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1. Introduction

Uncertainty about geologic conditions and geotechnical parameters is the most distinctive
characteristic of the engineering geology-geotechnical engineering field. In rock slope stability
analysis, the uncertainty and variability may be in the form of a large scatter in attitude data and
the geometry of jointing and also test results. One of the most difficult jobs in rock slope
engineering is selecting a single representative value from widely varied data. Therefore, many
engineers and researchers have attempted to limit and quantify the variation and uncertainty in their
data and have adopted various methods to indicate the uncertainty and variation in the results of
analysis. Casagrande(1965) noted the nature and importance of ‘the calculated risk’ in geotechnical
engineering. In several examples he showed how the unknown risks affected the stability of
projects. Peck(1969) suggested the observational approach to maintain control over uncertainties by
revising estimates of site conditions and parameters when additional information becomes available.
However, traditionally most engineers have taken the variation of their data into account by
selecting an appropriate factor of safety. Probability theory and statistical techniques, have been
applied to engineering geology field to deal properly with variability and uncertainty. Application of
probabilistic analysis has provided an objective tool for quantifying and modeling variability and
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uncertainty. In this paper, an application of the probabilistic method to rock slope stability analysis
will be introduced.

2. Deterministic Method

Traditionally assessments of the risk of failure are made on the basis of allowable factors of
safety, learned from previous experience for the system considered, in its existing environment.
However, most input parameters(e.g. material strength, joint geometry and pore water pressures) in
the safety factor calculation are precisely unknown because of uncertainty and variations in testing,
modeling, and spatial variation. Thus each of these is a random variable and the analysis with
different values for each of these parameters can result in a different value of factor of safety.
Thus safety factor itself is also a random variable depending on many input variables.

However, the conventional factor of safety does not reflect the degree of uncertainty of these
parameters. In deterministic analysis, the factor of safety requires fixed values for parameters that
actually exhibit a degree of uncertainty. In most cases, the mean value of these parameters is
assigned as a fixed value but some engineers tend to select values higher o™ lower than the mean,
due to uncertainty and variation in input parameters. This can yield very different factor of safety
values for the same project. Consequently, inconsistency is likely to exist among engineers and
between applications by the same engineer. In addition, the same factor of safety can be associated
with a large range of reliability level and thus FS is not a consistent measure of safety. For
example, when FS = 1.5, the probability of failure can increase from 10 to 10 when the standard
deviation increases from 0.15 to 0.25. Therefore, Tabba(1984) pointed out the following
shortcomings of deterministic analysis ; 1) Inability to account for variations in properties and
conditions. 2) Difficulty in portraying the relative importance of various sets of data in the overall
stability condition. 3) Inability to predict failure in cases where failure has actually occurred.

3. Probabilistic Method

As mentioned previously, in the deterministic approach, the factor of safety and all ingredient
parameters take on fixed values in spite of the fact that all parameters and even the factor of
safety shows a degree of uncertainty. Therefore, despite the simplicity of this approach, it does not
properly deal with uncertainty and variability in parameters and analytical or empirical models.

As an alternative to the deterministic approach, the probabilistic analysis has been introduced to
consider and quantify the uncertainty and variability in parameters and in the analytical model. In
this analysis, the factor of safety is considered as a random variable and can be replaced by the
probability of failure to measure the level of slope stability. The probability of failure is simply
defined as the probability of having FS<1 under the probability density function(PDF) of factor of
safety. Probability of failure is interpreted as a measure of relative likelihood of occurrence of
failure.

In general, probabilistic analysis is performed in two steps : The first step consists of analysis of
available geotechnical data to determine the basic statistical parameters(that is, mean and variance)
and probability density function which enables us to represent and predict the random property of
geotechnical parameters. The mean value of the PDF represents the best estimate of the random
variable and the standard deviation or coefficient of variance(c.o.v.) of the PDF represents an
assessment of the uncertainty.

