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ABSTRACT

Uncertainty and randomness of data is a major issue associated in
geotechnical engineering. It is therefore desirable. to use methods and
concepts in engineering planning and design that can facilitate the
evaluation and analysis of uncertainty. Formal probabilistic approach
provides a useful framework to incorporate these uncertainties in
slope instability problems. Under the research described in this thesis,
number of probabilistic models have been developed to evaluate the
stabilify of slopes and their use in the evaluation of stability of slopes
and the evaluation of effectiveness of various stabilization techniques

have been discussed.

Two probabilistic analytical models that can be used to evaluate the
stability of slopes that can fail either along circular failure surfaces or
non-circular failure surfaces have been developed. These models

formally recognizc the uncertainties associated with various

‘geotechnical parameters and provide means to quantify their effects

on the stability. The result is given in the form of probability of
unsatisfactory performance of the slope. Each model developed was
facilitated to perform computations in five different ways ranging from
theoretically sound methods to some approximate methods, and the
results obtained were compared with each other. In addition, the
results were compared with the results obtained by a commercial
software, wherever applicable. In additioﬁ, two other probabilistic
analytical models were developed to analyze the slopes stabilized by

soil nailing.

It is seen that the behavior of the probabilistic models developed under
this research perform satisfactorily, and it can be recommended to use
these models in routine problems of slope instability to provide more

realistic results incorporating the uncertainties associated with



various geotechnical parameters. Analyses of a number of examples
and case histories discuss the uses of the probability of failure in
decision making to evaluate the stability of slopeé as well as the
effectiveness of various stabilization techniques. It also emphasizes the
importance of the appropriate failure mechanism and the appropriate
deterministic model in the probabilistic analysis. Analysis of case
histories provides an important discussion showing the inadequacy of
the conventional factor of safety alone in evaluating the stability of

slopes.
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Chapter 1

INTRODUCTION

1.1 Introduction

Uncertainty and randomness of data is a major issue associated in
geotechnical engineering. In many ¢ ' lata are incomplete, yet
decisions have to be made. It is therefore desirable to use methods
and concepts in engineering planning and design that can facilitate
the evaluation and analysis of uncertainty. Statistics and probability
provides an important tool to handle these situations, and currently,
the role of statistics had been extended to cover many aspects of
engineering, which were earlier based entirely on deterministic

concepts and judgment.

Probability theory can be used for a systematic and logical analysis of
problems considering significant uncertainties. The probabilistic
analysis may, however, be made on the basis of a conventional
(deterministic) model in which attention is given to randomness or
uncertainties of the significant parameters. Probability theory provides
a solid framework for assessment of risk and for decision-making

under uncertainty.



In spite of it’'s potential value, probabilistic approach has not been
much used in routine geotechnical practice as it is commonly
perceived that it would require more data, time and effort than that

are available in most circumstances.
1.2 Deterministic vs. Probabilistic Approaches
1.2.1 Deterministic Approach

Traditionally, all the engineering problems were solved based on
deterministic concepts, where, there is a unique solution to a
particular set of parameters. No particular attention is given to the

uncertainties associated with the input parameters.

The parameter used in conventional geotechnical engineering is the

“Factor of Safety”, and there are many ways in which this can be
b

1

defined when applic t ects of geotechnical
engineering. According to the common accepted definition in the
evaluation of the stability of slopes, the factor of safety is the ratio of

the shear strength to the shear stress mobilized for equilibrium.

When there is an uncertainty involved in the parameters, most widely
used approach is to perform a “sensitivity analysis” or a “parametric
study”, in which different sets of parameters are used as inputs to find
the influence on factor of safety. However, this cannot be considered

as an explicit way of considering uncertainty formally.

Chowdhury (1992) commented that “factor of safety” can be referred to
as “factor of ignorance”, because it is a number arrived at without
giving due consideration to the various uncertainties associated with

it.




1.2.2 Probabilistic Approach

This is based on the concept that many or varied outcomes of a
situation are possible, and the uncertainty is recognized formally. The
aim of the probabilistic approach is to determine the probability of an
outcome, which is the failure of the slope in our discussion. The term
failure here does not only mean the catastrophic failure, but the
“unsatisfactory performance”, which can either be the catastrophic
failure or some occurrence of significant movements. Therefore the
probability of failure quantifies the probability where an unsatisfactory
performance of the geotechnical structure may occur. This probability
can be any percentage between 0% and 100%. The converse of the
probability of failure is the probability of success, and it is also defined

in probabilistic terms as the “Reliability” of the structure. Hence:
Reliability = 1 — Probability of Failure ................ (1.1)

Generally, the probability of failure ¢ 7 is estimated based on
a suitable deterministic model. There are two ways of defining the
probability of failure. One approach is to define it based on the “Factor
of Safety”, and the accepted definition is probability that the factor of

safety being less than one. 1.e.:

Other approach of defining the probability of failure is based on the
safety margin, which is the difference between the resisting forces and
disturbing forces. Then, the probability of failure is the probability of

safety margin being less than zero. i.e.:

Pr=P(SM<0) eovvrreereeannn, (1.3)



1.3 Current State of the Art of Probabilistic Evaluation of Slope
Stability

1.3.1 Introduction

Over the past two decades’, probabilistic approach has created a
remarkable interest amongst researchers worldwide. The interest has
further increased within the last 10 years and number of publications
can be found describing the use of probabilistic approach in

geotechnical engineering.

As far back in 1983, Lee et. al. have discussed the effects of soil
variability in geotechnical engineering. They discussed the reasons for
the uncertainties associated and propose methods to quantify

uncertainty.

Then Kulhawy (1992) presented a strategy for evaluation of soil
properties considering 1 associated with them.
According to him, his approach is built on the practices existed at that
time and it purports to achieve a more rational, reliability based

procedure in future.

In 1994, Christian et.al. came up with methods of deriving
probabilistic descriptions of soil parameters from field and laboratory
test data and applying them in stability analysis. They incorporate the
First Order Second Moment method in the design of a dam and
illustrated the relative contributions of uncertainties of different
parameters to the reliability of an embankment, through an example.
Thereafter a relative simple example hés presented regarding
probabilistic assessment for a landslide by Chowdhury and Flentje

(1998).



In addition, number of authors including Chowdhury and Flentje
(1998), Flentje and Chowdhury (1999), AGS (2000) and Ho et.al.
(2000) have discussed the possibilities and the importance of using
the probabilistic analysis in landslide risk assessment. Yet the
application of probabilistic approach in practice is very slow, hence,
Duncan (2000) has published a paper reiterating the merits of
reliability approach in geotechnical engineering. In his paper he has
proposed some simple models to evaluate the probability of failure and
also some proposals for the use of reliability methods without using a

large amount of data.

In the following sections, the basic concepts applicable to the

development of probabilistic analytical models are presehted.
1.3.2 Uncertainties of Geotechnical Parameters
1.3.2.1 Types of Uncertainties

According to Chowdhury and Flentje (2001), in most cases of slope
stability analysis, uncertainty is associated with (a) geotechnical
parameters, and (b) geotechnical models. The range and importance of
different uncertainties depend on the size and importance of the
project as well as on the scope and quality of geotechnical

investigation and testing.

One major source of uncertainty concerns the spatial variability of
geotechnical parameters. Even a comprehensive geotechnical
investigation cannot reveal these uncertainties unless it is done at a
prohibitive cost. Another source of uncertainty is the temporal
variability of important parameters such as pore water pressure within
a slope at different locations or depths and especially along a potential
slip surface. In addition, systematic uncertainties, which are a

consequence of limited number of ground investigation boreholes, a



limited number of shear strength and other geotechnical tests and the

fact that no measurement is perfect are added.

Modeling uncertainties may relate to minor geological details and to

the assumptions inherent in concepts such as limit equilibrium.
1.3.2.2 Methods of Quantification of Uncertainty

An essential component in the probabilistic approach is the
quantifications of uncertainty, by means of either the standard
deviation or the coefficient of variation. Duncan(2000) proposes four

methods that can be used in this respect, viz.:

Computation from data
Use of published values
“Three-Sigma Rule”, and,
Graphical Three-Sigma Rule

b=

If sufficient data are available, the definition of standard deviation can

be used directly to calculate its value as:

—=3\2
o= -Z—[(—jv—ff—)—] ................ (1.4)
An approach that can be used to estimate the values of standard
deviations when sufficient data are not available is to use estimates
based on published values, which are most conveniently expressed in
terms of coefficient of variation. Duncan (2000) paper itself presents
coefficient of variation values for number of geotechnical engineering
parameters. In addition, it lists a number of publications from where
one can get those parameters including Harr (1984), Kulhawy (1992)
and Lacasse and Nadim (1997). In addition author find another set of

coefficient of variation values in Lee et. al. (1983). However Christian

and Baecher (2001) warn against the use of published values by
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suggesting that many of the published values of variances in

geotechnical properties are too large.

In the “Three-Sigma Rule” proposed by Duncan (2000), he uses the
fact that 99.73% of all values of a normally distributed parameter fall
within three standard deviations from the average. Hence, the value is

given as:

0=—Fﬂ:ﬂ ............... (.5)

But after the discussion given by Christian and Baecher (2001),
Duncan (2001) proposed that “Two-Sigma Rule” would be an
improvement on the “Three-Sigma Rule” and the corresponding

equation is given as:

The same concept has extended to a graphical representation, to be
applicable to many situations in geotechnical engineering, especially
where the parameter of interest varies with depth. Some examples are

presented in Duncan (2000).

1.3.3 Application of Probabilistic Concepts to Slope Stability

Analysis
1.3.3.1 Suitable Probability Distributions
The probabilistic approach involves considering the Factor of Safety, F

as a random variable. Therefore, one has to assume a suitable

distribution for F. The candidates for a suitable distribution are:



1. Normal Distribution, and,
2. Lognormal Distribution

The normal distribution is the most widely used probability
distribution in engineering, and it has a probability density function

as shown in figure 1.1.

Lee et. al. (1983) proposed that when the number of additive variables
in the uncertainty becomes large, the distribution of their sum
approach the normal distribution, and for the same reason they
proposed that the normal distribution is suitable for the factor of
safety. When the normal distribution is assumed for factor of safety,

the reliability index is given as:

Using this reliability index, the reliability or the probability of failure
can be directly estimated using published standard normal
distribution tables. The graphical representation of reliability and

probability of failure is given in figure 1.2.
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Figure 1.2: Graphical Representation of Reliability and Probability

of Failure

Lognormal distribution results when the natural logarithm of a
parameter is normally distributed. The graphical representation of the
probability density function for lognormal distribution is given in

figure 1.3.
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Figure 1.3: Lognormal distribution

When the factor of safety is assumed to have a lognormal distribution,

the definition of reliability index is given by (Duncan, 2000):

)
Inl| ———=
1+ cov(F)?

2 fin{l + cov(F))

p



This reliability index can also be used in standard normal distribution

tables to estimate the reliability or the probability of failure.

Some researchers prefer lognormal distribution to be the most suitable
for Factor of Safety due to various reasons. Lee et. al. (1983) reported
that this distribution results from variables in the uncertainty being
multiplicative instead of additive. Chowdhury (1992) reported that
lognormal distribution is the preferred distribution for a random
variable, which must have a positive value. Therefore he recommends
the use of lognormal distribution for FOS, which, by definition, should
have a positive value. Duncan (2000) reported that there is no proof to
say that the FOS is lognormally distributed, but he believes it as a
reasonable approximation. But in a discussion to Duncan (2000)
paper, Christian and Baecher (2001) gave reasons for the preference of
lognormal distribution as:

1. it avoids negativg values, and

2. the equation h: 1tip] d divisions.

However, they have counter argued saying that the equation also has
number of additions and subtractions. Hence, in the absence of any
other information they indicated their preference for the normal
distribution assumption. After their views, Duncan (2001) has
concluded the discussion by suggesting that it may be useful to
compute probability of failure using both normal and lognormal

distributions.

1.3.3.2 Different Approaches of Probabilistic Analysis

Two approaches available for probabilistic analysis can be listed as:

1. First Order Second Moment method (FOSM), and

2. Monte-Carlo simulation method
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In addition Christian and Baecher (2001) has indicated their
preference on some other methods, viz., Hasofer and Lind (1974)
approach and Point estimate method (Rosenblueth, 1975), but they

are not discussed in this thesis.

First Order Second Moment method

The basic properties associated with a function of several random
variables are considered in quantification of factor of safety, since FOS

itself is a function of several random variables.

If F=1f{(x1, X2, ..., Xn), where xi, X2, ..., Xn are uncorrelated and
statistically independent random variables, then mean value of F and

the variance V¢ are calculated as;

F=f(X;,%,, 0% )erennnnn. 1.9)

OX.

1

1

V, = L—GLJ Vy oennn(1.10)
=1

[Chowdhury (1992}, Christian et.al. (1994), Smith (1986)].

Since this is the first order approximation of Taylor series expansion
and since it involve second moment (i.e. variance) of FOS, this method

is called the "First Order Second Moment (FOSM)" method.

As that can be seen, FOSM method involves computation of partial
derivatives of F, and hence many people would feel that it is a tedious
process. Hence, Duncan (2000) suggests an approximate solution that
can be used to evaluate those partial derivatives. Here, Duncan

assumes;

Il



oF Flx;+o,)-Flx;-0,) AF,
ox, 2.0 2-0

i X; X

where xi represent different parameters that carry uncertainty.

After substituting in equation (1.10) Duncan's equation for variance is

given as;

2 2 2
VF=(AFIJ N R +(AF") ...... 1.12)
2 2 2

Monte-Carlo Simulation Approach

This is another well-known approach used in probabilistic analysis. In
this approach, a particular problem is analyzed using a selected
deterministic model, for a large number of times by changing the
geotechnical parameters over a wide range, which is determined by the
standard deviations of the parameters. The resulting factor of safety
values are used to establish the probability distribution of factor of

Safety. prObablllty Of 1dliure 1S Uil Caicuidica uSing the pd.f Of F.

SLOPE/W computer program (Geo Slope Office, 1998) is capable of
performing Monte Carlo analysis and a brief descriptioh of the way it

perform Monte Carlo analysis is given in annex 2.
1.3.4 Role of Probabilistic Analysis in Landslide Risk Assessment

With the large amount of uncertainties associated it is very difficult to
accurately predict the performance of slopes. The method adopted in
conventional geotechnical engineering to tackle these uncertainties is
to adopt a higher factor of safety. However, because of the cost
involved, it is difficult to justify a higher design safety factor even for a
case where consequences of failure are quite disastrous. In addition,
over designing mitigates against achieving an elegant solution. Hence,

there needs to be a balance between the degree of over-convertism and
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the uncertainties it is to cover. A good example in this regard has been
given by Ho et.al. (2000). According to them, over-convertism in the
assessment of natural hillsides could prohibit new developments
result in loss of land value or raise serious question about whether
actions should be taken to reduce the risk posed to existing
developments. On the other hand, lack of recognition of significant
hazards posed by natural hillsides could result in dire consequences.
Hence, alternative or supplementary approaches to conventional
assessment techniques may be called for, at least in certain situations

and the integrated risk management approach is one possibility.

Risk management comprises of 3 parts:
1. Estimation of the level of risk (Risk Assessment)
2. Deciding whether or not it is tolerable
3. Exercising appropriate control measures to reduce the risk
where the risk level cannot be tolerated.

Risk assessment maj ely, semi-quantitatively
or quantitatively. Qualitative risk assessment has to be carried out by
experienced professionals on the basis of available information and
site inspections, and risk may be categorized as “very high”, “high”,
“medium”, “low” and “very low”. In semi-quantitative risk assessment,
each of the number of factors affecting slope stability is considered
explicitly and a range of scores and settings for each factor may be
used to assess the extent to which that factor is favorable or
unfavorable to (a) the occurrence of instability and (b) the occurrence
of loss or damage consequent to failure. Quantitative risk assessment

requires identification and quantitative evaluation of the factors

contributing to risk.

Quantitative risk assessment has been discussed in length recently by

AGS (2000) and Ho et.al. (2000). In terms of conditional probability,

13



the risk to a given individual may be defined as follows (Morgan et. al.,
1992):
R (IN) = P(H)*P(S/H)*P(T/S)*V(L/T) .............. (1.13)

where,
R(IN) = Risk to an individual (i.e. annual probability of loss of
life)

P(H) = Annual probability of the hazard occurring (e.g. landslide)

P(S/H) = Probability of the spatial impact (e.g. landslide
impacting a building)

P(T/S) = Probability of temporal impact (e.g. presence of people
at time of landslide impact)

V(L/T) = Vulnerability of individual given landslide impact (e.g.
probability of loss of life)

Similarly, probability of damage or loss to a property can be defined

(Chowdhury and Flentje, 2001).

From the above it is obvious that the assessment of hazard is a very
important part of landslide risk assessment. It represents the
frequency of landslide occurrence, which includes the probability of
failure. In the paper sited earlier (AGS, 2000) a number of approaches
are mentioned as possible alternatives, including application of formal
probabilistic models, to estimate probability of landsliding. But
Chowdhury (2001) in his paper discusses problems associated with
many of those alternatives and highlights the importance of the use of
formal probabilistic approaches in landslide hazard assessment. In
this case, formal probability value can be taken as an indication of
susceptibility to failure (conditional upon the‘ assumed values of key
parameters) and it can be multiplied by the conditional probabilities of
the key parameters, which reflect the frequency of triggering event or
agent. A relatively simple example of this approach for a landslide has

been given by Chowdhury and Flentje (1999).
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1.3.5 Role of Probabilistic Analysis as a tool in Decision Making

Chowdhury and Flentje (2001) have also highlighted the need to use
the reliability index and the probability of failure (without considering
the temporal frequency discussed in section 1.3.4) in the safety
assessment of slopes in preference to the conventional factor of safety.
In their paper they compared the variation of factor of safety, reliability
index and the probability of failure in the presence of the same
coefficient of variation of factor of safety for three different slopes (table

1.1).

F, mean cov (F) Reliability Probability of
Index, 3 Failure, P
1.1 0.1 0.91 18.14 * 10-2
1.2 0.1 1.67 4.74 * 102
1.4 L | 2.8€ 2.12 * 105
Table 1.1: Reliability ] \dex and Prob: of Failure values for

Slope (Constant COV) (Chowdhury and Flentje, 2001)

According to table 1.1, reliability index changes by a factor 3, and the
probability of failure changes by five orders of magnitude. But it is
certain that this huge change is not revealed from factor of safety
varying from 1.1 to 1.4. These probability of failure values correspond
to a normal distribution of factor of safety. From this example
Chowdhury and Flentje (2001) highlighted the fact that the implication
of factor of safety values are not clear until one steps out from the

deterministic framework to incorporate variability.
To explain this further, another example is presented. There, the

coefficient of variation that should be present to give same proportion

of change to both reliability index and the factor of safety have been
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computed. The required coefficients of variation are 8.26%, 13.88%

and 20.41% respectively. The results are given in tabular form below:

p

F, mean

cov {F)

1.1

1.1

8.26%

1.2

1.2

13.66%

1.4

1.4

20.41%

Table 1.2: Coefficient of Variation of F (to have constant

proportion between f§ and F) (Chowdhury and Flentje, 2001)

From these data, it is clear how the use of probabilistic approach

improves the assessment of slope performance.

In addition, Chowdhury and Flentje (2001) have suggested values for

probability of failure of natural slopes and they are reproduced below:
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Slope type and Potential failure Potential Minimum Maximum failure
location mode consequences reliability index  probability
Wooded/forested Shallow sliding, No elements at | 0.15
slopes, moderate to  limited movement  risk, no potential (15%)
steep inclination, or just slope for debris flow (15x |0'2)
colluvium or deformation formation
residual soil cover without overall
failure
Slopes of low to Slow-moving No potential for 1.5 0.05
moderate inclination  slides. shallow to  catastrophic failure (3%)
in which high pore deep-seated, without warning (5x 10'2)
water pressures can  relatively tlat slip  signs. Progressive
develop, torested or surfaces action during
cleared sloping areas successive
rainstorms may
induce complete
fatlure over time;
no elements at risk
Relatively steep Shallow sliding Significant 2 0.01
slopes with high with rapid potential for debris (1%)
reliet in forested or movement and flow formation (1 x 10™)
cleared arc¢as, slopes  potential for larze  during intense
near natural gullies.  travel distances S1orms.
colluvium or considerable travel
residual soil cover distance; elements
at low to moderate
risk of damage
Slopes in which Sliding withrapid  Elements at 2.5 0.005
high pore pressure movement, moderate to high (0.5%)
can develop: near shal (5x |0‘3)
urbanised areas stip sugfages witl destruction fron
relativelv stecp landslic
incli
Slopes in which Sliding with rupid ~ Elements at highto 3 0.001
high pore pressures  movement very high risk of (0.1%)
can develop: very Shaltow o deep destruction from (x |0‘3‘)

close to properties in
urbanised areas

shp surtfaces with
relatively steep
inclination

landsliding

Table 1.3: Acceptable Values of Probability of Failure for Natural
Slopes (Chowdhury and Flentje, 2001).

