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Abstract

Shear strength parameters in naturally alluvial deposits bear variation with depth (non-
stationarity). Probabilistic analysis of simple slopes with linearly increasing (mean)
undrained shear strength with depth and spatial variability is explored using the 2D
random limit equilibrium method (RLEM) along with the non-circular failure surface
assumption. A deterministic factor of safety design chart method is extended to express
margins of safety as probability of failure for soils with random variability and positive
correlation between shear strength parameters and unit weight. The effects of isotropic
and anisotropic spatial variability and cross-correlation of soil properties on probability
of failure are also investigated. Combinations of low correlation length and positive
cross-correlation between strength parameters are shown to reduce the probability of
failure. This offers the possibility to bring probabilistic estimates of failure into
alignment with expectations of slope stability based on experience with factors of
safety. The results of a limited number of RLEM analyses are compared with some
other results using the 2D random finite element method (RFEM). The influence of
different involved parameters and assumptions, more specifically the nonlinear varia-
tion of the undrained cohesion and also the non-circular slip surface, on the embedded
uncertainty and probability of failure was elaborated. The research has emphasized the
importance of non-circular failure surface assumption along with the consideration of
non-stationarity in shear strength parameters.
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1 Introduction

Stability analyses of slopes with linearly increasing undrained shear strength with depth
and simple geometry have been reported by Gibson and Morgenstern (1962) and
Hunter and Schuster (1968). These early treatments used classical circular slip analysis
based on limit equilibrium methods (LEM). The same general problem was explored
further by Koppula (1984) and Shen and Brand (1985). Yu et al. (1998) compared the
results of finite element lower bound limit analysis and limit equilibrium method
analysis for the case of slopes with linearly increasing undrained shear strength with
depth. Griffiths and Yu (2015) revisited the same problem and showed that stability
number N, first introduced by Taylor (1937), is greatly affected by the depth ratio D
representing the ratio of height of slope above a firm stratum to height of slope H.
Griffiths and Yu (2015) generated stability charts based on moment limit equilibrium
for the case of linearly increasing undrained shear strength and different values of depth
ratio D.

Soil properties for natural slopes have random and spatial variability as a result of
the geological processes that produced them (Phoon and Kulhawy 1999). The influence
of random variability of soil strength parameters on probability of failure of slopes
using conventional limit equilibrium slip circle analysis has been explored by Li and
Lumb (1987), Chowdhury and Xu (1993), Christian et al. (1994), Low et al. (1998),
Hassan and Wolff (1999), Griffiths and Fenton (2004), Hong and Roh (2008), Ching
et al. (2009), Mbarka et al. (2010) and Javankhoshdel and Bathurst (2014, 2016).

The influence of spatial variability of soil properties on probability of failure using
conventional limit equilibrium slope stability analyses and random field generation
techniques has been investigated by Li and Lumb (1987), Mostyn and Soo (1992),
Christian et al. (1994), El-Ramly et al. (2002), Low (2003), Sirvakumar Babu and
Mukesh (2004), Low et al. (2007), Hong and Roh (2008), Cho (2010), Wang et al.
(2011), Tabarroki et al. (2013), Javankhoshdel and Bathurst (2014), Javankhoshdel
(2016), Jamshidi Chenari and Zamanzadeh (2016), Javankhoshdel et al. (2016) and
Shah Malekpoor et al. (2020). Griffiths and Fenton (2004) and Griffiths et al. (2009)
presented the results of probabilistic analysis of simple slopes using 2D RFEM, which
combines the finite element method, strength reduction technique and Latin hypercube
sampling (LHS) of soil properties from random fields that are generated using the local
average subdivision (LAS) method. Jamshidi Chenari and Zamanzadeh (2016) elabo-
rated on the effect of both deterministic (linear) and stochastic variations of undrained
shear strength on probability of failure of unsupported vertical cuts. They made
comparisons between RLEM and 2D random finite difference method (RFDM) results.

Possible correlations between random shear strength parameters that can influence
the computed probability of failure of a slope have been noted by Nguyen and
Chowdhury (1985). These correlations are quantified by the cross-correlation coeffi-
cient (p). A positive correlation between s, and v is a reasonable expectation for
cohesive soils, and positive values have been reported in the literature (e.g. Sivakumar
Babu and Srivastava 2007).

Javankhoshdel and Bathurst (2016) investigated the influence of cross-correlation
between random variable soil strength parameters in cohesive soil slopes using a
closed-form limit equilibrium—based solution following the well-known Taylor
(1937) equation. They showed that increasing the value of positive cross-correlation
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coefficient between s, and ~ reduces the value of probability of failure. Earlier, Ranjbar
Pouya et al. (2014) investigated the influence of cross-correlation between internal
friction angle and cohesion random fields on bearing capacity of shallow footings
rested on spatially variable soil deposits.

Javankhoshdel et al. (2016) extended their earlier works (Javankhoshdel and
Bathurs 2014 and Javankhoshdel and Bathurst 2016) to investigate the influence
of isotropic and anisotropic spatial variability of soil strength parameters on
probability of failure for simple slopes with stationary mean undrained shear
strength. However, the main focus of their study was on the influence of
method of analysis on numerical outcomes. They compared results using (one
dimensional) 1D circular LEM, 2D circular LEM, and 2D RFEM. Jamshidi
Chenari and Zamanzadeh (2016) made similar comparisons between 1D circular
and non-circular LEM and 2D RFDM. For the anisotropic case, Javankhoshdel
et al. (2016) varied horizontal spatial correlation lengths while keeping vertical
spatial correlation lengths constant, and then the reverse. They concluded that
probability of failure is more sensitive to changes in vertical spatial correlation
length than changes in horizontal spatial correlation length.

