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Abstract
Purpose – The purpose of this study is to introduce a relatively simple method of probabilistic analysis on the dimensions of gravity retaining walls
which might lead to a more accurate understanding of failure. Considering the wall geometries in the case of allowable stress design, the probability
of wall failure is not clearly defined. The available factor of safety may or may not be sufficient for the designed structure because of the inherent
uncertainties in the geotechnical parameters. Moreover, two cases of correlated and uncorrelated geotechnical variables are considered to show how
they affect the results.
Design/methodology/approach – This study is based on the failure and stability of gravity retaining walls which can be stated in three different
modes of sliding, overturning and the foundation-bearing capacity failure. Each of these modes of failure might occur separately or simultaneously
with a corresponding probability. Monte Carlo simulation and Taylor series method as two conventional methods of probability analysis are
implemented, and the results of an assumed example are calculated and compared together.
Findings – The probability analysis of the failure in each mode is calculated separately and a global failure mode is introduced as the occurrence
of three modes of sliding, overturning and foundation-bearing capacity failure. Results revealed that the global mode of failure can be used along
with the allowable stress design to show the probability of the worst failure condition. Considering the performance and serviceability level of the
retaining structure, the global failure mode can be used. Furthermore, the correlation of geotechnical variables seems to be relatively more dominant
on the probability of global failure comparing to each mode of failure.
Originality/value – The introduced terminology of global mode of failure can be used to provide more information and confidence about the design of
retaining structures. The resulted graphs maintain a thorough insight to choose the right dimensions based on the required level of safety.

Keywords Monte Carlo simulation, Probabilistic analysis, Probability of failure, Retaining wall analysis, Taylor series

Paper type Research paper

1. Introduction
Retaining cantilever walls, usually made of concrete or filled
with compacted geomaterials, are among the most frequently
designed retaining structures. Design of these structures must
satisfy the equilibrium state while having enough stability
against exerted bending moments and shear stresses along
with the ability of providing necessary slight movements for
earth pressures to be mobilized behind it (Peck and Hanson,
1974). However, providing sufficient stability for retaining
structures depends on the level of performance and
serviceability in which it can be crucial to have no
displacement for some cases. The probability of failure can be
considered to clarify the boundaries that the design case is
expected to be safely working.

Conventional methods of retaining walls design are based
on deterministic assumed parameters for soil and deals with
safety factors (SFs) to estimate the equilibrium state of the
wall or check if the desired values are met in analysis

procedure. In SF-based designs, the soil-structure system is
examined for three modes of failure. Stability because of the
sliding along foundation base, foundation-bearing capacity
and overturning are supposed to be modes of failure which are
governing the equilibrium state of the wall (Bowles, 1997;
Terzaghi et al., 1996).

By the evaluation of SF in each mode of failure distinctively, in
a way that the corresponding value is equal to or larger than a
specific limit, system condition of stability can be defined. In
most of the design codes and references, it is recommended to
construct wall foundation in a depth to provide the adequate
resistance against complex layered earth or soil slope (Zevgolis
and Bourdeau, 2010). Moreover, load eccentricity from one
third of the foundation base is proposed to be checked and
calculated, which is playing an important role in the magnitude
of bearing capacity in conventional design procedures. Wall
settlements must be checked beside the calculations and analysis
which is mostly controlled by the type of soil and its density
underlying the base (Bowles, 1997; Das, 1992).

All of the above-mentioned criterions are required to be
satisfied for an earth retaining structure, while the available
formulas and theories are mostly based on simplifications and
there are many uncertainties involved in the final achieved
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results. Furthermore, uncertainties in the design loads which
are presumed to be acting on the wall lead to inconveniences,
and sometimes unfavorable failures might occur against entire
precautions. It can be inferred that FS is merely an
experience-based factor which cannot be generalized in global
engineering knowledge. Using design codes or regulations,
similar factor of safety is used in different conditions in which
various degrees of uncertainty are involved (Duncan, 2000).
However, factor of safety is being used in most of the
contemporary projects and corresponding methods of analysis
are known as allowable stress design (ASD).