1.4 Scope of the Project

The research was aimed at the development of analytical models to
perform probabilistic slope stability analysis. It had to consider two
different methods to cover circular failure surfaces and non-circular
failure surfaces that would be applicable to many Sri Lankan slopes

consist of residual soils. Hence the developed models are based on:
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1. Bishop’s simplified method, and,
2. Janbu’s simplified method

Analytical models use the “First Order Second Moment” method to
perform probabilistic analysis and five different approaches were
considered to compute the partial derivatives associated with each of
the above models. These models range from some exact theoretical
methods to some approximate methods. The purpose of considering
five different methods was to compare the performance of each of them

and to find the best method.

In addition, probabilistic models were developed to analyse slopes
stabilized by soil nailing. Again two models were develbped to cover

Bishop’s simplified method and Janbu’s simplified method.

Thereafter probabilistic slope stability analyses were performed on
some hypothetical problems as well as some actual slope problems
with the aim to valids he "'moc 1l as to discuss the
effectiveness of various stabilization techniques in probabilistic terms

to illustrate the possibility of using it in the decision making.

1.5 Outline of the Thesis

This thesis provides analytical models to perform probabilistic slope
stability analysis for both circular and non-circular failure surfaces
and for both normal slopes as well as for slopes stabilized by soil

nailing. The thesis is divided in to four parts as follows:
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Part Chapter

¢ Probabilistic analytical models for 3and 4
normal slopes '

e Probabilistic analytical models for 5}
slopes stabilized by soil nailing

e Application of probabilistic analysis to 6
natural slopes

e Application of probabilistic analysis to 7

cut slopes

Chapter 1 provides the general introduction, the literature review and
the basic concepts associated with the probabilistic analysis in
geotechnical engineering. It addresses the techniques available to
incorporate the uncertainty formally, and also the methods available
to quantify the variability of the parameters. Then, the attention is
paid to the need for probabilistic approach in risk assessment and

decision-making.

Chapter 2 discusses the background behind the selection of
appropriate deterministic models and the uncertainties for the

development of probabilistic models.

Chapter 3 and 4 present the probabilistic models based on Bishop’s
simplified method and Janbu’s simplified method respectively. These
chapters present the developed equations and the configurations of
the spreadsheets associated with each method of computations. They
also discuss results obtained after applying the probabilistic analyses

to two hypothetical problems each.

Chapter 5 presents the models to analyze slopes stabilized by soil
nailing. In addition it discusses the effectiveness of two stabilization
techniques viz., drainage and soil nailing with respect to some

hypothetical problems.
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Chapter 6 applies the probabilistic analysis to natural slopes, viz.
stabilized Watawala landslide and the Marangahawela slope, which
has shown the signs of instability very recently. For the

Marangahawela slope stabilization work is still under progress.

Chapter 7 discusses the possible use of probabilistic slope stability
analysis with respect to some man-made slopes in Rathnapura

Municipal Council area.

Chapter 8 gives the summary and the conclusions based on the
findings of the thesis. It also presents some future improvements

possible in the study area.

In addition to the main text, some additional information is given in
the form of 8 annexes. Annex 1 gives a brief description of the Monte
Carlo analysis performed by SLOPE/W computer program. Annex 2
comprises of additional ini i ponding to the examples
quoted throughout the thesis. Annex 3 provides the chart for fp that is
used in Janbu’s simplified method. Annexes 4 to 7 contain sample
worksheets of all the developed models. Annex 8 contains additional

details about the Watawala landslide and its rehabilitation.
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Chapter 2

DEVELOPMENT OF PROBABILISTIC
MODELS

2.1 Selection ofa Natarminictin MMadal

The most common approach used in the deterministic énalysis of
slope stability problems is based on the limit equilibrium concept. Out
of the number of different limit equilibrium methods, methods of slices
have become most common methods due to their ability to
accommodate complex geometries and variable soil and water
pressure conditions (Terzaghi and Peck, 1967). Therefore, methods of
slices were used as the base for the development of probabilistic

models in this research.

During the past fifty years or so, a number of different approaches had
been proposed for the use of methods of slices. Each method differ in
the (i) statics employed in deriving the factor of safety equation, or (ii)
the assumption used to render the problem determinate (Fredlund
and Krahn, 1977). Methods that are commonly used to date can be

listed as:
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(1)  Ordinary slices method (or Fellinius method)
(2) Bishop's simplified method

(3) Bishop's rigorous method

(4) Spencer's method

(5) Janbu's simplified method

(6) Janbu's rigorous method, and,

(7)  Morgenstern-Price method

Ordinary slices method is the simplest form of all the methods of slices
as it is the only procedure that result in a linear equation for factor of
safety (Fredlund and Krahn, 1977). But the inherent assumption that
interslice forces are parallel to the base of the slice violates Newton's
principle of "action equals reaction”". The indiscriminate change in
direction of the resultant interslice force from one slice to the next
results in factor of safety error that may be as much as 60% (Whitman
and Bailey, 1967). Further studies made on ordinary slices method
have shown that it jproduces conservative results (Giam, 1989).
Therefore, it was decided inary method of slices

from the development of probabilistic models.

Bishop's simplified method (Bishop, 1955), neglects interslice shear
forces and produces a factor of safety equation that satisfies moment
equilibrium. The method, which can be used to analyze circular failure
surfaces, is found to be rather simple and tend to give reasonably
accurate results. From a comparison made by Fredlund and Krahn
(1977), it is shown that Bishop's simplified method gives very close

safety factors as those are given by more rigorous methods.

Janbu's methods can be used to analyze non-circular failure surfaces
as well, and it satisfies the force equilibrium. In the rigorous method,
values for interslice forces have to be obtained through an iterative
process. Janbu’s simplified method, proposed for regular use, utilizes

a correction factor fp to account for the effect of interslice forces.
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Other two rigorous methods, viz. Spencer’s method and Morgenstern-
Price method satisfy both force and moment equilibrium, but involves

more complex calculations than the Bishop’s or Janbu’s methods.

Considering the advantages, disadvantages and relative complexities
of each method, Bishop’s simplified method and Janbu’s simplified
method were selected to base the probabilistic models to cover circular

and non-circular failure surfaces respectively.
2.2 Assignment of Uncertainties

Slope geometry, layering of different soil strata, their densities and
shear strength characteristics and pore water pressures are the
parameters used in the evaluation of the stability of a slope. Out of
these parameters that can carry uncertainty into the analysis, only
soil strength parameters (i.e.: ¢’ and ¢’) and the pore water pressures
are considered as probabilistic j Uncertainties in the
determination of other parameters are much less and they are
considered to be deterministic. Number of publications (Duncan,
2000; Lee et.al., 1983) uses coefficient of variation to quantify the
variable nature of soil parameters, hence it is the parameter used in
these models as well. For strength parameters, coefficients of variation
can be assigned on the basis of soil type and the procedures followed
in their evaluation. Hence different coefficient of variation values may

be entered.

Much attention has not been paid in literature regarding a suitable
parameter to introduce the variable nature of pore water pressures.
The only available reference is the method adopted by Geo Slope Office
(1998) in developing the SLOPE/W computer program. Geo Slope
Office (1998) utilizes a standard deviation of the piezometric head to

introduce uncertainty. During Monte Carlo trials, it varies the
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piezometric line between the maximum and minimum positions (see

annex 1 for more detalils).

However, equations used in this study requires the mean and variance
of pore pressure, hence it was planned to introduce the uncertainty in
terms of the coefficient of variation of pore water pressure. Two
alternatives are considered to introduce the variable nature of the pore
pressure. They are:

a) Pore water pressure uncertainty is dependant of the soil type -
this allows user to use different coefficient of variation values for
different soil layers

b) Pore pressure has a constant coefficient of variation for the

entire slope

A conclusion could not be arrived at to select the best out of the above
two. When the permeability of soil affects the uncertainty in the
measurement of pore water pressures, the approach based on the soil

type would be more nding of the author that
the permeability might be a factor affecting the temporal variability
(discussed in 1.3.2.1) of pore pressures at different locations and
depths. However, if the permeability does not affect the uncertainties
and if only the method of measurement affects it, the method of using
a constant coefficient of variation for the whole slope might be

suitable.
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Chapter 3

DEVELOPMENT OF THE
PROBABILISTIC MODEL BASED ON
BISHOP'S SIMPLIFIED METHOD

3.1 Basis of the Metl

The starting point of the probabilistic models is the deterministic

equation of the Bishop’s simplified method, and it is given as:

Z {(C' Ax, +(W; +Q; - uiAXi)tan¢’)/Mi(e)}
> (W, +Q,)sinb,

F= (3.1

where,

sind, - tang’

M, (f)=cos; +
F

........ (3.2)

The terms used in equations 3.1 and 3.2 are illustrated in figure 3.1.
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Figure 3.1: Forces acting on a Slice

The inherent assumption to neglect interslice shear forces is
applicable to the probabilistic models as well. The limitation to circular

failure surface is also applicable:

The first order second moment (FOSM) method is used as the basis of
the development process of the probabilistic models. Once the
parameters that carry uncertainties are identified, and their
uncertainties are quantified, most probable value of factor of safety is
calculated using the mean values of the probabilistic parameters along
with the other deterministic parameters. The first order approximation
of the Taylor series expansion (equation 1.10) is used to calculate
variance of the factor of safety. The complete probabilistic model
comprises of five different approaches to calculate variance of the
factor of safety. They differ from each other in the methods of
calculating the partial derivative involved in equation 1.10. The

methods are:
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(i) Direct differentiation of factor of safety equation assuming
M;(0) is a deterministic quantity

(i)  Direct differentiation of factor of safety equétion assuming
M;(0) is a probabilistic parameter (as a function of angle of
internal friction)

(ii) Use of approximation proposed by Duncan (2000)

(ivy Use of an approximate partial derivative assuming any
small increment for Ax with central difference formula
(finite differences)

(v) Use of an approximate partial derivative assuming any
small increment for Ax with forward difference formula

(finite differences)

The models developed allow layering of soil up to five different layers

with different properties.
3.2 Assignment of Uncertainties

As discussed in section 2.2, soil strength parameters (i.e.: ¢’ and ¢')
and the pore water pressure are treated as probabilistic parameters

while all the other parameters are considered deterministic.

Uncertainties of soil strength parameters are assigned on the basis of
soil layers. Therefore, for each layer, in addition to the mean values of
strength parameters, their coefficients of variation are assigned.
Uncertainties of pore water pressures are treated in both approaches
as discussed in section 2.2. Therefore, separate spreadsheets were

developed for those two cases.
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3.3 Derivation of Partial Derivatives

Case 1: Direct Differentiation assuming Mi(6}] is deterministic

The assumption to treat Mi(6) as deterministic is a reasonable
simplification, since the values of Mi(f) is almost close to 1, except in

the outermost slices of a particular deep failure surface.

When the equation 3.1 is differentiated with respect to the selected

probabilistic parameters, the following expressions are obtained:

oF _ Z(MA)ZG_)]

ac’ S Wsind,

Z{(wi -Q, —uiAxi)S“Q?"}

M. (6
i , O (3.4
o¢' > Wisind,
Bty A% tanad')
Yol e
el WL A 3.5
du > Wsin8, (3-3)

Case [(ii): Direct Differentiation assuming M;(8) is Probabilistic

This assumes M;(0) as a function of angle of internal friction (i.e.: M;(6)
= fi¢')). Therefore, only the partial derivative with respect to ¢' is

changed. The resulting expression can be given as:

Z H(W. +Q - uiAxi) Sec2¢} - {(C’Axi + (Wi +Q;— uiAxi)tan ¢’)
EYS > W;sin§;

Case (iii);  Method proposed by Duncan {2000}

cos 6, tan @, sec’ §, H
F-MXe
:©) ..(3.6)

When the partial derivatives are computed according to the method

proposed by Duncan (2000}, equation 1.12 becomes:
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v, =(AF°'] +(AF¢'] +(AF") ....... (3.7)
2 2 2

where,

AF, =F(c'+0,)=F(C'=0,) eorevenrns (3.8)
AF, =F(§' +0,)=F($' =0 y) cvrvreunee. (3.9)
AF, =Fu+0,)-FU=0,) .. (3.10)

Case {iv] and (v): Small Increment Methods

Instead of using ox as the increment (in equation 1.11), these methods

use much smaller increments (3x) to calculate ag}i Both methods are
X .

1
based on finite difference calculus. One method uses central difference
formula, while the other uses forward difference formula. Hence, for

case (iv), equation 1.11 takes the for low:

OF AF, Flx,+6,)-Flx,=5,)

............. (3.11)
Ox;, Ax, 2.5,
For case (v), it takes the following form:
. F(x; +6, )- F(x;
anAF': ( JoFE (3.12)

ox. Ax, o

i i X;

The variance of factor of safety is then calculated using equation 1.10.
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3.4 Development of the Spreadsheets

Three different spreadsheets were developed with respect to the
probabilistic model developed based on Bishop’s simplified method.
According to the suggestion made by Duncan (2001) (section 1.3.3.1),
all the spreadsheets are equipped to compute probability of failure
both with normal distribution assumption and lognormal distribution

assumption.

First spreadsheet is based on the direct differentiation assuming M;(6)
is a deterministic quantity (case (i) in 3.3). Second spreadsheet is
based on the direct differentiation assuming M;(6) is probabilistic. The
third spreadsheet covers Duncan (2000) approach and other small

increment methods. A sample set of spreadsheets is given in annex 4.

Case (i): Spreadsheet for the model based on Bishop’s simplified

method - @direct . differentiatios assuming M;6) is

deterministic (File Name: Bishop-Prob-Direct)

The spreadsheet consists of three worksheets viz, Deterministic

Worksheet, Calculations Worksheet and Probabilistic Worksheet.

The “Deterministic” worksheet allows the user to input all the data
relevant to a particular slope to perform deterministic stability
analysis, performs some initial calculations, and displays the final

output of the factor of safety.

The initial calculations performed in this sheet are to calculate hav, Wi,
Qi, and tan ¢'. These calculations are. separated from other
calculations to allow any user, if necessary, to enter the values directly
into those cells. In some problems, such as a case where there are
number of soil layers present, user may find it easy to calculate the
weight of a particular slice separately rather than finding an average

bulk density to be entered in the input data.
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When displaying the final factor of safety, it shows the value of the last
two trials also, so that the user can see whether the final answer has
converged or not. These values are directly copied from the

“Calculations” worksheet.

The “Calculations” worksheet copies all the input data from the
deterministic worksheet, and performs the calculations to find out the
factor of safety. Although literature reports that Bishop’s simplified
method converges very fast (usually in two trials) the final factor of
safety is arrived ‘only after four trials. Since the probabilistic
calculations also uses this factor of safety, and the problem is
automated, this seems reasonable to avoid any problems with non-
converged factors of safety. Apart from that, the “Calculations”
worksheet also calculates the partial derivatives of factor of safety with

respect to the probabilistic parameters.

“Probabilistic” worksh 11 of all the data that
quantifies the uncertainties of the probabilistic parameters, and finally
computes two values for probability of failure one assuming normal
distribution and the other assuming lognormal distribution for the
probability distribution of factor of safety. However, depending on the
way the variability of pore pressures is considered (section 2.2),

spreadsheet program is divided in to two subsets.

Figures 3.2 to 3.5 illustrate the formulation the spreadsheet using flow

diagrams.
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DETERMINISTIC
WORKSHEET

Input Data for
Deterministic Analysis

CALCULATIONS
WORKSHEET

PROBABILISTIC
WORKSHEET

input Data for
Probabilistic Analysis

Perform Stage |
Calculations

Calculate Deterministic
Factor of Safety

Calculate Variances of
Parameters

Output Deterministic
Factor of Safety

Figure 3.2: Flow chart showing the overview of the spreadsheet

Calculate Partial
Derivatives

.

Calculate Variance of
the Factor of Safety

Calculate Probability of
Failure

Output of Probability of
Failure

program (Bishop - Prob - Direct)
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Start

Input Slice Parameters
Ax,, 6, h1, h2, u, soil
type,, ¢, ¢'. G, ¥;

Calculation Stage 1

Calculate,
h,, = 1/2*(h,+h,)
Wi = Axi*hav'y
Q =g Ax,
tan @',

Output Deterministic
Factor of Safety

v

End

Note:
Alphabetical letters used represent the

following: :

"~ i="i"th slice

n = total number of slices

Figure 3.3: Flow chart for Deterministic worksheet

(Bishop - Prob - Direct)
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[ Caiculation Stage 1 Data

Calculate, (W, + Q) sin 9,
c'Ax, + (W, + Q, - uax) tan ¢’

Calculate, Z (W, + Q) sin 6,
Z[c'Ax, + (W, + Q, - uAx) tan ¢

Calculate
Z[c'Ax + (W, +Q -uAx)tan ¢

Fo=
(W, +Q)sinb,

Calculate, M,(8) = cos 6, + (sin 6, tan ¢’/ F,)
Calculate £ [c' Axi + (Wi + Qi - uiAxi) tan ¢] / Mi(9)

No /Iin\ Yes
k = k+1

Calculate

I [c' Ax, + (W, + Q, - uAx,) tan ¢/ Mi(6)

F, =

Z(W,+Q)sin6,

No /fl\ Yes
=4 —

| F=12*(F,+F,) |

Continued to next page

Note:
Alphabetical letters used represent the
following:

i ="i" th slice

n = total number of slices

k = counter of the trial no. of the FOS
i = number representing soil type

Figure 3.4: Folw diagram showing the Calculations worksheet

(Bishop - Prob - Direct)
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Continued from pravinus

Calculate,
Ax, I M(8)
(W, + Q, - uAxi) sec?y’' / M(6)
- Ax; tan ¢'/ M|(0)

Calculate,
Z Ax, [ M(8)
(W, + Q, - uAxi) sec?' / M(6)
T . AY. tan &'/ MIB)

L Lipingepuiny ol Sarsipes S 0 apls

|
!

Calculate,
(dF/dc)J., (dF/d¢')j. (dF/du)J.

Note:
Alphabetical letters used represent the

No following:

i = "i" th slice

n = total number of slices

k = counter of the trial no. of the FOS
End j = number representing soil type

Figure 3.4: Folw diagram showimhe Calculations worksheet
(Bishop - Prob - Direct)
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i.e.. COV and Mean
of cj', ¢j', u,

Input Probabilistic Parameters

Variance of ¢/, o y;

Calculate Standard Deviation and

No

Read,
(dF/dc)j, (dF/d¢')j, (dF/du)j

™ 3
' Talculate;
(A IAAY2Z

(dF/ag) V(e
(dF/du}2*V(u)

j

No % Yes

v

Calculate,

Ve = T (dF/de)Z*V(c), + £ (dF/dg)2V(9); +  (dF/du)2V(u),

v

Calculate o
Read Deterministic F
Calculate COV(F) =0,/ F

v

Calculate B = (F-1) / o

Calculate Reliability = NORMSDIST (B,)
Calculate Probability of Failure = 1 - Reliability

Y

Calculate B,

Calculate Reliability = NORMSDIST (8, ) Note:
Calculate Probability of Failure = 1 - Reliability

j = number representing soil type

End

Figure 3.5: Flow Chart for
Probabilistic Worksheet
(Bishop - Prob - Direct)




Case (ii): Spreadsheet for the model based on Bishop’s simplified

method - direct differentiation assuming M;i(0) is probabilistic (File
Name: Bishop-Prob-Direct-Exact) 4

Only change in this model is the equation that calculates the partial
derivative of factor of safety with respect to the internal angle of
friction (i.e.: 0F/d¢’). Hence, the flowchart is the same except the

equation that computes oF/od'.

Case (iii): Spreadsheet for the model based on Bishop’s simplified

method - Duncan (2000} and Small Increment methods

{File Name: Bishop-Prob-Small Increment)

This spreadsheet consists of two main worksheets to perform
deterministic and probabilistic calculations, and then a set of
additional worksheets to perform deterministic calculations with

varied parameters.

1 e 1

The deterministic worksheet calculates the mean factor of safety using

the mean values of tt

Probabilistic worksheet allows user to enter uncertainty of
probabilistic parameters in terms of their coefficient of variation. It
then calculates the standard deviation and the variance, but prompt

the user to enter values for increments of ¢’, ¢’ and u.

The other set of spreadsheets are then updated appropriately to
change their properties (i.e.: ¢’ ¢', u) and determirﬁstic factors of safety
(i.e: Fca1*, Fe1, ...etc) are calculated according to new parameters. For
example, in worksheet Fc1*, the ¢’ values of slices lying in soil 1 are
replaced with c’+Ac’ and the factor of safety Fci* is calculated.
Similarly in Fc1- worksheet, the ¢’ values of slices lying in soil 1 are
replaced with c’-Ac’ and the factor of safety Fci- is calculated. Figure

3.8 gives the flow diagram relevant to this process.
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Probability of failure is calculated using finite difference calculus, and,
the calculations result two values for probability of failure one using
central difference formula, and the other using forward difference

formula.

