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Abstract.  In this study, the reliability analysis of internal and external stabilities of Reinforced Soil Walls (RSWs) under
static and seismic loads are investigated so that it can help the geotechnical engineers to perform the design more realistically.
The effect of various variables such as angle of internal soil friction, soil specific gravity, tensile strength of the reinforcements,
base friction, surcharge load and finally horizontal earthquake acceleration are examined assuming the variables uncertainties.
Also, the correlation coefficient impact between variables, sensitivity analysis, mean change, coefficient of variation and type of
probability distribution function were evaluated. In this research, external stability (sliding, overturning and bearing capacity)
and internal stability (tensile rupture and pull out) in both static and seismic conditions were investigated. Results of this study
indicated sliding as the predominant failure mode in the external stability and reinforcing rupture in the internal stability. First-
Order Reliability Method (FORM) are applied to estimate the reliability index (or failure probability) and results are validated
using the Monte Carlo Simulation (MCS) method. The results showed among all variables, the internal friction angle and
horizontal earthquake acceleration have dominant impact on the both reinforced soil wall internal and external stabilities limit
states. Also, the type of probability distribution function affects the reliability index significantly and coefficient of variation of

internal friction angle has the greatest influence in the static and seismic limits states compared to the other variables.
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1. Introduction

Soil is one of the important and complicated materials
used in geotechnical structures and researchers always try to
improve the mechanical properties of soil using various
reinforcement methods (Carlos et al. 2016). From a
mechanical point of view, the reinforced soil is actually a
combination of soil and reinforcing material that improves
the soil-reinforcement composite material properties. The
reinforcements have different types such as strips, nets,
rods, fibers, and sheets that provide the soil texture with
tensile strength upon loading. The reinforced soil was
introduced for the first time by Vidal in 1969 (Vidal 1969).
At the beginning of the 1970s, the researchers found a
potential in developing a new reinforcing method used for
the weak soil layers. After the “Polymer Grid
Reinforcement” conference in 1984, the reinforcing soil
wall instructions were presented by Jones (1985). In Iran,
the first reinforced soil walls were implemented in 1976,
which has been applicable and developed so far. In recent
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years, due to the uncertainty in soil parameters, using
probabilistic and reliability analysis has been considered by
researchers and engineers in designing various geotechnical
structures. Tobutt (1982) was the first researcher using the
Monte Carlo (MC) method to analyze the slop stability
reliability analysis. In this study, Bishop stability analysis
method was used by taking into account variables with
Normal and log Normal distribution functions. The results
showed that soil adhesion and internal friction angle are
most effective parameters in the stability analysis.
Chalermyanont and Benson (2004) conducted a parametric
study using Monte Carlo simulation to assess how
uncertainty in design parameters affects the mechanically
stabilized earth (MSE) walls internal failure probability.

The simulation techniques were used in developing a set
of reliability-based design (RBD) estimations for the MSE
walls internal stability. Sayed ef al. (2008) performed the
static and dynamic analysis for RSWs using three Methods
of First-Order Second-Moment method (FOSM), Point
Estimate Method (PEM) and First-Order Reliability Method
(FORM). Basha and Babu (2014) have investigated the
RSWs reliability with the FORM method to determine the
appropriate load and resistance coefficient parameters. The
results showed there are various amounts of resistance
against sliding, overturning, and bearing failure capacity.
Also, the friction angle has important effect on the
resistance, but variation of the friction angle has a
significant impact on the wall stability states. Jingyu et al.
(2016) evaluated the internal and external stabilities of
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reinforced retaining wall based on the Checking Point (CP)
method and MCS method. The results showed that the
reinforced retaining wall internal stability (reinforced
materials tensile and anti-uplift) is the key index in
reliability analysis; in a large scale, the anti-uplift reliability
index and the vertical distance from the reinforcement strip
to the wall top are basically inversely proportional; the
reinforcement strip anti-uplift reliability index in a wall toe
is minimum, so it is the key index; it must be noticed in
calculation that the reinforcement strip tensile reliability
index present to the retaining walls middle range. Michel
(2017) evaluated RSWs internal and external stabilities
under static loads, results showed that the internal friction
angle is the most effective parameter. Also, the correlation
between random variables was investigated in a static
condition by Powers.

Zevgolis and Bourdeau (2017) presented a new
methodology for reinforced soil walls internal stability
reliability assessment taking into account the highly
strength-redundant character of these structures. Result
showed that with the updated reliability of the reinforced
soil walls it can be quantified as failure propagates among
different reinforcement layers. GuhaRay et al (2018)
examined the geotextile-reinforced walls stability
reliabilities using the first order reliability (FORM) and
first-order second-moment reliability (FOSM) methods,
respectively. Hamrouni et al. (2018) presented a reliability
study of mechanically stabilized earth walls reinforced by
geosynthetic strips. The response surface methodology
optimized by a genetic algorithm was used to find the
reliability index. Muktinutalapati and GuhaRay (2020)
propose the usage of building derived materials as a partial
replacement for sand and backfill materials for the retaining
walls. Experimental results indicated that earth pressures
were not significantly enhanced by building derived
materials addition to sand, which suggests that building
derived materials could be used as effective lightweight
backfills. Chehade et al. (2021) presented a thorough study
of earth retaining walls seismic behavior using upper bound
theorem of limit analysis in combination with discretization
technique. The pseudo-static approach is adopted to model
the seismic effect.

