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A new rapid approach in assessing slope stability beneath a random field
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Slope stability of soil (Zhu et al.*® method used) has been studied under a random field. Spatial variability of soil’s
proprieties (random variables (RV) is decomposed in term of deterministic trend and the random fluctuations of short
duration of soil round this deterministic trend. Spread of variation of these fluctuations from one point to another in the soil
is a very important parameter for describing the natural variability of soil's proprieties. In this paper, to quantify tendency
value and dispersion of safety factors (FS) in function of trend and dispersion of RV, one uses Point Estimated Method
(PEM) validated by Monte Carlo Method (MCM). It is known that the MCM has a prohibitive machine time compared to
PEM, where the advantage to use this last one. Unfortunately, the PEM don’t take explicitly the fluctuations of RV into

account. Therefore, one proposes to incorporate it in the PEM.

[Keywords : Slope, Pseudo-static method, Reliability Index, Point Estimated Method, Monte Carlo, Fluctuation]

Introduction

In slope stability computations, various sources of
uncertainties are encountered, such as geological
details missed in the exploration program, estimation
of soil properties that are difficult to quantify, i.e. the
spatial variability in the field cannot be reproduced
accurately, fluctuation in pore water pressure, testing
errors and many other relevant factors'>. The limit of
spatial continuity is defined as the separation distance
between field data at which there is no, or
insignificant, spatial correlation. This limit can be
expressed in terms of the spatial range®', the scale of
fluctuation®, or the autocorrelation distance®.

Therefore, probabilistic methods give us a solution,
by reasoning not in terms of a single point value of
soil properties, but in terms of the tendency and of
dispersion of these soil properties. These are
considered in the probabilistic model as random
variables (RV). Thus, for engineering purposes, a
simplification is introduced in which spatial
variability of soil properties is decomposed into
deterministic trend, and to random component
describing the variability about that trend”®'*'>'°. In
such decomposition, the trend represents phenomenon
effect, which influences the formation of soil during
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long periods, whereas the random component
describes the fluctuations of short duration of soil
formation conditions. Spread of variation of these
fluctuations from one point to another is also a very
important parameter for describing the natural
variability of the mechanical soil properties. Spatial
correlation function appears to be an efficient tool for
describing the variation of these fluctuations'”.

Two RV are used in this study; which are the
cohesion and the tangent of the angle of effective
friction (Tan(¢'))*'"’. They are independents (it is

safer to assume the two RV as independents, that to
suppose a correlation error'>*?) and have a lognormal
distribution. This choice is motivated by the fact that
the two RV are positives and are used by the Mohr-
Coulomb criterion, which regulates the comportment
of the sliding surface for a given sloping soil.

For the formulation of FS used in this study to
estimate the stability of the slope, one has used the
method of Zhu et al. (2005)*. This last one is based
on the method of the GLEM (general limit
equilibrium method). The choice of this method is
justified by the fact that, when performing analyses of
slope stability with established procedures for the
Morgenstern—Price’® method, tedious computations
are often involved, resulting in unduly long
computation times. This situation necessitates the
improvement of the algorithm for computing™.
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Moreover, the introduction of the fluctuations of
the RV around the mean is often used in connection
with the finite element method'*'*'>'°, which has the
characteristic to be very heavy to develop. As part of
the sloping soil stability, the GLEM is generally more
favoured than the FEM (Finite Element Method). In
this study, one proposes to use the concept of
fluctuations in the framework of the GLEM. This is,
because the FEM can be very cumbersome to
develop. The GLEM is more flexible, so the
execution time is optimized.

At the end, to achieve the objectives set, a visual
code of calculating, based on the concept of object-
oriented programming (P.0.0) and interactive with
Access database, was developed. This allowed us to
increase the speed of managing of the mass
information processed; hence, the speed is more
important. The exchange information between the
program and the Access database is faster compared
to the conventional programming.