If the user is interested in obtaining the probability of failure according
to Duncan (2000) method, the increments should be made equal to
the standard deviation of each parameter, and the central difference

probability of failure should be referred to. Instead, any small

‘increment can be entered if a user requires to increase the accuracy of

the approximation.

Pore water pressure variations are treated in both ways as explained
in section 2.2. If the pore pressures are taken to be dependant of the
soil type, user can introduce separate values of coefficient of variation
for each layer. If it is taken to be independent of the soil type, the user

can enter a single value for coefficient of variation, which is constant

g ! LB O el

for the whole slope. € mean pore pressure
values to be entered either to each soil layer, or to the whole slope,

and the weighted average is recommended.

Use of a fixed coefficient of variation results a fixed standard deviation,
hence a fixed increment. This leads to negative values of pore
pressures in some supporting worksheets that calculate Fur (1

represent the soil type number here such as soil 1, soil 2 etc.). The

“value for Fyur results when the pore pressure values are reduced by the

increment value entered by the user (i.e.: u = u - Au), and this
corresponds to considering a lowered water table.. The actual situation
in such cases is that negative pore pressures may develop in some
cells where there were some pore pressures initially (see figure 3.6).
However, as negative pore water pressures (due to matric suction)
were not considered in this study they were made zero. Hence a check

is made to assign those cells with zero pore pressure.
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Figures 3.7 and 3.8 illustrate the formulations of spreadsheets using

flow diagrams.

Original Phreatic

A Surface
y Minimum
' position of
_________ Phreatic Surface
Note: When the phreatic surface is lowered as shown above,
the pore pressure in slice 1 becomes zero. As negative pore
water pressures (due to matric suction} are not used in the
formulation, it is taken to be zero.
Figure 3.6: A Slope with varying Phreatic Surfaces
\'.
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Input Data for
Deterministic Analysis

Input Data for
Probabilistic Analysis

v

Calculate Standard Deviations
and Variances of all the
Probabilistic Parameters (c',¢',u)

v

Input values for
suitable increments

Ac', A, Au
Calculate Deterministic Perform calculations to find F_,*,
Factor of Safety (Mean F- F*F- F*F.- Can
Factor of Safety) crrT ot th oyt ot
** See seperate
e flowcharts

Central Difference

Forward Difference

Ay
~ Calcutate, | Calculate,
(AFR2AC'), (AF/2AQ), (AR/240) for | | (AF/AC), (AFIAG"), (AF/Au),for all
il | |
' .
Calculate, Calculate,
(AF/2Ac)V(c,), (AF2A¢,)'V(d,), (AFIAC)™V(c)), (AFIAY)V(4,).
(AF2Au)V(u)) for all | (AF/Au)*V(u) for all |
Compute the variance of Factor Compute the variance of Factor
of Safety of Safety
Compute Probability of Failure Compute Probability of Failure
assuming Normal Distribution for assuming Normal Distribution for
F F
Compute Probability of Failure Compute Probability of Failure
assuming Lognormal Distribution assuming Lognormal Distribution
for F for F
"?‘ Note:
| = number representing soil type
End

Figure 3.7: Flowchart for Small

Increment Program
(Bishop - Prob - Small Increment)




NO

YES

Calculate F.*

9

NO YES
NO ES

Y
End

0

Flow diagram for the

calculation of F *

Flow diagram for the
calculation of F -

Note:

Alphabetical letters used represent the following:

i ="i" th slice

n = total number of slices

j = number representing soil type
| = number representing soil type
p = probabilistic parameter such as ¢', @', u
F, representcases of F ,, F, Fg,, Fg, etc.

Figure 3.8: Flow diagram for calculation of Fx+ and Fx-

(Bishop - Prob - Small Increment)
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3.5 Application of the Model
3.5.1 General

For the purpose of illustrations and comparisons of the developed
probabilistic models, a number of well-analyzed problems were
selected. These problems were selected from a large number of
problems that were used in a survey conducted to evaluate the state of
the art of the slope stability analysis techniques in Australia in 1989
(Giam, 1989). All the problems were well analyzed by a group of
specialists using different programs based on limit equilibrium
approach and the minimum factor of safety and critical failure
surfaces were well established. Only deterministic analyses were
performed. The concepts of the referee solutions are presented in
detail in Giam (1989). These refereed values of factors of safety are

hereafter termed as ref: luti tl ‘hout this text.
3.5.2 Test Example - 1

The example shown in figure 3.9 has a non-homogeneous soil profile
by introducing three soil types of different strengths. According to the
geometry, a near circular failure surface can be expected and it was
the case with the referee solutions also. For the purpose of
illustrations of the models, the example is divided into two parts

depending on whether the phreatic surface is prevailing or not.
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* 50.00

42.50 |
0,35
35.00 | (50.30) (70.35)
Soil 21
N _____Lwoa
27.50 - Soil22
(20,25) e Al
Soil 13
20.00 1 ' ' L
20.00 30.00 40.00 50.00 60.00 70.00

3.5.2.1 Example 1 (a): (Ref: ACAD1CO)

This example does not

Figure 3.9: Example 1 Geometry

ave''the vt

ace, hence only a total

stress analysis is required. The deterministic parameters given are

shown in table 3.1.

Soil Type ¢ (kN/m?) ¢ () Y (kN/m3)
1 0 38 19.5
2 5.3 23 19.5
3 7.2 20 19.5

Table 3.1: Deterministic Sbil Parameters for Example 1{(a)

Deterministic Analysis

The critical failure surface given by the referee solutions was again

confirmed through SLIDE computer progrém that performs the

analysis of circular failure surfaces based on Bishop’s simplified

method. Resulting circular failure surface was used for further

analysis.
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The slope geometry and the failure surface were drawn using AutoCAD
and the failure mass was divided into 15 slices, limiting the maximum
slice width to 2.05m. But the average slice width was 1.5m. The
relevant dimensions of slices were extracted from AutoCAD drawing

and fed manually into the spreadsheets developed.

Probabilistic Analysis

Coefficients of variation values for ¢ and ¢ were selected based on
some published values (Lee et.al., 1983, Duncan, 2000) and they are

shown in table 3.2.

Soil Type COV (c) cov(¢)
1 0 0.3
2 0.3 0.4
3 0.2 0.35

Table 3.2: Coefficients of Variation values for ¢ and ¢

Analyses were performed using al nethods discussed under
section 3.1. For the small increment computations, the assumed
increment is the 10% of the standard deviation. Monte-Carlo analysis
was also performed for the same problem for 1000, 5000 and 50000
trials using the SLOPE/W computer program (GEO-SLOPE Office,
1998) to provide a comparison. For this Monte-Carlo analyses, the
variability of ¢ and ¢ were introduced in terms of their standard
deviations and the values were the same as that used in the other
calculations. The basic outline of the Monte-Carlo analysis performed

using SLOPE/W computer program is presented in Annex 1. All other

supporting documents for these examples are given in Annex 2.
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Results

Results of the analyses are given in table 3.3.

Analysis Program Deterministic | Factor of | Probability of Failure
Model Safety Normal | Lognormal

Referee Solution 1.39 These perform only

2 | SLIDE Bishop’ s 1.403 the deterministic

simplified analysis

3 | Direct Differentiation | Bishop’s 1.441v 7.43% 5.06%
(M(6) = deterministic) simplified

4 Direct Differentiation | Bishop’s -do-? 3.95% 2.14%
(M(6) = probabilistic) simplified

S Duncan (2000) Bishop’ s -do-b 7.35% 4.99%
method simplified

6 | Small Increment Bishop’ s -do-b 7.08% 4.74%
method (Central simplified
Difference) * |

7 | Small Increment "f'}'i{;’[i{[,;'}'," T o 7.15% 4.80%
(Forward Difference) simplified

8 | Monte-Carlo Bishop’ s 1.379to | 5.96% - | SLOPE/W
(Det: 1.408a) simplified 1.407¢ 6.97% | assumes

9 | Monte-Carlo Spencer 1.36 to 7.36% - :Srt:::mon
(Det: 1.3773) 1.385¢ 8.28% only

Note:

a. In SLOPE/W mean value is different from deterministic value

b. These use same deterministic model

c. Different Monte Carlo frials result in different values. Hence an

approximate range is specified

Table 3.3: Results for Example 1(a)

Graphical representation of the results is given in figure 3.10. For

Monte-Carlo analysis, only the average value of a particular range has

been plotted.
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Example 1(a)

1.5 ' ' 10.00%
14 - - 8.00%
! o
| >
w 131 e 600% E 8
O i ;é =
W12 b o e -+ S L1 400% B (&
; o
| £
1.1 | | i coe e et 2,00%
| | |
1 N R S S ——— 0.00%
0 1 2 3 4 5 6 7 8 9 10 |

-*—F«Lr‘r—»-Pf(N)—n—Pf(LN); Analysis Program ,

Figure 3.10: Results of Example 1(a)

Discussion of Results

The factor of safety for the selected failure surface is in close
agreement with the referee solutions. This is an evidence to say that
the critical failure surface had been correctly identified. The difference
between author’s factors of  saf nose given by various
computer programs (this refers to the deterministic value rather than
the mean value) is only about 0.04. Author’s program assumes only 16
slices, but most of these computer programs use at least 30 slices.
Also, when the errors made during idealization (model errors) are
considered, this difference is quite acceptable, and performances of
author’s programs are taken to be satisfactory in deterministic

computations.

Probability of failure values, computed under the assumption of
normal distribution, from author’s models discussed in this chapter
vary only over a narrow range from 7.08% to 7.43%, except for the
case that assumes M(0) as a probabilistic quantity. Monte Carlo
émalysis results, which assume Bishop’s simplified method, gives
probability of failure values varying over a range from 5.96% and

6.97%, while Monte Carlo results assuming Spencer’s method range
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between 7.36% and 8.28%. It is seen that the results from author’s
programs lie within, if not, lie very close to the results of Monte Carlo
analysis. Also, the narrow range of probability of failure values, from
different assumptions of author’s program, show that whether it being
an approximate method or a method derived from rigorous theory, all
of them perform equally well. Considering those results, any of the
‘author’s programs discussed above except for the one assuming M(6)
is probabilistic can be accepted satisfactory in computing the

probability of failure.
3.5.2.2 Example 1(b): (Ref: ACAD1C1)

In this example, additional complication is introduced for the earlier
example by introducing a phreatic surface (see figure 3.11) and an
effective stress analysis is performed. The effective strength

parameters are given in table 3.4.

Soil Type ¢’ (kN/m?) 5 ¢’ (9) v (KN/m3)
1 0 38 19.5
2 5.3 23 19.5
3 7.2 20 19.5

Table 3.4: Deterministic Soil Parameters for Example 1(b)

10 20

20

15

50

Figure 3.11: Geometry of Example 1(b)
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Deterministic Analysis

As performed in example 1(a), the critical failure surface given by the
referee programs and confirmed by the program SLIDE was used for
further analysis. Failure mass was again divided into 15 slices limiting
the maximum slice width to 1.93m. Average slice width is 1.5m. As in
the example 1(a), slice dimensions were obtained by drawing the slope

in AUTOCAD. Data were fed to spreadsheets manually.

Pore water pressures were estimated by constructing a flow net (annex
2). Pore pressure distribution between some critical points was
obtained through the flow net, and the values corresponding to each

slice were interpolated.

Probabilistic Analysis

Analyses were performed by all five methods developed by the author.
Pore pressures are tgeated in both ways as discussed in section 2.2. In

addition, Monte-Carl ed for 1000, 5000 and

% £

50000 trials using SLOPE/W computer program.

Coefficient of variation values for ¢’ and ¢’', selected based on some
published values (Duncan, 2000; Lee et.al.,, 1983) are given in table
3.5.

Soil Type coV (c') CcoV(¢)
0 0.3
0.3 0.4
0.2 1035

Table 3.5: Coefficients of Variation values for ¢’ and ¢’

Pore pressures were treated in both ways that were discussed in
section 2.2. Coefficient of variation values and the mean values of pore

water pressures for the case where they are treated on the basis of soil
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layers are given in table 3.6. The mean pore pressures for each soil

layer were selected to be the weighted average.

Soil Type Mean u (kN/m?) COV (u)
1 6.47 10.25

2 27.64 0.3

3 23.33 0.35

Table 3.6: Mean and Coefficients of Variation of u

For the case where the pore pressure variability is defined for the
whole slope, the mean value was again the weighted average. But, to
find out a coefficient of variation, weighted average of maximum pore
pressure and the minimum pore pressure were calculated and the
coefficient of variation is calculated based on them. Hence, the mean
pore water pressure was 20.09 kN/m? and the coefficient of variation

was 0.33.

When the Monte-Carle analysis was performed, an equivalent
standard deviation for the piezometric head had to be estimated. There
was no exact way to relate this to the standard deviation of the pore
pressures. Hence, the standard deviation of the head was selected to
be the value corresponding to the standard deviation of the mean pore
pressure used in other analyses. Therefore the value of the standard
deviation of head was 0.675m. All the supporting documents for this

example are given in Annex 2.

Results:

Results of the analysis are given in table 3.7.
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Analysis Pore Deterministic | Factor | Probability of Failure
Program Pressure Model of Noimal | Lognormal
cov Safety
1 SLIDE Not Bishop’s 0.9995 | Performs only the
Applicable simplified deterministic analysis
2 Direct Based on | Bishop’s 1.028 44.69% 48.56%
Differentiation | soil layers simplified
3 (M(9) = | Constant for | Bishop’s -do-b 45.19% 49.47%
deterministic) | the slope simplified
4 Direct Based on | Bishop’s -do-b 43.63% 46.32%
Differentiation | soil layers simplified
5 (M(0) = | Constant for | Bishop’s -do-b 44.21% 47.74%
probabilistic) | the slope simplified
6 Duncan Based on | Bishop’s -do-b 44.98% 49.08%
(2000) soil layers simplified
7 method Constant for | Bishop’s -do-b 45.24% 49.68%
the slope simplified
8 Small Based on | Bishop’s do-b 44.94% 49.02%
Increment soilllayers l simplified
9 | method "Constant for | Bishoj 45.33% | 49.74%
(Central the slope simplified
Difference)
10 | Small Based on | Bishop’s -do-? 44.95% 49.03%
Increment soil layers simplified |
11 | method Constant for | Bishop’s -do-b 44.42% 48.10%
{(Forward the slope simplified
Difference)
12 | Monte-Carlo Based on | Bishop’s 0.976 - | 52.65% - | SLOPE/W
Det. Piezometric | simplified / | 0.985¢ | 54.61%¢ | #SSUmes
normal
(B): 0.987~ Head Spencer distribution
(S): 0.9762 only
Note:

a. In SLOPE/W, deterministic value is slightly different from mean value

b. These use the same deterministic model

c. Different Monte-Carlo trials result in different values. Hence a range is

specified here for mean values

Table 3.7: Results of Example 1(b)
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Results are shown in graphical form in figure 3.12. For Monte Carlo

analysis, average values of the particular range have been plotted.

Example 1(b)
1.3 : [ 4 : 60.00%
! | ‘
t I
1245 = = - SN et e e 1 56.00% @
‘ | 5
t . ‘ e s
1.1 - , | - -+ 52.00% i
/2] | { o
[e] i i >
rd 2 &8 £
1- & + 48.00% 3
3
e
09 4 -+ 44 00% o
0.8 T 1 , r T L 40.00%
0 2 4 6 8 10 12 14
—&—F ——Pf(N) —A—Pf(LN) | Analysis Program

Figure 3.12: Results of Example 1(b)

Discussion of Results

The factor of safety

~

rams and the computer

lifference"is ly in the order of 0.04-

THA

programs are very close C
0.05. As discussed in example 1(a), this difference can be allowed for
the differences in manual selection and computer selection of

geometrical parameters.

Probability of failure from author’s models when the factor of safety is
assumed to have normal distribution shows a range between 44.42%
and 45.33%. However, the results of Monte Carlo analyses are a bit
high with values varying between 52.65% and 54.61%. But, the
method of considering pore pressure variability is different and an
exact similarity cannot be expected. The narrow range of values
resulted due to the author’s different assumptions again show that

any of these models can perform equally well.
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3.6 Concluding Remarks

Some simple methods as well as some other methods based on
rigorous theory, to compute the probability of failure have been
presented. These methods are applicable to slopes that can have
circular failure surfaces. Complicated situations where there is
stratified soil with different strength parameters can be accommodated

in these models.

Performance of the program was validated using the Monte Carlo
analysis for two examples. Few more examples will be discussed in
latter chapters in relation to the effectiveness of various stabilization

techniques.

The computation of probability of failure formally recognizes the
uncertainties of various geotechnical parameters. Hence, these models
can be expected to have a role in developing new design guidelines for

geotechnical structt ty of failure.
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Chapter 4

DEVELOPMENT OF THE
PROBABILISTIC MODEL BASED ON
JANBU'S SIMPLIFIED METHOD

4.1 Basis of the Method

The deterministic equation of Janbu’s simplified method provides the
basis for the probabilistic model. In this method, the correction factor
fo is needed to account for the effect of inter slice shear forces
(Fredlund and Krahn, 1977). The correction factor fo is related to
cohesion, angle of interﬁal friction and the shape of the failure surface

(Janbu et.al. 1956).

Considering only the force equilibrium, the uncorrected factor of safety

is given as:

P = z{(C’Axi +(W, +Q; - u;Ax, )tang')/n, (B)} (4.1)
) = ZWi T .

where,

53



n;(@)=cosé, - (cos 0, + w)

The corrected factor of safety is given by:
F=fF, ... (4.3)

The terms used in equations (4.1) and (4.2) are illustrated in figure

4.1. The chart to get the correction factor fpis given in annex 3.

{2
iWi WEAK LAYER
El _~
|
N1
Ay
N

Figure 4.1: Forces acting on a Slice

The model can be used to analyze non-circular failure surfaces.

The first order second moment (FOSM) method was used to develop
the probabilistic models. Once the parameters that carry uncertainty
are identified and their variability are quantified, the most probable
values for Fo and F are calculated using mean values of probabilistic
parameters and other deterministic parameters. The first order
approximation of the Taylor series expansion (equation 1.10) is used to
calculate the variance of uncorrected factor of safety Fo. Variance of
the corrected factor of safety is then computed from basic statistics
theory, as shown in equation 4.4 assuming the correction factor fo is

deterministic.
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or? = fo2oF02 ....enennnen. (4.4)

As for the models discussed in chapter 3, the complete probabilistic
model comprises of five different approaches to calculate variance of
the factor of safety. They differ from each other in the methods of
calculating the partial derivative involved in equation (1.10). The

methods are:

(1) Direct differentiation of factor of safety equation assuming
ni(0) is a deterministic quantity

(ii)  Direct differentiation of factor of safety equation assuming
ni(0) is a probabilistic parameter (as a function of angle of
internal friction)

(iii) Use of approximation proposed by Duncan (2000)

(iv) Use of an approximate partial derivative assuming any
small inerement for Ax with central difference formula
(finite difference s)

(v) Use of an approximate partial derivative assuming any
small increment for Ax with forward difference formula

(finite differences)

The models developed allow layering of soil up to five different layers

with different properties.

4.2 Assignment of Uncertainties

As discussed in section 2.2, soil strength parameters (i.e.: ¢’ and ¢’)
and the pore water pressure are treated as probabilistic parameters
while all the other parameters including correction factor fo are

considered deterministic.
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Uncertainties of soil strength parameters are assigned on the basis of
soil layers. Therefore, for each layer, in addition to the mean values of
strength parameters, their coefficients of variation are assigned.
Uncertainties of pore water pressures are treated in both approaches
as discussed in section 2.2. Therefore, separate spreadsheets have

been developed for those two cases.
4.3 Derivation of Partial Derivatives

Case 1: Direct Differentiation assuming n;i(0) is deterministic

As for M;6) in Bishop’s models, the assumption to treat ni(6) as
deterministic is also a reasonable simplification, since the values of
n;i(0) is almost close to 1, except in the outermost slices of a particular

deep failure surface.

When the equation 4.1 is differentiated with respect to each particular

parameter, following expressions are obtaine

o8 Y W;tano,
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Case (ii): Direct Differentiation assuming n;i(6) is Probabilistic

This assumes n;(0) as a function of angle of internal friction (i.e.: n;(6)
fi$')). Therefore, only the partial derivative with respect to ¢'

changed. The resulting expression can be given as:

cos® 6, tan 6, sec? 6, H

5 H(Wi L0, - udx) sec2¢'} _ {(c’Ax,- +(W, +Q, - u,Ax,)tan ¢') F i)

OF, _ n;(0)
o¢' > Wtan6,

Case (ii1): Method proposed by Duncan (2000}

is

........ (4.8)

When the partial derivatives are computed according to the method

proposed by Duncan (2000), equation 1.12 becomes:

AR, N (AF, .\ (AF,. Y |
VFOZ( Q"J +( 2"“’j +( 20'“j ....... (4.9)

where,
AF, . =\Blc' +on)LFy(e! oo ...... (4.10)
AFy, =Fy(@' +0,)-Fo(d' —0,) eeeeennnnnnn. (4.11)
AF, =Fyu+o,)-Fyjlu-o,)............ 4.12)

Case (iv) and (v): Small Increment Methods

Instead of using ox as the increment (in equation 1.11), these methods

: OF,
use much smaller increments (8x) to calculate 5—0. Both methods are

X .