In the second step, risk analysis of slope stability is accomplished using the basic statistical
parameters and probability density distribution developed from the previous step. Two methods of
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risk analysis are commonly used, the Monte Carlo simulation and First Order Second Moment
method(FOSM). The Monte Carlo method is used when the PDF of each component variable are
completely prescribed. In this procedure, values of each component are generated randomly by its
respective PDFs and then these values are used to evaluate the factors of safety. By repeating this
calculation, the pfobability of failure can be estimated by the proportion of calculations where the
safety factor is less than one. This calculation is reasonably accurate only if the number of
simulations is very large. The advantage of this method is that the complete probability
distributions for the factor of safety are obtained. The disadvantage is that large numbers of
simulation are required when the failure probability is relatively small. When the PDFs of the
component variables are not available, but their mean and c.o.v. are available, the FOSM can be
used to calculate approximately the probability of failure. It yields a good approximation if the
uncertainties of the variables are small. Advantages of this method are : the calculation is simple
and only information of moments(that is, mean and variance as first moment and second moment)
are needed rather than a complete distribution function. The disadvantage is that mathematical
calculations are difficult when the number of component variables is large.

4. Site Introduction

The study area for probabilistic analysis is the rock cut along Interstate highway 40 in North
Carolina, which has experienced several failure occurrences after highway construction was
completed. This area along Interstate 40 shows excellent exposures of a series of metasediments of
Late Pre-Cambrian age. Major rock type in this area is gray, thin bedded to laminated feldspathic
metasandstone and green slate with thin interbeds of fine metasandstone. Bedding is instinct in
this formation and the rock is highly jointed. This area has experienced several large slides during
construction and after construction. The investigation for relocation of highway concluded that
wedge failure was the most common failure. On July, 1997, a large rockslide occurred in this area
after heavy rain and two discontinuities formed an unstable wedge and failed. The large number of
discontinuity orientation and geometries were measured from the field in this area and their
stochastic properties were analyzed by author(Park, 1999).

5. Analysis of Stochastic Properties of Discontinuity Parameters

5.1 Discontinuity Orientation

One of the major reasons to carry out a statistical analysis for discontinuity properties is to find
a proper probability distribution representing discontinuity parameters and their random properties.
There have been a number of studies to determine the appropriate probability density distribution
for a discontinuity orientation distribution. Fisher(1953) proposed a distribution on the basis of the
assumption that a population of orientation values was distributed about a true wvalue. This
assumption is similar to the idea of discontinuity normals being distributed about some true value
within a set. He assumed that the probability, P(#) that an orientation value selected randomly
from the population makes an angle of between ¢ and d# with the true orientation is given by

PO =7ne*’do (1)

where k is a constant controlling the shape of the distribution and is commonly referred to as
Fisher’'s constant, which is a measure of the degree of clustering within the population and 7 is a
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variable expressed as follow;

— ksing

n= PUIEY (2)

In view of its simplicity and flexibility, the Fisher distribution provides a valuable model for
discontinuity orientation data(Priest, 1993). Therefore, Fisher distribution is commonly adopted in
many probabilistic analysis and also used in this study. After the measurement in the field,
discontinuity orientations were clustered and then Fisher constants were evaluated for each set of
orientation.

5.2 Discontinuity Length

The length of a discontinuity is defined as the distance over which the tensile and cohesive
strength of the rock substance has been reduced or lost. Knowledge of the length of discontinuities
in a rock mass is important in the prediction of rock behavior analysis of rock slopes because the
discontinuity lengths influence the size of blocks that may be formed.

A lognormal and an exponential distribution have been proposed as representative distribution
models by many different researchers(Barton, 1978; Einstein et al., 1980). However, according to
Priest and Hudson(1981), the lognormal distribution is a biased distribution caused by scanline
sampling. Therefore, the negative exponential distribution is an appropriate distribution and it has a
advantage that sampling bias caused by scanline method can be canceled out by adopting this
distribution. Consequently, the exponential distribution is commonly used in probabilistic analysis to
represent a stochastic property of the discontinuity length.

5.3 Discontinuity Spacing

The purpose of discontinuity spacing measurement is to obtain the size of the blocks which
compose a rock mass. Stability analysis and design are strongly dependent on the block size
because weight forces and forces due to water pressure, and failure mechanism depend on the block
size.  Although mean discontinuity spacing provides a direct measure of spacing data, several
previous studies have tried to represent the distribution of measured data by statistical analysis and
description because the spacing data is considered as a random variable. On the basis of field
measurements and theoretical considerations, Priest and Hudson (1976) concluded that the
distribution of discontinuity spacing for various sedimentary rock types could be modeled by the
negative exponential probability density function. This conclusion has been supported by others,
such as Wallis and King (1980) and Baecher (1983).