Ahmed and Basha (2021) proposed a three-wedge
failure mechanism to determine active earth pressure
exerted by narrow backfills on gravity retaining walls. This
study recommends employing an appropriate failure
mechanism to develop shear bands behind retaining wall
based on the depth and the width of narrow backfill. It also
indicated that significant savings in the cross-sectional area
may be accomplished as compared to a classical design by
Coulomb’s theory. Pang et al. (2021) proposed generalized
probability density evolution method to formulate the
system reliability of complex slopes with consideration the
uncertainty in multiple slope parameters and ground
motions. The results indicate that randomness in ground
motions have a much larger influence than randomness in
slope parameters, but randomness in slope parameters
cannot be completely neglected.

Based on the previous researches, the evaluation of
different variables' effect on the RSWs reliability index has
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Fig. 1 Forces on the reinforced soil wall (Basha and Babu
2014)

been investigated, so, the internal friction angle, soil
specific weight, soil reinforcement, loading, base friction,
and earthquake coefficient are random variables that are
taken in the RSWs reliability analysis in this research. In
contrast to previous studies where the internal and external
stabilities of the reinforced soil has been less studied, the
seismic and static effects have been also studied
simultaneously here.

2. Reinforced soil wall stability in static and seismic
conditions

RSWs stabilities consist of external and internal
stabilities controlling. External stability includes several
controls such as sliding, overturning, and bearing capacity.

On the other hand, rupture and pulling out of the
reinforcement are another effective factor on internal
stabilities (Jones 1985). The analytical relationships for
external and internal stabilities for the two cases of static
and dynamic states are shown in Fig. 1. Two P4z and P
forces are added to static loads while assessing the
reinforced soil wall dynamic stability during an earthquake.
Each P,; represents the horizontal seismic force applied to
the RSWs back, and Py represents the horizontal seismic
force applied to the reinforcement, based on FHWA ™
instruction and is used to examine dynamic stability.
Traditional limit equilibrium pseudo-static approach has
been extensively applied for the seismic design of earth
retaining structures due to its theoretical simplicity and
readily implementation. Within this framework, the
Mononobe-Okabe theory (1926) is the most popular and
typical approach for dynamic earth pressure estimation
under a ground motion defined by a horizontal seismic
coefficient of a; and a vertical seismic coefficient of a,. It
should be noted that in the seismic forces calculations based
on FHWA recommendation, the Mononobe Okabe method
has been used. In this study, bearing capacity of the soil is
considered according to the Vesic theory (Vesic 1962),
geotextile-reinforced type, and the granular soil
embankment. The Vesic bearing capacity calculation
method was developed as an improvement and an extension
of the earlier Terzaghi method with slightly more accurate
shear failure surface.

' Federal Highway Administration
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Table 1 Analytical equations to estimate the RSWs external stabilities (Choudhury et al. 2007)
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In these equations, ¢ is the internal soil friction angles, y
is the specific weight, J is the friction coefficient between
backfill and base, u is the friction coefficient between soil
and geosynthetic, H is the wall height, L is the
reinforcement length, k,is the active pressure coefficient, T
is the long term design strength of geosynthetic
reinforcements, N, represents bearing capacity factor , V'is
the effective geosynthetic surface, ¢ is the surcharge loading,
o, is the vertical pressure, L, is the effective length of
geosynthetic, P4z represents the horizontal seismic force
applied to the RSWs back, P;z represents the overall
horizontal seismic force applied to the whole reinforcement
layers, kg, 1is the Mononobe-Okabe seismic active
pressure, k, is the horizontal acceleration, k, is the
vertical acceleration, 8,, is the reinforced soil wall angle
relative to the vertical line, f is the wall face angle relative
to the horizon and y is the resultant earthquake force angle
relative to the vertical line.

3. Reliability in the structural design

At first, the reliability index (f) is expressed as the ratio
of mean (z4) to the standard deviation (oy) of the limit state
function (g), which is called the Cornel reliability index
(Melchers and Beck 2018).