1

based on finite difference calculus. One method uses central difference

formula, while the other uses forward difference formula. Hence, for

case (iv), equation 1.11 takes the form given below:

aFO - AF(),,' _ FO(xi +5xl.)_F0(xi _5)('.)
ax. Ax. 2.6

i i x;
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For case (v), it takes the following form:

OF, AF,, Fylx+5,)-Fyx)
ox,; " Ax, o

H 1 X;

The variance of the uncorrected factor of safety is then calculated

using equation 1.10.

4.4 Development of the Spreadsheets

Following the same pattern as for the models based on Bishop’s
simplified method (chapter 3), three different spreadsheets were
developed with respect to the probabilistic model developed based on
Janbu’s simplified method. First spreadsheet is based on the direct
differentiation assuming n;i(6) is a deterministic quantity (case (i) in
4.3). Second spreadsheet is based on the direct differentiation
assuming n;(6) is probabilistic. The third spreadsheet covers Duncan
(2000) approach and other small increment methods. A sample set of

spreadsheets is given in annex 5.

Case (i): Spreadsheet for the model based on Bishop’s simplified

method - direct differentiation assuming ni(0) is deterministic

(File Name: Janbu-Prob-Direct)

The spreadsheet consists of three worksheets viz, Deterministic

Worksheet, Calculations Worksheet and Probabilistic Worksheet.

Same pattern is followed here as in the models based on Bishop’s
method.

The Deterministic worksheet reads input data, performs some initial
calculations, and displays the final output of the factor of safety. The

purpose of initial calculations was explained in section 3.4.
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When displaying the final factor of safety, it shows the value of the last
two trials also, so that the user can see whether the final answer has
converged or not. These values are directly copied from the

“Calculations worksheet”.

The Calculations worksheet copies all the input data from the
deterministic worksheet, and performs the calculations to find out the
- uncorrected factor of safety (i.e.: Fp). The final value for uncorrected
factor of safety is arrived only after five trials, to avoid situations with
non-converged factors of safety. Once Fo is computed, it is corrected
with fo to give the corrected factor of safety, F. Apart from that, the
“Calculations worksheet” also calculates the partial derivatives of
uncorrected factor of safety with respect to the probabilistic

parameters.

“Probabilistic worksheet” allows the input of all the data that
quantifies the uncertainties of the probabilistic parameters, and finally

r 1 b gk

computes two valu e one assuming normal
distribution and the other assuming lognormal distribution for the
probability distribution of factor of safety. Yet again, depending on the
way the variability of pore pressures is considered (section 2.2),

spreadsheet program is divided in to two subsets.

Figures 4.2 to 4.5 illustrate the formulation the spreadsheet using flow

diagrams.
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DETERMINISTIC
WORKSHEET

Input Data for
Deterministic Analysis

Perform Stage |
Calculations

CALCULATIONS
WORKSHEET

PROBABILISTIC
WORKSHEET

Input Data for
Probabilistic Analysis

Calculate Deterministic

Output Deterministic
Factor of Safety

Factor of Safety

Calculate Variances of
Parameters

Calculate Partial
Derivatives

o

Calculate Variance of
the Factor of Safety

Calculate Probability of
Failure

Output of Probability of
Failure

Figure 4.2: Flow chart showing the overview of the Spreadsheet
(Janbu-Prob-Direct)




Start

Input Slice Parameters
Ax, 9, h1, h2, u, soil
type;, ¢, 9% G ¥,

Calculation Stage 1

Calculate,
h,, = 1/2*(h,+h,)
Wi = AXi'hav"t‘Y
QI = qiiAxi
tan @',

Output Deterministic
Factor of Safety

!

End

Note:
Alphabetical letters used represent the

following:

i ="" th slice
n = total number of slices

Figure 4.3: Flow chart for Deterministic Worksheet

(Janbu-Prob-Direct)
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| Start _ |

Copy lnput Data and
Calculation Stage 1 Data

Calculate, (W, + Q) tan 6,
c' Ax; + (W, + Q, - uAx) tan ¢'

Calculate, = (W, + Q) tan 6,
Z[c'Ax + (W, + Q- uAx) tan ¢

Calculate
Icax + (W, + Q- uAx) tan ¢']

Foo =
L (W, +Q)tan g,

Calculate, n(0) = cos 8, {cos 6, + (sin 6, tan ¢' / F )}
Calculate X [c" ax, + (W, + Q, - uAx) tan ¢} / n(6)

-
No /|=vn\ Yes

k = k+1
Calculate

I [c'ax, + (W, + Q, - uAx) tan ¢/ n,(6)

Fox =

T (W, + Q) tan 6,

No /ér\ Yes

Note:
Alphabetical letters used represent the
‘ Fos=12*(F, +F,) ] following:
i = "i" th slice
r F=fF J n = total number of slices
0.5 k = counter of the trial no. of the FOS

Continued to next page
Figure 4.4: Folw diagram showing the Calculations worksheet
(Janbu-Prob-Direct) 62




Continued from previous
page

Calculate,
Ax, / n(8)
(W, + Q, - uAxi) sec' / n(6)
- Ax; tan ¢’/ n(8)

No

Yes
<{=n>>

Calculate,
I Ax, /1 n(®)
£ (W, + Q - uAxi) sec?’' / n(0)
I - Ax tan ¢’/ n,(6)

Calculate,
(dFO/dc)j, (dFo/dcb')j, (dFo/du)j

No

End

Note:
Alphabetical letters used represent the
following:

i ="i" th slice
n = total number of slices
k = counter of the trial no. of the FOS

Figure 4.4: Folw diagram showing the Calculations worksheet

(Janbu-Prob-Direct)
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input Probabilistic Parameters
i.e.: COV and Mean

) L]
och,,d)j,uj

v

Calculate Standard Deviation and
Variance of cj', ¢j', u,

No

v

Read,
(dF/dc),, (dFO/dcb')j, (dFO/du)j

l
A 4

Calculate,
(d Fo/dc)jZ*V(c')j,

(AT ALY 2%\ £/ 40N

(dFduy 2 Vi)

9

NoO 25
I -
]
v
Calculate,
Ve =2 (dFO/dc)f"V(c')j +3 (dFoldqf)jz"V(q)')j +3 (dFo/du)jZ*V(u)j ]
v

Calculate o,
Read Deterministic F
Calculate COV(F ) = o,/ F,

]
h 4

Calculate o = f %o,
Read Deterministic F
Calculate COV(F) =/ F

|
\'4

Calculate B, = (F-1) / o
Calculate Reliability = NORMSDIST (8,) Not
i . =1_ . ahe otle:
Calculate Probability of Failure = 1 - Reliability Alphabetical letters used
7 represent the following:

Calculate B,
Calculate Reliability = NORMSDIST (B, )
Calculate Probability of Failure = 1 - Reliability

j = number representing soil ty

Figure 4.5: Flow Chart for
End Probabilistic Worksheet
(Janbu-Prob-I_)irect)
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Case (ii): Spreadsheet for the model based on Bishop’s simplified

method - direct differentiation aésuming ni(0) is probabilistic

(File Name: Janbu-Prob-Direct-Exact)

Only change in this model is the equation that calculates the partial
derivative of factor of safety with respect to the angle of internal
friction (i.e.: dFo/d¢’). Hence, the flowchart is the same except the

equation that computes 0Fo/0¢’.

} Case (iii): Spreadsheet for the model based on Bishop’s simjlliﬁed

method - Duncan (2000) and Small Increment methods

(File Name: Janbu-Prob-Small Increment)

This spreadsheet consists of two main worksheets to perform
deterministic and probabilistic calculations, and then a set of
additional worksheets to perform deterministic calculations with

varied parameters.

The deterministic worksheet calculates the mean factor of safety using

the mean Values Ol Liiv l.lcll CALLIIV LUl O,

Probabilistic worksheet allows user to enter uncertainty of
probabilistic parameters in terms of their coefficient of variation. It
then calculates the standard deviation and the variance, but prompt

the user to enter values for increments of ¢’, ¢' and u.

The other set of spreadsheets are then updated appropriately to
change their properties (i.e.: ¢’ ¢, u) and deterministic factors of safety
(i.e.: Foc1*, Foc17, ...etc) are calculated according to new parameters

(see section 3.4 for more details).

Probability of failure is calculated using finite difference calculus, and,
the calculations result two values for probability of failure one using
central difference formula, and the other using forward difference

formula.
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If the user is interested in obtaining the probability of failure according
to Duncan (2000) method, the increments should be equal to the
standard deviation of each parameter, and the central difference
probability of failure should be referred to. Instead, any small
increment can be entered if a user requires to increase the accuracy of

the approximation.

Pore water pressure variations are treated in both ways as explained
in section 2.2. If the pore pressures are dependant of the soil type,
user can introduce separate values of coefficient of variation for each
layer. If it is not dependent on the soil type, the user can enter a single
value for coefficient of variation, which is constant for the whole slope.
These spreadsheets require mean pore pressure values to be entered
either to each soil layer, or to the whole slope, and the weighted
average is recommended. A check similar to that explained in section
3.4 is made to assign zcro values for the cells that contain negative

pore pressure val (! plained in section 3.4).

The formulations of the spreadsheets are presented using flow

diagrams in figures 4.6 and 4.7.
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Input Data for
Deterministic Analysis

Input Data for
Probabilistic Analysis

v

Calculate Standard Deviations
and Variances of all the
Probabilistic Parameters (c',¢',u)

I
v

input values for
suitable increments
Ac', Ad', Au

Calculate Deterministic

|
Perform calculations to find F, _.* ’

Factor of Safety (Mean F - F -+ - FE +F 0ct .,
Factor of Safety) 061 ' 041 7 001 0w * Ot
** See seperate
e flowcharts
Central Difference Forward Difference
Formula v Formula
' - )
Calculate, Calculate,
(AF/2AC), (AFJ24¢"), (AF/240), (AFJ/AC"), (AF/AY"), (AF/Au) for
for all | alll
1 v
. : ganic !
Calculate, Calculate,
(AF2A¢) Ve, F /200, FIAC)V(c,), (AF/AG)*V(4)),
(aF 28u)V(u) foralll || (AF/Au)*V(u)) for all |
v v
Compute the variance of Initial Compute the variance of Initial
Factor of Safety (o) Factor of Safety (o)
v v
Compute the variance of Factor Compute the variance of Factor
of Safety (o) of Safety (o)
v v
Compute Probability of Failure Compute Probability of Failure
assuming Normal Distribution for assuming Normal Distribution for
F F
v Y
Compute Probability of Failure Compute Probability of Failure
assuming Lognormal Distribution assuming Lognormal Distribution
for F for F
[ » e |
v Note:
I = number representing sail type
End

Figure 4.6: Flowchart for

Small Increment Program
{(Janbu-Prob-Smalllncrement)




End End

Flow diagram for the Flow diagram for the
calculation of F * calculation of F -
Note:

Afphabetical letters used represent the following:

i ="i" th slice

n = total number of slices

j = number representing soil type

| = number representing soil type

p = probabilistic parameter such as ¢’, ®',u

Fop represent cases of Fy ., Fy o, Fy o4, Fo o €1C.

Figure 4.7: Flow diagram for calculation of Fx+ and Fx-
(Janbu-Prob-Smalllncrement) 68




4.5 Application of the Models
4.5.1 General

These problems are also selected from Giam (1989), hence referee
results for minimum factor of safety and critical failure surface are
available from a group of specialists to validate the performance of our
programs in deterministic computations. Results of Monte Carlo
analysis based on the appropriate model (i.e.: Bishop or Janbu’s
simplified) along with that based on Spencer’s method are used to
validate the probabilistic computations. Out of them, Spencer’s
method was said to be one of the best methods available in slope

stability analysis.
4.5.2 Example 2 (Ref: ACAD3)

This (figure 4.8) is an example for which, the analysis through a
circular failure surface is quit e. The geological feature of
the weak layer controls the position of the critical failure surface,
hence some form of a non-circular analysis has to be used. Therefore,
this is an ideal example to test the capabilities of programs that can

handle highly irregular failure surfaces.

The water table is assumed to coincide with the base of the weak
layer. The effect of negative pore pressure above the water table is to
be ignored (i.e.: u = 0, above water table). The effect of tension crack is
also to be ignored in this problem. Hence, although the analysis is an
effective stress one, pore pressures do not enter into the calculations

unless an inappropriate failure surface is chosen.

When the problem was analyzed by referee programs, which used
Spencer method, Morgenste'rn and Price method and Generalized

Wedge method that can handle non-circular failure surfaces, the given
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critical failure surface was obtained. Number of trial failure surfaces
was tried in the process. Giam (1989) confirmed this critical failure -
surface through studies done with Upper Bound Plastic Theory
(program EMU) and Finite Element techniques (using program CRISP}.
Svince the critical failure surface was well established in that manner,

it was used in the probabilistic studies discussed here.

According to Giam (1989), many of the respondents of their survey
had not had a program in their possession to handle non-circular
failure surfaces. Hence, they had used Bishop’s analysis with a
judicious choice of failure surface to attempt an approximate solution.
The Bishop solutions for factor of safety were reported to be very high
because the circular failure surface can have only a limited length in
the weak soil layer. Hence, this example is thought to be suitable to
show the importance of selecting a suitable failure mechanism in

probabilistic analysis as well, if realistic results are required.

50.0
67.5,40 84,40
40.0 + (67.5,40) , (84,40)
// Sail i1
7/
/
/
/
/
/
) 4
30.0 | ' a1 /
. [20,27.75) @?' /
(20.27) < /. Sil 42 (84,27)
= o1 -
(20,26.5) (84,26.5)
Soil §1
20.0 1 1 1 1 1 L
20.0 30.0 40.0 50.0 60.0 70.0 80.0

Figure 4.8: Example 2 Geometry
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The effective strength parameters used for the deterministic analysis

are given in table 4.1.

Soil Type ¢’ (kN/m?2) ¢’ (9) ¥ (kN/m?3)
1 28.5 20 18.84
2 0 10 18.84

Table 4.1: Deterministic Soil Parameters for Example 2

Deterministic Analysis

Deterministic analysis performed was twofold. First, non-circular
analysis was performed for the selected failure surface shown in figure
4.8. Then, circular analysis was performed for a judicious circular
failure surface obtained from SLIDE computer program. Division of the
soil mass into slices, and extraction of slice information were done

using AutoCAD. They were then fed manually into the spreadsheets.
The modification factorfy considered in the Janbu’s analysis is 1.05.

Probabilistic Analysis

Reasonable values of coefficient of variation were selected based on
some published values (Lee et.al, 1983, Duncan, 2000) and they are
given in table 4.2.

Soil Type CoV (c¢') COoV(¢')
1 0.3 0.1
2 0 0.2

Table 4.2: Coefficients of Variation values for ¢’ and ¢’

Non-circular analyses were performed from all five methods discussed
under section 4.1. For the small increment methods, an increment
equal to 10% of the standard deviation was used. Monte Carlo
analyses were performed using both Janbu’s simplified method and
Spencer’s fnethod, using the SLOPE/W computer program (Geo Slope

Office, 1998). Standard deviation values used in Monte Carlo analyses
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were those computed from coefficient of variation values given in table

4.2.

Circular analyses were performed from all five methods discussed
under section 3.1. Small increment was again the 10% of the standard
deviation. Monte Carlo analyses were performed based on Bishop’s
and Spencer’s methods using SLOPE/W computer program. The basic
outline of the Monte-Carlo analysis performed using SLOPE/W
computer program is presented in Annex 1. All other supporting

documents for this example are given in Annex 2.
Results

Results of the analyses are given in tables 4.3 and 4.4. The graphical

representation is given in figures 4.9 and 4.10.
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Analysis Program Deterministic | Factor of Probability of Failure
Model Safety Normal Lognormal

Referee Solution 1.27 This perform only the
deterministic analysis

Direct Differentiation Janbu’s 1.2479¢ 4.92% 3.68%

(n(6) = deterministic) simplified

Direct Di-fferentiation Janbu’s -do-¢ 3.93% 2.80%

(n(8) = probabilistic) simplified

Duncan (2000) method | Janbu’s -do-¢ 8.34% 6.98%

simplified '

Small Increment Janbu’s -do-© 8.35% 6.99%

(Central Difference) simplified

Small Increment Janbu’s -do-¢ 8.37% 7.00%

(Forward Difference) simplified

Monte-Carlo® Janbu’s 1.197-1.2034d 10.669% - | SLOPE/W

Det. = 1.196b simplifieda 12.35%d | assumes

normal
Monte-Carlo a Spencer 1.278 - 1.287¢ | 3.84% - distribution
Det. = 1.25% 4.827%4 only
Note:
a. SLOPE/W-=compulter: prog ses uncorrected factor of safety for

Janbu'’s simplified method

b. In SLOPE/W, deterministic value is slightly different from mean values

The uses same deterministic model

d. Monte-Carlo analysis gives different values for different trials. Hence a range

of values are specified here for mean factor of safety and probability of failure

Table 4.3: Results of Non-Circular Analysis for Example 2

Example 2 - Non Circular

7
«// \

4 6

15
14 |
o 13-
o
-2
1.1 4
:
0 2
——F —&—Pf(N) —A—Pf(LN) |

8

Analysis Program

10

12.00%
10.00%
S
8.00% >
=
6.00% B =
: ac
4.00% ©
o
2.00%
0.00%

Figure 4.9: Results of Non-Circular Analysis for Example 2
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Analysis Program Deterministic | Factor of Probability of Faﬁure
Model Safety Normal Lognormal
SLIDE 1.561 This perform only the
deterministic analysis
Direct Differentiation Bishop’ s 1.57v 0.29% 0.04%
(M(0) = deterministic) simplified
Direct Differentiation Bishop’s -do-?b 0.22% 0.02%
(M(8) = probabilistic) simplified ’
Duncan (2000) method | Bishop’s -do-b 0.55% 0.09%
simplified
Small Increment Bishop’ s -do-b 0.55% 0.09%
method (Central simplified
Difference)
Small Increment Bishop's -do-b 0.55% 0.09%
(Forward Difference) simplified
Monte-Carlo Bishop’ s 1.642-1.644¢ 0.099% - | SLOPE/W
Det. = 1.643 simplified 0.114%c | 8ssumes
normal

Monte-Carlo Spencer 1.639 to 1.641¢ | 0.101% - distribution
Det. = 1.6392 0.124%¢ | only

Note: N

a. In SLOPE/W, deterministic value is slightly different from mean values

The uses same deterministic model

c. Monte-Carlo analysis gives different values for different trials. Hence a range

of values are specified here for mean factor of safety and probability of failure

Table 4.4: Results of Circular Analysis for Example 2

Example 2 - Circular

—e—F ——Pf(N) —&—Pf(LN) |

Analysis Program

e 2.00%
16 1. 1 1.60%
154 | | +1.20%

8 | |

w } ‘
iq . | | 1 0.80%

E‘ . :
134 . ST 1 0.40%
o - - |
—f ; e o
o S
12 b A4 ; 0.00%
0 2 4 6 8 10

Probability of Failure

Figure 4.10: Results of Circular Analysis for Example 2
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Discussion of Results

The deterministic factor of safety value for non-circular analysis
obtained from author’s model agrees very well with the Spencer result
obtained from SLOPE/W computer program. They differ from quoted
referee value only by 0.02. Hence, the results are well acceptable.
‘Janbu value from SLOPE/W differs from the above since it only gives
the uncorrected factor of safety, Fo. When it is corrected using the
correction factor of 1.05 (the value used in author’s models), it gives

values very close to the author’s ones.

Probabilistic results from author’s models can be broadly divided into
two ranges. The direct differentiation results normal probability of
failure values between 3.93% and 4.92%. But the values obtained
from approximate methods show a considerable difference from these
values having a range of values between 8.34% and 8.37%. Author’s
results from direct differentiation agree well with the probability of
failure obtained from Spencer nte Carlo analysis. Janbu
based Monte Carlo analysis cannot be used in the comparison since it

gives results based on the uncorrected factor of safety.

For the Monte-Carlo analyses, the mean factor of safety slightly
changes from the deterministic factor of safety (see annex 1), and it
also gave slightly different values for different trials. Therefore, in table
4.3, deterministic factor of safety is separated from mean factor of
safety. Also, mean factor of safety and probability of failure values
obtained from number of trials, which include different Monte Carlo
analyses with 1000, 5000 and 50000 trials, are given as a range of
values. However, in the graphical representation given in figure 4.9

and 4.10, average values out of these ranges are used.

