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Amethod to assess the reliability for the stability ofmunicipal solid waste (MSW) landfills on slope due to rainfall infiltration is pro-
posed. Parameter studies are first done to explore the influence of factors on the stability ofMSW.These factors include rainfall inten-
sity, duration, pattern, and the engineering properties of MSW. Then 100 different combinations of parameters are generated and
associated stability analyses ofMSWon slope are performed assuming that each parameter is uniform distributed around its reason
ranges. In the following, the performance of the stability of MSW is interpreted by the artificial neural network (ANN) trained and
verified based on the aforementioned 100 analysis results.The reliability for the stability of MSW landfills on slope is then evaluated
and explored for different rainfall parameters by the ANN model with first-order reliability method (FORM) and Monte Carlo
simulation (MCS).

1. Introduction

Theresponse ofmunicipal solidwaste (MSW) landfills during
earthquakes has gained much attention during the past years
(Anderson and Kavazanjian [1], Anderson [2], Augello et al.
[3], Idriss et al. [4], Kavazanjian and Matasovic [5], Kavazan-
jian et al. [6], Krinitzsky et al. [7], and Pinto [8]). However,
there were many failure events of MSW landfills on slope
resulted from rainfall situations (Huvaj-Sarihan and Stark [9],
Liu [10]). Thus, the stability of MSW landfills on slope due
to rainfall infiltration is another important topic worthy of
further studied.

As to stability evaluation of MSW landfills on slope,
safety factors are common used in engineering practice. The
critical state of failure is usually regarded as reached when the
factor of safety, FS, is equal to 1.0 based on this approach.This
deterministic approach not only does not consider the influ-
ence of randomness and uncertainties of soil properties, anal-
ysis model, and associated parameters on the analysis results
but also has not any implications about the failure probability
of the critical state according to the factor of safety. In other

words, factors of safety are usually selected based on past
experience empirically. The relationship between the factor
of safety and the probability of failure is often unclear and
needs to be established. If uncertainties of associated analysis
parameters are greater than anticipated, an unstable situation
of the MSW landfills may be encountered by using the deter-
ministic factor-of-safety approach. Conversely, overdesign-
ing can probably be done to some extent when uncertainties
are smaller than anticipated. Accordingly, the reliability-
based design (RBD) or performance-based design (PBD)
approach that can evaluate the ultimate or serviceability per-
formance of the MSW landfills on slope probabilistically is
preferred in landfill and slope engineering.

The researches of reliability in geotechnical engineering
are growing rapidly in these years. H. D. Lin and C. P. Lin
[11] applied it to drilled piles while Shou and Chen [12] to
spatial risk analysis of landslide. For deep excavation, Tang
et al. [13] first performed a reliability analysis and design
of braced excavation systems with FOSM method. Low [14]
adopted FORM and MCS method by spreadsheet to
reliability-based design for retaining walls using explicit
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performance function. Owing to the performance function
which is usually implicit in geotechnical engineering, Goh
and Kulhawy [15] thus introduced artificial neural network
tomodel the limit state surface of displacements for reliability
analysis.

This paper will explore the application of artificial neural
network to reliability analysis for rainfall stability of MSW
landfills on slope. After modeling the limit state surface of
concerned response parameters (factor of safety, FS) obtained
from finite element program executed in this study, ANN-
based FORM and ANN-based MCS are then performed to
assess the reliability of rainfall stability of MSW landfills on
slope. Emphasis is focused on the influence of rainfall char-
acteristics, such as rainfall intensity, duration, and pattern on
the reliability.

2. Reliability Analysis Method

2.1. Performance Function and Reliability. The reliability of an
engineering system is defined as the probability of perform-
ing its intended function ormission (Ang and Tang [16]).The
probability will depend on the properties of the system and
the requirements of the level of performance. If we define a
performance function, or state function,

𝑔 (X) = 𝑔 (𝑋
1
, 𝑋
2
, . . . , 𝑋

𝑛
) , (1)
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of the system. The performance or state of the system will be
determined by the function 𝑔(X). Thus, the “limit-state” of
the systemmay be defined as 𝑔(X) = 0. If 𝑔(X) > 0 stands for
the “safe state”, 𝑔(X) < 0will be the “failure state” or “unsatis-
factory performance state.”