According to author’s measurements and statistical analysis (Park, 1999), the lognormal
distribution is better than the exponential distribution. Approximately 300 spacing values were
collected in field by author and then in order to determine the appropriate distribution of spacing in
the study, Chi-square goodness of fit tests were performed for lognormal and negative exponential
distributions, which are two possible distribution models for spacing. This is because those
theoretical distributions are bounded at zero and are skewed to the right and those characteristics
are similar to the properties of the spacing distribution. In addition, some publications such as
Rouleau and Gale (1985) and Sen and Kazi (1984), proposed the lognormal probability distribution
for discontinuity spacing. A total of 52 data points in the same set were used to evaluate the
goodness of fit. The calculated S (n; - e;)’/e: values of both distributions are smaller than Cogs = ,
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314, obtained from the Chi-Square distribution table at 5% significant level with 20 degree of
freedom. Therefore, both the lognormal distribution and the exponential distribution appear to be
valid for spacing at the significant level of 5%. However, because the calculated 3 (mi - e)%/e;
value for lognormal distribution, 27.4 is smaller than that for exponential distribution, 29.4, the
lognormal distribution is better than the exponential distribution.

5.4 Discontinuity Strength Parameters

Compared to other discontinuity parameters, limited research has been accomplished previously
regarding statistical evaluation of joint strength parameters. However, although limited work has
been accomplished, two different distributions are suggested for shear strength parameters. Mostyn
and Li(1993) considered ¢ and ¢ as normally distributed. However, in the paper by Muralha and
Trunk (1993), a lognormal distribution is adopted for ¢ and ¢. They insisted that the lognormal
distribution had an advantage of assuming that the shear strength will not yield negative values.
Therefore, in this current study, both normal and lognormal distributions are considered as possible
distribution models to represent random properties of strength parameters and both distributions are
tested for validity. According to author’s test(Park, 1999), both distributions appear to be wvalid
models for internal friction angle, but the normal distribution model is superior to the lognormal
model according to the test. Therefore, in the probabilistic analysis of the stochastic procedure for
shear strength, the normal distribution is used as a probability density function to simulate the
random characteristics of shear strength.

6. Probabilistic Analysis for Rock Slope Stability

6.1 Monte Carlo Simulation

The Monte Carlo simulation is frequently used to evaluate the failure probability of a mechanical
system, in particular, when direct integration is not practical or when the equation to integrate is
difficult to obtain. In this research, the Monte Carlo method is employed because the deterministic
model for rock slope failure is not easy to solve by analytical means. This simulation is the most
widely used among the probabilistic analysis methods and many others applied it to evaluate slope
stability (Kulatilake et al., 1985; Muralha and Trunk. 1993). The Monte Carlo simulation approach is
to assume that for a given stability analysis, each variable takes a single value selected randomly
from its measured distribution, independent of the other variables. The group of randomly selected
parameters is combined with the fixed input data to generate a single random value for factor of
safety. This process is repeated many times to generate a large number of different factor of
safety, which can be plotted in histogram form. The simulation procedure used in this study is
expressed in a flowchart in Figure 1.

6.2 Probabilistic Assessment

The Monte Carlo simulation performed in the previous procedure yields a list of factor of safety
for every possible, kinematically unstable rock block. Absolute values of the factor of safety of less
than one indicate blocks that will fail. The probability of failure is expressed as

Np

Ps= Ny (3
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where Nr is the number of iteration that the blocks are failed, that is, factor of safety is less than
1, and Nr is the total number of iterations that the blocks analyzed. However, Nt can be
interpreted in two different way, N7 is either the total number of iteration performed or only those
iterations that form kinematically unstable blocks. Defending on this definition, the probability of
failure will be different. However, in this paper, for clear definition and results of probability of
failure, the probability of failure is defined as the multiplication of the probability of kinematic
instability and the probability of kinetic instability. That is,

N, N

N

(4)

where Nm is the number of iterations that a block is kinematically unstable, N7 is the total number
of iterations and Ny is the number of iterations that a block has factor of safety less than one.
This multiplication is based on the concept of composite models. Therefore based on this
probabilistic theory, the probability of failure is defined as the ratio of the number of iterations that
factor of safety is less than one, which is based on premise that the wedge is kinematically
unstable, and the number of total iterations. This method provides a clear definition based on
probability  theory and simplified  the

evaluation of factor of safety and without @
confusion.