Accordingly, reliability-based methods are proposed to
consider marginal safety which can be defined based on the
performance of the geotechnical structures. Researchers
have reported examples for reliability use in geotechnical
engineering for estimating the uncertainty involved in soil
strength and the corresponding parameters (Benmeddour
et al., 2012; Christian et al., 1994; GuhaRay and Baidya,
2015, 2016; Kulhawy, 1993; Lacasse and Nadim, 1996;
Lumb, 1966; Phoon and Kulhawy, 1999; Tang et al., 1999;
TH, 1974; Vanmarcke, 1977; Wang et al., 2016; Zhang
et al., 2014). Design methods consider the geotechnical
variability and are known as Load and Resistance Factor
Design (LRFD) in the USA and Limit States Design (LSD)
in Canada and Europe (Basheer and Najjar, 1998; Cardoso
and Fernandes, 2001; Orr, 2000; Phoon et al., 2003).
Another imperfection of conventional design methods is
assuming partial evaluation of the SF according to the
particular failure modes (Zevgolis and Bourdeau, 2010).
Moreover, probability-based analysis deals with most of the
drawbacks involved in the conventional design methods
(Wang, 2013; Zevgolis and Bourdeau, 2010).

These methods are also of the popular approaches which are
being used because of the current advances of processing
technology. Massive required calculations for data simulation
and realizations are able to be done in a fraction of time. In
probabilistic analysis, uncertainty involved in each design
parameter is assumed and categorically considered for the
calculation of the reliability. Furthermore, the probability of
failure occurrence for each mode and the general mode of
failure can be investigated explicitly (Wu, 2015; Zevgolis and
Bourdeau, 2010). The probability of failure for each mode can
provide an acceptable performance-based design for
geotechnical structures such as gravity retaining walls.

The objective of this study is to introduce a relatively simple
method of probabilistic analysis on the dimensions of gravity
retaining walls which might lead to a more accurate
understanding of failure. Moreover, it is aimed to maintain a
comparative study between two popular methods of
probability design, Taylor series reliability analysis as
described by Duncan (2000) and Monte Carlo (MC)
simulation algorithm (Wang, 2013; Zevgolis and Bourdeau,
2010). Considering the wall geometries in the case of
allowable stress design, the probability of wall failure cannot
be clearly defined and the available factor of safety may or may
not be sufficient for the designed structure because of the
inherent uncertainties in the geotechnical parameters.
Furthermore, the effect of correlation between geotechnical
variables on the probability of failure is another purpose of this
study which is discussed later.

2. Methodology

2.1 Failure and stability terminology
Backfilled gravity retaining walls are one of the most
commonly designed geotechnical structures. Geometrical
parameters are considered as shown in Figure 1.

Herein, the static loading condition is considered and the
investigation of failure concerns with overturning (OT)
around the toe, base sliding (SL) and the foundation-bearing
capacity (BC). These three failure modes (instability
conditions) are depicted schematically in Figure 2.

It should be noted that if it is supposed to deal with special
structures such as bridge support structures, walls built on
inclined ground and/or when layered soil is beneath the
structure, then stability in the depth is necessary to be
considered and should be included in the modeling of soil. In
the present work, it is assumed that the wall is constructed on
a ground with no stratification and the settlement analysis is
not performed.

In reliability-based analysis of backfilled gravity retaining
wall, modes of structural failure needs to be inspected to
clarify the internal instability conditions. Structural stability is
not mentioned in this study and the focus is on the
uncertainties in geotechnical parameters. In addition, external
stability and corresponding modes of failure are extracted.
Generally, the internal stability of retaining wall would not
face failure because of high resistance of the reinforced

Figure 1 Schematic illustration of the gravity retaining wall
parameters addressed in this paper

Figure 2 Modes of failure because of (a) sliding, (b) overturning
and (c) bearing capacity instability

Geometrical design of gravity retaining walls

Abdolhosein Haddad, Danial Rezazadeh Eidgahee and Hosein Naderpour

World Journal of Engineering

Volume 14 · Number 5 · 2017 · 414–422

415



concrete which is less vulnerable to uncertainties in strength
parameters comparing with geotechnical parameters. In
external modes of failure, uncertainties in soil shear strength
parameters effect on both resistance and load. Thus, the
assumption here is that the structural components are
performing well and internal structural stability is provided.

It must be explained that failure and the probability of its
occurrence is not a catastrophic collapse. For example, sliding
of retaining wall, which is considered as a failure mode, would
not be disastrous. In case that the wall moves smoothly a small
distance away from the backfill, the pressure from the earthen
material (soil, rock, etc.) on the wall would be reduced and no
further sliding would be occurred. Afterward, in case of
increase in earth pressure, because of creep in backfill soil,
sliding might be taken place again. Finally, if sliding occurs
frequently, then it might result in important displacement of
the structure which could amount to unacceptable
performance, but not disastrous collapse (Duncan, 2000;
Leonards, 1982). Thus, it is expected to keep a clearer
meaning as “Inadequate Serviceability” in mind.