As expected, factor of safety values from circular analyses are high,

and the corresponding probability of failure values are less than the
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actual values. Especially, probability of failure values are very low,
giving values below 0.5%. Hence, it shows the inappropriateness of the
circular analysis to this type of slopes. Therefore, it is essential In
probabilistic analysis as well, to select the appropriate failure

mechanism (or deterministic model), if realistic results are required.

Without considering the inappropriateness of the circular failure
surface, if the results from various models are compared, all the
values are quite close (In between 0.1% and 0.55%). Again the values
computed by approximate differentials were slightly greater than those
computed by the direct differentiation. Assumption that the factor of
safety has a lognormal distribution resulted in lower values of

probability of failure.

4.5.3 Example 3: (Ref: ACAD4)

This example (figure 4.11) introduc number of complications
simultaneously = varying po ressures in the region of
interest, toe and crest surcharges, both uniform and non-uniform and
a weak layer to control the position of the critical surface. The pore
pressures are to be computed using a flow net appropriate for the

given piezometric surface.

40 kN/m’

(84,40)
(84,36.8)
(84,36.2)

(20,2779)——-29- kN

Soil 1 — (4322755

(20,18.§§)::7;7/(

(20-18.28) Soil 2 Soil 1

(20159 84,15)

Figure 4.11: Example 3 Geometry
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The analysis is based on effective stresses, and the strength

parameters considered are given in table 4.5.

Soil Type c' (kN/m?2) ¢’ (9) Y (kN/m3)
1 28.5 20 18.84
2 0 10 18.84

Table 4.5: Deterministic Soil Parameters for Example 3

Deterministic Analysis

Analysis was performed in two ways. First, non-circular analysis was
performed for the failure surface given in figure 4.11. As with the
previous problem, the critical failure surface was established through
analyses done with referee programs that used methods such as
Spencer method, Janbu’s rigorous method, generalized wedge method,
upper bound plastic theory and finite element techniques. Then,
circular failure surface analysis was performed with a judicious failure

surface obtained from SLIDE computer program.

Pore water pressures were estimated by constructing a flow net as

shown in Annex 2.

Failure mass for non-circular analysis was divided into 14 slices,
limiting the maximum slice width to 3.2m. However, the average slice

width was 2.9m. Janbu’s modification factor used was 1.045.

For the circular analysis, the failure surface obtained from SLIDE was
used. Same vertical lines were used to divide the failure mass into
slices. Finally, total of 12 slices came within the failure mass, having

an average slice width of 2.9m.
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Probabilistic Analysis

Reasonable values of coefficient of variation were selected based on
some published values (Lee et.al, 1983, Duncan, 2000) and they are
given in table 4.6.

Soil Type COV (¢') COoV(4')
1 0.3 ' ' 0.1
2 0 0.2

Table 4.6: Coefficient of Variation values for ¢’ and ¢’

(Example 3)

As in example 3, Non-circular analyses were performed from all five
methods discussed under section 4.1. For the small increment
methods, an increment equal to 10% of the standard deviation was
used. Monte Carlo analyses were performed using both Janbu’s
method and Spencer’s method, using the SLOPE/W computer
program (Geo Slope Office, 1998). Standard deviation values used in

Monte Carlo analyses were the computed from coefficient of variation

values given in

Circular analyses were performed from all five methods discussed
under section 3.1. Small increment was again the 10% of the standard
deviation. Monte Carlo analyses were performed based on Bishop’s

and Spencer’s methods.

Pore pressures were treated in both ways that were discussed in
section 2.2. Coefficient of variation values and the mean values of pore
water pressures for the case where they are treated on the basis of soil
layers are given in table 4.7. The mean pore pressures for each soil

layer were selected to be the weighted average.




Soil Type Mean u (kN/m?2) COV (u)

1 13.29 0.3

2 36.05 0.2

Table 4.7: Mean and Coefficients of Variation of u for Example 3

For the case where the pore pressure variability is defined for the
whole slope, the mean value was again the weighted average. The
coefficient of variation for this case was obtained from the method
explained in section 3.5.2.2. Hence, the mean pore water pressure was

31.13 kN/m? and the coefficient of variation was 0.21.

In Monte-Carlo analysis, an equivalent standard deviation for the
piezometric head was selected in such a way that it gives rise to the
same standard deviation of average pore water pressure. Therefore the
value of the standard deviation of head was 0.66m. All the supporting

documents for this example are given in Annex 2.

Results:

Results of the analysis are given in table 4.8 and 4.9. As discussed in
Example 2, deterministic and mean values were different for
SLOPE/W analysis. Also, probabilistic analysis gave slightly different
values for different trials. Hence deterministic values have been
separated from probabilistic values and also probabilistic values are

given as a range.
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Analysis Pore Deterministic | Factor | Probability of Failure
Program Pressure Model of Normal Lognormal
. cov Safety
| 1 Referee Not 0.78 Performs only the
Solution Applicable deterministic analysis
2 Direct Based on | Janbu’s 0.733¢ | 99.56% 98.96%
Differentiation | soil layers simplified -
3 (n(6) = Constant for | Janbu’s -do-¢ 99.34% 98.61%
deterministic) | the slope simplified
4 Direct Based on | Janbu’s -do-¢ 99.86% 99.56%
Differentiation { soil layers simplified
5 (n(e) = Constant for | Janbu’s -do-¢ 99.74% 99.30%
probabilistic) the slope simplified
6 Duncan Based on | Janbu’s -do-¢ 99.46% 98.79%
f (2000) soil layers simplified
.7 method Constant for | Janbu’s -do-¢ 99.12% 98.27%
the slope simplified
8 Small Based on | Janbu’s -do-¢ 99.46% 98.79%
? Increment soil layers prsimplified
"9 | (Central FConstantfor |.J: do< | 99.12% | 98.27%
Difference) the slope simplified
10 | Small Based on | Janbu’s -do-¢ 99.46% 98.79%
Increment soil layers simplified
11 {Forward Constant for | Janbu’s -do-¢ 99.12% 98.27%
Difference) the slope simplified
12 | Monte-Carlo* | Based on | Janbu’s 0.666 - | 99.46% - | SLOPE/W
Det F= 0.67" Piezometric simplifieda 0.678¢ | 99.76%4 | assumes
"13 | Monte-Carlo | Head Spencer 0.731 - | 99.78% - | normal
| DetF=0.741 0.742¢ | 99,9200 | diStribution
only
Note:

a. In SLOPE/W Janbu analysis, results are based on uncorrected factor of

safety

b. Deterministic value is slightly different from mean value

c. These use the same deterministic model

d. Different Monte-Carlo trials result in different values. Hence a range is

specified here for mean values

Table 4.8: Results of Non-Circular Analysis for Example 3
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Analysis Pore Deterministic | Factor | Probability of Failure
Program Pressure Model of Normal Lognormal
cov Safety

1 Direct Based on | Bishop’s 1.1189% | 25.33% 26.53%
Differentiation | soil layers simplified

2 (M(9) = Constant for | Bishop’s -do-b 25.42% 26.64%
deterministic) | the slope simplified

3 Direct Based on | Bishop’s -do-b 21.74% 22.31%
Differentiation | soil layers simplified

4 (M(®8) = Constant for | Bishop’s -do-? 22.41% 23.09%
probabilistic) the slope simplified

S Duncan Based on | Bishop’s -do-b 24.09% 25.05%
(2000} soil layers simplified

6 method Constant for | Bishop’s -do-b 24.66% 25.79%

the slope simplified

7 Small Based on | Bishop’s -do-b 24.04% 24.99%
Increment soil layers simplified

8 (Central Constant for | Bishop’s -do-b 24.62% 25.68%
Difference) slope jrsimplified

9 | Small A p——F -do-b [ 24.14% | 25.11%
Increment soil layers simplified

10 | (Forward Constant for | Bishop’s -do-?b 24.88% 25.99%
Difference) the slope simplified

11 | Monte-Carlo Based on | Bishop’s 1.122 25.95% SLOPE/W
Det F=1.1102 | Piezometric simplified assumes

12 | Monte-Carlo Head Spencer 1.133 23.90% normal
Det F=1.122a distribution

only
Note:

a. Deterministic value is slightly different from mean value

b. These use the same deterministic model

Table 4.9: Results of Circular Analysis for Example 3

81




Example 3 - Non Circular
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Figure 4.12: Results of Non-Circular Analysis (Example 3)

Example 3 - Circular
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Figure 4.13: Results of Circular Analysis (Example 3)

Discussion of Results

The factor of safety for non circular analysis from author’s models
slightly differ from the quoted referee values by 0.05, but agree very
well with the Spencer deterministic factor of safety obtained from the
SLOPE/W computer program. Hence, the models were assumed to be
working properly in the deterministic computations. As expected,

Janbu’s uncorrected factor of safety from the computer program was
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different, but once corrected it became much closer to the author’s

factor of safety.

Results from all the methods show a probability of failure around 99%
indicating that the slope is highly unstable. Even results based on
uncorrected Janbu analysis showed this situation. An information
that can be obtained is that for this slope, the small difference in the
factor of safety within the given region of interest is not a crucial factor

to affect the probability of failure.

Circular analysis, as expected, gave different results with
comparatively lower probability of failure values for this slope. It again
shows the inappropriateness of the circular analysis to a problem of

this nature.

However, when the results of the circular analysis are compared
within themselves, they show all the author’s models, except the
method that asstumes M(0) is probabilistic, perform well to give close

results with those obtained from computer programs.
4.6 Concluding Remarks

Probabilistic models that can handle highly irregular non-circular
failure surfaces were presented. Performance of the models was
illustrated with two different examples covering two different realistic
situations. Comparison with accepted computer programs indicated
that author’s models that assume n(6) as a deterministic quantity
performs highly satisfactorily. Performance of approximate methods
based on Janbu’s models agree very well within themselves, but
produced slightly higher probabilities of failure in example 2.
Performance of the model that assumes n(6) as a probabilistic quantity
also gave somewhat satisfactory results, but may also need further

checking.

83



It was also shown that for problems with weak layers that can govern
the shape and position of the actual failure surface, the use of a
circular failure surface is highly inappropriate. This fact is proved to
be true for probabilistic analysis as well. Hence, it is essential to
understand the possible failure mechanisms, before any kind of

analysis, whether deterministic or probabilistic, are applied.

Although inappropriate for the examples considered in this chapter,
circular analysis performed gave further data to validate the
probabilistic models based on Bishop’s simplified method. From the
two slope problems studied performance of models were found to be
satisfactory, except for the slightly lower values given under the

assumption M(6) is deterministic.
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Chapter 5

PROBABILISTIC BASED ASSESSMENT OF
DIFFERENT STABILIZATION METHODS

5.1 Introduction

Landslides are frequentl nsiderable losses of both
money and lives. Severity of landslide problem has been worsened with
the increased development and change in land use. Blockage of natural
streams, deforestation, building on unstable slopes, modification of slopes
for buildings and highway expansions are some of the reasons that have
increased the risk of landsliding throughout the world. On the other hand,
side slopes in earth works must be designed to have an acceptable margin
of safety. Hence, the stabilization of slopes has become increasingly

important in geotechnical engineering.

Whether it is a natural slope, or an artificial slope, the causes of instability

are quite similar. They can be summarized as follows:

1) the slope is too high or too steep for the material of which it is

composed
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2) the materials are too weak to sustain the slope at its present
profile

3) the pore water pressures are too high, and thus adversely affect
the soil strength

4) the material contain weak inclusions or discontinuities

5) the slope is affected adversely by some external influence, for

example seismic loading, or applied loads from a structure.

Hence, the principles behind the rational approach in designing a new -

slope and stabilization of an existing slope are similar.

Commonly adopted slope stabilization measures can be broadly classified
as:

1) cut and fill solutions

2) drainage, and

3) use of structural systems
““““““ f1 nse to any slope instability
problem must always be to consider the use of re-grading or cuts and fills
as the main element of the scheme. The methods include changing slope
geometry to produce a flatter slope, head unloading by removal of soil and
replacing with lightweight material, and having a toe load. Flattening of
slope may improve the stability, but it would make large area of land
unusable. Head unloading is a satisfactory measure in short-term, but
may require additional measures in long-term. Toe loading, the most
effective stabilization measure that falls under cut and fill solutions
provide immediate results, and also once placed, it is unlikely to be
removed. In addition, it may serve in dual purpose reducing toe erosion as

well.
Drainage alone can be considered as the sole stabilization method if the

development of excess pore water pressure is found to be the triggering

factor in the slope instability. It becomes immediately effective where large
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flows in permeable strata can be intercepted. Slope stabilization by
drainage involves both surface drainage improvement and subsurface
drainage improvement. Surface drainage and landscaping of the site
reduces the ingress of water into the unstable soil mass, while subsurface
drains inserted into relatively impermeable soil layers facilitate the rapid
dissipation of pore water pressures. Subsurface drains can be in the form
of sub-horizontal drains at a small inclination to the horizontal or

directional drains following a critical failure surface.

Structures constructed in unstable slopes are the third means of primary
stabilization, and mainly divided into two classes viz., active and passive
methods. Active methods include methods such as ground anchors and
rock bolts, while the passive methods include methods such as soil
nailing, unstressed anchor dowels and piling across slip surfaces. Both
active and passive methods can be used successfully, but to become
successful, passive schemes require further movement of the slide to

mobilize the full resistance of the structural system.

Once the probabilistic analytical models have been developed, the next
attempt was to investigate the possible use of the concept of probability of
failure in practice. Hence, it was decided to evaluate the effectiveness of

various stabilization measures in probabilistic terms.

Almost all the slope failures in central Sri Lanka are triggered by excessive
rainfall. Hence, the use of surface and subsurface drainage would be the
primary method of stabilization. As such, the effectiveness of drainage was

studied in the research within a probabilistic framework.

In slopes where considerable movements have already taken place,
strength would have reduced to residual values and some form of
additional external support such as soil nailing would be helpful in
improving the safety margin. As such, additional probabilistic models were

developed to study the slopes stabilized by soil nailing.




Soil nailing is a practical and cost-effective method used very effectively in
many countries including France, USA, Australia, Germany etc. The
method includes insertion of number of passive elements into the ground
such that they cross potential failure surfaces. As the ground deforms, the
nails become stressed in tension, thus resisting movements. The method
has gained its popularity because of number of advantages it carry
including the low cost, requirement of only light construction equipment,
fast rate of construction and the flexibility associated with the method to
change the design according to what is encountered duringbonstruction.
In addition it allows the use of a grassy facing to go in hand with the
increasing environmental considerations. Therefore, author believes that it
is a method worth discussing further, although it is yet to become popular

in Sri Lanka.

Soil nailing had successfully been used in stabilization of cut slopes,
excavation support and repair of other structures such as retaining walls.
Comprehensive coverage of the method i lable in American Society of
Civil Engineers (1997), Bruce and Jewel (1986, 1987), Johnson et.al.
(1995), Mitchell and Villet (1987), Ortigao et.al. (1995) and Xanthakos et.

al. (1994).

The effectiveness of drainage can be evaluated in probabilistic terms
without any modification of the basic models developed under chapters 3
and 4. However, discussion of the effectiveness of soil nailing systems
needed the basic models for both deterministic models and probabilistic

models to be modified to include their effects.

The deterministic analytical models developed under the undergraduate
research project of the author were available for the soil nailing technique
(Mettananda et.al., 2001), hence, these models were selected for further

improvement.
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5.2 Development of Probabilistic Models based on Bishop’s
Simplified Method to analyze Soil Nailed structures

5.2.1 Basis of the Method

Deterministic equation derived to account for the soil nails (Mettananda
et.al.,, 2001) was selected as the basis of the probabilistic models. The

equation is given as:
Z{[C'Axi (w +Q, —u,Ax, +Tle1na)tan¢][/M (6)}}
Z I.(Wi +Q; )Sinei - Ty Cos(ei + Oi)J

where M;(0) is given by equation 3.2. In this equation;

F =

T, =lesser of [Nail strength, Pullout Resistance]
2

Al

= lesser of[n f. ,f, xnx ndl(c'+o'tan¢')} ......... (5.2)

The terms used in the above equations are illustrated in figure 5.1.

I

Figure 5.1: Forces acting on a Slice (Bishop’s Model - Nailed Slope)

First order second moment method was used to develop the probabilistic
models. Mean factor of safety is calculated using mean values of
parameters, while the variance is calculated using equation 1.10. As
illustrated in chapter 3, direct differentiation method (assuming M(6) is
deterministic) was found to be most successful in evaluation the partial

derivative. Hence, it was used to evaluate the effectiveness of soil nailing.
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5.2.2 Assignment of Uncertainties

Soil strength parameters and pore water pressures are treated as
probabilistic parameters. Force mobilized in nails was treated as a
deterministic quantity to avoid unnecessary complications of the resulting
equations. Pore water pressures were assumed to have a constant

coefficient of variation throughout the slope.
5.2.3 Derivation of Partial Derivatives

The partial derivatives obtained assuming M;(0) is deterministic are as

follows:

oF _ Z(ﬁe—)j

5 S (W, +Q,)sind, Ty, cos(@+a)) =~ (5.3)
Z {(Wl + Qi - u.Ax. +F)heimn r_'\: secy’|
Ez WLAYY 5 4)
36 S W, +Q,)sinb, Tycos@+a) T ,
Ax tang’
. Z(— __]
= MO ) 5.5)

au > {(Wi +Q,)sin6, - Ty, cos(d + a)}
5.2.4 Development of Spreadsheet
The spreadsheet consisted of four worksheets, viz., Deterministic
Worksheet, Probabilistic Worksheet, Calculations Worksheet and Nail
Resistance worksheet.

The deterministic worksheet, as usual, allows user to enter parameters

regarding the slope. In addition, it allows entering of data regarding the

nails passing through each slice. These data include;
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o number of nails passing through the slice over a unit width

e diameter of nails

o effective length of nails beyond the failure surface

¢ the bond coefficient (this is analogous to the bond coefficient
used in other reinforcing techniques)

e strength of nail material

. averége depth from the top,vand

e the inclination of the nails to the horizontal.

Nail resistance worksheet reads all these input data and computes the
mobilized nail force to be the lesser of the pullout resistance and the
tensile strength. The pullout strength is dependént on the overburden
stress, and it is automatically calculated using the depth to the nail.
However, if there is any surcharge involved, the user has to input the
value manually in this worksheet, since it is not concentrated only to that
particular slice. User has to assume 2:1 stress distribution, and enter
values into any of the slices, if it is necessary to account for the surcharge
effect on the pullout resistance , 1t will underestimate the
mobilized force in nails. Also, when there is a thin weaker layer 1s present,
and if a nail passes through both stronger and weaker layers, some
reasonable values for strength parameters have to be manually inserted in
the nail resistance worksheet for the particular nail. Without considering
this effect, if the strength parameters relevant to the particular slice are

used, the force mobilized in nails may not be correct.

Calculation worksheet reads all the input data from the deterministic
worksheet and the nail force from the nail resistance worksheet, and then
calculates the final factor of safety of the slope, after iterating over four
trials. It is observed here that the convergence is slower than that for the
slopes without nails. However, it converged at the end of the third trial for
a number of examples considered. In addition, calculations worksheet, as

usual, computes the partial derivatives applicable.
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The probabilistic worksheet as in the earlier cases, gets input data, and
the partial derivatives, and computes factor of safety assuming both

normal distribution and the lognormal distribution. Formulations of each

worksheet are illustrated in figures 5.2 to 5.6.
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DETERMINISTIC NAIL RESISTANCE CALCULATIONS PROBABILISTIC

WORKSHEET WORKSHEET WORKSHEET WORKSHEET
Input Data for Input Data for
Deterministic : Probabilistic

Analysis Analysis
Calculate the Calculate
Mobilized Nail Variances of
Force Parameters
L 4
Calculate Deterministic
Factor of Safety
Output
Deterministic
Factor of Safety
Calculate Partial )
Derivatives 'f
Calculate Variance of
the Factor of Safety

—

Calculate Probability of
Failure

Output of Probability of
Failure

Figure 5.2: Flow chart showing the overview of the Spreadsheet
(Soil Nailed Slope -Based on Bishop's Method)
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i=i+1

Input Slice Parameters
Ax;, 6,1, hy;, h,, u, sail
type;, ¢’ ¢’ Qi ¥;

Input Nail Data
ni,di,L f. f, z a

ei' "bi* yi' i

[ AV o Yes

Output Deterministic
Factor of Safety

|
Y

End

Note:

i ="i"th slice
n = total number of slices

Figure 5.3: Flow chart for Deterministic Worksheet
' (Soil Nailed Slope - Bishop's Method)




-

Copy Input Data and Nail Force
Data

Calculate, (W, + Q) sin 6,- T ; cos (6, + o)
c'Ax + (W, + Q- uAx; + Ty sin o) tan ¢'
No /|=*n\ Yes

Calculate, £ {(W,; + Q) sin §,- T, cos (6, + o)}
Z[c'ax + (W, + Q- udx + Ty;sin o) tan ¢

Calculate
e ax + (W, + Q- uax + Ty, sin a;) tan ¢']

Fy=

T{(W,;+Q)sin§,- Ty; cos (6, + o)}

l
k=0,i=0
r

()
.