Materials and Methods
Recall of classical Point Estimated Method (PEM)

The Point Estimated Method (PEM) is an alternative
way of taking into account inputs random variables
(RV). PEM does not require knowledge of a particular
form of the probability density function (Pdf) of the
inputs (RV). PEM is essentially a weighted average
method reminiscence of numerical integration formulas
involving  “sampling points” and “weighting
parameters”. PEM reviewed here will be the PEM
developed by Rosenblueth (1975, 1981)7'*. PEM
seeks to replace a continuous probability density
function, with a discreet function having the same first
three central moments (mean x, variance 02, skewness
0.

If fx (X) is a Pdf with only a single RV (mean,
variance and skewness known) (Fig. 1), Rosenblueth
gave four conditions that must be satisfied by the RV
X in question to be correctly modelled*.

P+P =1l

XP+X_ P=p

P.AX, — ) +P(X_- 1) = 0
P.X. ) +P(X_- ) =v,0,

()

where, ox is standard deviation of RV X, 1 is
skewness of RV X.
A solution of Eq. (1) is:

N
f(x)
T )x
p‘x_‘fx_oz iy Mgt Ez,ox
Fig. 1 —PEM for the case of one RV
Xi=pytEioy . (2
X_ =, —& oy .. (3)
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:_X+ 1+ _X 2 ces 6
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Sx. =&x. —Vx (7

In the case where the Pdf of RV X is symmetric, v, =

0, =& =1.

If n RV are treated, there will be 2" sampling points
corresponding to all combinations of the two
sampling points for each variable.

For n=2 (2VA) used, there are four sampling points
given by:

Fs,. (ux +Sx.0x iy +&,0v)
Fs. (uy +Sx.0x, 1y =&y 0y)
Fs_ (uy —Sx 0Oy, ty +6y.0y)
Fs__(uy —&x 0.ty —&y_0y)

. (8)

The weight Pxs; and Pys; (for two independents RV x
and y) are bound to have the weight Pg,s, corresponding
for the same two dependents RV (Fig. 2) as:
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Fig. 2—PEM for the case of two RV
Psis2 = Pxsi P +5152(va N(1+(vy /2)3))
(1+(v, /2 )"? . (9

where p,, is the cross correlation coefficient between

the two RV X and Y.

The (Si) terms (Eq. 9) are the sign (+) for points
greater than the mean and (-) for points smaller than
the mean. The product (S1S2) (Eq. 9), determines the
sign of cross correlation coefficient and the subscripts
of the weight P indicate the location of the points that
is being weighted'’.

Equation (9) is valid for a non symmetric Pdf; i.e.
when the two RV are dependents (pxy#0). In the
case where (pxy =0, Pxs; and Pxs, (Eq. 9) will be the
weights of the two independents RV.

Mean and variance of the Fs (Safety factor of a
slope) are established as:

2n

Hes = D PFs, .. (10)
i=1
2n

or = P(Fs; — 1)’ . (1)

i=1
In the frame of the Lognormal law, Eq. (10, 11)
becomel4,15and16:

O
Hings) = Ln (ues) - ) - (12)
Olnire = LN(1+CVY) .. (13)
CVy, =0 / U . (13.1)

Cvrs, U, 0, , being respectively the coefficient of
variation, the mean and the standard deviation of Fs.

Monte Carlo Method (MCM)

Monte Carlo Method consists in sampling at
random the vector of input parameters, running the
system model computer code for each sample of that
vector and getting a sample of the vector of output
variables. Later on, the characteristics of the output
variables may be estimated using the output samples
obtained. One of the advantages of using the Monte
Carlo Method is that all statistical standard methods
we need to estimate the output variable distributions
and to test any hypothesis may be used. This makes it
the most straightforward and powerful method
available in the scientific literature to deal with
uncertainty propagation in complex models, as it is
the case of performance assessment models. This
method is valid for models that have static and also
dynamic outputs. It is adequate for working with
discrete and continuous inputs and outputs, and the
implementation of computational algorithms required
has no fundamental complexity.

In this technique a large number of soil variables
such as shear strength, angle of internal friction of the
soil can be sampled from their known (or assumed)
probability distribution. For this purpose, the
probability density function for each of these soil
variables must be specified. Then, the corresponding
safety factor of each set is calculated'”.