Bo=— (13)

Since this index could be changed by altering the form
of the limit state function (g), Hasofer and Lind presented a
new method to solve this problem. They introduced this
new reliability index as the smallest distance from the
origin to the limit state function in a Normal standard space
(Griffiths and Fenton, 2007). Generally, reliability analysis
methods are divided into three types of analytical methods,
First and Second-Order Reliability (FORM and SORM)
methods and simulation-based techniques. In designs,
balance between safety and construction costs should be
considered. It is possible to design when having a precise
prediction of performance, but it is not feasible in reality,
therefore confidence boundaries must be considered. These
boundaries are often considered in the form of an increased
safety factor. Also, increasing the confidence level leads to
more conservative design and higher costs. Hence, the
safety coefficient cannot be considered as an ideal criterion
for important projects. Since the safety factor is expressed
as a fixed number, it does not take any tolerance in
executive matters and the inherent uncertainties existing in
the soil into account. In geotechnical problems, the
indeterminacy and variability in soil resistance parameters
are seen frequently, and using the deterministic analysis
does not seem to be very reasonable due to the deterministic
parameters. Therefore, using random variables and
reliability methods is the best way to express these
uncertainties. These uncertainties are defined by random
variables that have special probability distribution functions
(their statistical parameters). The parameters selection in the
geotechnical engineering field, has been one of the
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Table 2 Limit functions used to study the reinforced soil walls' internal and external stabilities (Choudhury et al.

2007)
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challenges faced by engineers. In geotechnical engineering, fi2)]
the correlation between random variables is irrefutable, P
while ignoring this effect in the soil can affect the answer to

the problem. The correlation factor is one of the important
parameters in reliability calculations.  Correlation
coefficients can be calculated empirically from statistical
equations according to the following formula.

_ CovV(X.Y)
Pxy = JoZ(X)a2(Y)

In this equation, CoV(X, Y) is a covariance between two
random variables as a measure of dependence between the
both X and Y, which is measurable from the following
equation:

CoV(X.Y) = E[(X — p)(Y — )] (15)

where E is the expectation value.

1 <py<+1 (14

4. The limit state function of the RSWs internal and
external stabilities

By defining the limit state function in reliability, we can
describe the destruction and safety extent, and in fact, it
shows the boundary between the desirable and undesirable
performances in a specific structural condition. The final
limit state function can be expressed simply as follows

g(R.Q)=R—Q (16)

In the problem, three following conditions can occur for
the limit state function:
g(R.Q)=R—-Q >0 - safety
g(R.Q)=R—-Q =0 — Limit state
g(R.Q) =R—Q <0 - Failure
where R corresponds to the resistance or capacity
parameters effects and Q corresponds to the load effect
parameters, and the failure probability can be achieved as
follows (Phoon and Ching 2018)

P =P(R<Q) (17)

Thus, regarding the above concept, the limiting
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Fig. 2 Probability density for the limit State Function
(Phoon and Ching 2015)

functions used in this study are considered separately in
Table 2.

5. Reliability index

Reliability analysis includes a set of methods that
consider uncertainties using some statistical variables, and
the probabilistic distribution type for these variables based
on the limit state function. Reliability analysis has two main
components, namely random variables expressing
uncertainty and also the rupture or failure limit function to
calculate the failure probability. In reliability analysis, there
is an important quantity called the reliability index. The
reliability index (f) is expressed by the ratio between the
mean (uy) and standard deviation (oy) of the limit state
function (g). Fig. 2, shows a geometric explanation of the
reliability index in a one-dimensional space. The main idea
of the Reliability Index 1is the distance from the
measurement point of the mean to the level of the limit state,
which is equal to the difference of the standard deviation to
limit function, the longer the distance, the safer the structure
will be (Melchers and Beck 2018).
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Table 3 Expected performance index based on reliability index (Phoon and Ching 2015)

Failure Probability Reliability Index (5) Expected Performance

0.16 1 Dangerous

0.07 1.5 Unsuitable
0.023 2 Bad

0.006 2.5 Less than Average
0.001 More than Average

0.00003 4 Good
0.0000003 Excellent

Table 4 Citation data in this research

reliability index is more than 3.

Variable Average

Variation Coefficient (Percentage)

Distribution Type Reference and Data Source

¢ (degree) 30-45 5-20

7 (KN/m?) 16-18

q (kPa) 12-20 0-20

S5 (degree) 20-23 5-20

T (kN) 45-50

ke 0-0.3 0-30

Dey 0.5-0.8

L (m) 5-10
H (m) 6-10

Chun et al. (2014), Sayed et
al. (2008), Basha and Babu
(2014), Basha and Babu
(2010), Jingyu et al. (2016),
Powers (2017), Pang et al.
(2018)

Genske et al. (1991), Sayed et
al. (2008), Basha and Babu
(2014), Basha and Babu
(2010), Jingyu et al. (2016),
Powers (2017), Pang et al.
(2018)

Basha and Babu (2014),
Jingyu et al. (2016)
Chun et al. (2014), Sayed et
al. (2008), Basha and Babu
(2014), Basha and Babu
(2010), Jingyu et al. (2016)
Chun et al. (2014), Jingyu et
al. (2016), Powers (2017),
Pang et al. (2018)
Sayed et al. (2008), Basha and
Babu (2014), Jingyu et al.
(2016)

Sayed et al. (2008), Basha and
Babu (2014), Jingyu et al.
(2016)