Geometrically, the limit-state function, 𝑔(X) = 0, is an
𝑛-dimensional surface that represents the “failure surface”. If
the joint probability density function of the design variables
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the probability of the failure state of the system would be
the corresponding volume integral over the failure region
𝑔(X) < 0 [16]:

𝑃
𝑓
= ∫
𝑔(X)<0

𝑓X (𝑥) 𝑑𝑥. (2)

To evaluate the previous equation is generally a formid-
able task, especially, when the failure surface cannot be repre-
sented by explicit function. The practical methods for evalu-
ating 𝑃

𝑓
are often those of FOSM, FORM, or MCS, in which

the failure probability, 𝑃
𝑓
, is estimated by reliability index in

FOSM:

𝛽 =
𝜇
𝑔

𝜎
𝑔

, (3)

where 𝜇
𝑔
and 𝜎

𝑔
are mean and standard deviation of the

performance function 𝑔(X), respectively. Based on the defi-
nition, the 𝛽 valuemay be different for two equivalent perfor-
mance functions in FOSM, and thus restrict its usage. For

FORMDitlevsen [17] uses thematrix formulation ofHasofer-
Lind index [18], another interpretation of reliability index:

𝛽 = min
𝑋∈𝐹

√(X − 𝜇)𝑇C−1 (X − 𝜇), (4a)

or, equivalently (Low [14]),
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inwhichX is a vector representing the set of randomvariables
X
𝑖
, 𝜇 is the vector of mean values 𝜇

𝑖
, C is the covariance

matrix, R is the correlation matrix, 𝜎
𝑖
is the standard devia-

tion, and 𝐹 is the failure domain (i.e., 𝑔(X) < 0 region). It
is worthwhile to note that the variables X must follow the
normal distributions. Otherwise, a transformation, such as
R & F method (Rackwitz and Flessler [19]), must be carried
out. If X follows normal distributions and the performance
function is linear, the failure probability, 𝑃

𝑓
, can be estimated

by

𝑃
𝑓
= Φ (−𝛽) (5)

and approximated otherwise, in which Φ is the cumulative
distribution of the standard normal variate.

Low [14] has shown that the quadratic form of reliability
index 𝛽 (4b) in the original space of the variables may be
interpreted geometrically as the perspective of an ellipsoid.
For two-dimensional case, the quadratic form is an ellipse.
As shown in Figure 1, the reliability index 𝛽 is the axis ratio
(𝑅/𝑟) of the ellipse that touches the limit state surface (𝛽-
ellipse) and the one-standard-deviation dispersion ellipse
[14].The design point, being the first point of contact between
the expanding ellipsoid and the limit state surface, is themost
probable failure point with respect to the safe mean-value
point at the center of the expanding ellipsoid. The ellipsoidal
method can be used to perform the minimization and deter-
mine 𝛽. This optimization process will be efficiently carried
out in a spreadsheet environment such as Microsoft Excel
[14]. It does not involve the complicated iteration procedure
and dose not need coordination transformation. Thus, the
method will be used in the following reliability analysis.

2.2. Approximator of the Implicit Response of System. Though
Monte Carlo simulation is a powerful tool for reliability anal-
ysis, it will be too computationally extensive when the per-
formance of the system cannot be represented by an explicit
expression and need numerical analyses, such as finite ele-
ment method (FEM), to evaluate its response. The explicit
expression of the system response is also necessary for
FORM. Thus, many researchers utilize the response surface
model or artificial neural network [20] as an alternative to
improve the modeling of the performance function (Box
and Darper [21]; Goh and Kulhawy [15]). ANN is a special
form of response surface and possesses many advantages. It
will be used as the universal approximator of the implicit
rainfall stability of MSW landfills on slope system in this
study.
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Figure 1: Relationship between 1-𝜎 dispersion ellipse, 𝛽-ellipse, and
reliability index 𝛽 [14].