2.2 Conventional stability formulation: deterministic
approach
According to conventional geotechnical design procedures for
this type of wall, the mass of backfill overlaying behind the wall
is assumed to form a resisting block attached to the structure
(Peck and Hanson, 1974). Active earth thrust is exerting on a
hypothetical interface between this resisting mass and the
retained backfill is computed according to Rankine’s theory.
For dry backfill conditions, and in addition to the self-weight
of the wall (WConc) and the weight of the soil above the base
(WSoil), the earth pressures are applied as well. The lateral
force (active) earth pressure PA acting on the back of the wall
is as follow:

PA �
1
2

KA�efH�2 � 2c�KAH� (1)

in which KA is the coefficient of active earth pressure, �ef is the
unit weight of retained soil, H= is the total height of the wall
(H�Z) and c is the cohesive intercept of the soil. In Figure 1,
two types of soil are shown to be behind the wall, backfill soil
and the retained soil. In the probability analysis in this study,
both are presumed to be made from the same material, while
they can be distinct in general cases. Horizontal active earth
pressure coefficient (KA) for backfill and vertically retained
soil behind the wall is given by:

KA �
1 � sin �
1 � sin �

(2)

in which � is the soil friction angle. Moreover, a passive force
is acting on the front side of the wall if there is an embedment
depth (D) for wall base. This force is not usually considered
because of the conservations. The soil pressure q that acts
vertically on the base of the wall has a maximum and
minimum value as:

qmax ,min �
�V

B
�1 � 6e/B� (3)

where, �V is the summation of vertical forces acting on the
wall, B the width of the base of the wall and e is the
eccentricity of the loads resultant with respect to the centerline
of the base given by:

e �
B
2

�
�MR � �MOT

�V
(4)

where �MR and �MOT are the summations of overturning
resisting and driving moments, with respect to the toe of the
base. Typically, the resultant is required to intersect the base
of the wall within the middle third; hence, the entire area
beneath the base is theoretically subjected to compression
(Peck and Hanson, 1974). Numerically, this means that the
eccentricity must be smaller than or equal to one sixth of the
base length. If the resultant falls on the right side of the base
centerline, then based on Equation (4), the eccentricity
becomes negative. So the condition that must be satisfied is as
follow:

e �
B
2

(5)

The shear resistance denoted by S that is acting along the
interface between the base of the wall and the foundation soil.
Typically, this is given by:

S � B(c�) � �V.tan 	 (6)

in which c= is the cohesive intercept along the interface and 	
is the interface friction angle along the wall and the soil at the
base. c= and 	 are supposed to be 0.7c and 0.7
, respectively,
in this study.

In principle, the wall is safe when the loads that tend to
activate a mechanism of instability, are smaller than or equal
to the loads that tend to resist to this mechanism (capacity–
demand model) (Bowles, 1997; Das, 1992; Zevgolis and
Bourdeau, 2010). In a traditional deterministic analysis based
on ASD, a SF would be computed for each modes of failure
using nominal values of the controlling parameters. Each of
the resulting SFs would then be required to be greater than a
recommended empirical value, specific to the particular failure
mode. Required SFs are typically in the order of 1.5-2 for base
sliding, 1.25-2 for overturning and 2-3 for bearing capacity
(Bowles, 1997; Terzaghi et al., 1996). The fact that these
required values are larger than one is an important uncertainty
being presented in the design process, which is going to be
discussed and shown to be improved in probability design
procedure.

2.3 Failure modes
For each mode of failure, a performance function can be
assigned with which equilibrium of the structure (external
stability) can be defined. These functions can have the same
definition as factor of safety and entitled failure ratios (Ui) in
this study. Failure ratios with respect to sliding, overturning
and bearing capacity inadequacy are USL, UOT and UBC,
respectively, and expressed by:
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USL �
�PR

�ESL

�
S
PA

(7)

UOT �
�MR

�MOT

(8)

UBC �
qu

qmax
(9)

Based on the defined performance functions, failure occurred
when the related Ui is less than one. The probability PFi� P
�Ui � 1� for any given mechanism i which are SL, OT and BC.
Global system stability aside from modal stability can be
studied further if the following expression can be met:

PF,sys � P[(USL � 1) � (UOT � 1) � (UBC � 1)] (10)

In system stability analysis, all three modes of failure need to
be equal or greater that one; otherwise, the global stability will
not occur. At the end of this paper, system stability is intended
to be discussed.

