected in the elements on the MDSS, so
the traditional functional response surface equation is
difficult to describe the spatial variation of the element.
Therefore, a composite response surface equation for the
stability of slopes is proposed in this paper (Guo et al.,
2016), that is

GL(X) � ∑n
i�1
( f i′ · σ̂(X)i + ci) · li −∑n

i�1
τ̂(X)i · li, (8)

σ̂(X) � a0 +∑m
i�1

biXi +∑m
i�1

ci(Xi)2, (9)

τ̂(X) � d0 +∑m
i�1

eiXi +∑m
i�1

hi(Xi)2, (10)

where GL(X) is the function of instability, X is the random
variable x1, x2, . . . , xn, a0, bi, ci, d0, ei and hi are parameters of
the response surface equation to be solved.

Based on the Eqs 8–10, by using the Monte-Carlo method
(MC method), the failure risk of reservoir bank slope considering
the spatial variability of material parameters can be obtained as
follows:

P(L)f � Num{GL(x)< 0}
N

, (11)

where Num{GL(x)< 0} is the number of x with GL(x)< 0 in the
sampling; N is the total sampling number.

Method for the Overtopping Failure Risk
Caused by Landslide-Induced Surges
Whether the overtopping occurs depends on whether the sum of
the surge height caused by the landslide due to conditions of
instability of the near-dam reservoir bank slopes and the initial
reservoir water level exceeds the elevation of the dam crest.

The Pan method (Pan, 1980) is used in this paper to calculate the
surge height ξ(hw) caused by landslides. It assumes that the river body
is a semi-infinite body of water with two parallel sides and a width ofB,
the reservoir bank section within the scope of the landslide body is the

same (as seen in Figure 1), and the formula for calculating the surge
height ξ(hw) at the dam site caused by a landslide is as follows:

ξ(hw) �(1 + kr) ξ0(hw)
π∑n

n�1,3,5...
(1 + k cos θn)kn−1 ln

⎧⎪⎨⎪⎩

















1 + (nB/(x0 − L))2

√
− 1

(x0/x0 − L)[ 











1 + (nB/x0)2√

− 1]⎫⎪⎬⎪⎭,

(12)

where kr is the reflection coefficient of the wave propagating to the
front of the dam; ξ0 is the initial wave height of the sliding bodywhen it
enters the water, which can be calculated according to Eq. 13 ∼ Eq. 14;
x0 is the distance from the distal end of the landslide to the damsite;L is
the width of the landslide along the reservoir bank; k is the reflection
coefficient of wave propagation to the opposite bank; θn is the angle
between the nth incident ray of the wave and the normal line of the
bank slope. n is the number of waves superimposed when the
maximum wave height in front of the dam is produced, which is
determined by the ratio of the duration of the landslide to the time
required for the wave to propagate to the other side (T/Δt), as shown
inTable 1, whereΔt � B/vc, vc is the propagation velocity of the swell,
calculated according to Eq. 15.

ξ0(hw) � ξh(hw)cos2 α + ξv(hw)sin2 α, (13)

ξh(hw) � 1.17h(hw)vh






gh(hw)

√ ,

ξv(hw) � λvv






gh(hw)

√ ,

(14)

vc �







gh(hw)

√ 

























1 + 1.5

ξ0(hw)
h(hw)

+ 0.5(ξ0(hw)
h(hw)

)2

√√
, (15)

where λ is the average thickness of the landslide block;
ξh(hw)、ξv(hw)are the heights of the surge caused by horizontal
and vertical partial velocities (vh, vv) of the landslide body, and

vh � v · cos α;
vv � v · sin α, (16)

v � ⎧⎨⎩ v1 �






2a0ΔL

√
vi �













v2i−1 + 2ai−1ΔL

√ ΔT �
⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

ΔT1 �





2ΔL
a0

√
ΔTi �









vi − vi−1
ai−1

√ , (17)

ai
g
� Di ∑Wi/W − ∑(c/W)(Di sin αi + cos αi)

