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Probabilistic Analysis of the Stability of Soil Slopes
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Abstract

A probabilistic madel for the failure in a homogeneous soil slope is presented. The
Safety of the slope is measured through its probability of failure rather than the cus-
tomary factor of safety. The safety margin of slope failure is assumed to follow a
normal distribution. Sources of uncertamtles affecting characterization of soil property
in a homogeneous soil layer mclude mherent spatial variability., estimation error from
insufficient samples, and meastrement errors. Uncertainties of the shear strength-
along potentidl failure surface are expressed by one-dimensional random field models.

" ‘The rupture surface, created at toe of a soil slope, has been considered to propagate
towards the boundary along a path following an exponential (log-spiral) law. Having
derived the statistical characteristics of the rupture surface and of the forces which
act aJong it, the probability of failure of the slope was found. Finally the developed
procedure has been applled in a case study to 31e1d the reliability of a soil slope.

performance, geotechnical engineers still

1. Introduction . -
face considerable uncertainties when they

Although much experience has been alre-  gnalyze their stability. These uncertainties
ady accumulated about their design and  reflect the slope’s loading conditions, the
*EHA - BLASR THAR iR variability of the material parameters, the
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seasonal changes of the ground water table,
the particular method used in the analysis,
etc. Thus, efforts directed toward an appr-

oach which could yield a reliable measure

for the safety of a slope must, of necessary,
take into account these uncertainties.

The probabilistic study of 30il slopes has
been most widely performed in the field of
geotechnical reliability in recent years‘?*®
17,22, This work provides an alternative
to the conventional factor measure of safety
of a slope: its probability of failure. As is
usually the case, it will be assumed that
failure of a slope is realized when its cal-
culated available strength R is exceeded
by the applied loading S; that is,

“Failure”=[R<S]

The probability of failure is then defin

ed as
Py=P[R<S]

In earlier reliability analysis of soil slo-
pes, the shape of the failure surface has
been assumed to be a circle and a ¢=0-
condition has been considered in a probabi-
lstic analysis, and uncertainties of soil
shear strength has been assumed to be a
probability distribution regardless of the
length of the failure surface®%,1%19,

In this paper, uncertainties of the shear
strength along potential failure surface are
expressed by one-dimension random field
models. The shape of the failure is assu-
med to be a log-spiral curve, and a drained
condition is adopted to explain the notion
of the present model.

2. Random Field Model of Soil Properties

On the base of measured point properties,
it is necessary to infer the statistics of the
spatial average property. The discreépancy
in' soil property between two points' in a
stratum is expected to increase as the two

points become further apart. Random field
modeling of the soil properties in a homog-
eneous stratum provides 2 mathematically
tractable tool to bridge this gap®>. Using
a one-dimensional random field model®®,
the mean and variance of the spatial ave-
rage soil property overall length can be
expressed as Fig. 1.
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Fig. 1. One~dimensional Random Field Model.
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where the model parameters U, T, and p.(z)
are respectively the mean, standard devia-
tion and correlation coeffcient between soil
properities at distance ¢ apart and I'.*(L)
is the variance function whose value range
between 0 and 1.

3. Probability of Failure

The shape of the failure surface is assu-
med to be a log-spairal (Fig. 2); the exact
location of which depends on the g-param-
eter of strength and two polar coordinates
of its center (g, 6,) %™,

Fig. 2. Shape of Rupture Surface.
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The statistacal values of A, and 8, are
functions of the height % and angle 8 .of the
slope. In this paper, both k. and 6, are
taken to be random variables following a
general beta distribution. The mean values,
variances and lower and upper limits of Ao
and 6, depend on the boundary gebmetry of
the slope. The total length of the failure
surface is expressed as & fuction of three
factors (ho, 00,£) and is equal to

he (14 —tlg Wieewt—1)  (2)

L=—et,
where t=tang. In Fig. 3 are shown the
static forces which act on a differential
element dL of the failure surface. If dx is
the width of a slice, the weight dW is eq-
ual to ,
AW=7,(z—w)dx+71s"wdzx (3)

dew (yeds)nwr fi-¥, rdB) -1 ain(0-8,)
e wold- 8,1
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Fig. 8. Forces on a Differential Element Along the
Rupture Surface.

where 7, is the unit weight of the soil and
Tw' is its submerged unit weight, w is the
height of the water above the failure sur-
face, and =z is the vertical distance of the
failure surface from the slope boundary.
The elevation of the ground water table is
specified by the parameter R, defined as

Ry=—"— €Y
where « is the pore water pressure at the
failure surface. The mnormal and tangent
components of the weigth 4W are respec-
tively

dN=dWcose

We4 319884 9

dT=dWsine )

where the angle of the failure surface with
horizontal € and equal to

tﬁﬂ{ﬂ""ﬂn —tang ‘
tan(g—00)tang+ 1 ®
The driving force dS and the resistance
force dR acting along the element dL of
the failure surface are resrectively equél
to

=

dS=dT ¢

dR=dN¢-+cdlL ‘
where ¢ and ¢ are the strength parameters
of the soil. The overall driving force S and
resisting force R are found through a num-
erical integration of Equation 7. THe num-
erical values of the probability of failure
of the soil slope are found by using Prog-
ram MDNOR. (IMSL Routine Name). A
flow that leads to the critical failure sur-
face is shown in Fig. 4,

Read soil data
Geometry of slope !