2.3. Procedures of the Reliability Analysis. The procedures of
the reliability analysis for rainfall stability of municipal solid
waste landfills on slope are shown in Figure 2. It includes the
following seven steps: (1) identification of failure modes due
to rainfall infiltration of MSW landfills on slope; (2) deter-
mination of design variables and its statistical properties;
(3) preparation of training patterns and validation patterns
for ANN inputs; (4) numerical analysis (e.g., FEM) of rainfall
stability ofMSW landfills on slope; (5) determination ofANN
topology, and training and validation of ANN; (6) definition
of performance function or limit state function; and (7)
reliability analysis by FORM or MCS.

3. Safety Requirements of MSW Landfills on
Slope and Analysis Method

After studying the failure modes of MSW landfills on slope
(Bagchi [22]), it is found out that the internal rotational
(circular) failure of solid waste and translational (block)
failure along the liner interface are the two most common
failure modes, which will be considered in this research. If
factor of safety against rotational slide is denoted by FS

𝑐
and

against translational failure is denoted by FS
𝑡
, the final gov-

erning factor of safety of MSW landfill against failure (FS) is
determined by the following formula and shown as Figure 3:

FS = min (FS
𝑐
, FS
𝑡
) . (6)

Though landfill covers were designed to prevent or con-
trol the infiltration of precipitation into the waste, some
imperfections or disruptedwill let the covers lose its function.
Rainfall infiltration to MSW landfill will lead it to unstable
situations. In Taiwan, the minimum requirement of factor of
safety against slope failure under storm circumstances is FS ≥
1.20 [23].

The stability of MSW landfill on slope affected by rainfall
has close relationship to the seepage pressure in response to

Identification of failure modes due to rainfall
infiltration of MSW landfills on slope

Determination of design variables and its
statistical properties

Determination of ANN topology, and
training and validation of ANN

Definition of performance function or limit
state function

Reliability analysis by FORM or MCS

Preparation of training patterns and
validation patterns for ANN inputs

Numerical analysis (e.g., FEM) of rainfall
stability of MSW landfills on slope

Figure 2: Flowchart of reliability analysis.

FS𝑡

FS𝑐 FS = min (FS𝑐, FS𝑡)

Figure 3: Failure modes of MSW landfills considered in this
research and associated factor of safety against failure.

rainfall scenarios and related geological and geomorphologic
conditions, physical and mechanical parameters. In this
research, there will include both seepage analyses and slope
stability analyses. The commercial finite element software-
GeoStudio package of a coupled hydrological slope stability
modeling tool will be used.The SEEP/W (GEO-SLOPE Inter-
national Ltd. [24]) of the GeoStudio package is used to
investigate how seepage will occur in a slope under different
rainfall conditions, whereas SLOPE/W (GEO-SLOPE Inter-
national Ltd. [25]) can be used to study the effect of different
seepage conditions (as predicted by SEEP/W) on the factor
of safety of the MSW landfill on slope. SEEP/W adopts an
implicit numerical solution to solve Darcy’s equation for
saturated and unsaturated flow conditions, describing pore-
water pressure and movement patterns within porous mate-
rials over space and time. The results obtained from seepage
modeling can be directly linked into SLOPE/W, a limit
equilibrium slope stability model, where the factor of safety is
computed with the Morgenstern-Price method in this study.

In the analyses of SEEP/W, the permeability function,
soil-water characteristic (SWC) curve, boundary flux, and
initial hydraulic head are defined appropriate for the situa-
tions of MSW landfills on slope in advance.
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4. Case Study of a Hypothetical Site

4.1. Description of the Hypothetical Site. Now, a hypothetical
site that may exist in real-world situations subject to rainfall
infiltration, as shown in Figure 4, is illustrated as an example
for reliability analysis of the rainfall stability ofMSW landfills
on slope. The representative values of the parameters for the
hypothetical site are shown in Table 1. These factors include
the geometry and material properties of MSW landfills,
including height of landfill (𝐻), length of landfill (𝐿), slope
angle of the back (𝛼), and slope angle of the waste body (𝛽);
and unit weight of waste (𝛾

1
), unit weight of geomembrane

(𝛾
2
), unit weight of soft rock (𝛾

3
), cohesion of waste (𝑐

1
),

cohesion of geomembrane (𝑐
2
), cohesion of soft rock (𝑐

3
), fric-

tion angle of waste (𝜙
1
), interfacial friction angle of geomem-

brane (𝜙
2
), and friction angle of soft rock (𝜙

3
).The properties

of soft rock are drawn from Wang [26]. As to the rainfall
characteristics that will be considered, it contains rainfall
intensity (𝐼), rainfall duration (𝑇), and rainfall pattern (RP).