Fixed
Fixed

Log norm
Normal

Normal

Normal

Log norm
Normal

Normal

Normal

. Assume a correlation between random variables

. Wall height 6 to 10 meters - Reinforcement length and wall width 5to e

10 meters

Research assumptions:
Cohesionless Granular Soil
. Fill and Foundation Soil

6. The failure probability and reliability index
calculation
Calculating the failure probability allows the

engineering judgment to be according to the location,
conditions, and the structures' importance. In fact, reliability
analysis methods transfer the wuncertainties of input
parameters to output values of the function. In other words,
the input parameters uncertainty effect on the output values
will apply. Table 3, presents the expected performance
indicator for evaluation by the US Army Corps of Engineers
regarding expected structural performance and the degree of
reliability index or failure probability (Pang et al. 2018).
According to this table, the structure type will be safe if the

7. Introducing model and random variables for
RSWs stabilities

In this research, first by introducing random variables,
statistical parameters including mean, standard deviation,
variation coefficient and probability distribution function
type are introduced and then the reliability index will be
calculated. In order to investigate each variable's effect,
sensitivity analysis is carried out to determine what effect
each variable has on the reliability index and the failure
probability. In the first stage, the limit condition functions,
i.e., the boundary between health and failure, must be
determined based on failure modes. In this research,
external and internal stabilities with limit functions are
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Table 5 Input hypotheses limit on functions for calculating reliability index and failure probability

Variables Average Variation Coefficient (Percentage) Distribution Type

@ 30 20 Normal

1% 16 10 Normal

q 20 15 Normal

o 23 10 Normal

T 50 10 Normal

Kn 0.3 30 Normal

L Sm

H 6 m
Péy 0.8

Table 6 External stabilities reliability index under static conditions without correlation between variables

Sliding Overturning Bearing Capacity

B br B Pr B Py
FORM 2.29 0.0108 6.96 1.69x 10~12 2.39 0.0083
MCS 2.27 0.0115 6.95 1.71x 10712 2.38 0.0085

Table 7 External stabilities reliability index under static conditions with correlation between variables

Sliding Overturning Bearing Capacity

p Py B Pr Jij Pr
FORM 2.21 0.013 6.16 3.45x 10710 2.34 0.0094
MCS 2.19 0.014 6.17 3.32x 10710 2.34 0.0095

Table 8 Pullout reliability index under static conditions (without correlation between variables)

FORM MCS
Layer Number Geosynthetic Length Placement Depth
Py B Py
1 3.27 0.5 3.85 5.74x 1075 3.86  5.53%x107°
2 3.27 1.5 3.85 5.74x 1075 3.86  5.53%x107°
3 3.27 2.5 3.85 5.74%x 1075 3.86  5.53x107°
4 3.55 35 3.93 4.24x 1073 395 3.95x107°
5 4.13 4.5 4.05 2.50x 107> 402 2.8x107°
6 4.71 5.5 415 1.637x107>  4.10 2% 1075

Geosynthetic Reinforcements

o
8

+—— L=5m -—*

Fig. 3 The reinforced soil wall geometry

considered according to Tables 1 and 2. The hypotheses of
this research are presented in Fig. 3 and Table 4. In this
table, the variation coefficient and mean value and the
variables distribution type are cited according to various
sources (the last column of Table 4).

8. Results and discussion

The random variables and their statistical characteristics
considered in our research are presented in Table 4. Also,
reliability analysis is carried out based on input data
presented in Table 5. The calculations performed by
MATLAB 9.1 and RT software in reliability analysis both
with and without parameters correlation are shown in Table
6-13. In the second validation step, the first-order reliability
analysis (FORM) results were also compared with the
Monte Carlo simulation method. In the Monte Carlo
method, the calculation become more accurate with
increasing iterations. The most important advantage of the
first-order reliability analysis (FORM) method is to reduce
the iterations and costs of calculations. In this research, for
each limit function, the number of iterations starts from
1000 and then continues by increasing the iteration
numbersuntil the reliability index remains constant. The
results showed very little differences.
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Table 9 Pullout reliability index under static conditions (with correlation between variables)

FORM MCS
Layer Number Geosynthetic Length Placement Depth
Py )i} Py
1 3.27 0.5 385 574x1075  3.86 5.53x107°
2 3.27 1.5 385 574x1075  3.86 5.53x107°
3 3.27 25 385 574x1075  3.86 5.53x107°
4 3.55 3.5 3.93 4.24x 1073 395 3.95x1075
5 4.13 4.5 4.05 2.50x 1073 4.02 2.8x 1075
6 4.71 5.5 4.15 1.637x 107° 4.10 2x 1075
Table 10 Rupture reliability index under static conditions (without correlation between variables)
FORM MCS
Layer Number Geosynthetic Length Placement Depth
B Py B Py

1 3.27 0.5 2.49 0.006 2.49 0.006

2 3.27 1.5 2.41 0.007 2.41 0.007

3 3.27 2.5 2.36 0.009 236 0.009

4 3.55 3.5 2.31 0.0102 2.31 0.0102

5 4.13 4.5 228 0.011 2.28 0.011

6 4.71 5.5 225 0.012 225 0.012

Table 11 Rupture reliability index under static conditions (with correlation between variables)
FORM MCS
Layer Number Geosynthetic Length Placement Depth
Py )i} Py