Select stastistical
parameters: (H,, 6,)

Slope analysis ‘

Find critical
failure surface

Compute mean and variance
of safety margin

Compute probability
of failure

Print
' results

End |

Fig. 4. Risk analysis of flopes: simplified flow
chart.



It is assumed that the soil mass above
the critical slip surfaces subdivided into a
number of vertical slices(Fig. 3). The base
of each slices is thus a segment of potential
slip surface. The normal and tangential
components of the weight of the i th slice
W; are

N;=Wcose¢;

T,-‘—‘-W;Sinﬂ (8)
The capacity, C; (shearing resistance), and
the demand D; (shear force), along ;th slice
of the slip surface is given by

Ci;=N;tang,+epL;

D.-=W,-sine,» (9)
where ¢, and @, are respectively point mean
of cohesion and friction angle. The safety
margin SM; of thei th slice is

SM;=C;—D; ‘ (10)
The safety maigin SM of the slope is

SM=§SM;=§](C;—D;) an

The probability of failure is equal to
Py=P[SM<0] (12)

In order to dertermine this probability, the
probability density function of the safety
margin is assumed to be a normal distribu-
tion. Using one dimensional random field
model, The mean and variance of safety
margin is

SM=¢pL+ N(tang,)
Var(SM)=L[T*(L)Jy*+ 4" Jc*  (13)
+ N2(tang)?[ 52 (L), + 45:%]

g2

where d, and 4, ae respectively point coe-
fficient of variation and systematic modeling
error of cohesion (peak shear strength). &,
and 4,, are respectively those of friction
angle (peak shear strength). s is one-
dimensional variance function. In this paper,
a triangular correlation function is used.

The triangular correlation function that de-
rcreases linearly from 1to 0 as |z| goes
from 0 to 9

7]
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Its variance function is

L.
P et
szz{la 36 2}35
Oy Ny,
L;(l 55 )Li>o0 (15)

where j stands for p and p,.
0
PLSM<01="_fsu(SMdSM=Fu(0)
(16)

where fsy and Fgy are the normal and
cumulative normal distribution respectively.

4. Case Study and Discussion

An analysis with respect to probability
of failure is performed on a statistically
homogeneous soil slope with dimensions as
shown in Fig. 5.

1107

/¥ a0

Fig. 5. Demensions of Soil Slope.

The center of the surface is expressed in
polar coodinates by means of two random
valiables, &, and ¢, (Fig. 2). The mean va-
lues, variances and lower and upper limits
of ho and 8, are givened in Table 1.

Table 1. Location of Center.

| hoam b
mean 15 —1
standard deviation 5 9
maximum | 30 —99
minimum | 0 0
trial number ] 1000 1000
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The total unit weight, submerged unit wei-
ght of soil, and pore pressure ratio are 19K
N/m?, 9,2KN/m?® and 0.27 respectively.
The statistical values of point strength
parameters are given in Table 2,

Table 2. Statistical Values of Strength Parameters.

}S)tatistical Soil Strength
arameter Friction Angle P
of Soil ($) Cohesion (C)

Mean T 20° 28KN/m?
Coefficient of
Variation l 0.1 0.4
Systematic error 0.08 0.3
Correlation 1 1
Parameter 3
@(m)) 3

5 5

7 7

9 9

11 11

First, the critical failure surfave is deter-
mined using a one-dimensional homogeneous
random field model of soil shear resistances
and Program MDNOR{IMSL Routine Name).
The analysis with respect to probability of
failure is performed on the critical failure
surface. Probabilities of failure are calcul-
ated with 6=1,3,5,7,9, and 11 respectivcly,
It is clear from Table 3 that as § increases
probabilities of failure increase

Table 3. Overall Probability of Failure

0=1 3 5 7

9[11

Probability |1.83X|2.62X|3.38X[4. 10X 4. 75X'5. 34X

of Failure (10°* (107% [107* {107* |10 1072

5. Conclusion

A probabilistic model for the failure in a
homogeneous soil slope is presented.
Uncertainties of the shear strength along
potential failure surface are expressed by
one-dimensional random field models.
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It is expected that the proposed methodo-
logy for probabilistic characterization of
soil properties would yield a more rational
and realistic description of the in situ soil
properties for further engineering analysis
and design. Finally, in the case  study it
was found that the probability of failure
of the slope increases as § increases.
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