1 +∑(Wi/W)Di tan α0i
, (18)

Di � sin αi − f cos αi
cos αi + f sin αi

, (19)

where △L is the width of each slide block, it is noted that the
landslide is equally divided into n vertical slide block; vi、ΔTiare
the velocity at the end of the ith period and time required to slide
the ith slider；α is the overall slope angle of the landslide body;
Wi、ai are the weight of the ith slide block and average slope
angle; c、f are the cohesion and friction coefficient of the
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landslide body; a0i is the slope angle of the line connecting the
midpoint of the slide block i − 1 and i;W is the total weight of the
landslide.

Under the condition that the range of the landslide body is
determined, the average water depth h of the reservoir when the
landslide body enters the water is the main factor that determines
the surge heightξ(h). In the process of calculation, it is difficult to
give the value of h directly. If the operating water depth of the
reservoir is defined by hw, then the corresponding surge height ξ
can also be further expressed as ξ(hw). Therefore, the function of
surge overtopping can be constructed as

GS(X) � hw + hc + ξ(hw) − hd , (20)

where hw is the operating water depth of the reservoir; ξ(hw) is the
surge height caused by landslides, hd is the elevation of the dam
crest, and hc is the elevation of the riverbed.

Therefore, the overtopping failure risk P(S)f caused by surges
can be given

P(S)f � Num{GS(x)> 0}
N

, (21)

where Num{GS(x)> 0} is the number of x with GS(x)> 0 in
the sampling; other symbols have the same meaning as
before.

Finally, the flow chart of the procedure is shown in Figure 2.FIGURE 2 | Flow chart of the procedure.

TABLE 1 | Relationship between the duration of landslides and the superimposed number of waves.

T/Δt 1～3 3～5 5～7 7～9 9～11 ...

The superimposed number of waves (n) 1 2 3 4 5 ...

FIGURE 3 | The map of the PB dam and the reservoir bank slope.
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CASE STUDY

Project Specifications
An Earth rockfill dam (named PB) is located on the Dadu River
on the border between Hanyuan County and Ganluo County,
Sichuan Province, China. The storage capacity is 5.39 billion m3

,

the maximum height of the dam is 186 m, and the normal water
storage level is 850 m. A near-dam reservoir bank slope is
located about 780 m upstream of the dam, with a relatively
protruding topography, with an elevation of 730 m at the
leading edge and 1,187 m at the trailing edge. The slope is

about 400 m along the river and 360 m in the radial direction,
and the height difference between the upper and lower edges is
450 m. The volume is about 123,000 m³, as shown in Figure 3.
The exposed stratum of this slope is mainly composed of the
pre-Sinian shallow metamorphic basalt (Anzβ) and the Lower
Sinian Suxiong Formation (Zas). The Zas consists of the
intermediate basic volcanic rocks and the intercalated with
multi-layer tuffaceous glutenite. The bedrock is mainly
composed of tuff. The rock mass is mainly weakly weathered.
The depth of the strongly disturbed zone is generally 30–60 m,
and the maximum value is about 70 m. The depth of the weakly
disturbed zone is generally 65–90 m, and the maximum value is
about 100 m. The typical profile of the slope is shown in
Figure 4.

Finite Element Model and Material
Parameters of the Near-Dam Reservoir
Bank Slope
The finite element model of the slope was established with a
vertical width of 620 m from the elevation of 600–1,220 m and a
horizontal width of 660 m. The model was divided into 4,071
elements and 8,280 nodes, as shown in Figure 5. For the cross-
river direction (X-axis), the direction pointing to the free surface
is positive; for the vertical direction (Z-axis), the direction
pointing vertically upward is positive. According to the model
and actual geological conditions, the boundary conditions were
determined as follows: horizontal constraints were imposed on
the left and right boundaries of the model, the bottom fixed
constraint, and no constraint at the top of the model. According
to the slope reinforcement report (Powerchina Chengdu
Engineering Corporation Limited, 2009), six anchor cables are
set in the loose deformation zone at the upper part of the slope,
and 15 anchor cables are set in the strong strongly disturbed zone
at the lower part of the slope.