4.2. Analyses of the Rainfall Stability of MSW Landfills on
Slope. According to the analysis method aforementioned,
coupled SEEP/W-SLOPE/W analyses have been employed to
evaluate the rainfall stability of MSW landfills on slope. The
rainfall patterns considered here include seven types shown
in Table 2: uniform, peak at the first section, peak at the
first quarter section, peak at center, peak at the third quarter
section, peak at the last section, and double peak. Different
rainfall patterns can be assigned in analyses by specified
associated function of water unit flux versus time over the top
surface boundary of the model shown in Figure 4 in SEEP/W
software [24].

After parametric study, it revealed that the interfacial
friction angle of geomembrane (𝜙

2
) and height of landfill (𝐻)

had major influences on the rainfall stability of MSW land-
fills. Although other factors have minor influences on slope
stability relative to 𝜙

2
and 𝐻, all the parameters except for

those of soft rock shown in Table 1 will be used as design
variables for reliability analysis in the following.

4.3. Training and Validation of the Artificial Neural Network
(ANN). The factor of safety against slope failure is highly
dependent on the geometry and material properties of MSW
landfills and rainfall characteristics. The artificial neural
network can provide a mapping relationship between these
associated parameters. Considering the important factor that
influences the stability or performance of the MSW landfills,
thirteen parameters shown in Figure 5 are selected as the
input neurons of the network.On the other hand, the factor of
safety against slope failure, FS, from (6) is selected as the
output neuron of the network.

The number of sampling points required to accurately
model the mapping function of ANN is dependent on the
number of design variables and the nonlinearity of the
problem considered. In this paper, 100 sampling points were
first randomly generated for each design variable (i.e., the 13
input neurons) assuming that it is uniformdistributed around
its reason range shown in Table 3. In the following, 100 data
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Figure 4: The hypothetical site and associated analysis parameters.

Table 1: Representative values of the parameters for the hypothetical
site of MSW landfill on slope.

Parameter type Name Value

Geometry parameter

𝐻 (m) 20
𝐿 (m) 30
𝛼 (∘) 60
𝛽 (∘) 30

Material parameter

𝛾
1
(kN/m3) 7

𝛾
2
(kN/m3) 20

𝛾
3
(kN/m3) 24
𝑐
1
(kPa) 34

𝑐
2
(kPa) 0.35

𝑐
3
(kPa) 245.25
𝜙
1
(∘) 35

𝜙
2
(∘) 23

𝜙
3
(∘) 0

sets are obtained from the combinations of these sampling
points and then used to evaluate the corresponding value of
FS by performing the coupled SEEP/W-SLOPE/W analyses.
These 100 patterns including input and output are divided
into two parts, each with 75 and 25 patterns, to train and
validate the artificial neural network.

Analyses of ANN in this paper are based on the popular
back-propagation neural network algorithm (Goh and Kul-
hawy [15]) for demonstration, whereas other newer learning
algorithm like extreme learningmachine (ELM) [27–29]may
also be used in such applications.The topology ofANN in this
case is shown in Figure 5, with 13 input neurons, 14 hidden
neurons, and 1 output neuron. After suitable training, the
mapping function of the implicit response of the MSW
landfills on slope is well established. It can be seen from
the scatter diagram of Figure 6 that the relationship between
network outputs and training targets for variable FS in
the recalling phase, using the separate 25 patterns, is almost
linear. Its coefficient of determination, 𝑅2, is greater than 0.9.
Thus, the generalization capabilities of the trained network



Mathematical Problems in Engineering 5

(Input layer) (Hidden layer) (Output layer)

𝑇

𝛼

𝐻

𝛾1

𝛾2

𝜙1

𝜙2

𝑐1

𝛽

𝐿

𝑐2

𝐼

RP

FS

Figure 5: ANN topology in the case of MSW landfill on slope.

are validated. Therefore, the trained ANN can be used as a
universal approximator of the implicit response (i.e., factor of
safety against slope failure, FS) of the MSW landfills on slope
that relates the parameters of output and input and can be
employed in the following reliability analysis.