2.4 Taylor series reliability analysis (TS)
As it was noted previously, there are many sources of
uncertainties involved in a gravity retaining wall design which
needs to be considered in case that an acceptable performing
structure is expected. Taylor series method is one of the
probability-based analysis methods. The steps which must be
followed for using the Taylor series method are presented
through (1) to (4) below.
1 Determination of most likely value (MLV) (usually are

assumed to be the same as the mean of input parameters)
of entire parameters in the analysis and evaluating the
factor of safety based on the deterministic methods. This
is FMLV and can be determined in the present study by
using Equations (7) to (9), in which instead of Ui, FMLV

i is
substituted. This provides a simple way to compare
evaluations with each other.

2 Estimating the standard deviations (�) of the parameters
that involve uncertainty, which can be followed by
acquiring the standard deviation for a number of input
parameters or can be extracted out of literature for each
individual property.

3 Computing the factor of safety while for each parameter
an increased amount of a standard deviation (Plus Value
or F�) and then a decreased amount of one standard
deviation (Minus Value or F�) comparing with its most
likely value (MLV) with no change in other parameters
(keep them equal to most likely values) is applied. This
would require 2N computation, where N is the total
number of considered parameters whose quantities are
being changed in the analysis. In addition, N times for
each of F� and F� states calculations are performed.�F
can be evaluated using F� and F�, for each input
parameter in which uncertainties are involved. The
standard deviation (�F) and coefficient of variation for the

factor of safety (VF) can be obtained using following
equations.

�F
i � ��

j�1

N 	
Fj

2

2

(11)

VF
i �

�F
i

FMLV
i

(12)

where j is the coordinator varies from 1 to N for each
individual input parameter.
4 Finally, with the value of FMLV

i from (1) and the value of VF
i

from (3), determining the value of PFi is possible based on
a desired distribution. In fact, PFi is the probability of
failure in each mode and can be calculated using the
reliability index (�i) as follow:

PFi � 1 � FX[�i] (13)

where FX� � � is the cumulative distribution function (CDF)
for a distribution. Reliability index is introduced to be
�i � �FMLV

i � 1�/��F
i � for normally distributed and �i � ln

�FMLV
i /�1�VF

i �/�ln �1�VF
i � when log-normally distributed

input variables are governing the problem. For simplicity
purposes, input parameters of this study are assumed to be
normally distributed, though the general validity is not loss
and other distributions can be replaced if required.

2.5 Monte Carlo simulations
Using the algorithm of MC simulation, one is able to generate as
many as required random variables according to the target
statistical properties by using an appropriate distribution.
Normal distributed random parameters are generated and
required analysis is performed using EXCEL spreadsheet. As a
deterministic point of reference, the mean values of the failure
ratios (Ui) are computed, which are comparable with FMLV

i . This
is so because when the trials are large enough, the mean values
are tend to be equal with the expected values (Harr, 1987). For
the probabilistic analysis based on MC algorithm simulations,
30,000 realizations are performed. Number of realizations is
reasonable to keep errors in the computed probabilities within
acceptable limits (between 0.005 and 0.01) according to error
estimation procedure presented in Baecher and Christian
(2003). The probability of failure is then given by:

PFi �
nFi

N
(14)

Herein, N is the number of realizations and nFi is the number of
times that Ui is less than one. Steps of this probabilistic method
can be find in many books (Baecher and Christian, 2003).

2.5.1 Input parameter cross-correlation
The effect of cross-correlation between the involved random
variables, particularly between friction angle, cohesive
intercept and soil unit weight, is considered to be evaluated in
this paper. Coefficient of correlation can be defined as:
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�X,Y �
Cov(X, Y)

�X�Y
(15)

where Cov�X, Y� is the covariance between two random
variables and �X and �Y are correspond to standard deviations.
To generate cross-correlated random variables, random
generated numbers must be transformed using a
transformation matrix as follow:

[Rc] � [R][T] (15.a)

[T]T[T] � [�] (15.b)

If coefficient correlation matrix [�] is then assembled, using
Cholesky decomposition procedure transformation matrix [T]
can be obtained (Press et al., 1992). Thus, this method can be
readily used to generate cross-correlated random variables.
Values varying in both negative and positive range have been
quoted by several authors in literature (Cherubini, 2000;
Fenton and Griffiths, 2003; Miller, 2011; Shahin and
Cheung, 2011; Wu, 2015). Chosen coefficients are presented
in Table I. In case of considering �X, Y � 0 the pair of X, Y
input random variables become statistically independent and
uncorrelated random numbers would be generated in the
simulation. This state is tested and results are stored to be
compared with correlated ones beside Taylor series
probability outcomes.