Jamshidi Chenari and Alaie (2015) reported some important findings on the
effects of anisotropy in correlation structure on the stability of undrained clay
slopes. They demonstrated a mixed effect of the heterogeneity anisotropy on
reliability index depending on the deterministic factor of safety adopted. More
recently, Jamshidi Chenari and Mahigir (2014) delineated a clear distinction
between mechanical and heterogeneity anisotropies. They associated
directionality of shear strength parameters with the mechanical anisotropy and
incorporated different horizontal and vertical correlation lengths into a term
defined as the heterogeneity anisotropy.

Tabarroki et al. (2013) investigated LEM circular and non-circular slope stability
analyses in combination with spatially variable shear strength (RLEM) and uncorrelat-
ed soil properties. They also compared numerical outcomes with results using 2D
RFEM. They concluded that circular slip analyses such as the simplified Bishop
method cannot be assumed to find the most critical failure mechanisms in slopes with
spatially random strength. They suggested that LEM slope stability analysis results with
random fields may only be reliable using non-circular LEM with a suitably selected
minimum number of vertices describing the geometry of each non-circular failure trial.
Javankhoshdel et al. (2016) also showed that large differences in estimates of proba-
bility of failure using 2D RLEM and 2D RFEM approaches with spatially random soil
properties were possible for slopes with simple geometry. The explanation for the
differences reported in the related literature is the additional freedom available in the
2D RFEM approach to seek out more critical failure mechanisms (compared with
constrained circular slip mechanisms) leading to larger computed probabilities of
failure.

Griffiths et al. (2015) and Zhu et al. (2017) extended the results of prior RFEM
analyses of simple slopes with constant mean (stationary) undrained shear strength to
the case of linearly increasing (non-stationary) strength. The influence of possible
correlations between soil properties on probabilities of failure was not considered in
their study. Li et al. (2014) investigated the influence of linearly increasing (non-
stationary) undrained shear strength on stability of infinite slopes. They concluded that
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probability of failure will be over-estimated if statistical characteristics describing
linearly increasing soil shear strength with depth are ignored.

Notwithstanding the observations made above, the use of LEM circular slip
analyses for simple cohesive slopes remains familiar to practitioners. Also, with
the new available optimization techniques in non-circular slope stability analysis
to locate the surface corresponding to minimum factor of safety, it is possible
to find the same factor of safety and the weakest failure path as FEM using
non-circular LEM. Design charts based on conventional limit equilibrium
methods that extend the case of constant undrained shear strength soil slopes
(e.g. Taylor 1937) to cases with linearly increasing strength with depth (Hunter
and Schuster 1968; Griffiths and Yu 2015) are useful extensions to these earlier
charts. However, they are currently available only in a conventional factor of
safety format. Recasting analysis results by Griffiths and Yu (2015) for linearly
increasing undrained shear strength with depth into a probabilistic LEM frame-
work was one motivation for the current study.

In this study, probabilistic analysis of simple and layered slopes with linearly
increasing (non-stationary) mean undrained shear strength with depth are investigated.
Included in analyses is the influence of spatial variability of soil properties with and
without cross-correlation between soil input parameters. Analyses are carried out using
the 2D circular and non-circular RLEM approaches. Some comparisons between the
results of the 2D non-circular RLEM, the 2D circular RLEM and the 2D RFEM
analyses are also presented.

2 Slope Models

There are three main schemes of undrained strength variation, which can be defined as
a function of depth in Slide2 2018: depth from the top of the layer, where the depth is
measured from the top of the material layer that is local to the slice, to the centre of a
slice base (Fig. 1a); distance to slope; cohesion is a function of depth, where depth is a
vertical distance measured from atop of the slope to the centre of a slice base (Fig. 1b);
and depth from horizontal datum; cohesion is a function of depth, where depth is
measured from a user-specified datum (y-coordinate) to the centre of a slice base
(Fig. 1c). The first two methods can be used when the slope is formed naturally, while
the third method can be performed when there is an artificial slope (slope made by
excavation).

The linearly varying undrained shear strength assumption is generally in-
ferred from the literature by investigating a repertoire of in situ test data.
Bjerrum (1954) has comprehensively discussed this issue for clay deposits.
Recently, Jamshidi Chenari et al. (2014) have reviewed the literature on this
issue and also implemented this trend of variation to the classic bearing
capacity problem of shallow footings.

In this study, in order to replicate the results obtained by Griffiths and Yu (2015), the
undrained strength was defined based on the depth from horizontal datum. Figure Ic
shows the slope model geometry where =10 m is the slope height, 3=15° is the
slope angle, D = depth ratio, s,9= 20 kPa is the undrained shear strength at crest level
(z=0) and rg, =1 kPa/m is the strength density which is the gradient at which the

@ Springer



118 Transportation Infrastructure Geotechnology (2021) 8:114-141

SuO B\f\\\ SuO
== A
z s S, f
DH
z
Natural slope i (@
Suo R S— .
Bf > Swo N
v SnO +— H
Z I
z
DH
v
z
Natural slope (b)
Bf‘ Suo ,"l‘i ¢H0 S
e— . .
HI
: DH
rsu
z
Artificial slope ] (©)

Fig. 1 Slope with linearly (mean) increasing undrained shear strength

strength trend (mean) increases with depth z. The parameter H, is the height above the
crest at which the extrapolated undrained shear strength approaches 0 (Yu et al. 1998;
Griffiths and Yu 2015).