Calculate, M,(8) = cos 6, + (sin 6, tan ¢'/ F,) {x
Calculate 3 [c' A, + (W, + Q, - uAx, + Ty, sin o) tan ¢'] / M(6) ’

No /lin\ Yes
- ]
k = k+1

Calculate (
I [c'Ax + (W, + Q- uax + Ty, sin o) tan ¢/ Mi(e) |
F, = , l
Z{W;+Q)sin®, - Ty, cos (6, + a)} (
No Yes Note:
=4 Alphabetical letters used represent the
following:
—~ " i ="i" th slice
rF =12 (Fy+Fy) l n = total number of slices

k = counter of the trial no. of the FOS
j = number representing soil type

Continued to next page

Figure 5.4: Folw diagram showing the Calculations worksheet

(Soil Nailed Slope - Based on Bishop's Method)

95



Continued from previous
page

Calculate,
Ax, 1 M(6)
(W, +Q, -uaxi + T, sin o) sec?d’' / M,(0)
- Ax; tan ¢' / M(8)

Calculate,
£ Ax,/ M)
TW. +Q -uAxi+ T, sino) carld' / 1\4'(9)

Eo=rAx tand' 1iMA{6)

|

|
y

Calculate,
(dF/dc)J., (dF/d¢')j, (dF/du)j

Note:
Alphabetical letters used represent the
following:

No

i ="i" th slice

End n = total number of slices

k = counter of the trial no. of the FOS
j = number representing soil type

Figure 5.4: Folw diagram showing the Calculations worksheet
(Soil Nailed Slope - Based on Bishop's Method)
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Input Probabilistic Parameters
i.e.: COV and Mean
of cj', ¢j‘, u,

Calculate Standard Deviation and
Variance of cj', ¢j‘, Y,

No

Read,
(dF/dc)j, (dF/dq)')j, (dF/du)j

2=

Calcul
(OF/dc)Z*V(C'),
(dF/d¢")2*V(¢'),

(dF/du) 2*V/(u),

No

Calculate,
Ve=Z (dF/dc))?*V(c')j +3 (dF/ddp')f'V(d;’)j +Z (dF/du)j""V(u)j

v

Calculate o,
Read Deterministic F
Calculate COV(F)=c/F

v

Calculate B = (F-1)/ o
Calculate Reliability = NORMSDIST (B,)

Calculate Probability of Failure = 1 - Reliability Not
e:

# j = number representing soil type

Calculate B,
Calculate Reliability = NORMSDIST (B,,)
Calculate Probability of Failure = 1 - Reliability

Figure 5.5: Flow Chart for
| Probabilistic Worksheet
End (Soil Nailed Slope - Bishop's
Method)




Start

Copy Input Data
relevant to nails

input surharge value
manually (if applicable)

\ 4

Compute Pullout Compute Tensile
Resistance Strength

o e

T

Compute Mobilized
Nail Force

End

Figure 5.6: Flow diagram for Nail Resistance Worksheet
(Soil Nailed Slope - Based on Bishop's Method
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5.3 Development of Probabilistic Models based on Janbu’s

Simplified Method to analyze Soil Nailed structures
5.3.1 Basis of the Model

Deterministic equation derived to account for the soil nails (Mettananda
et.al., 2001) was selected as the basis of the probabilistic models. The

equation for uncorrected factor of safety is given as:

F o= Z {c'ax, +(W, + Q, - uAx;)tang')/n, (O)} (5.6)
0= SW,tan0, :

where ni(0) is given by equation 4.2. In this equation Tn has the same

meaning as in the section 5.2.1. The corrected factor of safety is then

given by:
F=fo*Fo............. (5.7)
The terms used in the above equations are 1l] >d in figure 5.1.

First order second moment method was used to develop the probabilistic
models. Mean factor of safety is calculated using mean values of
parameters, while the variance is calculated using equation 1.10. Similar
to the methods discussed in section 5.2, direct differentiation method
(assuming n;(6) is deterministic) is used in this model to evaluate the

partial derivatives.
5.3.2 Assignment of Uncertainties

Soil strength parameters and pore water pressures are treated as
probabilistic parameters. Force mobilized in nails is treated as a
deterministic quantity to avoid unnecessary complications of the resulting
equations. Pore water pressures were assumed to have a constant

coefficient of variation throughout the slope.
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5.3.3 Derivation of Partial Derivatives

The partial derivatives obtained assuming n;(6) is deterministic are as

follows:

5.3.4 Development of the Spreadsheet

As for that discussed in section 5.2.4, spreadsheet consists of four
worksheets. Except some changes in Calculations worksheet and the
Probabilistic worksheet other worksheets are almost similar. In the
Calculations worksheet uncorrected factor of safety is first calculated and
then corrected to give the final factor of safety. In addition, partial
derivatives are also computed on the basis of uncorrected factor of safety.
In Probabilistic worksheet also, variance of the uncorrected factor of safety
is computed first, and then corrected to give the variance of corrected
factor of safety using equation 4.4. Formulations of each worksheet are

illustrated in figure 5.7 to 5.11.
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CALCULATIONS

PROBABILISTIC

WORKSHEET

Input Data for
Probabilistic
Analysis

'

Calculate
Variances of
Parameters

DETERMINISTIC NAIL RESISTANCE
WORKSHEET WORKSHEET WORKSHEET
Input Data for
Deterministic
Analysis
Calculate the
Mobilized Nail
Force
Calculate Deterministic
Factor of Safety
Output
Deterministic
Factor of Safety
Partial
Der ives

'T
>
Y

Calculate Variance of

the Factor of Safety

Calculate Probability of

Failure

Output of Probability of

Failure

Figure 5.7: Flow chart showing the overview of the Spreadsheet

(Soil Nailed Slope -Based on Janbu's Method)
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i @il bR S L

—_

No Yes

Output Deterministic
Factor of Safety
End
Note:
Alphabetical letters used represent the
following:
i ="i" th slice

n = total number of slices

Figure 5.8: Flow chart for Deterministic Worksheet
(Soil Nailed Slope - Based on Janbu's Method)
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Copy Input Data and Nail Force
Data

Calculate, (W, + Q) tan 6,- {T; cos (6, + o;) / cos 6}
c' A%+ (W + Q- uAx + Ty sin o) tan ¢
0o Y- Yes

Calculate, = [(W; + Q) tan 6,- {T; cos (8, + o;) / cos 6}}]
Do ax + (W + Q- uax + Ty sin o) tan ¢']

Calculate
et ax + (W + Q- udx + Ty sin o) tan ']
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TIW, +Q)sin 8- {Ty; cos (6, + o)/ cos 6}]

Y
v

Calculate, n(6) = cos 6, {cos 6, + (sin 6, tan ¢' / F )}
Calculate T [c' Ax + (W, + Q- uax + T, sina;) tan ¢/

No /‘in\ Yes

k = k+1
Calculate
Z[c'Ax + (W, + Q- uax + Ty sin o) tan ¢/ ny(8)
F =
0,k
T[(W;+Q)sin®, -{T;cos (6, +a)/cos 8}]

No

/(‘?\ Note:
Alphabetical letters used represent the

following:

|Fos=12*(F, +F,)]

i ="i" th slice

n = total number of slices
] k = counter of the trial no. of the FOS
j = number representing soil type

| F=f,"Fys

Continued to next page

Figure 5.9: Folw diagram showing the Calculations worksheet

{Soil Nailed Slope - Based on Janbu's Method)
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Continued from previous
page

Calculate,
Ax, 1 n(6)
(W, + Q- uAxi + T, sin ;) sec?' / n(0)
- AX tan ¢'/ n(o)

No /l\ Yes
1=Nn

Calculate,
L AX /n(o)
T (W, +Q -uaxi+ T, sin o) secd’' / n(6)
LT LAA; Al ) Pl d (89
|
Y
Note:
Calculate, Alphabetical letters used represent the
(dF/dc)j, (dF/dcb')j, (dF/du)j following:
i ="i" th slice
n = total number of slices
No A Yes k = counter of the trial no. of the FOS
=5 j = number representing soil type
End

Figure 5.9: Folw diagram showing the Calculations worksheet
(Soil Nailed Slope - Based on Janbu's Method)
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j = number representing soil type

|
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Calcutate 8,
Calculate Reliability = NORMSDIST (B, )

Calculate Probability of Failure = 1 - Reliability Figure 5.10: Flow Chart for
Probabilistic Worksheet
End (Soil Nailed Slope - Janbu's Method)
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?
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Figure 5.11: Flow diagram for Nail Resistance Worksheet
(Soil Nailed Slope - Based on Janbu's Method)
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5.4 Illustrative Example for the Stabilization using Drainage

(Example 4)

Two examples discussed under the section 3.5 can be used to illustrate
the effectiveness of drainage as a stabilization measure. Example 1(b)
represents the slope with a perched water table, while example 1(a)
represent the situation where the water table has been lowered by the
introduction of subsurface drains. The factors of safety and the
corresponding values of probability of failure are presented in table 5.1.
The graphical representation is given in figure 5.12. The probability of
failure corresponds to the model that uses direct differentiation assuming
Mi(8) is deterministic. Pore pressures have a constant coefficient of

variation for the whole slope.

Perched Water Table Lowered Water Table
Factor of Safety 1.03 1.44
Probability  of  Failure|  4510% 7.43 %
(Normal Distribution)
Probability of Failure 49.47 % 5.06 %
(Lognormal Distribution)

Table 5.1: Results showing the Improvement of Stability by Drainage
(Example 4) '

Example 4 - Effect of Drainage i
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Case 1: Perched Water Table
Case2: Lowered Water Table

Figure 5.12: Graphical representation of Results (Example 4)
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5.5 Illustrative Example for the Stabilization using Soil Nailing
(Example 5)

This i1s a modified version of example 1, having eliminated the
complication of different soil layers. This version had also been used in the
survey described in Giam (1989). The slope consists of a homogeneous soil
profile with ¢ = 3 kN/m?2 and ¢ = 19.69. The bulk density is 20 kN/m?3. The
coefficients of variation were cov(c) = 0.2 and cov($) = 0.3. Depending on

the geometry a near circular failure surface can be expected.

When the slope was initially analyzed, it gave a factor of safety of 0.99.
The probabilities of failure were 51.07% for the normal distribution
assumption and 56.44% for the lognormal distribution assumption,

indicating a highly unstable situation.

Hence, as a stabilization measure, a soil nail arrangement was designed
assuming driven type of soil nails. The arrangement uses 25mm diameter,
12m long nails. The herizontal and vertical spacing were 0.75m. The
assumed bond coefficient was 1.0. The proposed nail arrangement is

shown in figure 5.13.

S, TN E
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Figure 5.13: Proposed Nail Arrangement for Example 5
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In the presence of this nail arrangement, the factor of safety has improved
to 1.68. The probability of failure has lowered to 7.14% for normal
distribution assumption and to 3.77% for lognormal distribution
assumption. The graphical and tabulated representations of the results

are given in figure 5.14 and table 5.2 respectively.

Without Soil Nails With Soil Nails
Factor of Safety 0.99 1.68
Probability of Failure 51.07 % 7.14 %
{Normal Distribution)
Probability of Failure 56.44 % 3.77 %
{Lognormal Distribution)

Table 5.2: Results showing the Improvement of Stability by Soil

Nailing (Example 5)

Example 5 - Effect of Soil Nailing

T 60.00%
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(huiclk + 40.00%
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Probability of Failure
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Case 1: Without Nailing
Case 2: With Nailing

Figure 5..14: Graphical representation of Results (Example 5)

5.6 Illustrative Example for the Stabilization using both Drainage

and Soil Nailing (Example 6)

This is the same example used in section 4.5.3. The slope under present
conditions is in an unstable state with a factor of safety of 0.73, and a
probability of failure around 99%. As a stabilization measure, it was

decided to evaluate the effectiveness of lowering the water table. Hence,
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the lowering of the water table below the failure surface was considered.
- This procedure was found to be unsatisfactory as it resulted in a factor of
safety of 0.94 and a probability of failure of 66.35% for normal
distribution assumption and 68.59% for lognormal assumption. Therefore,
some other stabilization measures have to be proposed, and the possible

use of soil nailing was studied.

However, depending on the depth of the failure surface in the head region
nails cannot be used in that area. This region requires nails at least about
30m long, to bé effective. But, the nails more than 23m long have not been
reported in literature and the most preferred lengths are in the range of
7m to 16m. Hence nails could be used only in the lower part of the failure
surface. The proposed nail arrangement required only 13m long nails. All
of them are 25mm diameter driven type, high strength steel bars. Nail
spacing was 0.5m in both horizontal and vertical directions. The assumed
bond coefficient was 1.0. The results showed that a greater improvement
in stability could be achieved with nailing. Proposed nail arrangement is
shown in figure 5.15. The results are tabulat in table 3.3 and the

graphical representatic

SRS GRS )

Figure 5.15: Proposed nail arrangement for Example 6
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Normal Slope Drainage only Nailing only Both Nailing
and Drainage
F 0.73 0.94 1.14 1.44
Pf (N) 99.34% 66.35% 20.71% 1.83%
Pf (LN) 98.61% 68.59% 21.15% 0.75%

Table 5.3: Results of Example 6

Example 6
1.6 120.00%
b ' ) 1 100.00%
PRER . : E
g _ _ 1 80.00% &
» s
50.8 - / 1 60.00% g,
2 =
g0 ‘ ' ’ + 40.00%§
504 - ~ E
02 A\ T 20.00% &
|
Lo : : A 0.00%
> 0 ! 2 3 4 5
| —8—F - — Pf(N) —&—Pf(LN)

N O RA S

3: Nailing Only
4: Both Drainage and Nailing

Figure 5.16: Graphical representation of results (Example 6)

5.7 Concluding Remarks

Methods were developed in the earlier chapters to evaluate the probability
of failure, giving due consideration to the uncertainties associated. The
cases of both the circular and non-circular failure surfaces were handled.
In this chapter, the methods developed were used to assess the
effectiveness of various slope stabilization techniques. In particular,
attention was paid to the processes of drainage and soil nailing techniques
as stabilization measures. The assessment of stabilization techniques was

done through several examples covering both circular and non-circular

failure surfaces.
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When the results are presented, it was decided to present deterministic
factor of safety along with the probability of failure. This is because, that
the factor of safety is still the most familiar parameter for all geotechnical
engineers. Probability of failure values were presented for both normal
distribution assumption and lognormal distribution assumption. Since
there is still no firm decision regarding what the most suitable method,

these comparisons might give some idea to a potential future researcher.

In the examples, author has not discussed about an acceptable value of
probability of failure to distinguish between stable and non-stable states,
but just showed the improvement of the probability that can be obtained
from proposed stabilization measures. Once a large database is set up to
contain records of both failed slopes and safe slopes, it will be possible to

discuss about acceptable values of probability of failure.

Once this need is accomplished, it would be possible to use the concept of
probability of failure as a supplement to the factor of safety in the design
of safe slopes. The probability of {ailure is a more complete parameter for
the assessment of the stabilization techniques as all uncertainties can be

formally recognized.
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Chapter 6

APPLICATION TO SRI LANKAN CASE
HISTORIES OF NATURAL SLOPES

6.1 Stabilized Wata
6.1.1 Introduction

Watawala is located in the western slope of the central hill country of
Sri Lanka. It is the area, which experiences the highest annual rainfall
in the country. Watawala landslide is known to be an old, repetitive
and retrogressive landslide (Rajaratnam and Bhandari, 1994).
According to the records available the first signs of ground subsidence
had been recorded about 30 years ago. Since then, it had been
reactivated several times during periods of heavy rain, generally from

May to October.

In 1992/93, a major slide occurred resulting the destruction of the
railway line, which was then the main supply route to the upcountry.
Several ad hoc measures had been taken to repair the railway line, but

they had aggravated the landslide in the long term. Rajaratnam and
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Bhandari (1994) reported that the landslide in June 1993 covered an
area of 22 920 m? (approx.) and about 322 700 m3 slide volume.

Due to the huge destruction caused to the country's economy,
stabilization of the slide was of paramount importance. Hence it was
well investigated and long-term remedial measures were implemented

in 1995.

Watawala landslide is the best-studied landslide in Sri Lanka. The
mechanism of landslide, boundary shears and the piezometric profile
were reliably known, thus providing a fit case for the back analysis. In
our research the slope was modeled with the best available
information and the analysis was performed in probabilistic terms.
Figures 6.1 and 6.2 show the geomorphological map and the plan view

of the Watawala slide area.
6.1.2 Investigation of the Landslide

In the early 1990’s, National Building Research Organization (NBRO)
Sri Lanka had launched a comprehensive investigation program to

unearth the causes of instability and to design remedial measures.

The slide boundary had been established by a systematic program of
field mapping, site investigation, slope instrumentation and
monitoring. Side boundaries had been identified with the visual
observations while the basal boundary had been located by the use of
slope indicator observations, shearing of deflection tube, sudden drop
in N-values, bending of bore hole casings, water loss at bore holes and
the direct evidences of upthrust of the toe and the ground subsidence
at the crest. The details of sub surface profile, location of
instrumentations and the details of identified failure surfaces are

presented in Annex 8.
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Figure 6.1: A Geomorphological Map of the Watawala Earthslide
(Rajaratnam and Bhandari, 1994)
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Figure 6.2: Plan View of Watawala Earthslide (Rajaratnam and
Bhandari, 1994)

(slide boundary, cracks in the ground with dates and longitudinal setions

x-x and y-y are shown)




Maximum and minimum piezometric levels prevailing within the site
had been mapped by the data obtained from 9 cassagrande open
standpipe piezometers and 4 vibrating wire piezometers. According to
Rajaratnam and Bhandari (1994), pore water pressures had been
artesian particularly in the head region of the landslide. Major failure
surface along with maximum and minimum piezometric lines are

shown in figure 6.3.

Figure 6.3: Longitudinal Section Y-Y of the Watawala Landslide
[Rajaratnam and Bhandari (1994}]

(Basal boundary shear, the location of drill holes and the maximum

and minimum water levels are also shown)

Shear resistance of soil had been determined by testing of undisturbed
samples and also field shear box tests on actual slip surface. The
reported strength parameters for undisturbed samples had been
distributed over a wide range with ¢' = 28 - 46 kN/m? and ¢' = 210 -
28.59. The parameters derived from the field shear tests were c' = 0
and ¢/ = 169 (approx.). Since labofatory tests correspond only to low
order of strains and since the actual slip surface had undergone large
orders of strains, it had been proposed to use field shear strength
parameters assuming them to be the residual parameters (Rajaratnam

and Bhandari, 1994).
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6.1.3 Stabilization of the Watawala Landslide

Stabilization work of Watawala slope was carried out by John Holland
International (Pty) Ltd, Australia. Stabilization involved improvement
of both surface and subsurface drainage to lower the ground water
levels. Surface drainage was improved by recontouring and
construction of surface drains, so that they can intercept and divert
the surface runoff reducing infiltration. Subsurface drainage was
improved by installing directional drains and eductors. Conceptual
model of the rehabilitation work is given in figure 6.4. Plan view of the
underground directional drains and eductor drains are given in annex

8.
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Figure 6.4: Conceptual Model of the Rehabilitation Work
(Watawala Landslide)

The stabilization work took place in 1995, and the drains are still
reported to function properly. To date slope is safe and the
stabilization had been effective. Hence, this is a good case to check
whether this actual improvement of stability is reflected in the

probabilistic analysis.
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6.1.4 Extraction of Information

Slope geometry and the failure surface were drawn to scale and the co-
ordinates at key points were obtained. Then everything was redrawn
on the AutoCAD screen, failure mass was divided into slices, and the
relevant details were extracted. Pore water pressures were computed
using the infinite slope assumption, where the flow lines are assumed
to be parallel to each other. Since the cross section and the plan view
(figures 6.2 and 6.3) indicated a uniform slope, this assumption seems

reasonable.

6.1.5 Analysis

Deterministic analysis was performed through the Janbu’s method
using the residual strength parameters ¢’ = 0 and ¢ = 160. Failure
mass was divided inte 14 slices. Although slice width is assumed to be
small in the derivation of analytic the average value had to
be taken as 25m to work within the limitations of the deveIoped

spreadsheets. Janbu correction factor taken was 1.028.

Probabilistic analysis was performed using coefficients of variation of
0.2 for angle of internal friction, and 0.14 for pore water pressures.
Although the main objective was to evaluate the effectiveness of the
stabilization work, it was decided to analyze the problem using all the
models developed based on Janbu’s simplified method to provide
another example to evaluate the performance of the models. Hence

Monte Carlo analyses were also performed.
For the Monte Carlo analyses, standard deviation of piezometric head

was taken to be 2.15m for the high water table situation and 1.05m

for low water table situation, so that they correspond to the same
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coefficient of variation of the average pore water pressure used in the

other analyses.