4.4. Definition of Performance Function or Limit State Func-
tion. The performance function is defined before reliability
analysis for the rainfall stability of MSW landfills on slope:

𝑔 (X) = FS (𝑋
1
, 𝑋
2
, . . . , 𝑋

𝑛
) − FS

𝑟
, (7)

where 𝑋
1
, 𝑋
2
, . . . , 𝑋

𝑛
are design variables. FS(𝑋

1
, 𝑋
2
, . . . ,

𝑋
𝑛
) is FS determined from the trained ANN given a data set

of 𝑋
1
, 𝑋
2
, . . . , 𝑋

𝑛
. FS
𝑟
is the required factor of safety against

slope failure corresponding to the requirement for code or a
certain limit state.

The statistical properties for reliability analysis of the thir-
teen parameters of ANN input neurons are shown in Table 4.
Mean values 𝜇 drawn from Table 1 are regarded as the best
estimated values of these parameters. Mean rainfall intensity
and duration are assumed to be 𝐼 = 50mm/hr and 𝑇 = 36 hr,
respectively. The values of coefficient of variation (COV) are
partly from the suggestions of Phoon and Kulhawy [30] and
Duncan [31], and partly from writers’ experience. Thus, the
standard deviation is easily obtained from themean value and
corresponding COV.

4.5. Reliability Analysis: Monte Carlo Simulation (MCS).
The reliability analysis evaluated by ANN-based MCS is
illustrated first. The percentage errors of the results of the
Monte Carlo simulations can be calculated by (8) (Shooman
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Figure 6: Scatter diagram of network outputs versus training targets
in the recalling phase.

[32]), which is based on the 95% confidence interval for the
probability of unsatisfactory performance:

% error = 200√
1 − 𝑃
𝑓

𝑁
𝑀
𝑃
𝑓

, (8)

where 𝑁
𝑀

is the total number of Monte Carlo trails. For
example, if 𝑁

𝑀
= 600, 000 and 𝑃

𝑓
= 0.001, (8) then yields

8.2% error. Therefore it is 95% likely that the actually failure
probability will be within 0.001 ± 0.000082. Since the error
is relatively small, the number 600,000 will be used in this
study.

Reliability of MSW landfills on slope is assessed first
based on the assumptions that the input variables shown in
Table 4 are all following normal distribution𝑁(𝜇, 𝜎), and the
Uniform rainfall pattern shown in Table 2 is adopted. The
input variables are supposed to be independent each other.
The histogram of factor of safety (FS) obtained from MCS
is shown in Figure 7. As depicted, the distribution of FS is
close to normal distribution also. The mean value of FS is
1.732. Once the required factor of safety, FS

𝑟
, is specified, the

associated failure probability, 𝑃
𝑓
= 𝑃[FS < FS

𝑟
], can be cal-

culated immediately. Figure 8 is the analysis results for both
normal and log-normal input variables for different required
factors of safety FS

𝑟
.

It is apparent that the failure probability 𝑃
𝑓
is both from

small to large when required factor of safety FS
𝑟
becomes

larger for input variables with normal or log-normal distri-
bution. It is a reasonable trend regarding to the practical
application.
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Table 2: The pattern type of rainfall.

Number Pattern type Illustration

1 Uniform
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n 

(m
m

)

𝑃

𝑇

Rainfall duration (hr)

0
0

2 Peak at the first section

Pr
ec

ip
ita

tio
n 

(m
m

)

0

0 𝑇

Rainfall duration (hr)

2𝑃

3 Peak at the first quarter section

Pr
ec

ip
ita

tio
n 

(m
m

)

0
0 𝑇

Rainfall duration (hr)

1.8𝑃

0.8𝑃

1/4𝑇

4 Peak at center

Pr
ec

ip
ita

tio
n 

(m
m

)

0

0 𝑇

Rainfall duration (hr)

2𝑃

1/2𝑇
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Table 2: Continued.