3. Problem definition
For the purpose of comparison between two methods of
probability design which discussed previously, the same
geometrical and geotechnical input parameters are chosen.
Input data used in analysis are presented in Table I.

Statistical properties of gravity wall geometry and
geotechnical input variables are used in TS once and for MC
two times, which are uncorrelated (MC1) and correlated
(MC2) states. After performing these three analyses, W
changed increasingly between 1 m and 5 m by 0.25 steps and
H between 3 to 9 by 3 m steps. MC realizations are stored to
obtain variations of Ui and PFi according to the changes of wall
geometry in both uncorrelated and correlated conditions. The
failure ratios and probabilities of failure are then achieved for
each mode of stability and for system stability as well through
analysis of MC realizations. Further explanations are
mentioned in next sections.

4. Probabilistic analysis results

4.1 Comparing results of stability analyses
Results of TS, MC method (uncorrelated and correlated) and
deterministic computation for W � 3m and H � 9m are
presented and summarized in Table II. As it was mentioned
earlier, Ui is a point of reference for providing the comparison
between results and can be interpreted as FMLV

i , mean of
failure ratios and SF for Taylor series, MC realizations and
deterministic methods, respectively.

Based on the data presented in Table II, it can be seen that
for sliding mode, approximately equal probability of failure are
observed through Taylor series and MC simulations. The
value of Ui which is treated as the central value in the analysis
process is almost the same for all four categories. It can be
stated that cross-correlation does not affect probability of
failure in sliding mode.

Although this is not the case for overturning mode of failure,
safety ratios are the same as well. PF,OT is nearly doubled for
Taylor series method comparing with MC approach.
Correlated case is shown to have about 1 per cent less
probability of failure comparing to uncorrelated input
variables.

For bearing capacity mode, the trend is the same as the
overturning and Taylor series probability of failure is roughly
two folded of the PF,BC for MC1 and MC2. Moreover,
cross-correlation lead the probability of failure to be decreased
about four per cent. The effect of correlation observed
through more trials and is not shown extremely influences on
the probability of failure in sliding and overturning modes.

Meanwhile, the probability of failure variations for bearing
capacity are strongly dependent on negative or positive
presumed values for soil friction angle and cohesion (�
,c)
rather than two other coefficients. For instance, �
,c��0.6
results in nearly 17.86 per cent which is more than that of
uncorrelated situation and negative value presented in

Table I Used data in probabilistic analyses

Geometrical
inputs

Geotechnical variables
Parameter SD (�) Mean value (�)

B(m) 3.6 tan(	) 0.07 tan(0.7 � 
)
Z(m) 0.5 �ef(kN/m3) 2 18
E(m) 0.3 �bf(kN/m3) 2 18
T(m) 0.3 �c(kN/m3) 5 23.5
W(m) 3 c (kPa) 5 10
H(m) 9 
soil(Deg) 5 30
L(m) 0.3 ��,c – �0.6
D(m) 0.5 ��,� – 0.7

�c,� – 0.1

Table II TS, MC1 and MC2 results for probabilistic analysis

Method

Modes of failure
Sliding Overturning Bearing capacity
USL PF,SL (%) UOT PF,OT (%) UBC PF,BC (%)

TS 0.932 59.55 1.312 17.44 2.236 26.97
MC1 0.934 57.13 1.313 8.25 2.246 14.51
MC2 0.935 58.83 1.311 7.123 2.235 10.40
Det. 0.932 NA 1.312 NA 2.236 NA

Note: NA: Not achievable
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Table II. In addition, in the literature, the same trend is
reported for some geotechnical problems, and it is found that
correlation between input parameters have a minor effect on
the probabilistic results. It is also reported in the previous
studies that positive cross-correlations overvalue the failure
probability, while negative cross-correlations lead to
undervalue probabilities of failure (Fenton and Griffiths,
2003).

4.2 Discussion on Monte Carlo realizations
As mentioned in the preceding sections, values of failure ratios
can be extracted out of realizations to be studied for global
system stability. Relative frequencies of Ui are illustrated in
Figure 3(a)-(c) for the conditions stated in Table I.