1 3.27 0.5 2.49 0.006 2.49 0.006
2 3.27 1.5 2.41 0.007 2.41 0.007
3 3.27 2.5 2.36 0.009 2.36 0.009
4 3.55 3.5 2.31 0.0102 2.31 0.0102
5 4.13 4.5 2.28 0.011 2.28 0.011
6 4.71 5.5 2.25 0.012 2.25 0.012

Table 12 External stability reliability index in seismic
conditions without correlation between random variables

Sliding Overturning
B Py B Py
MCS 0.961 0.1680 1.589 0.0559

Table 13 External stability reliability index in seismic
conditions with correlation between random variables

Sliding Overturning
B Py B Py
MCS 0.959 0.1687 1.588 0.0560

Parameter correlation comparisons in Tables 6 and 7
shows that the failure probability increases and the
reliability index decreases. It is observed that the failure
probability due to slipping is reduced by 4%, overturning by
12% and bearing capacity by up to 2%. The predominant
failure mode is the slip mode in the external stability study.

In internal stability study of reinforced soil in a static
state, the reinforcement material pulling and rupture from

the maximum tension point (collision with the slip line) is
evaluated by considering the reinforcement length on both
sides of the slip line.

Results were evaluated by applying the parameters both
with and without correlations for which the results are
presented in Tables 8-11. Rupture is the dominant failure
mode in internal stability conditions. In the reinforced soil
walls internal stability study, six layers of geosynthetic were
used with one meter intervals in which the length L, can be
different. According to the results, it can be stated that in
lower geosynthetic reinforcements, due to the increase in
altitude, and the increase in surcharge load, the greater
resistance and extraction possibility are reduced while the
failure probability will decrease. Also, the rupture
reinforcement assessment results in Tables 10 and 11 show
that in higher geotextiles, the reliability index increases, and
the failure probability decreases, in other words, in the high
geotextiles reinforcements, the failure probability is lower.

Seismic stability reliability assessment of the reinforced
soil, as well as the static method, with a difference that the
forces caused by the earthquake are introduced in the
equation. In this study, in order to seismically evaluate the
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Fig. 5 Iterations for overturning functions under sseismic conditions

external stability, the sliding and overturning reliability
indices comparisons with the static state are shown in
Tables 12 and 13. Results show that the reinforced soil
reliability index in seismic conditions are decreased
significantly, thus according to the "danger zone" in Table
3, the geometry and technical characteristics of the
reinforced soil should be analyzed and designed in a safe
range in seismic conditions.

The results of Figs. 4 and 5 show that in Monte Carlo
method, the covariance (COV) of seismic limit state
function for sliding minimized at 12321 iterations and for
overturning it is minimized in 422112 iterations and then
stopped. The criterion for stopping computational
operations is the convergence of limit functions.

8.1 External static stability

In this research, in order to investigate the reinforced
soil behavior and to identify effective variables a parametric
study has been done by analyzing internal and external
stabilities. Figs. 6 and 7 represent the surcharge loading and
internal friction angle effects on the reliability index in
external stability, respectively. These results indicate that by
increasing surcharge load, the reliability index is decreased
for sliding, overturning and bearing capacity by 17%, 10%

10
| = & =Sliding = B =Overturning = ® =Bearing Capacity
g8 [ crae
= e
= 6 a2
£ - -=
= 4 i -
i =27
= 2 - 2=
] -
~ a-"
0 ’

15 20 25 30 35 40 45 50
Mean Changes
Fig. 6 Reliability index changes against mean internal
friction angle changes

and 6%, respectively. These results showed that increasing
surcharge load, the failure probability increases and is
effective on the sliding and overturning failure modes.
These results also indicate the linear incremental effect of
the internal friction angle on the reliability index; sliding
81%, overturning 40% and bearing capacity 83%. Figure 8
shows the soil specific weight effects on external stability
and reliability index. Soil specific weight varies from 16 to
21 kN/m?. Results show that by increasing the specific
weight, the external stability reliability index increases,
especially for overturning.
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Fig. 9 shows that the mean variation of base friction ()
only effects on sliding stability. The positive gradient and
increase of this variable in comparison to other variables
represent that this parameter has the most effect on the
sliding stability after the internal friction angle.

8.2 Mean variable changes in static internal stability

In this part, the parametric analysis of the reinforced soil
internal stability, including the reinforcement rupture and
pulling out are investigated in static condition. It is
necessary to select and analyze different geosynthetic
reinforcement layers performances. For this purpose, a layer
of reinforcement at a 2 meters of depth from the
embankment surface is selected (4th reinforced layer is
selected) and variables effects are investigated. The
reinforcement internal stability is affected by various
variables such as surcharge load, soil specific gravity,
internal friction angle, base friction and also the tensile
strength of the reinforcement, were selected as variables
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Fig. 10 Reliability index vs. internal friction average
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Fig. 11 Reliability index relative to mean specific weight
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Fig. 12 Reliability index relative to mean surcharge
changes

and the reliability index changes relative to their mean
changes.