Number Pattern type Illustration

5 Peak at the third quarter section
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ec

ip
ita

tio
n 

(m
m

)

0
0 𝑇

Rainfall duration (hr)

1.8𝑃

0.8𝑃

3/4𝑇

6 Peak at the last section
Pr

ec
ip

ita
tio

n 
(m

m
)

0

0 𝑇

Rainfall duration (hr)

2𝑃

7 Double peak

Pr
ec

ip
ita

tio
n 

(m
m

)

0

0 𝑇

Rainfall duration (hr)

2𝑃

1/2𝑇

4.6. Reliability Analysis: First-Order Reliability Method
(FORM). In the following, the reliability analysis evaluated
by ANN-based FORM is illustrated using the same case. The
𝛽-ellipse technique carried out in a spreadsheet environment,
such as Microsoft Excel, proposed by Low [14] is used in the
analyses.

The results obtained by ANN-based FORM are also
shown in Figure 8. Comparing the results of FORM with
those of MCS, it can be found that the failure probability
obtained from FORM is less than that obtained from MCS
for small𝑃

𝑓
value, and their differences are larger if the design

variables are following log-normal distribution, whereas the
differences areminor if the design variables are following nor-
mal distribution. Therefore, the two method—ANN-based
FORM and ANN-based MCS—can get comparable results
with limit differences for variables with normal distribution
based on this case study. Furthermore, whatever for which
method, in comparison to results obtained from variables

with different distributions, it can be found that 𝑃
𝑓
with

normal distribution (denoted by 𝑃
𝑓 𝑁

) are greater than those
with log-normal distribution (denoted by 𝑃

𝑓 LN), that is,
𝑃
𝑓 𝑁

> 𝑃
𝑓 LN, especially when failure probability is smaller.

Thus, in view of the evaluation efficiency and consideration
of conservative design, the ANN-based FORM method with
input variables of normal distribution will be adopted in the
following analyses to explore the influence of rainfall charac-
teristics on the reliability of MSW landfills on slope.

Figure 9 is the relationship between required factor of
safety FS

𝑟
and failure probability 𝑃

𝑓
for different rainfall

intensity 𝐼with rainfall duration𝑇 = 36 hr. Obviously, failure
probability increases with rainfall intensity. For example,
if 𝐼 = 40mm/hr, when FS

𝑟
increases from 1.0 to 1.2,

the associated 𝑃
𝑓
increases vastly from 0.000086 to 0.003233.

The corresponding performance level will be from “above
average” decreases to near “below average” according to the
relationship of target reliability index and failure probability
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Table 3: The probable range considered for each parameter in the
hypothetical site of MSW landfill.

Parameter type Name Range

Geometry parameter

𝐻 (m) 10∼30
𝐿 (m) 10∼50
𝛼 (∘) 30∼75
𝛽 (∘) 15.95∼60

Material parameter

𝛾
1
(kN/m3) 4.9∼9.8

𝛾
2
(kN/m3) 18∼22

𝛾
3
(kN/m3) 24
𝑐
1
(kPa) 33.55∼34.90

𝑐
2
(kPa) 0∼0.7

𝑐
3
(kPa) 245.25
𝜙
1
(∘) 10∼40

𝜙
2
(∘) 5∼30

𝜙
3
(∘) 0

Rainfall parameter
𝐼 (mm/hr) 0∼100
𝑇 (hr) 0∼72

Rainfall pattern 1∼7

Table 4: The statistical properties of the parameters for reliability
analysis.