Figure 2a and b are the slope models for the case of a two-layer slope with linearly
increasing cohesive strength in both layers. The top layer in these cases is the same as
the slope shown in Fig. 1 (sy9=20 kPa, ry, =1 kPa/m and 5= 15°). For the two-layer
cases, two different foundation heights are assumed (D = 1.25 and D =2). In all cases,
rso =1 kPa/m was assumed through the slope and foundation layers; therefore, assum-
ing the value of the undrained cohesion at the top of the slope (sy) is 20 kPa, the value
of cohesion at the top of the foundation layer (s,) becomes 30 kPa. For each foundation
height, two different foundation strengths are considered in this example: s,wo = 15 kPa
(weak foundation) and s,y =40 kPa (strong foundation). In Fig. 2a and b, s,y and s,sg
are undrained shear strength at the top of the weak and strong foundations, respectively.

3 Deterministic Slope Stability Analysis with Linearly Increasing
Undrained Shear Strength

In this study, the unit weight y is assumed to be constant. In Figs. 1 and 2, undrained
strength at depth z is computed as:
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Fig. 2 Two-layer slope model: a D=1.25 and b D =2. (WF = weak foundation and SF = strong foundation)

Su(Z) = Sy0 + I'nnZ (1)

Hunter and Schuster (1968) introduced a dimensionless strength gradient parameter M,
defined as:

Hy
M=— 2
. ey
which can also be written as:
Suo
M=—— 3
H 3)
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Hence M = corresponds to the case with constant undrained shear strength assumed
in the original Taylor (1937) charts. Hunter and Schuster (1968) produced charts of
dimensionless stability number N as a function of 3, D and M. The stability number N
is proportional to the factor of safety, Fj, as follows:

_ Nry
v

F, (4)

Hunter and Schuster’s charts show that N is strongly influenced by 3 and M,
but only marginally affected by ratio D. Griffiths and Yu (2015) showed that
values of N computed in their study for large values of D were in agreement
with the results of Hunter and Schuster (1968). However, the values of N
computed for smaller values of D could be considerably greater. Griffiths and
Yu (2015) showed that their stability charts were in good agreement with the
results of FEM analyses. In the current study, the N values from Griffiths and
Yu (2015) are used based on these observations.

Slide2 2018 (Rocscience Inc. 2018) was used to carry out probabilistic and
deterministic analysis of slopes with M >0 and ry, >0. Circular and non-circular
LEM approaches used in this study to carry out deterministic part of the
analysis which will be explained later in the paper. Figure 3 illustrates the
difference between these three methods for both non-circular and circular slip
surface considering various ranges of D. As seen in this figure, for an artificial
slope, the stability N number is more than the natural slopes. Furthermore,
Fig. 4 shows a good agreement between computed stability N numbers reported
by Griffiths and Yu (2015) and results using the LEM method (circular and
non-circular) in the current study. This gives confidence in the accuracy of the
underlying deterministic method used in this study.
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Fig. 3 Stability number N versus depth D ratio for slopes with linearly increasing undrained strength
considering three different methods, and 3 =15°, and M =1 and 2
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Fig. 4 Stability number N from current study and Griffiths and Yu (2015) versus depth D ratio for slopes with
linearly increasing undrained strength and 3 =15°, and M =1 and 2

4 Probabilistic Analysis of Slopes with Random Soil Variability Using
Combined Limit Equilibrium Method and LHS Simulation

The overall slope stability method is used which means that the factor of safety for each
trial slip surface is computed with different soil property values sampled from log-
normal distributions described by a mean and coefficient of variation of undrained
shear strength and unit weight in each LHS. In this study, 5000 LHS were found to give
an accurate estimate of the probability of failure for Py>0.02% for all cases.

The closed-form solution based on the first-order second moment (FOSM) approach
reported by Javankhoshdel and Bathurst (2016) for the case of no spatial variability
(random variability only) is also used in the current investigation to compute proba-
bilities of failure. The closed-form solution for log-normal random variable distribu-
tions is expressed as:

Pf:p[Fs < l]
14+ COV? _
Y Y A=A,
1+COV;

\/ln<(1 +COV2) ( + covz) /(1 + pCOVsuCOVv)2>

— P (5)

Here, parameters COV, and COV,, are coefficients of variation of variable s, and vy,

respectively. Parameter p is the cross-correlation coefficient between s, and y. F; in Eq.
5 is the deterministic factor of safety estimated from Eq. 4 by assuming all parameters
in average sense. Hence, the link to probabilistic estimates of the factor of safety and
the deterministic factor of safety F is made by assigning mean values to all the soil
parameters.
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Equation 5 was used to generate the curves in Fig. 5 for the cases with p=0 and 0.7

together with COV,=0.3 and 0.5 and COV,, =0.1. A range of F; values was adopted
by selecting different values of sy, s, and constant y, H and D. The closed-form
solution plots are illustrated for practical purposes as straight lines in semi-logarithmic
scale. Superimposed on the figure are the results of LHS simulations using the circular
and non-circular LEM methods with the Morgenstern-Price method with equivalent
parameters’ values and the case of M=2 and 3 =15° There is good agreement
between the two approaches which gives confidence in the use of Eq. 5 for the
calculation of the probability of failure for simple slopes with linearly increasing mean
undrained shear strength and constant mean unit weight.

The results in Fig. 5 show that probability of failure using Eq. 5 is independent of the
magnitude of the strength density (i.e. M) and depth ratio D while maintaining a
constant deterministic factor of safety Fj, acquired by adopting the parameters in an
average sense. The figure also shows that:

1. The rate of change of P¢with F increases with decreasing the magnitude of COVy,
while keeping the value of COV,, constant.