According to the design results of the PB Earth rock-fill dam
and referring to the parameters of similar slope engineering
(Powerchina Chengdu Engineering Corporation Limited,
2009), the physical and mechanical parameters of the slope are
given in Table 2. It is well known that the shear strength
parameters have a great influence on the slope reliability, so
the cohesion and internal friction angle were selected as the
random variables, and the specific parameters are shown in
Table 3.

Slope Instability Risk Analysis
Performance Function of Slope Instability
Based on the proposed method for the simulation of a random
field, 100 groups of parameter random fields have been
constructed, two of which are shown in Figure 6. As seen in
Figure 6, the spatial variability and discretization of the
parameters decrease gradually from top to bottom of the
rock mass, which indicates that the random field samples are
rational.

Based on the stability analysis results of 100 random fields of
slope model and the model with deterministic parameters, the
safety factor of the slope in the deterministic analysis is 1.355, and

FIGURE 4 | Typical profile of the slope.

FIGURE 5 | The finite element model of the slope.
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the safety factor of random field analysis ranged from 1.167 to
1.443. Figure 7 shows the MDSS of the slope for the random and
deterministic analysis of slope stability analysis. As shown in
Figure 7, the slip surfaces of the slope are compact. They are all
located at the interface between the loose deformation zone and
the lower strongly disturbed zone, and partial slip surfaces pass
through the interior of the loose deformation zone.

Risk Analysis of Slope Instability
Combined with the MDSS and response surface equations of
performance function, the orthogonal design of five factors five
levels (μ − 2σ, μ − σ, μ, μ + σ and μ + 2σ) with 25 groups of
schemes is adopted according to the characteristics of random
parameter distribution (Feng et al., 2020). It is noted that μ and σ
stand for the mean and standard deviation of random variables,

TABLE 2 | Mechanical parameters of materials.

Materials Density (KN/m³) Elastic modulus (GPa) Poisson ration Bulk modulus (GPa) Shear modulus (GPa) C (MPa) φ (°)

Loose deformable zone 22.50 2.3 0.33 2.94 1.13 0.15 27
Strongly disturbed zone 22.50 4.00 0.30 3.33 1.54 0.4 35
Weakly disturbed zone 23.00 6.00 0.27 4.35 2.36 0.7 40
Tuff 27.90 6.00 0.27 4.35 2.36 15.00 45
Basalt 30.60 15.00 0.23 9.26 6.10 20.00 50

TABLE 3 | Statistical characteristics of the shear strength parameters.

Materials Coefficient of variation Types Autocorrelation distance

c φ Lx Ly

Loose deformable zone 0.2 0.15 Log-normal 40 4
Strongly disturbed zone 0.18 0.13 60 6
Weakly disturbed zone 0.15 0.12 80 8
Tuff 0.12 0.1 120 12
Basalt 0.1 0.1 150 15

FIGURE 6 | Random field samples of cohesion and angle of internal friction.
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as seen in Table 4. A large number of numerical simulation
results show that the multiple correlation coefficients of the
response surface equations for strength failure are greater than
0.99, indicating that the fitting effect is good.

By using the proposed slope instability risk calculation method
considering the spatial variability of material parameters, the
failure probability of the slope with considering the spatial
variability of materials is 2.75 × 10−4 (P(L)f−R), while the failure
probability of the slope without considering the spatial variability
of material parameters is 3.37 × 10−4 (P(L)f−D). The results show
that the slope instability probability will be overestimated by
about 20% when ignoring the spatial variability of soil material
parameters, and the result is conservative (Zhang et al., 2021).
The reason may be that the spatial variability of parameters is
homogenized by the traditional random variable model with high
variance estimation when the spatial variability of parameters is
not considered so that the failure risk is overestimated.

