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Abstract

The main objective of the paper is to apply probabilistic approach in rock slope stability analysis for
Nepalese conditions. The probabilistic approach is applied to stability analysis for a road cut slope at tailrace
of the Khimti hydropower project in Nepal. The techniques of probabilistic analysis, and in particular the Latin
Hypercube technique, provide a methodology for evaluating slope stability that gives more useful information
than the value of the factor of safety (FS). The calculations are relatively simple and the method provides an
estimate of the probability of failure. To decide the acceptable risk of failure for a particular slope is one of the
critical tasks for evaluation of a rock slope. However, there can be no doubt that the probabilistic approach
offers a more accurate grasp of the actual condition than any factor of safety.
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Introduction

The rock slope stability analysis affected by the random parameters (e.g. active friction angle, water
pressure, and seismic acceleration), which can not be properly represented by a single value as input parameters
in slope stability analysis. The uncertainty in the values of rock mass properties is a major factor in slope
stability analysis. The uncertainty in rock mass properties mainly consists of two portions: scattered and
systematic error. The first comprises real spatial variability and measurement error. The second comprises
statistical error. Since the groundwater level fluctuates according to weather, precipitation, and season, it is
not easily measured or predicted. It is an advantage of probabilistic approach to consider groundwater pressure
as a random input parameter in slope stability analysis. The small earthquakes are very common while the
large ones are very rare in the Himalayas. It explains that there is a great variation in earthquake magnitude
for the Himalayas. The probabilistic approach considers variable parameters to posses random values within a
probability distribution. Computer programs are available to carry out the calculation work, which normally
involves a considerable number of iterations. The rationale of this method is using probability theory to provide
a systematic procedure for treating the uncertainties quantitatively. In a probabilistic approach, one of the
most difficult aspects, which will also be the main subject of this paper, is the determination of an appropriate
probability distribution of the variable input parameters to be used in the model.

Probabilistic Approach

Site conditions
To illustrate the use of the probabilistic approach in rock slope stability analysis, a road cut slope at

the Tailrace of the Khimti hydropower project of Nepal is considered as a case, representative of a common
stability problem in Himalayan conditions. Due to the fragile geology caused by the tectonic movement along
the hill slope, dramatical variation of topography and intensive rainfall during every monsoon season, serious
landslides have occurred frequently in Nepal. Slope failures have also been triggered by seismic activities.
These landslides have mostly affected infrastructure developments, lives and properties of the people.

Khimti hydropower project is located in Janakpur zone, central development region of Nepal. The
project has feature of an installed capacity of 60 MW, a gross head of 684 m in the Khimti Khola river between
the Intake, at elevation 1270 m, and the tailwater in the Tamakoshi river at elevation 586 m. The total length
of waterways including Headrace and Tailrace tunnel is 10 km. The project was completed in 2000.
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Fig. 1. A view of the potential unstable slope

Potential stability problem
A view of the potential unstable slope is shown in Figure 1. Based on detailed field mapping, it is

concluded that three discontinuity sets are predominant in the Tailrace area. The plotting of stereographic
projection (lower hemisphere) of these discontinuities shows that the Tailrace road cut slope has a probability
of plane failure. A schematic sketch of the potential stability problem of the Tailrace road cut slope is given
in Figure 2. The calculated input parameters are given in Table 1. Values of variable input parameters for the
probabilistic approach in this Table are mean values of the truncation.

In Figure 2, and Table 1;

H = Slope height =25 m

Ψf = Slope angle = 54 deg.

Ψp = Slope of failure plane = 32 deg.

W = Weight of potentially sliding rock, (W =7100 kN/m)

U = Water pressure resultant, (Umax = 2948 kN/m)

α = Seismic acceleration in fraction of g, (αmax = 0.3g, The site is located in a high seismic zone. The
value is taken based on a seismic study report issued by Beca Cartar Hollings and Ferner)

Fα = m. ( = Seismic force, (Fαmax = m *0.3g = 0.3 W)

FS = Safety Factor

Sensitivity study variability of input parameters
The objective of sensitivity study is to determine the basic statistical parameters (i.e. mean and

variance) and the probability density function (PDF) in order to represent and predict the random property
of the variable parameters. The PDF is used to model the relative likelihood of a random variable. The mean
value of the PDF represents the best estimate of the random variable, and the standard deviation of the PDF
represents an assessment of the uncertainty. The Latin Hypercube technique — a stratified sampling technique
where the random variable distributions are divided into equal probability intervals, is used for this study. The
programs BestFit and @Risk, developed by the Palisade Corporation (1996, 1997) are used for this study.
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Fig. 2. Schematic sketch of the potential stability problem of the tailrace road cut slope.