The results of the analyses are given in tables 6.1 and 6.2. Graphical

representation is given in figures 6.5 and 6.6.

Analysis Program Deterministic Factor of | Probability of Failure
Model Safety Normal Lognormal
1 | Direct Differentiation Janbu'’s 0.8733 71.70% 74.82%
(n(B) deterministic) simplified
2 | Direct Differentiation Janbu’s -do- 72.32% 75.24%
(n(0) probabilistic) simplified '
3 | Duncan (2000) method Janbu’s -do- 71.45% 74.65%
simplified - '
4 | Small Increment - Janbu’s -do- 71.42% 74.63%
Central Difference simplified
S | Small Increment - Janbu’s -do- 71.40% 74.62%
Forward Difference |, simplified :
6 | Monte-Carlo " Janpl’s, T TT0.844- 90.228% - | SLOPE/W
Det: 0.84b | simplified: 0.845¢ 90.288%¢ i:“m“a‘fs only
7 | Monte-Carlo Spencer 0.879- 95.765% - distribution
Det: 0.876" 1 0.881¢ 95.794%¢

Note:

a. SLOPE/W computer program only uses uncorrected factor of safety for Janbu’s
simplified method

b. In SLOPE/W, deterministic value is slightly different from mean values

c. Monte-Carlo analysis gives different values for different trials. Hence a range of

values are specified here for mean factor of safety and probability of failure

Table 6.1: Results for High Water Table Situation (Watawala Slope)
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Figure 6.5: Graphical representation of Results (Watawala slope -~

High Water Table Situation)

Analysis Program Deterministic Factor of | Probability of Failure
Model Safety Normal Lognormal
Direct Differentiation Janbu’s 1.4917 6.23% 3.77%
(n(B) deterministic) simplified
Direct Differentiation Janbu’s -do- 5.67% 3.30%
(n(8) probabilistic) | simplified i
Duncan (2000) method .. Janbu's l 6.12% 3.68%
simplified
Small Increment - Janbu’s -do- 6.10% 3.66%
Central Difference simplified
Small Increment - Janbu’s -do- 6.28% 3.81%
Forward Difference simplified
Monte-Carlo? Janbu’s 1.294 0.00% SLOPE/W
simplifieda assumes
Monte-Carlo Spencer 1.348 0.00% only
normal
distribution

Note:
a.

simplified method

SLOPE/W computer program only uses uncorrected factor of safety for Janbu’s

Table 6.2: Results for Low Water Table Situation (Watawala Slope)
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Figure 6.6: Graphical representation of Results

(Watawala slope - Low Water Table Situation)

6.1.6 Discussion of Results

From the results it can be seen that the results from different methods
from author’s programs agree with each other except in the method
that assumes n(0) is probabilistic. However, this problem shows some
significant differences between Monte Carlo results and author’s
results. Since there was a difference in the way these programs
consider the uncertainty of pore pressures, it is not possible to arrive

at a conclusion whether one method is superior to the other one.

Results of the analysis for two piezometric conditions show that a
great improvement in stability can be expected from drainage. This is
represented both in deterministic and probabilistic analyses, and
confirmed somewhat by fact the stabilized slope is behaving

satisfactorily to date.
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6.2 Slope at Marangahawela (Badulla District)

6.2.1 Introduction

This represents another landslide that had been initiated very recently
in the Badulla district of Sri Lanka. The area is located in the
southwestern slope of the central hill country. Colombo-Ratnapura-
Wellawaya-Baticaloa (CRWB) main road lies across this slope, hence
an identification of instability is very crucial. Plan view of the

Marangahawela site is given in figure 6.7.

Sign of a slope failure was first indicated by the subsidence of the
CRWB main road lying across the landslide area. As soon as this was
noticed, an investigation had been carried out to cover the suspected
area. The investigation had consisted of 4 boreholes and subsequent
laboratory testing of soil samples. From these investigations, a
probable failure surface had been identified, and it had been analyzed
using Bishop’s simplified method. According to the results of the
analysis, lowering of the water table had been identified as a possible
remedial measure by the relevant authorities, and it had been

implemented.

6.2.2 Stabilization of the Marangahawela Slope

As the stabilization measure, a system containing a drainage well had
been proposed. Three subsurface subhorizontal drains were installed
in the form of perforated pipes as shown in figure 6.8 and the water
flowing through them are collected to the drainage well. The water
collected in this drainage well is then taken away from the slide area

by means of another subsurface drain.

To observe the groundwater levels piezometers had been installed in

all four boreholes. Measurements are taken continuously on these
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Figure 6.7: Plan view of Marangahawela Site
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Figure 6.8: Plan view of the sub surface drains and drainage well
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piezometers, and a huge drop in the water levels had been noticed
once the subsurface drains were installed. In addition, the flow
through the sub surface drains are also being monitored continuously,
and a remarkable increase of flow had been recorded during periods of
heavy rain prevailed in April/ May 2002. From these observations, the
officials involved in the remedial work are satisfied that the expected

lowering of the water table has been achieved.
6.2.3 Analysis

It was decided to evaluate the effectiveness of the stabilization
measure through the developed programs. The identified failure
surface was drawn in AutoCAD and the slice details were obtained.
Although the initial computations (done by Road Development
Authority) had been based on Bishop’s simplified analysis, a non-
circular nature was observed in the failure sﬁrface and Janbu’s
method was used in this study. The shear strength parameters and
the maximum and minimuim piezometric levels were the same as for
the original analysis. Hence ¢’ = 5 kN/m? and ¢’ = 169 were used. The
failure surface and the maximum and minimum piezometric levels

used are shown in figure 6.9.
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Figure 6.9: Cross-section of Marangahawela Slope
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The deterministic analysis gave factors of safety values that are almost
close to the original analysis with F = 1.15 for high water table
situation, and F = 1.36 for low water table situation. In the absence if
actual data relevant to the uncertainties, probabilistic analysis was
performed using some assumed coefficient of variation values. Hence
0.2 was used for strength parameters (i.e.: ¢’ and ¢') and 0.25 was
used for pore pressures. This resulted in the following values for the

probability of failure.

Pf(N) P{(LN)
High Water Table 31.77% 35.19%
Low Water Table 17.47% - 16.63%

Table 6.3: Probability of failure for Marangahawela Slope

(with probabilistic parameter set 1)

The probability of failure around 'ms unreasonable, if the
stabilization had been effective. It should be noted that for the case of
stabilized Watawala slope, the probability of failure was only around
6%. Also, Duncan (2000} has cited a case of a failed slope where the

factor of safety was 1.17 and the probability of failure was 18%.

Hence, another set of lower coefficients of variation was assumed and
the case was reanalyzed. For the coefficients of variation of 0.1 for
cohesion, 0.2 for friction angle and 0.15 for pore pressures the results

presented in table 6.4 were obtained.

PfIN) Pf{LN)
High Water Table 23.71% 24.76%
Low Water Table 7.99% 6.02%

Table 6.4: Probability of Failure for Marangahawela Slope

(with probabilistic parameter set 2)
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With this set, probability of failure of about 6-7% can be taken as
reasonable (this is just based on the information available at this
moment), if the stabilization works performs well. However, it is too
early to say whether the stabilization work has satisfactorily prevented
the slide. Hence these results can be kept open for future use. If there
is any failure taken place again it implies that the remedial measure,
which improved the factor of safety up to 1.36 has not been sufficient.
In other words it gives a clear indication that the factor of safety alone
is not sufficient to assess the stability of slopes, since the parameters

involved had been carrying uncertainty.

Another important observation is that despite the fact that factor of
safety is 1.15 under high water table condition the slope has shown
some signs of movements. However, according to the basic mechaniés,
if the factor of safety is greater than 1, the slope should be stable. This
is an indication that the computed factor of safety has not provided a
satisfactory assessmient of the stability of the slope, as in the case
cited by Duncan (2000). This is duec to the uncertainties involved in
the parameters used for the analysis. This is why the probabilistic
analysis is so important. Even using small coefficients of variation
values, the slope had a probability of failure around 23-24%, when the
water table is high.

6.3 Concluding Remarks

Two cases regarding actual slope failures were presented. Analysis of
Watawala slope gave another set of results to discuss the validity of
the models based on the Janbu’s simplified method. In addition, the
results showed that probability of failure can be taken as an
appropriate concept to discuss the effectiveness of the remedial

measures.
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Marangahawela slope was a good case study to discuss the
unsuitability of factor of safety as the sole parameter to assess the

stability of a slope.
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Chapter 7

PROBABILISTIC EVALUATION OF
SAFETY OF CUT SLOPES

7.1 Introductio:

Non-engineered constructions in slopes and surroundings are one of
the major causes that can increase the risk of landslides. Although
proper investigations are carried out in major construction works,
non-engineered constructions cannot be easily avoided in small-scale
constructions such as small houses. Instead of rigorous computations,
if somebody can arrive at some basic guidelines that can be
understood by general public, there can be an opportunity of reducing
the hazards since people are aware of the consequences. Therefore
establishment of design guidelines for disaster mitigation activities of
natural slope stability has become an important aspect in the
establishment of environmentally friendly, hazard free excavations in

natural slopes.

With the objective of developing such guidelines, National Building
Research Organization (NBRO) of Sri Lanka had carried out a

thorough investigation under the Sri Lanka Urban Multi-hazard
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Disaster Mitigation Project (SLUMDMP) (National Building Research
Organization, 1998). The special attention had been paid to the
assessment of unsupported earth cuttings in residual soils and

colluvium in the Rathnapura Municipal Council area.

Under the said project, stability of a large number of unsupported
earth cuttings had been assessed to cover both cuts by the sides of
roads and near buildings. Whole analysis had been based on the
deterministic concepts. The purpose of this chapter is to discuss the
possible use of probabilistic analysis in this kind of a project to

evaluate the stability and the effectiveness of the remedial measures.

Hence, two cases, where soil nailing can be used as a remedial
measure have been selected. The details of these cases were obtained
under the kind approval of the National Building Research

Organization of Sri Lanka

7.2 Soil strength parameters

Resource area consists mainly of residual soil, colluvium and
weathered rock. Properties had been evaluated through a series of
laboratory testing on undisturbed samples. Tests include multi-stage
consolidated undrained triaxial tests with pore pressure monitoring,
and multi-stage unconsolidated undrained triaxial tests. The results
are given as a range of parameters, and the values corresponding to

residuél soils are shown in table 7.1.

Effective strength c'=2-12 kN/m?
parameters b’ =260 - 320
Undrained strength Saturated cy = 10 - 22 kN/m?
parameters By = 20 - 30
Unsaturated cu =98 - 115 kPa

Table 7.1: Strength parameters of residual soils ~ Rathnapura MC

area
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7.3 Groundwater conditions

Groundwater conditions had been established by the observations
made at the site. Observations include inspection of test pits, auger

holes and dug wells.
7.4 Need for probabilistic approach

Average values of strength parameters had been used for different
kind of soils after testing on number of samples. In addition, methods
of obtaining the groundwater conditions are not that accurate. Hence
the values used in the analysis are subjected to some sort of
uncertainty. This uncertainty can be accounted with the use of a

probabilistic analysis.
7.5 Example Cut Slone 1 (Raf: RMCOC IN17)

This slope (figure 7.1} is found adjacent to a house and consists of a
residual soil formation overlying weathered rock. Identified water table
location is shown in figure 7.1. Slope had been analyzed in the original
research using both the peak strength parameters and residual
strength parameters, and the location of failure surfaces had been
limited by limiting tangents. But in this study, location of failure
surface was not limited by limiting tangents. Hence, identified critical
failure surfaces are different, thus giving different values for factor of

safety.
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Figure 7.1: Geometry of cut slope 1

Analysis was done using the peak strength parameters obtained by

undisturbed testing on saturated saimples. As that can be seen, an
effective cohesion of 10 — 12 kN/m? is available in these dense soil
formations in the fully saturated condition also. The parameters used
for the analysis are given in table 7.2. Coefficient of variation of pore

water pressure was 0.25.

Soil Type | ¢’ (kN/m?) $’(°) cov (c') cov (¢') v (moist) | y (saturated)
. kN/m3 kN/m?3
1 12 29 0.3 0.2 18 19.5
2 15 32 0.2 0.3 19 21.0

Table 7.2: Peak strength parameters for cut slope 1

The slope was initially analyzed using SLIDE computer program to
identify the most critical circular failure surface. Then the same failure
surface was analyzed using author’s programs after taking the slice

dimensions from the AutoCAD screen. The analysis shows that the
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slope is in the verge of failure with a factor of safety of 1.008 and a
probability of failure of 48.37% if the factor of safety is assumed to be
normally distributed and 52.11% if the factor of saféty is assumed to
follow lognormal distribution. However, this represents the fully
saturated situation, and the slope is much stable under partially
saturated conditions, due to high apparent cohesion resulting from

the matric suction.

However, if the matric suction is lost due to the infiltrated rainwater
the probability of failure and the factor of safety would be lowered to
the values quoted above and the slope is on the verge of failure. The
lowering of water table to be lower than the base of the potential
failure surface was considered as one stabilizing measure. The
improvement of factor of safety and the probability of failure achieved
by this technique is found to be only marginal (Tables 7.4 and 7.5).
Hence, another stabilization technique had to be considered and the

possibility of using s6il nailing was studied.

When a nail arrangement is designed considering only the critical
failure surface, another failure surface may become critical then.
Hence, a number of potential failure surfaces were considered before
finalizing on the final nail arrangement. Designed final nail
arrangement is summarized in table 7.3. A shotcrete facing can be

used to provide a local stability of soil near the face.

Length of nails

7m

Orientation

159 below horizontal

Vertical spacing

1m

Horizontal spacing

1 m, on a regular grid

Diameter of steel bars

25 mm high yield steel

Nail type

Driven

Durability requirement

Hot dip galvanizing

Table 7.3: Soil nail arrangement for cut slope 1
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Four possible failure surfaces were considered and they are given in

figure 7.2 along with the proposed nailing arrangement. Results of the

analyses of four failure surfaces under the natural condition and the

proposed stabilization method are given in tables 7.4 to 7.6.
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0 4.00 g.00 12.00 16.00

Soil 2

—

[ 1 I
20.00 24.00 25.00 32.00

Figure 7.2: Proposed nail arrangement and the failure surfaces

considered for cut slope 1

Failure Surface Factor of safety Probability of failure
Normal Lognormal
1 1.0079 48.37% 52.11%
2 1.0217 45.63% ' 49.36%
3 1.1520 25.23% 26.61%
4 1.2478 15.82% 15.16%

Table 7.4: Results for Cut Slope 1 — with the given water table
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Failure Surface Factor of safety Probability of failure
Normal Lognormal
1 1.0873 33.64% 36.32%
2 1.0831 34.56% 37.39%
3 1.2208 17.79% 17.59%
4 1.3253 10.70% 8.98%

Table 7.5: Results for Cut Slope 1 — with the water table reduced

below failure surfaces

Failure Surface Factor of safety Probability of failure
Normal Lognormal
1 1.5635 3.08% 1.24%
2 1.45 5.56% 3.38%
3 1.5249 4.18% 2.05%
4 1.5249 4.12% 2.01%

Table 7.6: Results of cut slope 1 - with the proposed nail

arrangement

7.6 Example Cut Slope 2 (Ref: RMC/00x

The section (figure 7.3) is found adjacent to the road and consists of a
residual soil formation of two different densities. Slope had been
analyzed in the original research using both the peak strength
parameters and residual strength parameters, and for this slope also
the factors of safety values computed in this research are different to
that obtained in the original analysis performed by NBRO (National
Building Research Organization, 1998). The reasons might be the
limitations that were there in the selection of the trial failure surfaces

in the NBRO analysis.
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Figure 7.3: Geometry of cut slope 2

parameters obtained by

undisturbed testing on saturated sampies. It can be seen that, an

effective cohesion of about 12 kN/m? is available even under fully

saturated condition. The parameters used for the analysis are given in

table 7.7. Coefficient of variation for pore water pressure was 0.25.

Soil Type | ¢’ (kN/m?2) ¢’ (°) cov (c’') cov (¢') y (moist) | y (saturated)
kN/ms3 kN/m?3
1 12 29 0.3 0.2 18 19.5
2 21 32 0.2 0.3 19 21.0

Table 7.7: Peak strength parameters for cut slope 2

The slope was also analyzed using SLIDE computer program to

identify the most critical circular failure surface. Then the same failure

surface was analyzed using author’s programs after taking the slice

dimensions from the AutoCAD screen. The analysis indicates that the

slope to be unstable with a factor of safety of 0.85, a probability of
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failure of 74.23% for normal distribution assumption and 77.10% for
lognormal distribution assumption. The reason behind the slope being
stable at present can be explained using unsaturated soil mechanics;
however, risk of instability cannot be neglected with the loss of matric

suction due to heavy rains.

~

Hence, nail arrangements were designed to stabilize this slope as well.
If the water table can be lowered to lie below the failure surfaces, it is
possible to improve the stability, but with the prevailing conditions,

such a lowering is highlv unlikely.

Nail érrangement designed considering a number of failure surfaces is
given in table 7.8. A hvdroseeded facing can be used to provide a local
stability of soil near the face and to give a pleasant greenish view that

blends nicely with the environment.

Length of nails [.12m

Orientation o PRttt s v horizontal
Vertical spacing 0.75 m

Horizontal spacing 1 m, on a diamond grid
Diameter of steel bars 25 mm high yield steel
Nail type Driven -
Durability requirement Hot dip galvanizing

Table 7.8: Soil nail arrangement for cut slope 2

Two possible failure surfaces were considered and they are given in
figure 7.4 along with the proposed nail arrangement. Results of the

analyses of four failure surfaces are given in tables 7.9 and 7.10.
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Figure 7.4: Proposed nail arrangement and the failure surfaces

Failure Surface

considered for cut slope 2

Probability of failure

Normal Lognormal
1 0.8510 74.23% 77.10%
2 0.8761 69.41% 73.26%

Table 7.9: Results for cut slope 2 - with the given water table

Failure Surface

Factor of safety

Probability of failure

Normal Lognormal
1 1.92 4.46% 1.32%
2 1.5756 9.77% 6.62%

Table 7.10: Results of cut slope 2 — with the proposed nail

arrangement
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7.7 Concluding remarks

Soil nailing can satisfactorily be used in stabilizing man-made cut
slopes, since the slope angle is high. For the simplicity only the driven
type of nails are used in the given nail arrangements. However, if
drilled and érouted nails are used, it is possible to have effective
diameters around 100mm to 150mm, thus increasing the pullout

resistance of nails. Hence, nail spacing may be increased.

Developed probabilistic models were used to evaluate the improvement
in stability in probabilistic terms. Always probability of failure is
presented along with the appropriate factor of safety since factor of
safety is still the most familiar parameter to indicate stability to most
geotechnical engineers. However, with the given comparison, it can be
seen that the concept of probability of failure is a good supplement to
discuss the effectiveness of various stabilization methods. The main
justification associated with the concept of probability of failure is that
it formally recognizes the uncertainties associated in geotechnical

parameters.
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Chapter 8

CONCLUSIONS

Under the research described in this thesis, probabilistic analytical

models were developed to cover the following:

e For Normal Slop
o Circular Failure Surfaces
o Non-circular Failure Surfaces
e For Slopes stabilized by Soil Nailing
o Circular Failure Surfaces

o Non-circular Failure Surfaces

Models developed for normal slopes were facilitated to perform
computations using five different approaches ranging from
theoretically sound methods to some approximate methods. Also, two
methods were used to incorporate the variable nature of the pore
water pressures. It was aimed at finding out behavior of each method
and selecting the best suitable method. Monte Carlo analysis was also
performed using a commercial computer program to provide a basis

for the comparisons.
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Four cases each were discussed under models based on Bishop’s
method and Janbu’s simplified method respectively. The examples
discussed under the model based on Bishop’s method were examples
1(a), 1(b), 2 and 3 (discussed in chapters 3 and 4). The examples
discussed under the models based on Janbu’s simplified method were
examples 2, 3 and Watawala slope for high and low water table
situations (discussed in chapters 4 and 6). The overall behavior of

each method within each model was studied.

For the model based on Bishop’s method, all the methods except that
assumes M(0) to be probabilistic gave values very close to each other.
For the model based on Janbu’s simplified method, all five methods
gave very close results. In addition, a significant difference of results
could not be observed between two methods that introduced variability
of pore pressures in two different ways, when the weighted average is
used for the average pore pressure and coefficient of variation values.
However, when the results of models developed by the éuthor are
compared with the Monte Carlo results, they agree well for dry slopes,
but there were some differences in the values for slopes having a
phreatic surface. The graphical representations of the summarized

results are given in figures 8.1 and 8.2.