Randomness in the generation of samples of RV is
insured in one term of the equation describing the
fluctuation (Dfp) (it will be defined a little further
(paragraph 5)).

Mean and variance of a RV, governed by the

lognormal  distribution, are  established as
follows'*'>1%:

Olax)
Hiny = LN () - ) .. (14)
Otnxy = LN (1+Cvy) .. (15)
X =exp(# 4 x, + Dpo,x,) .. (16)

X: is a RV (Cohesion or Tan (¢') considered, Dfp is
the fluctuation with mean zero and standard
deviation equal to unity (= 1), CVx=ox/ux being the
coefficient of variation of RV X and ¢': effective
friction angle.

Improvement of PEM in this study
Under this method, the behaviour Lognormal of the
RYV is insured in Eq. (6) and (7) by the coefficient of
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asymmetry. This last one is given for the lognormal
distribution by'":

Vx=(2+eoa“” (€™ -1) . (17)

If one substitutes Eq (15) in Eq (17), Eq (17) will
have the following new form'’:

vy =3CV, +CV, .. (18)

The Eq (18), more simple, is used in the frame of
this study. CVy : Coefficient of variation of the RV
X.

The fluctuation Dfp not explicitly used in the PEM.
One proposes to include it explicitly in this study.
Indeed, Eq. (2), (3), (4) and (5) are obtained as
solutions of the system of Eq. (1). If one repeats the
same operation by substituting o, by (Dfp*o, ) in
Eq. (1), relations (2) and (3) become:

X, = py +& Dipoy
X_=py +& Dipoy

. (19)
.. (20)

One believes that this approach is reasonable, because
in the process of solving Eq. (1), o, (constant) can
be easily replaced during the stages of resolution, by
Dfp* o, without changing the final form of the

solution. Thus, Eq. (8) will be revised for the new
following form:

Fs..(u, +¢&, Dfpo ,u +& Dfpo))
Fs, (u, +¢&, Dfpo ,u —-¢ Dfpo )
Fs.,(u, —¢, Dfpo ,u +¢ Dfpo )
Fs_(u, ¢, Dfpo ,u, &, Dfpo )

The Eq. (21) is equivalent to Eq. (8) if the
fluctuation Dfp=1; i.e. the conventional PEM.

This change is interesting, because machine time
computation of MCM is very expensive compared to
the PEM. Here, one notes the advantage of using this
last method, because the classical formulation suffers
to not incorporate of the fluctuation (Dfp) in its
formulation, and the MCM has a prohibitive machine
time calculation.

. D)

Random field for soil properties

Because of the uncertainty shown when one
measures the in situ soil’s proprieties (RV), the spatial
variability of these RV are decomposed into two
parts. The first one is the deterministic trend, and the

second one is a random component describing the
variability about that trend. In such decomposition,
the trend represents phenomenon effect, which
influences the formation of soil during long periods,
whereas, the random component describes the
fluctuations of short duration of soil formation
conditions'*"*. Let the variable fop(X,y) describing a
deterministic trend soil propriety in space , taken in
practice as the mean of measured values, and also
function of zero mean, unit variance Gaussian random
field Dfp(x, y[) . One writes®'*!3 416,

f,(%Y) =R[fo (X, )+, Dip(x,Y)] . (22)
R : is a transformation taking the Gaussian process
Dfp(x, y), into the distribution appropriate for fy(X, y),
op is the standard deviation, hence:

2
Dfp(x,y) = > Dg,,(X,Y)

Here p=1 corresponds to cohesion and p=2 stands for
Tan(p'). The zero mean, unit variance, two-

dimensional bivariate Gaussian random field Dgpn(X, Y),
can be simulated as follow'*'>'®:

. (23)

Nx—INy-1
Dy, (%.Y)=v2 Y Y A, .[Cos(i, X+ K, Yy + Q)
k=0 1=0
+ CoS(Ky X — Ky Y + )] .. (24
With, A, =H , (k,.k,)2AKx Ak, .. (25)