2. When all other conditions are the same, increasing the positive correlation between
sy and 'y reduces the probability of failure.

3. For the same COV, and COV,, values, the rate of change of P with F increases
with increasing p.

4. For the same Fj, the parameters’ correlation impact becomes more highlighted for
smaller COVg, (and constant COV,).

The qualitative features identified at items 2 and 4 have been noted previously by
Javankhoshdel and Bathurst (2016) for the case of rg, = 0.
In summary, to estimate the probability of failure using the Griffiths and Yu (2015)

charts, the user first needs to compute F; from the respective charts, and then to
introduce this value into Eq. 5.

1e+2

1e+1 §
p COV,
1e+0 4 0 05
®© 07 05
1e-1 4
e ©
< fe2 4
- P;=0.01% 0o 03
1e-3 +
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le-4 5 !
—— Equation 5
1e-5 4 O LHS (Circular) 0.7 03
® LHS (Non-circular)
1e-6 T T T T T
1.0 15 20 25 3.0 35 4.0

Fig. 5 Probabilities of failure (Py) using FOSM solution (Eq. 5) and COV,=0.5 and 0.3, COV, =0.1, p=0
and 0.7
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5 General Probabilistic Design Charts

As it was concluded above, Eq. 5 can be used to generate probabilities of
failure for any given factor of safety for slopes with undrained shear strength
linearly increasing with depth with and without cross-correlation between un-
drained shear strength and unit weight of the soil. Thus, it is possible to use
Eq. 5 to generate general probabilistic design charts. Figures 6 and 7 show the
design charts generated using Eq. 5 for COVy,, ranging from 0.05 to 0.5, and
two cases of COVy=0.05 and 0.1. Figures 6 and 7 are for the cases of with
and without cross-correlation between undrained cohesion and unit weight,
respectively. Positive correlations of 0.1, 0.3, 0.5 and 0.7 are considered
between S, and y and results are reported in Fig. 7a—d, respectively.

Knowing the value of the factor of safety and the COV of input parameters, and the
cross-correlation between soil input properties, Figs. 6 and 7 can be used to estimate the
probability of failure for design purposes. In these charts, the values of COVsu, COVy
and p are within the practical range of these parameters reported in the literature. For
any other values, the values of probability of failure can be interpolated from the values
extracted from these charts.

It can be seen from these charts that as the COVsu becomes smaller Py will
expectedly decline. Furthermore, the influence of small COVy on the proba-
bility of failure is pronounced for lower values of COVy,, and also as the cross-
correlation between S, and y becomes larger this influence becomes less
highlighted.

Also, on these figures, for Pf=0.01%, 0.1% and 1%, the corresponding values of
reliability index are also shown. It is possible to generate design charts for the values of
reliability index as well. For interested readers, these charts are also provided in a
separate document as Supplementary materials.
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Fig. 6 Variation of probabilities of failure (Py) versus Fg determined by Eq. 5 considering COV, =0.05-0.5,
COV, =0.05, 0.1; with no cross-correlation
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Fig. 7 Variation of probabilities of failure (Py) versus Fs determined by Eq. 5 considering COV, = 0.05-0.5,
COV,=0.05,0.1;2ap=0.1,bp=03,cp=05and d p=0.7

6 2D RLEM Slope Stability Analyses with Spatial Variability of Soil
Properties

6.1 General Approach

6.1.1 Circular RLEM

The 2D circular RLEM in this study is a combination of the deterministic LEM circular

slip method using the Morgenstern-Price method combined with random soil property
fields and LHS simulation as described by Javankhoshdel et al. (2016). In each LHS
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Fig. 7 (continued)

realization, a random field is generated for each soil property of interest using the local
average subdivision (LAS) method (Fenton and Vanmarcke 1990) and mapped onto
the slope domain comprising of a mesh of elements. The same approach has been used
by Griffiths and Fenton (2004) to populate the finite element mesh used in their RFEM
analyses to investigate the stability of undrained soil slopes with spatially random soil
properties. Each mesh cell in the random field has a different value of soil property
based on the value of the spatial correlation length for that property. LEM analysis
using the Morgenstern-Price method is carried out in each LHS realization to calculate
the factor of safety for the trial circular slip. The intersection of each trial circular slip
with the cells in each random field determines the magnitude of s, and y assigned to the
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base of each slice in the Morgenstern-Price method. Probability of failure is computed
as the number of analyses with factor of safety F;< 1 (failure) divided by the total
number of LHS simulations.

The combination of a linearly increasing random field and trial circular slip mech-
anism using the 2D RLEM approach is shown in Fig. 8.

6.1.2 Non-circular RLEM

The non-circular RLEM used in this study is a combination of a refined search and a
LEM approach (the Morgenstern-Price method). The refined search is based on circular
surfaces that are converted to piece-wise linear surfaces. The search for the lowest
safety factor is refined as the search progresses. An iterative approach is used so that the
results of one iteration are used to narrow the search area on the slope in the next
iteration.

In many cases, for the same number of surfaces, a larger number of slip surfaces
with lower factors of safety were detected than the number determined from conven-
tional grid or slope search techniques.

The refined search in this study was used together with an additional optimization
technique. The optimization technique used in this paper is surface altering optimiza-
tion (SAO). Surface altering optimization (SAO) technique is a novel approach to
minimize the factor of safety for a given slip surface by modifying its geometry. This
method, similar to the Monte Carlo random walk optimization (MCO) (Greco 1996), is
a local optimization method. Although SAO can be used independently to find the
critical slip surface in slope stability analysis, due to its local nature, it serves best when
combined with a global search method to calculate the factor of safety. In this way, the
burden of finding an approximate geometry and location of the failure surface with a
minimum factor of safety is on the global search method, and then SAO modifies the
geometry of that surface in a way to further minimize the factor of safety.