Fig. 3. Assumed probability distribution of water pressure (U)

Groundwater pressure
The probability distribution function (PDF) model of water pressure is assumed to be exponential

with a truncation represented by the Umax value and mean value defined as Umax/3 as suggested by Hoek
(1998). It is believed that this model will also be relevant for Himalayan conditions. The probabilistic model
of water pressure, which is considered to be a truncated exponential function, represented by the Umax = 2948
kN/m and the mean value, which is equal to Umax / 3 = 982 kN/m is presented in Figure 3. The truncated
exponential function indicates that the maximum value of water pressure occurs very rarely during the lifetime
of 50 years of the slope, while the minimum value of water pressure (U = 0) occurs in most common situations.

Active friction angle
The active friction angle is modeled as a truncated normal distribution as suggested by Hoek (1998).

The normal distribution is truncated by a minimum and maximum realistic value of the active friction angle.
The probability density function for a normal distribution is defined as (Hoek, 1998):

fx(x) = exp[−0.5((x− µ)/σ)2]/σ(2π)0.5

For −∞ ≤ x ≤ ∞,
Were, σ = True standard deviation,
µ = True mean
For the selected case, the mean is 62 degrees as calculated in Table 1, which is the approximate center of the
shear strength range illustrated in Figure 4. The standard deviation of 5 degrees implies that about 67% of
the active friction angle values defined by the distribution will lie between 57 and 67 degrees. The normal
distribution is truncated by a minimum value of 45 degrees and maximum value of 79 degrees, which are
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Table 1. Input parameters and calculation results

believed to be the realistic outer limits for this project.

Seismic acceleration
The probability distribution function (PDF) model of earthquake loading for selected case is assumed

as a truncated exponential function (ref. Figure 5), with a truncation represented by the αmax value and mean
value defined as αmax/3 as suggested by Hoek (1998).

It is believed that this model can also be relevant for Himalayan conditions, because large earthquakes
are very rare but small ones are very common in Himalayas. For this case, the maximum seismic acceleration
is assumed to be αmax = 0.3g, and the mean value = αmax/3 = 0.1g.

Calculation and interpretation of results
Since two of the input parameters, active friction angle and normal stress are distinctly interrelated; a

two-step calculation was required for the probabilistic analysis. Step 1 of this procedure was to calculate and
define the mode of the normal stress distribution. Step 2 was an @Risk calculation of the safety factor (FS),
where the active friction angle and the normal stress were treated as independent variables. The cumulative
distribution of the safety factor is presented in Figure 6. The cumulative distribution of the safety factor
indicates that the probability of failure (FS< 1) of the Tailrace road cut slope is 1%. The interpretation of
calculation results, i.e. to determine what probability of failure can be accepted for a particular slope is often
difficult. The concept of acceptable risk of failure is closely associated with factors such as triggering agent,
type of landslide, location of slope etc. To determine the acceptable risk of failure for a particular slope all
those factors, which are associated with it, are required to be studied. Such evaluation is often a difficult task
in slope stability analysis. As mentioned above, to determine what probability of failure can be accepted, is
often difficult. However, probability of failure = 1 % is a low risk. The principle of calculation of rock slope
stability based on variable input parameters as described here is discussed in a separate paper (Pathak and
Nilsen, 2004).

Concluding Remarks

The analysis was carried out with an objective to quantify and model the variability and uncertainty in
random input parameters, which are commonly involved in Rock Slope The techniques of probabilistic analysis,
and in particular the Latin Hypercube technique, provide a methodology for evaluating the stability of existing
slopes that gives more useful information than the value of the factor of safety (FS). The calculations are not
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Fig. 4. Assumed probability distribution of active friction angle (ϕa)

Fig. 5. Assumed probability distribution of seismic acceleration (α)

Fig. 6. Cumulative distribution of the safety factor (FS)

difficult and the method provides an estimate of the probability of failure. To decide the acceptable risk of
failure for a particular slope is one of the critical tasks for evaluation of a rock slope. However, there can be
no doubt that the probability approach offers a more accurate grasp of the actual condition than any factor of
safety.
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