Variations of the wall footing length of heel (B) and the
height (H) are applied to evaluate the corresponding failure
ratios. These are providing the graphs for estimation of Ui

according to desired design geometries which can be further
compared with the reference deterministic values of SF.
Results are presented in Figure 4(a)-(c). Both correlated and
uncorrelated values of Ui are plotted which shows that the
central values of variables are not varied considerably, while
the involved cross-correlation of input parameters is assumed.

Furthermore, the probabilities of each mode of failure are
stored while varying the amount of wall foundation and
height. These results might be used directly in probabilistic
analysis of gravity retaining walls according to prescribed
geometry. Figure 5(a)-(c) shows the probability of failures in
three modes of stability. Plotting correlated and uncorrelated
values together, it can be inferred that cross-correlation lead to
minor fluctuations, while the wall base is changed. Generally,
increasing the height of the wall provokes the cross-correlated
to effect more on the probability of failure.

In Figure 5(a), most of the probabilities are approximately
laid on zero for wall base dimensions larger than 3 m.
However, there is only probability of sliding in this particular
geometrical case and relatively larger values are obtained when
correlated parameters are considered.

4.3 Global failure mode
According to the flexibility of spreadsheets in data analysis
procedure, the probability of global failure which is introduced
in Equation (10) can be evaluated. The trend is alike the
previously mentioned modal failure analysis, though the
definition is changed. Using a conditional state, the prob-
ability of system failure can be acquired in a way that it is the
number of times where all failure mode functions (Ui) are
larger than one divided by the total number of realizations.

Using the presented graphs, one is able to evaluate the
global probability of failure in system which can provide a
comprehensive overview of the problem. Variations of PF,SYS

with changes in wall base in three sets 3, 6 and 9 m are
presented in Figure 6(a)-(c). It can be vividly seen that the
cross-correlated values of global probability of failure are
approximately larger than the uncorrelated values. In fact,
the difference between PF,SYS in correlated and uncorrelated
condition increases as the height of the wall decreases. This is
so because of small values of PF,SYS for the case that the height
of the wall is 3 m which is generally more stable than two other
cases.

The probability of failure in system decreases with adding to
the amount of wall foundation base. The same trend is also
reported by Zevgolis and Bourdeau (2010) for changes of
system probability of failure along with variations of wall base.
However, the wall height directly affects the stability of the
wall and in case of increasing; the exerted active pressure is
accordingly expected to be raised. Following the increment in
wall height, the wall weight would increase. Thus, there is a
two-sided equation of equilibrium which needs to be
inspected during the analysis.

Figure 3 Relative frequencies of failure ratios (a) USL, (b) UOT and
(c) UBC
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5. Conclusion
There are many uncertainties involved in every geotechnical
problem according to the specific conditions of earth
materials. There are many variables regarding the soil
nature which are fluctuating from one site to another. The
exact value of geotechnical parameters cannot be specified
all the time and inaccuracies are accompanying the results.
Then, using conventional methods of deterministic design

might encounter with uncertainties as well. Another side of
the problem is because of no available general reference
such as SFs which are altered from one site of construction
to another.

Probabilistic methods can provide a margin for designs
which the risk of failure can be specified. Following the require
steps for probability of failure calculation, one will be able to
determine the reliability. In this paper, a gravity wall is
probabilistically analyzed through two methods of Taylor
series and MC realizations. Results show that these two
methods have the same responses of failure probability in

Figure 4 Variations of (a) USL, (b) UOT and (c) UBC versus wall
footing length of heel for 3, 6 and 9 m wall height
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Figure 5 Variations of (a) PF,SL, (b) UF,OT and (c) UF,BC versus wall
footing length of heel for 3, 6 and 9 m wall height
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sliding mode. However, for two other failure modes, the
values of Taylor series are two times greater than the
calculated probabilities of failure from MC simulations.

In addition, using the realizations which are made based on
assumed statistical properties for input parameters, the effect
of increasing the wall footing heel length and height on the
probability of failure are studied. Modal failure graphs
presented considering two cases of cross-correlated and
uncorrelated conditions for input variables. Finally, data
analysis presented that cross-correlated situation and
uncorrelated case approximately lead to the same probability

of failure. Meanwhile, the cross-correlation is influential on
the cases with smaller height.