Eq. 24, ensures also the inter-property correlation
between two RV cohesion andTan(go'). Q,,¥Y, are

random phase angles distributed uniformly on the
interval [0 2 7z ]. The randomness in the generation of
samples of RV is insured by these two angles. Hpn
(Eq. 25) coefficients are obtained from the wave
number cross spectral density matrix S (ky, k) below:
See S
S(k.K)=| o ' |=HHT;  e=Tan(p)
ey Sge S
&

S(K K): HIIO . HIIHIZ
v H21H22 0 H22

Here, H is lower triangular matrix deduced from the
Cholesky decomposition of cross spectral density
matrix S (k «, k). ke and ky are the wave number in x
and y directions respectively given below as:

{ka =kAx,; x, =lAk,

K. =N Ak,; k, =N Ak,

.. (26)

. 27)

The wave numbers steps Axy and Ak, are evaluated
from the representation of S (ky, ky) and by evaluating
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the cut-off wave numbers values Kxu and Kyu for Nx
and Ny increments respectively.

The cross correlation elements of the power
spectral density matrix S are given by:

Scé‘ = WISCCSgg 'pcé‘

.. (28)
e =Tan(¢")
Pop = mean(Ce) —meanC).mean(s) . (29)
o.0c
H11 ZWISCC
H, = Sgg 1-ple ... (30)

H,, :\/g'pcg

Pee: stands for the inter-property correlation of the two
RV. However, one considers in this study that
Scc=S.~=S. The S expression is given for a unit
variance as:

2
o

ab 2 2
o’:l K a Kyb
—exp| | — | | — .. (31
4r p{ ( 2 j [ 2 j ] 1)
Also, constants (a) and (b) in Eq (31), represent a
correlation length respectively horizontal and vertical.
In this study, one considers a,cy=aine and

Binc=Dine and the mean and the standard deviation
of two RV will be considered as constants.

S (Kx7Ky):

However, the fluctuation of RV is generally used in
the context of finite element method (FEM)'*'>"; it
will be used as part of this study in the frame of
general limit equilibrium method (GLEM). To
calculate the FS of the slope, one will use the Zhu et
al. (2005)* method. In our approach, one will replace
the finite element (FEM) by the slice of soil (GLEM).
The two RV (cohesion and ¢=Tan(¢")) are considered
independent. So, in Eq. (9), (28), (29) and (30), the
cross correlation coefficient between the two RV is
equal to zero throughout the study. At the end, one
will consider that in the iterative process to calculate
the FS of Zhu et al., the fluctuation (Dfp) is constant
for the same slice of soil and the same Fs during the
steps process to calculate the same Fs.

In the sense to reducing a computationally time, the
digital generation of sample functions of equation
(24) is computed with the aid of the fast Fourier
transform (FFT).

Reliability Index

The idea of having confidence in one single Fs only
for saying that a given slope is stable or not is not
enough. Indeed, the dispersion of the values of Fs
(precisely due to uncertainties inherent in the soil for
the RV) plays a significant role on the stability of soil
slope. Results of a probabilistic interpretation may
contradict the deterministic findings, because of the
dispersion of measured values of the RV. Thus, a
reliability study will be more effective.

The reliability index in this case is given by'*":
p= (:qu _1)/O-Fs .. (32)
A Lognormal form of Eq. 32 is given by>" and’:
B = Hines) /O-Ln(Fs) .. (33)
sy and o, ., , are respectively defined by Eq.
(12) and (13).

A common part between MCM and PEM

The first thing to do is to choose the circle of
failure most probable (Fig. 4). This last one, in this
study, is assumed known. Because, finding the circle
in question is not the aim of this study. The sliding
corner of the slope bounded by the chosen circle of
failure is divided into slices. The two RV chosen are
evaluated at the base of each slice.