The statistical analysis results are shown in Figs. 10 to
12. Fig. 10 shows the significant effect of internal friction
angle on the internal reliability and stability indices, thus by
increasing internal friction angle, the reliability index will
be very noticeable in the pull-out mode and will increase up
to 64% and in the rupture mode will be very small and will
increase up to 5%.

It should be noted that the internal friction angle effect
on external stability is also tangible and high. Fig. 11 shows
that changes in the mean specific gravity (y) have little
effect on reliability index, so, as the specific gravity
increases, the reliability index increases slightly in both
pulling out and rupture modes. It should be noted that these
results and studies have been performed for a specific depth
of the armature. Fig. 12 shows that the change in the mean
surcharge load (¢) on the reliability index changes very
little, so, as the average surcharge load increases, the
reliability index decreases in both pulling out and rupture
modes.
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8.3 Seismic external stability variation review

It was noted that due to the seismic forces of earthquake,
reliability index decreases and failure probability increases.
In order to investigate these effects, the change in reliability
indices relative to the variable means are shown in Figs. 13
and 14.

These results show that in seismic conditions by
increasing surcharge load changes, the sliding and
overturning reliability indices decrease and failure
probability increases.

In seismic analysis, the internal friction angle has the
greatest effect on the reliability index and, as a result, its
effect is similar to the static external stability state.

Figs. 13 and 14 show that while the internal friction
angle increases, the reliability indices in sliding and
overturning increase in return. Results also show that the
specific gravity has little effects on the reliability index in
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Fig. 16 Reliability index changes due to coefficient of
variations (COV) for internal friction angle
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Fig. 17 Reliability index changes due to coefficient of
variations (COV) for soil specific gravity
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Fig. 18 Reliability index changes due to coefficient of
variations (COV) for base friction

seismic conditions and with its increase, the reliability
indices in the sliding and overturning modes get a slight
increase.

As in the static state in seismic conditions, the base
friction is very effective on sliding stability and increases
the reliability index. Horizontal earthquake acceleration is
one of the factors affecting the analysis and reinforced soil
reliability in seismic analysis. In this research, quasi-static
coefficients of 0.1, 0.2 and 0.3 have been used. Obviously,
by increasing the earthquake acceleration, reliability index
decreases and failure probability increases. Results of this
analysis on sliding and overturning stability are shown in
Fig. 15.

8.4 Coefficient of Variation Evaluation (COV) on static
external stability
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variations (COV) for internal friction angle

Uncertainties in various parameters and information are
always present in geotechnical engineering. As the variable
uncertainty increases, its coefficient of variation will also
increase. In this part, the variable coefficient of variation
effect on the reliability index is evaluated. The reinforced
soil wall external stability results of this study for sliding,
overturning and bearing capacity are shown in Figs.16 to
19.

As can be observed from Fig. 16, the internal friction
angle coefficient of variation (COV) has the greatest effect
on sliding, and the reliability index decreases from 3.9 to
2.2.

The internal friction angle coefficient of variation is
very effective on the overturning failure mode and
decreases the reliability index from 10 to 6. This coefficient
of variation effect on bearing capacity is about 30%
reduction.

Fig. 17 shows the little effect of the soil specific gravity
coefficient of variation on stability, which shows that this
variable's effect on the overturning failure mode is much
more noticeable. The effects are so small that are
indistinguishable in figure. Also, the base friction
coefficient of variation effect in Fig. 18 shows a decreasing
trend. Fig. 19 also shows that the surcharge load coefficient
variation doesn't have a significant effect on the reliability
index for sliding and bearing capacity compared to
overturning.

8.5 Coefficient of Variation (COV) evaluation in the
static internal stability
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Fig. 21 Reliability index changes due to coefficient of
variations (COV) for specific weight
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The of variable uncertainty effects from the coefficient
of variation (COV) on reinforced soil wall internal stability,
including the reinforcement rupture and pulling out failure
modes have also been evaluated in this study. Results are
shown in Figs. 20 to 23. Results show that the internal
friction angle coefficient of variation has a very significant
effect on the pulling out reliability index and reduces it.
Results also show a small effect of other variables on
reinforced soil walls internal stabilities reliability index.

9. Reinforcement type

In the reinforced soil wall internal stability analysis, the
type and mechanical characteristics of the reinforcement
have a significant effect on stability index and failure
probability. In this study, to investigate the materials effect,
two different reinforcement types were evaluated in terms
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Table 14 Reliability Index Changes relative to reinforcement type variations in the fractional limit function

Reinforcement Type T (kN/m) V B Pr Layer Number
SWG40 40 0.4 2.31 0.0102 4
SWG50 50 0.5 232 0.009 4