To attain a high flexibility for finding geometry of a critical slip surface, SAO
employs spline curves in 2D. In general, spline formulation requires a larger number of
parameters in comparison to the number of parameters required to describe primitive
geometries such as circles. Therefore, in the grand scheme of slope stability analysis,
global optimization methods can be performed using primitive surfaces to find an
approximation of critical surface relatively fast followed by SAO using spline
functions.

In slope stability analysis, combination of a general limit equilibrium approach such
as Morgenstern-Price or Spencer slope stability method together with an optimization
technique such as SAO or MCO results in a more accurate non-circular critical slip

»

Fig. 8 Example circular slip mechanism superimposed on linearly increasing isotropic random field of soil
property (e.g. s, or y) using RLEM
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surface and its corresponding minimum factor of safety. In probabilistic analysis, this
combination together with the LHS simulation results in a more accurate probability of
failure.

The advantage of SAO approach over the current optimization techniques such as
MCO is the accuracy of the output results and the simulation time.

The combination of refined search with optimization and random fields generated
using LAS helps to locate the critical slip surface in the spatially variable field. The
disadvantage of the circular RLEM is that the circular RLEM cannot capture irregular
shapes of failure (Javankhoshdel et al. 2016). This is especially noticeable in cases with
highly fluctuating random fields. However, the optimization technique in the non-
circular RLEM moves the vertices along the slip surface to find the lowest factor of
safety. Moving the vertices allows cells with lower values of soil strength in the random
field mesh to be found and therefore weaker (more critical) failure paths are located.

The number of slices in the LEM part of the non-circular 2D RLEM analysis can be
expected to influence numerical outcomes, particularly if the number is small (e.g.
Tabarroki et al. 2013) and for smaller values of spatial correlation length. A local sub-
sampling method is used in this study which is ten times sampling at the base of each
slice to consider the influence of number of slices on output results. Therefore, with
subsampling, 50 slices are enough.

7 RFEM

While the current study is based on numerical results using the 2D circular and non-
circular RLEM, the choice of 2D RLEM or 2D RFEM on numerical outcomes is of
interest particularly as prior related work by Javankhoshdel et al. (2016) has demon-
strated that there can be significant differences in computed probabilities of failure
between 2D circular RLEM and RFEM for otherwise nominal identical (stationary)
random field conditions. In this study, the comparison between the results of non-
circular RLEM and RFEM has been shown. The disadvantage of the current RFEM
analysis is its inexplicably massive run time in comparison with the RLEM approach.
Therefore, the comparison in this paper is only for the case of slopes with simple one-
layer geometry (Fig. 1).

7.1 Effect of Spatial Variability of Soil Properties with Non-stationary Mean
Undrained Shear Strength on P; (ry, > 0)

7.1.1 General

In this section, rg, > 0 in all examples and M =2 and 3 = 15°. The reason is that for the
values of 3 >20°, failure mechanisms are all toe failure type and there is no change in
Fs values by changing the depth factor D. Thus, M =2 and {3 = 15° were selected to
include the influence of D on F, values and to be consistent with the choice of
parameters in deterministic and probabilistic analyses presented earlier.

To obtain a non-stationary random field of undrained shear strength, a stationary
random field is generated first based on mean and COV of undrained shear strength.
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Next, the strength of each soil element was scaled to depth using the following
equation:

Hsu

c, = Cp————
"‘Lsu + IlSuZ

(6)

Here, ¢ is the soil strength at each element in the original stationary random field, 1ty is
the mean strength in the original stationary random field, z is the depth of the soil
element and c, is the scaled strength in the non-stationary random field.

Figure 9 shows a random field generated for a slope with linearly increasing
undrained shear strength (s,) with depth. The random field contour can be seen to
become stronger with depth.

7.2 Influence of Isotropic 2D Spatial Variability on P; (ry, > 0)
7.2.1 Simple Slopes (ry, > 0)

For the non-circular RLEM analyses, random fields of undrained shear strength were
generated for each LHS simulation and coupled with the Morgenstern-Price method as
the underlying limit equilibrium method of analysis.

In most of studies which investigated the influence of spatial variability of soil
properties on probability of failure, only probability of failure and deterministic factor
of safety have been compared. However, another important parameter is the mean
factor of safety (mean F). This parameter together with the probability of failure, P¢
and deterministic factor of safety, Fs, has been calculated in this study.

Figure 10 shows the results of the influence of normalized (it is not normalized)
isotropic spatial correlation length (6/H) on mean F; and its corresponding probability
of failure (Py) for different values of depth ratio, D, by considering both auto-refine
mesh and cuckoo search optimization method for non-circular slip surfaces. The plots

Fig. 9 Example non-circular slip mechanism superimposed on linearly increasing isotropic random field of
soil property (e.g. s, or y) using RLEM
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Fig. 10 P;vs. mean F; for different values of /H using 2D non-circular RLEM, for simple slopes with linearly
increasing undrained cohesion considering both Auti refine mesh and Cuckoo search optimization

in this figure show that for the same depth ratio, the mean factor of safety increases but
the probability of failure also increases as the spatial correlation length increases.