For the Monte Carlo Method (MCM)

By using the MCM, one must verify that the
number of samples chosen gives a stable value of
reliability index (Fig. 6). For each selected sample of
RV (the equations used for the two RV are Eq. (14),
(15) and (16), a single safety factor is calculated using
the method of Zhu (2005) et al.*’. The randomness of
the values of the two RV is insured by the fluctuation
(Dfp). Once all FS (corresponding to the couples of
RV) have been calculated, the mean and the standard

deviation (4,0 ) of all safety factors (Fs) will be

calculated. Here of course, for the two RV, the Cvx
(coefficient of variation of RV X) must be known in
advance.

In the case of Fig. 6, 600 Fs (where reliability index
is stable) are chosen. One will first calculate their
mean and standard deviation (STD). The mean and
standard deviation thus computed are reused in the
relations Eq. (12), (13) and (13-1) to have a
Lognormal form. At the last step, one calculates the
reliability index using Eq. (33) (or Eq. 32, according
the context).
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For the Point Estimated Method (PEM)

For the PEM, one computes the two RV by using
Eq. (19) and (20). Thus, by using Eq. (21), one
computes four FS. The Lognormal shape of the two
RV is ensured by Eq. (18). At the last, the randomness
of the two RV is provided by the fluctuation (Dfp).

The mean and standard deviation (STD) of Fs are
calculated by Eq. (10) (11). In these last equations,
the Fs; used are stated in equation 21. Afterwards, one
calculates the shape of the lognormal mean and
standard deviation by using Eq. (12), (13) and (13-1).
Of course, at the last step, one will calculate the
reliability index using Eq. (33) (or Eq. 32, according
the context).

Example

By using, for the calculation of Fs, the formulation
of Zhu et al (2005)*, the pseudo-static analysis is
studied in term of reliability based on the following
assumptions:

Data for the slope
To calculate the Fs of Zhu et al.”’, the following
data are used:
e One will use the example of the Fig. 3, which data
have been stated in Table 1.

A
Y(m)

Hw = Height of water

=
(LI
b
=]

H=1¢ | v
- H=12
H=10 )
1 ! :
v Y ¥ L X(m)
10 28 20

Fig. 3—Example of slope with two layers (For details see section 8)

Table 1— Soil characteristics

N° Layer 1 2

H (m) 8 12
C’ (KN/m?) 32.74 27
st (KN/m?) 11.852 14.23
¢’ (Deg) 12 10

e 280 slices were used in this example

® vysu: Saturate density of soil (KN/m)

e " Effective friction angle (Degree)

e (’: Effective Cohesion (KN/m?)

e H: Height of layer (m)
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The coordinates of the circle of failure most
probable: Radius R = 20.6 m, circle centre C (x¢c=
16 m and yc =22 m) and the point A (x,= 34.8 m
and y,= 20 m) and B (xg =2 m and yg = 10 m).
(see Fig. 4).

The tolerance used for the process of iterations for
the safety factor (Fs) and inclination of the inter-

slice forces (A) (Fig. 5) is 0.0001.
(AFs=AA=0.0001).
The function inter slice is taken constant

fi - fi_]_ =1.85 (Flg 5)

The horizontal seismic coefficient K¢ = 0.02
(Fig. 5).

The concentrated load Qi = 0; i: represents the
number of the slice of soil of the corner sliding. W;
is the weight of the slice i; ¢; angle of slice i; Ei is
the horizontal force inter slice; bi is the width and
the height hi of the slice i, u; is the pressure of the
water, (C') effective cohesion (Fig. 5).

Data for the random field

The coefficient of wvariation of cohesion Cv,
varies between (0.1 to 1). For the coefficient of
variation ofe =Tan(¢') ; Cve varies between
(0.05t0 0.2) '*.

The two RV  (cohesion,Tan(¢')) are
incorporated in the Mohr-Coulomb criterion to
evaluate the stability of the lope using the
formulation of Zhu and al (2005) *°.

The two sprobabilistic methods used are: The
PEM and the MCM.

Alnc) =am(8) =10m
length) et b

correlation length).
The mean and the standard deviation are
considered constants for the two RV.