Table 15 Changes in probability distribution type on reliability index

Limit Function 4 7 1 o with Correlation  without Correlation
Normal Normal Normal Normal - 2.21 2.29
Sliding
(Static) Log-Normal Normal Normal  Normal - 2.48 2.58
Normal  Normal Normal Log-Normal - 2.211 2.30
Overturning Normal ~ Normal Normal - - 6.16 6.96
(Static) Log-Normal Normal Normal - - 9.42 10.89
g
Bearing Capacity Normal ~ Normal Normal - - 2.34 2.39
(Static) Log-normal Normal Normal - - 3.06 3.11
Pullout Normal ~ Normal Normal - - 3.93 3.93
Layer 4
(Static) Log-Normal Normal Normal - - 6.68 6.68
R Normal Normal Normal - Normal 2.31 2.31
upture
Layer 4 Log-Normal Normal Normal - Normal 2.33 2.34
(Static) Normal =~ Normal Normal - Log-Normal 2.31 2.31
Overturning Normal ~ Normal Normal  Normal - 1.588 1.589
(Seismic) Log-Normal Normal Normal  Normal - 1.576 1.577
Normal =~ Normal Normal  Normal - 0.95 0.96
Slzg’zng Log-Normal Normal Normal  Normal - 0.96 0.97
( Seismic)
Normal = Normal Normal Log-Normal - 0.96 0.97

of mechanical properties (tensile strength of geotextiles).
These two have different tensile strengths of 40 AN/m and
50 kN/m and are introduced under SWG40 and SWG50
brands (Jingyu et al. 2016).

Results of this analysis (Table 14) show that by reducing
the tensile strength of the reinforcement as well as its
effective cross section, failure probability increases and
reliability index decreases.

10. Investigation of the probability distribution type
effect

Here, the probability distribution function type effect is
investigated. The variables studied in this research are
shown in Table 4 and two types of Normal and Log-Normal
distribution are proposed for them. In previous studies of
this research, variables were considered with Normal
distribution and in this section, the reliability index is
evaluated with Log-Normal distribution for variables. The
data in Table 15 show the tangible effect of the variables
probability distribution function type on the reliability
index.

The probability distribution function effect on the
overturning limit state function, which has a lower

probability failure index, is also very noticeable. Again, it
can also be seen that the effective parameter of internal soil
friction has the greatest effect on the results.

11. g and y correlation changes study

Here, ¢ and y correlation changes are evaluated. In the
references mentioned in Table 4, the correlation between
these two variables is reported from 0.5 to 0.8. The results
of this analysis are shown in Fig. 24 for reinforced soil wall
external and internal stabilities. This figure shows that in
external stability, reliability index decreases slightly by
increasing correlation coefficient, in other words, the
reliability index and correlation coefficient are inversely
related. Fig. 24 also shows that the internal stability
correlation coefficient has a much smaller effect on the
reliability index than the external stability

12. Wall reinforcement height and length effect
In this paper, the effect of changes in constant wall

parameters including reinforcement height and length (H
and L) on the reinforced soil wall external stability in static
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Fig. 27 Changes in wall height and length of

reinforcement vs. bearing capacity reliability index

conditions are investigated. Results are shown in Figs. 25
to 27. Evaluation of these results shows that at constant
length conditions for the reinforcement, by increasing wall
height, reliability index decreases and failure probability

reinforced soil wall with a height of 8 meters and a
reinforcing length of 8 meters results in a reliability index
of 3, and, suitable values can be selected for overturning
and bearing capacity in the same way

13. Sensitivity analysis

Sensitivity analysis means examining the reliability
index variability with respect to statistical parameters such
as mean and standard deviation. The importance of
sensitivity analysis is in the variables ranking so that
variables of high importance will have more changes in
sensitivity analysis. Also, less important variables can be
removed from the probability analysis and decided about
them with certainty.

Sensitivity analysis can be studied in relation to various
statistical parameters. In the continuation of the research,
the sensitivity analysis types and their relationships will be
introduced. The El factor indicates the variable effect on
the limit function without considering the correlation
coefficient and indicates the relative share of each variable
on the failure probability and can be expressed by the
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following equation

_99
E; = 7626 (26)
LGP

E2 factor indicates the variable's effect on the limit
function by considering the correlation coefficient and

indicates the relative share of each variable on the failure
probability and can be expressed by the following equation

ag

E, = 97

27
n_yn dg 99 27)
j=14i=197,97; Pii

These two factors (E1 and E2) indicate the variable's
effect on the reliability index and its positive and negative
signs indicate the relationship between the function and the
variable. A positive sign means that the variable is of the
load kind and a negative sign means that the variable is of
the resistance kind. Alternatively, positive sensitivity
coefficient means a decrease in the reliability index by
increasing the variable value and a negative sensitivity
coefficient means an increase in the reliability index by
increasing the variable value.

E3 factor indicates the effect of the variable's mean on
the reliability index and is expressed by the following
equation

L _ B BB
3 Opty Apy

(28)

The E4 factor represents the variable's standard
deviation effect on the reliability index which is expressed
by the following equation

o _ 0B _ PP

* 7 do, Ao,

(29)

This factor is always negative and indicates that as the
standard deviation increases, the probability distribution
function becomes wider and the failure probability
increases. Results of variables sensitivity analysis are
shown in Table 16.