This might seem to be the opposite of general understanding of the relationship
between factor of safety and probability of failure (increasing factor of safety decreases
probability of failure).To explain this behaviour, Fig. 11a and b are the histograms of Fy
with 6/H=0.5 and 6/H =8 at the same scale, and for D = 1. This figure illustrates the
effect of increasing spatial variability in the analysis. The distribution of safety factor
for the analyses with smaller spatial correlation length is much narrower (standard
deviation of 0.33 compared with 0.69 for the larger correlation length). Even though the
mean safety factor is lower (1.55 compared with 1.73), the probability of failure is also
lower, due to the narrower distribution of the safety factor for the analysis with smaller
spatial correlation length. In other words, as it is mentioned by Cho (2010), reducing
the spatial correlation length decreases the level of uncertainty (smaller standard
deviation of the F distribution). Although the mean F; is also decreasing, the change
in standard deviation is dominant and the COVF, (standard deviation/mean) becomes
smaller (0.41 compared with 0.29) and Py therefore decreases.

Another observation in Fig. 10 is that as the value of D decreases, for the same value
of spatial correlation length, the mean value of Fy increases and the corresponding
probability of failure decreases. This effect shows the influence of foundation thickness
on probability of failure and mean factor of safety. In slopes with very thick
foundations and undrained cohesive soil, the failure mechanism is deep. However,
reducing the foundation height changes the failure geometry to a composite mechanism
that has a larger factor of safety.

As previously mentioned, Tabarroki et al. (2013) argued that the circular RLEM
cannot be assumed to find the most critical failure mechanisms in slopes with spatially
random strength. Figure 12 shows the probabilities of failure using circular and non-
circular RLEM approaches with the same spatial correlation length. All solutions were
carried out with a sufficient number of LHS realizations (5000) to achieve a consistent
probability of failure for each case as noted earlier. It can be seen in this figure that, as
the spatial correlation length increases, the probabilities of failure calculated using both
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Relative Frequency

3
Factor of Safety - gle/morgenstern-price.

O vighlighted [ Other Data

SAMPLED: mean=1.567 5.d.=0.3342 min=0.6657 max=3.154 (PF=2.240% RI=2.02299, best fit=Lognormal distribution)

a)

Relative Frequency.

3
Factor of Safety - gle/ morgenstern-price

O ighighted [ Other Data

'SAMPLED: mean=1.734 5.d.=0.6908 min=0.3985 max=5.332 (PF=10.980% RI=1.24137, best fit=Lognormal distribution)
b)
Fig. 11 Histogram of F distribution for a /H=0.5 and b 6/H=8 and for D=1

methods become closer. However, there are noticeable differences between the values
of probability of failure using circular and non-circular RLEM approaches for smaller
values of spatial correlation length (Py is larger using the non-circular method compared
with the circular method) due to the ability of the non-circular method to find weaker
failure paths. This observation is in alignment with the comment by Tabarroki et al.
(2013). Finally, it can be seen that for both methods, as 8/H — 0, P;— 0.
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Fig. 12 Results of 2D circular and non-circular RLEM analyses of simple slopes with difterent D values and
linearly increasing undrained cohesion

Tabarroki et al. (2013) claimed that it is possible to get the same results as the RFEM
approach using non-circular RLEM analysis for the case of simple slopes. The results
of analyses for simple slopes with linearly increasing undrained cohesion using non-
circular RLEM and RFEM approaches is shown in Fig. 13. Again, to ensure fair
comparisons, all solutions were reached through carrying out 5000 LHS realizations to
warrant consistent estimations of probability of failure. It can be seen that for the same
value of spatial correlation length, for some cases, the non-circular RLEM approach
renders higher estimations of the probability of failure compared with the RFEM
approach and for other cases, 2D RFEM results are larger. This observation can be
interpreted to signify that both 2D non-circular RLEM and RFEM can find the weakest
failure path in different cases. Overall, depending on the scale of fluctuation adopted,
both methods are viable to outperform their counterpart by yielding higher estimations
of the probability of failure.

35

30

25 4
1.25

P (%)

—&— Non-circular RLEM
—0— RFEM

6/H

Fig. 13 Results of 2D non-circular RLEM and RFEM analyses of simple slopes with different D values and
with linearly increasing undrained cohesion
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As discussed in the introduction, a positive cross-correlation between cohesion and
unit weight has been reported in the literature. Javankhoshdel et al. (2016) and
Javankhoshdel and Bathurst (2016) reported a reduction in probability of failure when
considering a reasonable maximum positive correlation value between undrained
cohesion and unit weight (i.e. p=0.7) for the case of simple slopes with spatial
variability in soil parameters and using the circular RLEM or Single Random Variable
Approach (SRV). This influence is re-examined in this study using a non-stationary
random field for undrained cohesion and a stationary random field for unit weight. The
results are presented in Fig. 14 using the non-circular RLEM. The same trends can be
observed in this figure for both uncorrelated and cross-correlated random fields and
different values of D. For example, probability of failure (Py increases with spatial
correlation length as in the earlier figures. However, for the same spatial correlation
length, the probability of failure decreases with decreasing depth ratio and the proba-
bility of failure is less for the case with p=0.7.