(horizontal  correlation

e =P, (&) =1.2m  (vertical

A C
R A
~— <
s Circle failure
» X

Fig. 4 — Probable circle failure (For details see section 8)
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(a)

Line of thrust

Slip surface

Fig. 5—(a) Sliding body, (b) Typical slice. P;: Inter slice force

Table 2— Time of implementation

Monte Carlo Method Point Estimated Method
MCM) (PEM)
Dfp (Eq. 23) Dfp (Eq. 23) Dfp =1
4 H 07 mn 4mn43s 1mn 13 s

for one couple of (Cvc = 0.6, Cve= 0.14)
Using Eq 33 (With Pentium 4 CPU: 2.8 GHz)
H: Hours; mn: Minutes; s: Seconds

e The two RV (cohesion ande=Tan(¢')) are

independents and calculated at the foot of every
slice of a sliding corner.

Results

The results obtained by programming the classical
PEM and the PEM improved (by introducing the
fluctuations of RV) and MCM are concentrated in
Table 2 and Fig. 6, 7, 8, 9, 10, 11,12. So, the Table 2
shows the execution time found by calculating of the
PEM (Dfp #1, Dfp=1) and the MCM under a fixed
coefficients of variation Cv,=0.6 and Cve& =0.14 of
the two RV. The computer used for these calculations
is a Pentium 4 with a CPU of 2.8 GHz. And the Fig. 6
is plotted to verify the necessary number of samples
(to use in MCM) to have a stable value of the
reliability index; for fixed values of Cv.=0.6 and
Cve = 0.14. In this case, one has chosen 600 samples.

The Fig. 7, shows the comportment of reliability
index (by using Eq. 33) and the standard deviation of
Fs (version Lognormal) versus of the variation of the
Cv, (with a fixed Cve =0.14). For the same objective,
the Fig. 8, is given to show the reliability index (by
using Eq. 33) and the standard deviation of Fs
(version Lognormal) versus differents values of Cve
(with a fixed Cv.=0.6). For the Fig. 9, the numerator
of Eq 33 is compared to the reliability Index (Eq. 33)

-6.0

— = — Reliability Index (B)|
-6.5 - (‘\‘(_=I].6 and (‘\'E=[I.1 4

e= Tan(g') Using MCM

7.0 4

7.5 4
-8.0 4
-8.5 4
9.0 Il' -? - L T = e

9.5 -

Reliability Index (p)

-10.0 44"
=10.5 4

-11.0 4

‘ T r T ‘ T T T T r
o 200 400 600 800 1000 1200 1400 1600 1800 2000
Sample Size

Fig. 6 —Number of samples used in MCM (One chooses 600
samples) using Eq. 33 (C,,=0.14); Cv.=0.6)

versus the wvariation of the Cv. (with a fixed
Cve =0.14). Also, as on had made it for the Fig. 8,
the Fig. 10 has been plotted to compare the mean
(Lognormal) of Fs with the reliability Index (Eq. 33)

versus the variation of the CV& (with a fixed Cv, =0.6).

The comparaison between the reliability index of
Eq. 33 and Eq. 32, have been plotted in the Fig. 11
(with differents value of Cve and a fixed Cv, =0.6)
and in the Fig. 12 (with differents value of Cv,and a
fixed Cve =0.14).

Discussions

The study of sloping soils is safer using the
reliability approach, because our reasoning will be
optimized by calculating the mean and standard
deviation of FS. Slope stability is sensitive to these
two parameters. Judicious combination of these two
parameters requires a great reality about the reliability
of the results compared with the ground realities.
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Unlike the reliability approach, a classical approach
(deterministic), in the calculation of slope stability,
occults the real behaviour of these slopes to the extent
that it ignores the uncertainties (human and/or
equipment) related to inputs (RV). This neglect means
that the outputs (FS) calculated will be biased,
because the inputs (RV) are far from the reality in situ
of ground. Indeed, if, for a given building built on a
broad surface or a highly heterogeneous environment,
one does not take into account the dispersion of the
values of RV throughout the vast area, then one
makes a deterministic calculation with punctual
values of soil proprieties, perhaps one will find
FS>1, but the reliability study may interpret
differently the deterministic results obtained. In this
case, in the wide area where construction is built, the
soil is rarely homogeneous. Hence, the dispersion and
the random (fluctuation) will emerge as an
inescapable reality.