Probability of failure for three modes of sliding, overturning
and bearing capacity failure is presented in the text and a
global probability of system failure is introduced as well. It is
suggested that both analysis are useful to be made to provide
a desirable design. Moreover, a performance level must be
specified based on engineering judgment to optimize the
design and prevent under and overestimations.

References

Baecher, G.B. and Christian, J.T. (2003), Reliability and
Statistics in Geotechnical Engineering, John Wiley & Sons,
New York, NY.

Basheer, I. and Najjar, Y. (1998), “Charts for probabilistic
design of strip footings in cohesionless soils”, Geotechnical &
Geological Engineering, Vol. 16 No. 1, available at: http://
link.springer.com/article/10.1023/A:1008893728855

Benmeddour, D., Mellas, M., Frank, R. and Mabrouki, A. (2012),
“Numerical study of passive and active earth pressures of
sands”, Computers and Geotechnics, Vol. 40, pp. 34-44.

Bowles, J.E. (1997), Foundation Analysis and Design, Fifth
Edit, McGraw-Hill, New York, NY.

Cardoso, A.S. and Fernandes, M.M. (2001), “Characteristic
values of ground parameters and probability of failure in
design according to Eurocode 7”, Géotechnique, Vol. 51
No. 6, pp. 519-531.

Cherubini, C. (2000), “Reliability evaluation of shallow
foundation bearing capacity on c‘�’ soils”, Canadian
Geotechnical Journal, Vol. 37 No. 1, pp. 264-269.

Christian, J.T., Ladd, C.C. and Baecher, G.B. (1994),
“Reliability applied to slope stability analysis”, Journal of
Geotechnical Engineering, Vol. 120 No. 12, pp. 2180-2207.

Das, B.M. (1992), Priciples of Geotechnical Engineering, 3rd ed.,
PWS Publishing, Boston, MA.

Duncan, J.M. (2000), “Factors of safety and reliability in
geotechnical engineering”, Journal of Geotechnical and
Geoenvironmental Engineering, Vol. 126 No. 4, pp. 307-316.

Fenton, G.A. and Griffiths, D.V. (2003), “Bearing-capacity
prediction of spatially random c – � soils”, Canadian
Geotechnical Journal, Vol. 40 No. 1, pp. 54-65.

GuhaRay, A. and Baidya, D.K. (2015), “Reliability-based analysis
of cantilever sheet pile walls backfilled with different soil types
using the finite-element approach”, International Journal of
Geomechanics, Vol. 15 No. 6, p. 6015001.

GuhaRay, A. and Baidya, D.K. (2016), “Reliability coupled
sensitivity-based seismic analysis of gravity retaining wall
using Pseudostatic approach”, Journal of Geotechnical and
Geoenvironmental Engineering, Vol. 142 No. 6, p. 4016010.

Harr, M. (1987), Reliability-Based Design in Civil Engineering,
McGraw-Hill, New York, NY.

Kulhawy, F. (1993), “On the evaluation of static soil
properties”, Stability and Performance of Slopes and
Embankments, ASCE, Reston, pp. 95-115.

Lacasse, S. and Nadim, F. (1996), “Uncertainties in
characterising soil properties”, in Shackelford, C.D.,
Nelson, P.R. and Roth, M.J.S. (Eds), Uncertainty ‘96:
Uncertainty in the Geologic Environment – from Theory to
Practice, Geotechnical special publication 58, ASCE,
Madison, WI, July 31-August 3 1996, pp. 49-75.

Figure 6 Variations of PF,SYS versus wall footing length of heel for
(a) 3 m, (b) 6 m and (c) 9 m wall height

0.00001

0.0001

0.001

0.01

0.1

1

1 1.5 2 2.5 3 3.5 4 4.5 5

PF
,S

YS
 

B(m)

PF SYS c

PF SYS 

 

0.001

0.01

0.1

1

1 1.5 2 2.5 3 3.5 4 4.5 5

PF
,S

YS
 

B(m)

PF SYS c

PF SYS 

0

0.2

0.4

0.6

0.8

1

1 1.5 2 2.5 3 3.5 4 4.5 5

P F
,S

YS
 

B(m)

PF SYS c

PF SYS 

 

 

(b)

(c)

(a)

Geometrical design of gravity retaining walls

Abdolhosein Haddad, Danial Rezazadeh Eidgahee and Hosein Naderpour

World Journal of Engineering

Volume 14 · Number 5 · 2017 · 414–422

421

http://link.springer.com/article/10.1023/A:1008893728855
http://link.springer.com/article/10.1023/A:1008893728855


Leonards, G. (1982), “Investigation of failures”, Journal of
Geotechnical Engineering Division, Vol. 108 No. 2,
pp. 185-246.