The data in Table 16 shows the sensitivity of variables
used in this study to each of the limit functions. Figs. 28 to
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Fig. 29 Sensitivity analysis for overturning limit function
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Fig. 30 Sensitivity analysis for bearing capacity limit
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Fig. 32 Sensitivity analysis for rupture limit function

32 show the sensitivity analysis of the El factor as a
column chart for better understanding.

These results show that for the sliding limit function, the
internal friction angle and then the base friction are the most
sensitive among variables. Also, for the overturning limit
function, the internal friction angle is the most sensitive
among variables and the soil surcharge load and specific
gravity are approximately equal to the overturning stability.
The bearing capacity limit function also has the greatest
effect on the internal friction angle variable.

Figs. 30 and 31 also show that for the internal stability
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Table 16 Sensitivity analysis of random variables

Limit Function ¢ % q s T
E; -0.883 -0.036 0.074 -0.46 -
Sliding E, -0.871 -0.063 0.077 -0.48 -
(Static) Es 0.835 0.060 -0.074 0.46 -
E, -1.63 -0.097 -0.012 -0.46 -
E; -0.981 -0.1313 0.136 - -
Overturning E, -0.952 -0.258 0.160 - -
(Static) Es 0.80 0.218 -0.136 - -
E, -4.88 -1.16 -0.114 - -
E; -0.999 -0.012 0.027 - -
Bearing Capacity E, -0.999 -0.021 0.028 - -
(Static) Es 0.98 0.021 -0.027 - -
E, -1.63 -0.028 -0.001 - -
E; -1 -1.13x 1077 1.01x 1077 - -
Pullout Layer 4 E, -1 -1.88x 1077 1.01x 1077 - -
(Static) Es 0.999 1.88x 1077 1.01x 1077 - -
E, -3.93 -5.93x 1077 -2.29x 10711 - -
E; 0.999- 8x 1075 7.15x 1075 - -0.00018
Rupture Layer 4 E, 0.999- 0.00013 7.15x 1075 - -0.00018
(Static) Es 0.999 0.0013 -7.15x 1075 - 0.00018
E, -0.046 -4.9 x 1076 2.38x 10710 - -1.5x 107°

limit functions, the internal friction angle is the most
effective variable, thus other variables can be considered
constant in studying the pulling out and rupturing
reinforcement limiting functions.

14. Conclusions

In this paper, the reliability analysis of the reinforced
soil walls internal and external stabilities in static and
seismic conditions were investigated by the first-order
reliability method and the data validation was performed by
the Monte Carlo simulation method. One of the results of a
design based on reliability analysis is the quantification of
reliability in the geotechnical structure design, which can be
expressed by the reliability index. The innovation in this
research is the use of first-order reliability analysis (FORM)
and Monte Carlo simulation (MCS) methods in reliability
assessment. Also, the mean changes, correlation and
coefficient of different variables variation in this study have
been evaluated to calculate the most effective variable
according to sensitivity analysis, which in previous studies
a limited number of variables have been considered. Also,
the seismic and static effects have been studied
simultaneously, which in previous studies, the reinforced
soil internal and external stabilities has been less studied.

The main results of this research can be expressed as
follows:

*  The predominant failure mode for the reinforced soil
wall is slip-type in external stability and reinforcing

rupture in internal stability, and the reliability index in
these two failure modes has the lowest value, which
needs to be evaluated more carefully by engineers in
design.

The correlation coefficient between variables is very
important on the results that should be considered in
modeling. In this study, it was observed that the
reliability indices functions in external stability
decreases with increasing the variables correlation
coefficient, hence, the reliability index in sliding
stability decreased by approximately 4%, overturning
stability by 12% and bearing capacity stability by 2%.
The correlation coefficient of some variables may have
a small effect on the reliability index. Also, in this
study it was found that the correlation coefficient
effect between variables on internal stability was
greater than the external.

Sensitivity analysis showed that the first and second
variables are effective in internal friction angle and
base friction sliding stability. Also, the sensitivity
analysis of overturning stability, internal friction angle
and surcharge load are effective variables. Internal
stability sensitivity analysis also showed that the
internal friction angle has the greatest effect on the
reliability index. These results indicate that due to
high sensitivity, more care should be taken in
geotechnical studies in determining the internal
friction angle.

Changes in the variable means showed that with
increasing surcharge load, the reliability index in static
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and seismic analysis decreases, but in other variables
with increasing the mean, the reliability index
increases and the failure probability decreases.

*  The results of this study showed that the probability
distribution function affects the reliability index. The
probability distribution function effect on overturning
stability is significant. Just changing the internal
friction angle distribution function type has a great
effect on reinforced soil wall stability.

*  The results of this study show that the internal friction
angle coefficient of variation has the greatest effect on
the reliability index in static and seismic analysis
compared to other variables and by increasing the
coefficient of variation, the reliability index decreases.

e Wall height and reinforcement length evaluation
showed that by increasing the wall height, the
reliability index decreases with the constant
reinforcement length and constant wall height as well,
the reliability index increases with increasing the
length of the reinforcement.

*  Earthquake force is one of the most influential factors
on the reliability index and with increasing the
horizontal acceleration of the earthquake, the
reliability index decreases.
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