However, the cost of calculating the stability of the
slope is generally prohibitive if one uses reliability
methods (especially by using MCM) compared to the
conventional deterministic approach. Also, according
to an idea of a reasonable rate optimized between the
computation time and accuracy of results, one has
decided to introduce the fluctuation of RV in the
conventional PEM by reformulating it. This will save
computation time consuming observed in the MCM
and give us a margin of acceptable accuracy
compared to conventional deterministic study.

Thus, the Fig. 7, 8 are drawn to highlight and to
validate the insertion of the fluctuation into the PEM.
So, the Fig. 7 shows three curves for the reliability
index, and three others curves for the standard
deviation (STD) of FS. For each parameters, two
curves are plotted to validate the MCM (fluctuation
Dfp# 1) with PEM (fluctuation Dfp# 1) and the third
curve is plotted to highlight the effect of the absence
of fluctuations (Dfp=1) on the PEM; i.e. the third
curve represents the classical PEM.

Note that the effect of the absence or the presence
of the fluctuation is very clear and the margin of
validation between the MCM (Dfp# 1) and the PEM
(Dfp#1) is acceptable. The same conclusion can be
advanced to the Fig. 8, but with the remark that the
effect of the coefficient of variation is more important
for the cohesion (curves are not straight lines and
horizontals (Fig. 7) compared to the effective friction
angle (trend of curves are almost straight lines and
horizontals). Therefore, the stability of the slope is

0 k.
o o x——x——x [ 435

—r -

-5 eimeer T _——m 0.500

ﬁ_,.‘-"ﬁ r_—“‘_= ® 1l
a0 P = " }osss
15 wr A 0.167
] o« . . . e

& T 5 _
= ali i O
5 ZARRREENEEn: g BT ot
E 25 /. _“_‘__B.‘:;;:::Zg;;: sz 0.050 ﬁ
> 30 / e 0.033 —_
= / 0 2]
D Fa—BPEM Djp (E23)#1 007 =
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Fig. 7— Reliability Index and STD versus the variation of CV, by
using Eq. 33 (C,,=0.14)
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using Eq. 33 (CVc=0.6)

much more influenced by the dispersion of the values
of the cohesion than it is influenced by the dispersion
of the effective friction angle.

It is noticed however, that the Fig. 7 shows the
reliability index which evolves by increasing with
increasing of cohesion's coefficient of variation. Same
remark is confirmed for the standard deviation (STD).
For the Fig. 8, it seem that the reliability index
evolves by decreasing (for PEM Dfp#1), with

increasing of the Cv, (6‘ =Tan (0') .

The Table 2 (The computer used to make these
calculations is Pentium 4 CPU: 2.8 GHz) below
shows a good time performance of the PEM ((Dfp# 1;
four minutes and 43 seconds) compared to the MCM
(Dfp#1; four hours and 07 minutes). Although, the
computation time of the classical PEM (Dfp=1; one
minutes and 13 seconds) is better compared to the
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PEM (Dfp# 1) reformulated, this last one, however, is

better in accuracy of results (see Fig. 7 and 8),

because, the MCM (Dfp# 1) is the reference in terms

of accuracy.

In the probabilistic approach, an improvement is
added in this study, by introducing the fluctuation of
soil properties explicitly in the classical PEM
(Dfp=1). This reformulation of the classical PEM
(Dfp=1) is beneficial because there is a gain of
accuracy of the results and a gain in the computing of
the machine time. Furthermore, the use of RV
fluctuations in the general method of limit equilibrium
(GLEM) (method of slices) is, in this sense, welcome,
since these fluctuations are generally used in the
context of finite element method'*'>"’. Unfortunately
in the formulation of the GLEM, the fluctuation is not
used in general, which reduces the effectiveness of
this method.