7.3 Influence of Anisotropic 2D Spatial Variability on P; (rs, > 0)

Anisotropic spatial variability for the case of linearly increasing undrained shear
strength was also investigated together with correlated and uncorrelated strength and
unit weight. Two cases of D = 1 and 1.25 were selected for this investigation. Figures 15
and 16 show the influence of anisotropic spatial correlation length on probability of
failure using circular and non-circular RLEM analysis for different values of D,
normalized vertical spatial correlation length 6,/H, and constant 6;/H = 1. Data plots
are presented in pairs with p=0 and 0.7 in Figs. 15 and 16, respectively. Other
parameters are given in the caption to the figure. It can be seen in these figures that
for D=1.25 (Fs = 1.55) there is a peak value of probability of failure, which occurs at
normalized vertical spatial correlation length in the region of 0.5<6,/H<0.75 (the
worst case spatial correlation length). This effect is more obvious in Fig. 16 for the case
of p=0.7. However, for D=1 (F = 1.85), the probability of failure increases smoothly
with increasing vertical spatial correlation length. The trends in the data for this case is

35

30

25 +

P (%)

6/H

Fig. 14 Influence of positive correlation between undrained cohesion and unit weight on probability of failure
using 2D non-circular RLEM approach
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Fig. 15 Influence of anisotropic spatial correlation length on probability of failure using 2D circular and non-
circular RLEM analysis for different values of D and F, 6,/H= 1, COVy=0.5, COV, =0.1, ry, = land p=0
and M=2 and 3 =15°

consistent with the practical maximum value of probability corresponding to stationary
random soil strength conditions.

The trends in data in this figure are the same for both p =0 and p =0.7. However, as
before, probabilities of failure are consistently lower for the case of positive cross-
correlation. Fig. 17 shows the results with and without cross-correlation for the case on
2D non-circular RLEM analysis. It can also be seen in this figure that considering
cross-correlation reduces the probability of failure. Also, as the spatial correlation
length increases the difference between the values of probability of failure increases.

Figure 18 shows the corresponding mean F; for different values of vertical spatial
correlation length. It can be seen that having positive cross-correlation increases the
mean F which is in contrary to the effect on the corresponding probability of failure as

—O— Circular RLEM
12 4 —— Non-Circular RLEM

Pr (%)

25

0,/H

Fig. 16 Influence of anisotropic spatial correlation length on probability of failure using 2D circular and non-
circular RLEM analysis for different values of D and F,, 8;,/H=1, COVy,=0.5, COV, =0.1, 1y, = land p =
0.7 and M=2 and 3 =15°
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Fig. 17 Influence of anisotropic spatial correlation length on probability of failure using 2D non-circular

RLEM analysis for different values of D and F, 8;/H=1, COV,=0.5, COV, =0.1, 1y, = land p=0and p=
0.7and M=2 and 3 =15°

illustrated in Fig. 17. Similar to Fig. 17, the same effect of increasing the difference
between the values of mean Fy with increasing spatial correlation length can be seen in
this figure. Figure 19 shows the results of probabilities of failure versus their corre-
sponding mean factors of safety (results are taken from Figs. 16 and 17). Again, the
deviation between the two cross-correlation scenarios increases by increasing the mean
F,. Also, the worst-case spatial correlation length is obvious for the case with D =1.25.

Figure 20 is the comparison between the results of 2D non-circular RLEM and 2D
RFEM for the case of anisotropic spatial correlation length for p =0. It can be noticed
that the probability of failure increases with the heterogeneity anisotropy. Jamshidi
Chenari and Alaie (2015) reported a dual effect on probability of failure of natural earth
slopes. Depending on the deterministic safety factor, the reliability index would either
increase or decrease with the anisotropy of spatial correlation length. However,

1.25

Mean F (ug,)

6,/H

Fig. 18 Influence of anisotropic spatial correlation length on mean factor of safety using 2D non-circular
RLEM analysis for different values of D and F, 6,/H=1, COV,=0.5,COV, =0.1,r,=1and p=0and p=
0.7 and M=2 and 3 =15°
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Fig. 19 P;vs mean F; for the results of non-circular RLEM analysis for different values of D and F, 6,/H=1,
COV,=0.5,COV,=0.1, r,=1and p=0and p=0.7 and M=2 and B =15°

Jamshidi Chenari and Alaie (2015) adopted an inversed definition for the anisotropy
ratio by assuming a constant vertical correlation length. For the cases presented in
Fig. 18, the deterministic safety factor corresponds to the values of 1.47 and 1.76 for
D=1 and 1.25, respectively. So, results consistent with the literature are found in this
study.

It is further observed from this figure that the difference between the results of 2D
non-circular RLEM and 2D RFEM is negligible, i.e. the 2D non-circular RLEM can
find the same weakest failure path as 2D RFEM.

7.4 Layered Slopes (rg, > 0)

Four different cases are investigated for a two-layer slope with linearly increasing
undrained cohesion in both layers (i.e. bi-linear strength) and isotropic spatial

—O— RFEM
—e— Non-circular RLEM

D=125

0.0 02 04 06 0.8 1.0 1.2 14 16 18 20 22

Fig. 20 Influence of anisotropic spatial correlation length on probability of failure using 2D non-circular
RLEM and 2D RFEM analysis for different values of D and F,, 0y/H=1, COV,=0.5, COV, =0.1, 1y, =1
and p=0and M=2 and 3 =15°
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Fig. 21 Influence of spatial variability of soil properties on probability of failure for four different two-layer
slope cases (D = 1.25 with weak and strong foundation, and D =2 with weak and strong foundation) using 2D
non-circular RLEM approach

variability. The four cases are (1) D=1.25 with weak foundation; (2) D =1.25 with
strong foundation; (3) D =2 with weak foundation; and (4) D =2 with strong founda-
tion as shown in Fig. 2.