Lumb, P. (1966), “The variability of natural soils”, Canadian
Geotechnical Journal, Vol. 3 No. 2, pp. 74-97.

Miller, P.E.S.M. (2011), “Using computer simulations to take
a closer look at load and resistance factors for designing
geosynthetic-reinforced walls”, Georisk, American Society
of Civil Engineers, Reston, VA, pp. 1063-1072.

Orr, T.L.L. (2000), “Selection of characteristic values and
partial factors in geotechnical designs to Eurocode 7”,
Computers and Geotechnics, Vol. 26 Nos 3/4, pp. 263-279.

Peck, R. and Hanson, W. (1974), Foundation Engineering,
Second Ed., John Wiley & Sons, New York, NY.

Phoon, K.K. and Kulhawy, F.H. (1999), “Characterization of
geotechnical variability”, Canadian Geotechnical Journal,
Vol. 36 No. 4, pp. 612-624.

Phoon, K.K., Kulhawy, F.H. and Grigoriu, M.D. (2003),
“Multiple resistance factor design for shallow transmission
line structure foundations”, Journal of Geotechnical and
Geoenvironmental Engineering, Vol. 129 No. 9, pp. 807-818.

Press, W.H., Flannery, B.P., Teukolsky, S.A. and Vetterling,
W.T. (1992), “Cholesky decomposition”, Numerical Recipes
in FORTRAN: The Art of Scientific Computing, Second Ed.,
Cambridge University Press, Cambridge, pp. 89-91.

Shahin, M.A. and Cheung, E.M. (2011), “Probabilistic
analysis of bearing capacity of strip footings”, Third
International Symposium on Geotechnical Safety and Risk,
Munich, pp. 225-230.

Tang, W.H., Stark, T.D. and Angulo, M. (1999), “Reliability
in back analysis of slope failures”, Soils and Foundations,
Vol. 39 No. 5.

Terzaghi, K., Peck, R. and Mesri, G. (1996), Soil Mechanics in
Engineering Practice, Third Ed., John Wiley & Sons, New
York, NY.

TH, W. (1974), “Uncertainty, safety, and decision in soil
engineering”, Journal of Geotechnical Engineering Division,
Vol. 100 No. 3, pp. 329-348.

Vanmarcke, E. (1977), “Probabilistic modeling of soil
profiles”, Journal of Geotechnical Engineering Division,
Vol. 13 No. 11, pp. 1227-1246.

Wang, Y. (2013), “MCS-based probabilistic design of
embedded sheet pile walls”, Georisk: Assessment and
Management of Risk for Engineered Systems and Geohazards,
Vol. 7 No. 3, pp. 151-162.

Wang, Y., Cao, Z. and Li, D. (2016), “Bayesian perspective
on geotechnical variability and site characterization”,
Engineering Geology, Vol. 203, pp. 117-125.

Wu, X.Z. (2015), “Assessing the correlated performance
functions of an engineering system via probabilistic
analysis”, Structural Safety, Vol. 52, pp. 10-19.

Zevgolis, I.E. and Bourdeau, P.L. (2010), “Probabilistic
analysis of retaining walls”, Computers and Geotechnics,
Vol. 37 No. 3, pp. 359-373.

Zhang, J., Huang, H.W., Juang, C.H. and Su, W.W. (2014),
“Geotechnical reliability analysis with limited data:
consideration of model selection uncertainty”, Engineering
Geology, Vol. 181, pp. 27-37.

Corresponding author

Hosein Naderpour can be contacted at: naderpour@
semnan.ac.ir

For instructions on how to order reprints of this article, please visit our website:
www.emeraldgrouppublishing.com/licensing/reprints.htm
Or contact us for further details: permissions@emeraldinsight.com

Geometrical design of gravity retaining walls

Abdolhosein Haddad, Danial Rezazadeh Eidgahee and Hosein Naderpour

World Journal of Engineering

Volume 14 · Number 5 · 2017 · 414–422

422

mailto:naderpour@semnan.ac.ir
mailto:naderpour@semnan.ac.ir
mailto:permissions@emeraldinsight.com

	A probabilistic study on the geometrical design of gravity retaining walls
	1. Introduction
	2. Methodology
	3. Problem definition
	4. Probabilistic analysis results
	5. Conclusion
	References