Parameter
type Name Mean (𝜇)

Coefficient
of variation
(COV)

Standard
deviation

(𝜎)

Geometry
parameter

𝐻 (m) 20 0.01 0.2
𝐿 (m) 30 0.01 0.3
𝛼 (∘) 60 0.01 0.6
𝛽 (∘) 30 0.01 0.3

Material
parameter

𝛾
1
(kN/m3) 7 0.10 0.7

𝛾
2
(kN/m3) 20 0.05 1.0
𝑐
1
(kPa) 34 0.20 6.8

𝑐
2
(kPa) 0.35 0.20 0.07
𝜙
1
(∘) 35 0.10 3.5

𝜙
2
(∘) 23 0.10 2.3

Rainfall
parameter

𝐼 (mm/hr) 50 0.02 1.0
𝑇 (hr) 36 0.01 0.36
Rainfall
pattern 1∼7 — —

Subscript 1 stands for solid waste; subscript 2 stands for geomembrane.

suggested by U.S. Army Corps of Engineers [33]. Therefore,
it is necessary to redesign the MSW landfills on slope to
meet the performance requirements in this case. Thus, the
reliability analyses will be beneficial to engineering design
and provide a guideline to achieve the target reliability
considering uncertainty.

Figure 10 is the relationship between FS
𝑟
and 𝑃

𝑓
for dif-

ferent rainfall durations with rainfall intensity 𝐼 = 50mm/hr.
As expected, 𝑃

𝑓
increases with rainfall duration. Finally,

Figure 11 is the relationship between rainfall pattern and 𝑃
𝑓

for different mean rainfall intensities under the same total
amount of precipitation with rainfall duration 𝑇 = 36 hr and
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Figure 7: Histogram of factor of safety, FS, obtained from MCS
assuming that the input variables are all following normal distribu-
tion and uniform rainfall pattern is adopted.
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Figure 8: Comparisons of reliability analysis results between FORM
method and MCS method.

FS
𝑟
= 1.2. It is shown that theUniformpattern has the highest

failure probability in the case. For other patterns, if the peak
rainfall intensity occurs earlier, the cumulative amount of
infiltrations will be larger with higher failure probability of
𝑃
𝑓
. The study of Jia et al. [34] draws similar conclusions

and makes a recommendation that rainfall pattern should be
taken into account in the performance assessment of landfill
covers.

As to the effects of rainfall intensity and duration on
the slope stability of MSW landfills and thus the failure
probability, it can be attributed to the reduction in matrix
suctions of unsaturated landfills and consequent fall in shear
strengths caused by the rise in pore water pressures. The
higher the rainfall intensity and/or duration, the lower the
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Figure 9: The relationship between required factor of safety and
failure probability for different rainfall intensities (𝑇 = 36 hr).
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Figure 10: The relationship between required factor of safety and
failure probability for different rainfall duration (𝐼 = 50mm/hr).

matrix suctions behind the wetting front, and thus the higher
the failure probability of the MSW landfills to be. The phe-
nomena are the same as those studied by other researchers,
such as Ng and Shi [35] and Li et al. [36].

5. Conclusions

In this study, two methods of reliability evaluation for the
rainfall stability of MSW landfills on slope, ANN-based
FORM and ANN-based MCS, are explored. By performing a
case study of a hypothetical site, an analysis procedure for reli-
ability analysis is proposed. The evaluation model of ANN-
based FORM or ANN-based MCS is superior to traditional

Rainfall pattern

1
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0.001

0.0001

1𝐸 − 005

FORM

0 1 2 3 4 5 6 7 8 9

𝐼 (mm/hr) = 80
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𝐼 (mm/hr) = 20
𝐼 (mm/hr) = 100 𝐼 (mm/hr) = 40

𝑃
(F

S
<

FS
𝑟
)

Figure 11: The relationship between rainfall pattern and failure
probability for different rainfall intensities with FS

𝑟
= 1.2 (𝑇 = 36 hr).

reliability method in view of many aspects, such as system
modeling, computational efficiency, and analysis precision.
Based on these methods, the performance-based design
(PBD) of MSW landfills on slope can be implemented easily.

According to the analysis results, it can be concluded that
all the rainfall characteristics, including intensity, duration,
and pattern, have obvious influence on the reliability for
stability ofMSWlandfills on slope.Thus, the variation of rain-
fall condition should be investigated and considered in the
analysis. By the quantitative reliability method proposed in
this study, it will be beneficial to MSW landfills design and
provide a guideline to achieve the target reliability consider-
ing rainfall scenarios.
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