Overtopping Failure Risk Analysis Caused by
Landslide-induced Surges
Based on the MDSS in the random and deterministic analysis, the
sliding range of the slope is determined to analyze the surge.
According to the data of the Dadu River, the width of the river bed
is 80 m and the riverbank slope angle is 40°. Due to the position of
the landslide above the water surface, it is assumed that in the
process of slope sliding, there is only friction f and no pore water
pressure on the interface. According to the review report of the
stability research of this slope, the parameters of internal friction
angle and cohesion are determined with the values of 21.0° and
0.11 MPa (Powerchina Chengdu Engineering Corporation
Limited, 2009).

In this paper, the Pan method (Pan, 1980) is used to determine
the height of the surge generated by a landslide. The landslide is
divided into 18 horizontal strips, each with a width △L of 10 m.
Based on Eqs 17–20, the maximum speed of landslide reached the
vmax� 5.96 m/s at 55.73 s.

In the Pan method, the water depth of the reservoir is the main
factor determining the final surge height. Combining the operation

condition of the slope, the calculation water level in this paper is
selected as 850 m (normal water level). Results show that the height
of landslide surge into water is 11.49 m when considering the
spatial variability of slopematerial parameters under the water level
of 850 m, and the height of surge is 5.92m in front of the dam. In
view that the Pan method is an empirical estimate method, some
scholars in the world have made experiments and numerical
simulations to verify the applicability of the method. Results
show that the average relative errors between the calculated
values using the Pan method and the experiment or simulation
values are about 10% (Huang et al., 2014; Ma et al., 2016),
indicating that the uncertainty of the calculated values is low,
and the results are relatively reliable.

In addition, the water level at the dam generally obeys
normal distribution. For the PB dam, the reservoir water level
satisfies the normal distribution with an average of 828.29 m
and a standard deviation of 7.42 m. Combined with Eq. 12,

FIGURE 7 | Distribution of the critical slip surfaces.

TABLE 4 | The orthogonal design level of the shear strength parameters.

Materials 1 2 3 4 5 6 7 8 9 10 11 12 13

M1 μ1 + 2σ1 μ1 − 2σ1 μ1 μ1 − 2σ1 μ1 + σ1 μ1 − σ1 μ1 − σ1 μ1 μ1 + 2σ1 μ1 − σ1 μ1 + σ1 μ1 − 2σ1 μ1 − σ1
M2 μ2 − σ2 μ2 + σ2 μ2 + 2σ2 μ2 μ2 + σ2 μ2 + σ2 μ2 − 2σ2 μ2 μ2 + σ2 μ2 + 2σ2 μ2 − σ2 μ2 + 2σ2 μ2

M3 μ3 − 2σ3 μ3 − σ3 μ3 μ3 + 2σ3 μ3 μ3 + σ3 μ3 μ3 + σ3 μ3 + 2σ3 μ3 − 2σ3 μ3 + σ3 μ3 + σ3 μ3 − σ3
M4 μ4 μ4 μ4 − 2σ4 μ4 + σ4 μ4 + σ4 μ4 + 2σ4 μ4 μ4 μ4 − 2σ4 μ4 + σ4 μ4 − 2σ4 μ4 − σ4 μ4 − 2σ4
M5 μ5 − σ5 μ5 μ5 μ5 + σ5 μ5 − σ5 μ5 − 2σ5 μ5 + σ5 μ5 + 2σ5 μ5 + 2σ5 μ5 + 2σ5 μ5 + σ5 μ5 − σ5 μ5 − σ5

Materials 14 15 16 17 18 19 20 21 22 23 24 25 —

M1 μ1 + 2σ1 μ1 − σ1 μ1 − 2σ1 μ1 μ1 + 2σ1 μ1 μ1 + σ1 μ1 + σ1 μ1 μ1 − 2σ1 μ1 + σ1 μ1 + 2σ1 —