However, to highlight the effect of the fluctuations
on the different terms of Eq. 33, one has plotted the
curves of Fig. 7, 8, 9, 10. In this sense, the numerator
of Eq. 33 represents the mean of Fs in its version
lognormal. The Fig. 9 and 10 are plotted to show the
evolutions of these trends and the reliability index
with respect to the variation of coefficients of
variation for the two RV. Similarly, the denominator
of Eq. 33 represents the standard deviation of Fs
(Lognormal version). In this case, the Fig. 7, 8, are
plotted.

One observes that globally, the shape of the curves
plotted for the standard deviations of Fs marry better
to the shapes of curves of the reliability index that the
curves of the trend of Fs (especially for the coefficient
of variation of cohesion). This suggests the idea that
the standard deviations of Fs have more influence on
the reliability index. So, the denominator of Eq. 33
evolves faster than the numerator. This suggests that
the randomness in the dispersion of values imposes
the pace of change on the variation of reliability index
compared to the change in trend of Fs. Consequently,
the reliability index reflects better the behaviour of
the slope compared to a punctual safety factor in a
purely deterministic study. Indeed, the formulation
deterministic ignores the influence of dispersions of
RV.

The effect of the fluctuation is, hence, very clear on
all the curves plotted of the reliability index. Note,
however, that the influence of standard deviation on
the reliability index is prevailing compared to
tendency. Graphs of Fig. 11 and Fig. 12 are plotted to
show the effect of Eq. 32 and Eq. 33. It is noteworthy
that the behaviour of the reliability index is essentially
the same, by using Eq. 32 or Eq. 33. However, one
notes that the intensities are different. This difference
in the intensity of the reliability index is little more
felt when the change of Cve (Fig. 11) compared to
the change in CV¢ (Fig. 12). Indeed, the curves of the
reliability index (PEM (Dfp # 1) and MCM (Dfp # 1)),
by using Eq. 33 (Fig. 11), are closer than their
analogues Eq. 32 (Fig. 11). For the Fig. 12, the
proportions are almost the same for the two equations.

As it is pointed out at the end of the introduction,
one code of calculation is created and interactive with
the Access database software. Programming language
used is the visual basic.6 (vb6) based on the concept
of object-oriented programming (OOP). Design of
this language is made to facilitate flexible and rapid
interaction with the Access database (DB); which is
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considered as an object. With this valuable flexibility
between the VB6 and the Access database, it is
possible to facilitate the operations of using of the
different parameters in the tables of the Access
software. The treatment of the mass of information of
the various parameters of the slices of the slippery
corner will be flexible and easy. We will avoid,
therefore, the heavy interactions and tiring of the
conventional programs with text files containing
formatted data used as input. The speed of the
program will be then more optimized and information
can be extracted by Access queries that have the
precious ability to be easily adaptable to the
information sought. The graphical interface of vb6,
well known for its elegance and simplicity, adds one

more significant convenience and one time savings in
the study treated.

Conclusion

In practice, we are often faced with situations of
use of highly efficient methods of calculation, but
their execution time is tedious. By contrast, there are
methods where the time execution is efficient, but
suffers from poor solutions in terms of accuracy. This
compromise between timeliness and accuracy of
solutions to find will prove decisive in practice. This
study responds to this problem. Namely, find an
acceptable compromise between the use of MCM and
the PEM (by introducing the fluctuation of RV in the
classical PEM). State function (reliability index in our
case) computed, shows that it is very sensitive to
changes in RV around their trends. Moreover, it is out
of question to avoid introducing these fluctuations in
the calculations, given its critical impact on the state
functions; especially for highly heterogeneous soils
and/or extended soils in terms of area. In fact, the
history of the stresses is very sensitive to this
problem. Indeed, it is possible to find performing
software based on powerful formulations, but, if the
inputs which have been injected are far from the
reality of the ground, the collected results (state
function) will be simply erroneous. Similarly, we had
incorporated in the formulation of the GLEM, the
fluctuation of RV. This is used in the frame of finite
element method. This last method is very heavy (in
term of formulation) compared to the GLEM to solve
the problems of sloping soil. This has added a speed
in the execution of our program.
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