. . Enter input data
7. Results of Probabilistic Analysis Slope and Joint Geometry

Strength Parameters

The input parameters used in this analysis

are listed in Table 1. Three major joint sets #
were measured in the field and joint set 1 Randomly pick a pair of
and 2 were identified as joint. Joint set 3 dlSCOI’ltil’luHZleS

was identified as a bedding plane and in most - : -
Kinematic Analysis

cases, the length of bedding planes is

assumed to be infinite. In this study, in

order to show the length of bedding planes is @ Yes
much greater than other joint sets, a value of

60 m is assigned. The height of slope is No

approximately 60 m and orientation of the Calculate Factor of Safety

slope are 140 ° /45° . Based on input values

and the simulation procedure, probabilistic

# of Pairs
= Total

analyses were performed and the results of

analysis for wedge failure are listed in Table Increase #
2. According to the deterministic analysis Yes
results in Table 2, two discontinuity Evaluate Probability of Failure

combinations(J1&J2 and J1&]J3) are analyzed
as stable and one(J2&J3) is as unstable. In
case of combination J2&]J3, both the

deterministic and the probabilistic analysis are
interpreted as unstable. However, other two Fig.1 The flow chart for probabilistic analysis

combinations(J1&J2 and J1&]J3) are analyzed
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Table 1 Input values for discontinuity properties

Mean
Set L.D. Orilzftzrtlion Fisher Const. FXS:EH Ficgzr? Aorflgle Mean(nl;fngth Spfrﬁi)ng
(degree)
J1 163/63 29 30 3 0.75 0.39
12 196/56 119 30 3 0.48 39
13 227/37 36 30 3 60 09

The probabilities
This means that, in case for

as stable in the deterministic analysis but as unstable in the probabilistic analysis.
of kinematic instability for J1&J2 and J1&]J3 are 19.0 % and 63.8 %.
J1&J3 combination, the intersection line of the combination evaluated by a fixed representative
64 % of
The probabilities of Kkinetic
instability are 2.5 % and 754 % respectively. Consequently, the total probabilities of wedge failure
for J1&J2 and J1&J3, evaluated by multiplication of two probabilities, are 0.47% and 481 9%,
respectively. Therefore, there is a big difference between the deterministic and probabilistic analysis
in J1&J3 especially. Based on 10% of the acceptable failure probability for rock slope suggested by
Hoek(1991), J1&J2 could be determined as stable and this result is coincident with the deterministic
analysis. However, J1&J3 combination is interpreted as quite unstable on the basis of probabilistic
analysis, but is analyzed as stable on the basis of deterministic analysis.

orientation is located in stable area but if we consider the scattering of orientations,
intersection lines generated randomly are unstable kinematically.

Consequently, the
deterministic analysis based on a fixed representative value of discontinuity parameters fails to
indicate the possibility of failure. This is because the deterministic analysis cannot consider the
scatter of discontinuity parameters. That is, even though the representative value of discontinuity
parameters does not indicate unstable condition, many other scattered data could

instability.

show the

Table 2 Results of wedge failure for deterministic analysis and probabilistic analysis

Factor of | Probability of Failure ToFal
Set No. 1 | Set No. 2 Probability of
Safety Kinematic | Kinetic Failure
n J2 Stable 0.190 0.025 0.0047
N1 I3 Stable 0.638 0.754 0.481
J2 J3 0.33 0.332 0.698 0.232

8. Conclusions

The result of comparison between deterministic analysis and probabilistic analysis in the study
area indicates that the analysis result of probabilistic analysis could be quite different from that of
the deterministic analysis. The deterministic analysis based on a fixed value of discontinuity
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parameters fails to indicate the possibility of slope failure. Consequently, the deterministic analysis

is unable to represent the actual condition of rock slope because this analysis does not consider

random properties of parameters and therefore, this misinterpretation can cause serious problems.

By contrast, the probabilistic analysis is more representative of the actual behavior of parameters

and provides analysis results. Therefore, it is recommended that the probabilistic analysis should be

used especially in cases when significant scatter in the parameters is observed.
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