M2 μ2 − 2σ2 μ2 − σ2 μ2 − 2σ2 μ2 − σ2 μ2 μ2 + σ2 μ2 + 2σ2 μ2 − 2σ2 μ2 − 2σ2 μ2 − σ2 μ2 μ2 + 2σ2 —

M3 μ3 + σ3 μ3 + 2σ3 μ3 − 2σ3 μ3 − σ3 μ3 μ3 − 2σ3 μ3 + 2σ3 μ3 − σ3 μ3 + 2σ3 μ3 μ3 − 2σ3 μ3 − σ3 —

M4 μ4 + σ4 μ4 − σ4 μ4 − 2σ4 μ4 + σ4 μ4 − σ4 μ4 − σ4 μ4 μ4 − σ4 μ4 + 2σ4 μ4 + 2σ4 μ4 + 2σ4 μ4 + 2σ4 —

M5 μ5 μ5 μ5 − 2σ5 μ5 − 2σ5 μ5 − 2σ5 μ5 + σ5 μ5 − 2σ5 μ5 + 2σ5 μ5 − σ5 μ5 + 2σ5 μ5 μ5 + σ5 —

Note: M1, Loose deformable zone; M2, Strongly disturbed zone; M3, Weakly disturbed zone; M4, Tuff; M5, Basalt. μi , σ i (i � 1,2,3,4,5) are the means and standard deviations of M1 ∼

M5, respectively.
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the overtopping risk of the PB dam caused by the surge is
1.12 × 10−2 using the Monte-Carlo method considering the
spatial variability of slope material parameters and with
sampling times of 106. The overtopping risk of the PB dam
is 1.11 × 10−2 without considering the spatial variability of
slope material parameters. The results show that the spatial
variability of material parameters has little influence on the
MDSS, hence there is small diversity of slider quality, and the
risk of overtopping is almost comparable.

Finally, the overtopping risk caused by landslide-induced
surges considering spatial variability of material parameters in
the PB dam can be determined based on Eq. 1. Results show that
the overtopping risk (P(L,S)f−R) is 3.09 × 10−6 when considering
the spatial variability of slope material parameters, and the risk
(P(L,S)f−D) is 3.72 × 10−6 without considering the spatial variability
of material parameters, as seen in Figure 8. The study shows that
the spatial variability of slope material parameters mainly affects
the failure probability of slope instability, but has little influence
on the surge height. The reason may be that the surge height is
directly related to the size of the landslide, and the location of the
MDSS considering the uncertainty and without considering the
uncertainty is close to each other, leading to a small size difference
of the landslide.

Ignoring the spatial variability of material parameters will
overestimate the risk of slope instability and then overestimate the
overtopping risk caused by landslide-induced surges. Therefore, the
spatial variability of parameters in the slope near the dam in the
upstream direction should be paid more attention to.

CONCLUSION

1) The landslide-induced surge is one of the main causes for the
overtopping of dams, and its risk is susceptible to many factors,
such as the spatial variability of material properties, speed of
landslides, etc. To reasonably evaluate dam overtopping risk
caused by landslide-induced surges is of great importance to
ensure the long-term safe operation of dams.

2) A method to simulate spatial variability in the soil parameters
of bank slopes was established based on the random field

theory. A composite response surface equation of stability
failure considering the spatial variability of parameters is
proposed instead of the traditional performance functions
which fail to describe the spatial variability of elements when
the parameters field is discretized.

3) Based on the Pan method, the overtopping risk caused
by landslide-induced surges is determined, and a novel
risk analysis method for overtopping failures caused by
waves triggered by landslides is proposed.

4) The application results of the PB Earth rock-fill dam show that
the spatial variability of parameters has a great influence on the
instability failure risk of slopes. Ignoring the spatial variability
of parameters will overestimate the risk of slope instability and
dam overtopping caused by the landslide-induced surges. The
proposed method provides technical support for the safety
evaluation and risk control of reservoir dams.
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FIGURE 8 | Comparison of results obtained by two methods.
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