Figure 21 shows values of probability of failure for different spatial correlation
length for all cases. It can be seen in this figure that the trend in data for cases 1 and 3
(top curves with weak foundation) is different from cases 2 and 4 with strong
foundation. Specifically, for the cases of 1 and 3, as spatial correlation length decreases
P; increases and the largest correlation length in this figure (6/H =8, which approxi-
mates the case of infinite spatial variability) gives a minimum probability of failure.
However, for the cases of 2 and 4, the trend is the opposite, and 8/H = 8 corresponds to
the maximum probability of failure when all other conditions remain the same. Also, as

D

W/’ 1.25-SF
14 4
1-3'W 255

Mean F
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09 4 ._W——k‘/"—.—/l’.
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0 1 2 3 4 5 6 7 8 9 10
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Fig. 22 Influence of spatial variability of soil properties on mean F; for four different two-layer slope cases
(D=1.25 with weak and strong foundation, and D =2 with weak and strong foundation) using 2D non-
circular RLEM approach. (WF = soil unit weight gradient and SF = soil cohesion gradient in the foundation)
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Fig. 23 An example of a non-circular RLEM failure surface D=1.25 and F;=1.74, 6,/H=1, 6,/H=1,
COV=0.5,COV,=0.1,r,=1and p=0 and M=2 and 3 =15°

it was mentioned earlier that the case with D=2 gives higher probability of failure
compared with the case with D=1.25 and the same spatial correlation length.

Figure 22 shows the values of mean F corresponding to the Py values illustrated in
Fig. 21 against the spatial correlation length for all cases. In this figure, case 2 (D =1.25
with strong foundation) has the highest mean F, and case 3 (D=2 with weak
foundation) has the lowest value of mean F; for the same spatial correlation length.
Cases 1 and 3 also have mean F; less than 1 for small values of spatial correlation
length. For each case, there is an overall trend of decreasing mean F; value with
decreasing spatial correlation. However, this rate of change is small and the mean F,
value for each plot in this figure varies over a small range and thus is not of practical
concern.

This study was the first attempt to model a two-layer slope with non-circular
analysis and using SAO technique. This method can easily model more complicated
geometries and to help researchers to grasp the concept of spatial variability and
seeking out the weakest path better. Figure 23 shows an example of finding the failure
mechanism using the 2D non-circular RLEM for the isotropic spatial variability. This
figure clearly shows the non-circular failure mechanism avoiding the strong region and
trying to find the weakest path which is impossible to seek using circular analysis.

8 Conclusions
Probabilistic analysis of slopes with constant mean (stationary) and linearly increasing

mean (non-stationary) undrained shear strength was investigated using the 2D random
limit equilibrium method (RLEM) and considering both isotropic and anisotropic
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spatial variability of soil properties and cross-correlation between soil strength (s,) and

unit weight (y). The Morgenstern-Price method was used in the 2D RLEM analyses.

Random field theory (LAS method) was used to generate both correlated and uncor-

related random fields with spatial variability of soil properties. The following are the

main conclusions of the current study.

1. The paper shows that for the case of homogenous soil properties (i.e. random
variability only), the FOSM solution by Javankhoshdel and Bathurst (2016) can be
used together with the design charts from Griffiths and Yu (2015) to calculate the
probability of failure of simple slopes with constant and linearly increasing mean
undrained shear strength together with cross-correlation of soil properties. For
these cases, increasing the positive correlation between s, and y reduces the
probability of failure.

2. For constant COV of soil undrained shear strength and unit weight, and cross-
correlation coefficient (p), the probability of failure varies essentially linearly with
the log value of deterministic safety factor F; computed using the Griffiths and Yu
(2015) charts.

3. Numerical outcomes for slopes with isotropic spatial variability showed that
increasing positive cross-correlation between s, and 'y random fields decreases
the probability of failure for the same slope geometry and normalized spatial
correlation length.

4. Non-circular RLEM which is a combination of Morgenstern-Price algorithm, SAO
technique and LAS method to model spatial variability gives higher probability of
failure compared with the circular RLEM. The non-circular RLEM has the ability
to seek out the weakest failure path in slopes with spatial variable soil properties.

5. For the simple slopes in this study with non-stationary, and the isotropic and
anisotropic spatial variabilities of undrained shear strength, there was an evident
peak in probability of failure for the steepest slope cases at low normalized spatial
correlation lengths. The maximum peak probability was seen to occur at greater
normalized spatial correlation length as slope angles decreased and for practical
purposes approached the probability of failure computed for slopes with infinite
spatial variability (i.e. random variability only).

6. Probability of failure for the simple slopes with non-stationary and anisotropic soil
spatial variability in this study was more sensitive to changes in vertical spatial
correlation length than horizontal spatial correlation length.

The practical value of this study is to demonstrate that deterministic design charts for
simple slopes with constant and linearly increasing undrained shear strength and
margins of safety expressed in terms of conventional factors of safety can be used to
compute margins of safety in probabilistic terms. The latter can serve as a complemen-
tary tool for designers who are most accustomed to the assessments of slope stability
based on the conventional factors of safety.

A common concern with geotechnical engineers is the mismatch between computed
probabilities of failure for simple slopes in comparison with the expectations inspired
by experience based on the conventional factors of safety computed from deterministic
limit equilibrium methods. The results of analyses in this paper show that margins of
safety in both deterministic and probabilistic terms can be brought into closer alignment
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by considering both positive cross-correlations between soil properties and small spatial
correlation lengths.

Finally, a few cases are presented in this study to demonstrate that probabilities of
failure computed using 2D non-circular RLEM and 2D RFEM can be in satisfactory
agreement in some cases and there are cases that 2D non-circular RLEM gives higher
probability of failure compared to 2D RFEM. Currently, the use of 2D RFEM for slope
stability analyses is restricted to the research literature. The interested reader is directed
to the paper by Javankhoshdel et al. (2016) for more comprehensive investigations of
the differences in numerical outcomes using both approaches.
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