Variation of Pf for Bishop Models
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Analysis Method

[—0—1(3) Soil -~ *+ 1(b)Soi! —&— 1(b) Slope 2 —¥%— 3 soil —@— 3 slope l

Figure 8.1: Variation of Probability of Failure with Analysis

Methods (Summary of Examples — Bishop’s method)
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Variation of Pf for Janbu Models
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Figure 8.2: Variation of Probability of Failure with Analysis

Methods (Summary of Examples — Janbu’s method)

The reasons for the difference of values associated between author’s
models and Monte Carlo results c: ned to the difference in
the methods of introducing the uncertainty of pore pressure. However,
a justification could not be arrived for the different values resulted

when M(6) is taken to be probabilistic.

In addition, discussion in chapter 4 showed how the selection of an
inappropriate failure mechanism or a deterministic model can produce
‘erroneous results. Hence when there is a special geological feature
that can control the position and the shape of the failure surface, it is
very important to select the appropriate deterministic model before

proceeding with the probabilistic analysis.
According to the observations made in this research, author suggest

the use of any of his methods except that assumes M(0) as

probabilistic in probabilistic slope analyses. But, out of the five
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different ways assumed, the following two methods were identified as

simpler and easier than the other methods:

1. Method that assume M(8) or n(8) is deterministic

2. Duncan (2000) approach

If any person is not willing to evaluate the partial derivatives in a
theoretical manner, Duncan (2000) provides an easy way of
performing probabilistic analysis. But, if the partial derivatives can be
evaluated, method that assume either M(0) or n(6) as deterministic
seem to be more efficient utilizing lesser computer disk and memory

space.

Author prefers to use the method that assume either M(6) or n(6) as
deterministic. Hence, models developed for slopes that are stabilized

by soil nailing used only

Analysis of hypothetical problems indicated the possible use of the
developed probabilistic methods in the assessment of the effectiveness
of various stabilization techniques. Analysis of Watawala slope with
some reasonable coefficient of variation parameters also indicated in
probabilistic terms how the stability of the slope is improved by
drainage. From the coefficient of variation values assumed, it showed
that a probability of failure of about 6% seem to be acceptable. If the
coefficients of variation could have been directly obtained from the

field test data, this analysis would have been more realistic.

The analysis of Marangahawela slope provided a very good case to
show the inadequacy of the factor of safety alone in evaluating the
stability of a slope. It gave a factor of safety around 1.15 for a slope
that has shown signs of instability, similar to the case quoted by
Duncan (2000). In addition, it showed how the probability of failure is

affected with the magnitudes of uncertainties. Hence this case study
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highlighted the importance of probabilistic analysis, as a supplement

to the conventional factor of safety.

Analysis of cut slopes in Ratnapura MC area showed the possible use
of the probabilistic analysis in these types of projects.

With the above observations, author wishes to conclude this
discussion reiterating the importance of the probabilistic analysis. The
main advantage in probabilistic analysis is that it formally
incorporates the uncertainties. As such, it is recommended that in
addition to conventional factor of safety that all are familiar with, the
probability of failure -should also be evaluated using appropriate
coefficients of variation to account for the uncertainties in the
geotechnical parameters. It will be a very good supplement and will be
immensely useful to the Geotechnical Engineer in his assessment of
the safety of an existing slope or the effectiveness of the proposed
stabilization measures. Models developed under this research could

perform Satisfactorll)’ 411 L11iO 1L,OP\/\./L.
Proposals for Future Research

Following areas have been identified as potential areas for future

research.

1. A large data base can be collected to contain probability of
failure values for both failed and stable slopes so that guidelines
for acceptable values of probability of failure can be established
in future in Sri Lankan context.

2. Further research can be performed to find out the uncertainties
associated with the current practices of parameter estimation
prevailing in Sri Lanka. It will not only be helpful to provide
reasonable values for the probabilistic analysis but also be

useful to find out ways and means of reducing such
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uncertainties, so that more reliable data can be estimated in
future.

. The probabilistic models developed in this research can be used
to assess the risk of landslides in the landslide prone areas in
Sri Lanka. This will enable to identify the areas with high risk

using a formal hazard-consequence approach.
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Annex 1

MONTE CARLO ANALYSIS PERFORMED
BY SLOPE/W SOFTWARE

The following have extracted fr¢ > On-line help of the SLOPE/W

software (Geo Slope Office, 1998) ) e way it performs Monte

Carlo simulation:

e The wuse of a probabilistic analysis will not affect the
deterministic solution. SLOPE/W computes the factor of safety
of all slip surface first and determines the critical slip surface as

if no probabilistic analysis is chosen.

e A probabilistic analysis is performed on the critical slip surface

only.

e The factor of. safety presented on the SOLVE main window
during the probabilistic analysis is the deterministic minimum
factor of safety of all computed slip surfaces; however when the
analysis is completed, the factor of safety presented on the
SOLVE main window is the mean factor of safety of all Monte

Carlo trials.



e In a probabilistic analysis, the input value of a parameter
represents the mean value, and the variability. of the parameter
is assumed to be normally distributed with a known standard
deviation.

e During the Monte Carlo trial, it is not unusual that some of the
trials may not have a converged solution (i.e., factor of
safety = 999.0). When this happen, the 999.0 factor of safety is

not considered in the statistical analysis.

e The number of Monte Carlo trials is dependent on the level of
confidence and the amount of wvariability 1n the input
parameters. Theoretically, the greater the number of Monte

Carlo trials, the more accurate the solution.

A diagram showing the typical probability distribution is given in

figure Al1.1

Probability Density Function

Frequency (%)
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Y
.

IR RIRI B
rTrys

0 el e RES
-0.47 -0.07 0.33 0.73 1.13 153 1.93 233 273

-0.87

Factor of Safety

Figure Al.1: Typical Probability Distribution of F (Geo Slope
Office, 1998)
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Variability in Pore-Water Pressure

In a SLOPE/W probabilistic analysis, the variability in pore-water
pressure is represented by a standard deviation of the pore-water
pressure head. In the beginning of a Monte Carlo trial, a net change
in the pore-water pressure head is computed based on a random
number and the normal distribution of the pore-water pressure
variability. Depending on the random number, the net change can be
positive and negative. The net change is then added to the pore-water

pressure conditions of the entire slope.

In the case where the resulting pore-water pressure generates an
equivalent water table higher than the ground surface of the slope,
SLOPE/W restricts the resulting pore-water pressure head to be not
higher than the ground surface. Figure A1.2 illustrates the Monte
Carlo trial positions©f the piezometric lines used in the analysis when
the standard deviation is 1 unit for standard deviates between +3 to -
3. It should be noted that the piezometric lines for +2 and +3
standard deviates are restricted in the downstream slope so that no

ponding is allowed.

Piezomelnc Lines

Figure Al1.2: Estimation of Piezometric Line Positions in a Monte

Carlo Trial (Geo Slope Office, 1998)
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When the pore-water 'pressure at the base of a slice is higher than the
weight of the slice, the slice has a negative effective normal, which may
cause convergence difficulties in solving the factor of safety equations.
Restricting the piezometric line to the slope surface will limit
convergence difficulties by preventing extremely high pore-water

pressures at the base of the slices.

It is physically more correct to restrict the maximum rise of the pore-
water pressure head to the ground surface; however, this restriction
introduces some bias to the variability of the pore-water pressure
conditions in the slope during the Monte Carlo trials. That is, the
variability of the pore-water pressure along the downstream slope is
no longer normally distributed. This bias has some effect on the

probability density distribution function of the trial factors of safety.
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Annex 2

ADDITIONAL DETAILS OF THE
EXAMPLES

Example 1 (a)

Details of the critical failure surface

Center = (34.23, 42.62)
Radius = 18.26 m

10 20 20

15

30

Figure A2.1: Critical failure surface considered in Example 1(a)




Y ~
Slice | Slice Width Porc Pressure Soil
Type
Axi 0i r H1 h2 i ¢' o' qi y
(m) (deg) | (m) (m) (m) | (kN/m2) (N/m2) | (deg) (kN/m2) (kN/m3)
1 1324 | 60.750 | 18.260 | 0.000 | 2.143 1 0.00 | 3800 19.50
2 1500 | 52670 | 18.260 | 2.143 | 3.372 I | 000 | 3800 19.50
3 1.500 | 45.480 | 18.260 | 3.372 | 4.153 1 0.00 | 38.00 19.50
4 | 1500 ]35120| 18260 | 4153 | 4626 | | 1 0.00 | 3800 19.50
W2 1500 133280 | 18260 | 4626 | 4862 | . | T L S A L1930
6 | 0954 | 28790 | 18.260 | 4.862 | 4.9 2 2300 | 19.50
7 1500 | 24.480 | 18.260 | 4.909 | 4.843 pmTmpons; o5, 20.00 19.50
8 | 1500 | 19400 | 18260 | 4.843 | 4622 | 20| 20.00 19.50
9 1500 | 14.480 | 18.260 | 4.622 | 4.260 3 | 720 | 2000 19.50
10 | 1500 | 9.660 | 18.260 | 4.260 | 3.766 3 7.20 | 20.00 19.50
11 | 1500 | 4920 | 18.260 | 3.766 | 3.122 3 7.20 | 20.00 19.50
12 | 1500 | 0000 | 18260 | 3.122 | 2400 3 7.20 | 20.00 19.50
13 | 1500 | -4.500 | 18.260 | 2.400 | 1.532 3 7.20 | 20.00 19.50
14 | 2046 |-10.120 | 18260 | 1532 | 0.143 3 720 | 2000 | 19.50
15 | 0562 | -14.300 | 18.260 | 0.143 | 0.000 3 7.20 | 20.00 19.50

Table A2.1: Slice Details for Example 1(a)
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Example 1(b)

Point x (m) y (m)
1 20 25
2 30 25
3 43 29.75
4 50 31.5
S5 53 32
6 56 32.25
7 70 32.25

Table A2.2: Coordinates of the phreatic surface for Example 1 (b)

/‘ -
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Figure A2.2: Flow Net for Example 1(b)

(Co-ordinates of the Slope Geometry are given in figure 3.9)
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‘\
Slice | Slice Width Pore Pressure Soil
Type
Axi 0i r h1 h2 Ui ¢! %' qi ¥4
(m) (deg) | (m) (m) (m) (N/m2) (kN/m2) | (deg) (kN/m2) (kN/m3)
1 1.500 01960 | 17.520 | 0.000 2.870 0.00 1 0.00 | 38.00 19.50
2 1.930 51.680 | 17.520 2.870 4.180 3.13 i 0.00 38.00 19.50
3| 1500 | 43360 | 17520 | 4180 | 4850 | 1628 | 1 | 000 | 3800 19.50
4| 1490 136960 | 17.520 | 4850 | 5230 | 2491 | 2 | 530 {3 || 1950
5| 1500 | 31060 | 17.520 | 5230 | 5% 3037 L U T I S X
6| 1500 | 25490 | 17.520 | 5380 | 5:35( )| 2000 1950
7 1.500 20.160 | 17.520 | 5.350 5.060 34.11 3 7.20 20.00 19.50
8 1.500 15.010 | 17.520 5.060 4.800 32.34 3 7.20 20.00 19.50
9 1.500 9.9904 17.520 4.800 4.320 31.16 3 7.20 20.00 19.50
10 | 1500 | 5.040 | 17.520 | 4.320 | 3.700 30.43 3 720 | 2000 | 19.50
11 1.500 0.000 17.520 | 3.700 2.960 25.20 3 7.20 20.00 19.50
12 1.500 -4.780 | 17.520 | 2.960 2.080 18.71 3 7.20 20.00 19.50
13 1.500 -9.780 | 17.520 | 2.080 1.070 15.20 3 7.20 20.00 19.50
1| viso [ -14210 1 17.520 | 1o70 | ooaso | vs3 3 720 | 2000 1950
15 0.590 -17.220 | 17.520 (.180 (.000) 2.42 3 7.20 20.00 19.50

Table A2.3: Slice Details of Example 1(b)
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Example 2

Details of critical failure surface (Non-circular)

Point x (m) y (m)
1 42 27.75
2 44 26.5
3 63 27
4 72.5 40

Table A2.4: Failure Surface Coordinates for Example 2

Details of critical failure surface (Circular)

Center = (30.25, 50.25)
Radius = 23.75m

22.65 | 165 |

~—

773

64

Figure A2.3: Critical Circular Failure Surface for Example 2

(critical Non-circular Failure surface in given in the main text)

20




\ ~
Slice {Slice Width Pore Pressure Soil
Type
Axi 6i H1 h2 ul ¢! ¢’ gi Y
(m) @eg) | (m) | (m) | (kN/m2) (kN/m2)| (deg) | (kN/m2) | (kN/m3)*
1 5.000 53.842 0.000 6.842 1 28.50 20.00 1884
2 | asw | sysa2 | esa2 fotsol Lo asso foomf s
3 6.190 1.507 10.750 7.818 2 0.00 10.00 18.84
4 6.215 1.507 7.818 4.874 2 0.00 10.00 | 18.84
5 6.595 1.507 4.874 1.750 2 000 | 1 10.00 18.84
6 | 1000 | 32005 | 1750 | 0635 ; o oo | RCLT
7 1.000 -32.005 0.625 50 20.00 18.84

Table A2.5: Slice Details for Example 2 (Non Circular Failure Surface)




N\ b ~
Slice | Slice Width Pore Pressure Soil
Type
Axi i r ht h2 Ui ¢ &' qi ¥
(m) (deg) | (m) (m) (m) (kN/m2) (N/m2) | (deg) (kN/m2) (kN/m3)
1 2174 | 58900 | 23.750 | 0.000 | 3.660 1 2850 | 2000 18.84
2 |.2000 350200} 23750 | 3.660 1 6.075 Lo Ess0 2000 L B
3 | 2000 | 43200 | 23.750 | 6.075 | 6.957 i 2850 | 2000 | 18.84
...... 4 | 2000 | 36900 | 23750 | 6.957 | 7.460 1| 2850 ) 2000 | 1884
L2 2000 131100 | 23,750 | 7400 | 7667 S| 2850 120004 ] L2 S
6 | 2000 | 25600 | 23750 | 7.667 | 7025 | ST 0 | 2000 18.84
7 | 2000 | 20300 | 23750 | 7.625 | 366 | 1 0 | 20.00 18.84
8 | 2402 | 14.800 | 23.750 | 7.366 | 0 | 20.00 18.84
9 | 1598 | 9800 | 23750 | 6.913 | 6.277 2 0.00 | 10.00 18.84
10 | 2000 | 5400 | 23750 | 6.277 | 5.467 2 0.00 | 10.00 18.84
11 | 2000 | 0600 | 23.750 | 5.467 | 4.488 2 0.00 | 10.00 18.84
12 | 2000 | -4.200 | 23.750 | 4.488 | 3.340 2 0.00 | 10.00 18.84
13 | 2000 | -9100 | 23.750 | 3.340 | 2.000 2 0.00 | 10.00 18.84
14 | 2854 |-15.100| 23.750 | 2.000 | 0.000 1 28.50 | 20.00 18.84

Table A2.6: Slice Details

for Example 2 (Circular Failure Surface)
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Example 3

Details of Critical Failure Surface (Non-Circular)

Point X (m) y (m)
1 43 27.75
2 49.15 26.44
3 77.06 34.86
4 80 40
Table A2.7: Coordinates of the Critical Failure Surface for
Example 3

Details of Critical Failure Surface (Circular)
Center = (48.59, 71.30)
Radius = 43.35m

23 4,3 16,95

YL T T 1T 1T VT T T T

23

12,75

64

Figure A2.4: Critical Circular Failure Surface for Example 3

XII




.’
Point x (m) y (m)
1 20 27.75
2 43 27.75
3 49 29.80
4 60 34.00
S 66 35.80
! 6 74 37.60
7 80 38.40
8 84 38.40

Table A2.8: Coordinates of Piezometric Surface for Example 3

Figure A2.5: Flow Net for Example 3

A X111



N\ ~
Slice |Slice Width Pore Pressure Soil
Type
Axi 0i h1 h2 Ui ¢ ¢ qi Y
(m) @deg) | @m | (m) | (kN/m2) (kN/m2)| (deg) | (kN/m2) | (kN/m3) -
1 2.800 -12.020 | 0.000 | 2.000 8.83 1 28.50 20.00 0.00 18.84
2 2.600 -12.020 2.000 | 3.850 22.56 [ 2850 20.00 0.00 18.84
3 3.200 16.780 3.850 | 4.870 31.39 2 0.00 10.00 0.00 18.84
4 2.900 16.780 4.870 5.440 31.39 2 0.00 10.00 0.00 18.84
5 2.900 16.780 5440 | 6.020 34.34 2 0.00 10.00 0.00 18.84
6 | 2900 | 16780 | 6020 | oo | 37w o ) Lo | ooo | 1884
7| 2000 | 670 | cew | 11 | Lo | o s
8 | 2900 | 16780 | 7170 | 7950 | 4022 2 | oo |woeo | w0 | 1884
9 2.000 16.780 7.750 | 7.840 40.22 2 0.00 10.00 0.00 18.84
10 1.900 16.780 7.840 | 7.270 40.22 2 0.00 10.00 0.00 18.84
11 2.750 16.780 7.270 | 6.440 37.28 2 0.00 10.00 22.28 18.84
12 2.610 16.780 6.440 | 5.640 34.34 2 0.00 10.00 26.84 18.84
13 2.040 16.780 5.640 | 4.550 31.39 2 0.00 10.00 31.71 18.84
14 2.60 60.26 4.55 .0.000 8.83 1 28.50 20.00 36.86 18.84

Table A2.9: Slice Details for Example 3 (Non Circular Failure Surface)
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Y * -
Slice | Slice Width Pore Pressure Soil
Type
Axi 0i r H1 h2 ui ! ¢’ qi Y
(m) (deg) (m) (m) (m) (kN/m2) (kN/m2) | (deg) (kN/m2) (kN/m3)

1 1.500 61.960 | 17.520 | 0.000 2.870 0.00 1 0.00 38.00 1950
2 1930 1 51.680 | 17.520 | 2.870 | 4.180 | = 3.13 Lo 0o 3800 L1950
3| 1500 | 43360 | 17.520 | 4180 | 4850 | p62s | v | oo | sseo | 1950
4 1.490 36.960 17.520 | 4.850 5.230 24.91 2 ~5.30 23007 19.50

5 1.500 31.060 | 17.520 | 5.230 5.380 30.37 2 5.30 23.00 19.50

6 1.500 25490 | 17.520 | 5.380 35 3,86 3 ) ] 20.00 19.50

7 1.500 20.160 | 17.520 | 5.350 5.060 3411 3 ) 120.00 19.50

8 | 1500 | 15010 | 17.520 | 5.060 | 4800 | 3234 3 w000 | | 1950
9 1.500 9.990 1 17.520 | 4.800 4.320 31.16 3 7.20 ] 20,00 19.50

10 1.500 5.040 | 17.520 | 4.320 3.700 30.43 3 7.20 20.00 19.50

11 1.500 0.000 | 17.520 | 3.700 2.960 25.20 3 7.20 200 19.50

12 1.500 -4.780 | 17.520 | 2.960 2.080 18.71 3 7.20 20.00 19.50

13 1.500 -9.780 | 17.520 | 2.080 1.070 15.20 3 7.20 20.00 19.50

14 1.180 -14.210 | 17.520 | 1.070 0.180 9.83 3 7.20 20.00 19.50

15 0.590 -17.220 | 17.520 | 0.180 0.000 2.42 3 7.20 20.00 19.50

Table A2.10: Slice Details for Example 3 (Circular Failure Surface)
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Annex 3

CHART FOR fo IN JANBU’S SIMPLIFIED
METHOD

Following is the chart gi by Jant garding the modification factor

fo:

fo 1.1

1.0
0 0.1 0.2 0.3 0.4

da/L

Figure A3.1: Chart for fo in Janbu’s simplified method

XVI



Annex 4

SAMPLE SET OF SPREADSHEETS -
MODEL BASED ON BISHOP’S METHOD

{Values correspond to Example 1(b) (FileName: ACAD1C1)}



Spreadsheet: BISHOP - PROB - DIRECT

(COV (u) = based on soil lavers)




CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE

BISHOP'S SIMPLIFIED METHOD
DETERMINISTIC

(Probabilistic calculations are valid upto 5 different soil lavers)

CALCULATION-STAGE 1
1 2 3 4 5 6 7 8 9 10 I 12 13 14 15 16
Slice | Slice Width Pore Pressure Soil
Type o2 | @2ras | 4 @*ay
Axi 0i r hi h2 ui < ¢ qi y hav wi Qi tan ¢’
@ | @ | | m | e | aN/m aN/m2) | ey | (kN/m2) (kN/m3) (m) (kN-per m width)| (KN-per m width)
1 | 1500 | 61960 17.520 | 0.000 | 2870 | 000 1 0.00 | 38.00 1950 L4 4197 0.78
e et B Rt Mo Bt M 1 O o IR RO ot R S | ol
31 1500 | 43360 | 17520 | 4.180 | 4850 | 16.28 1 0.00 | 3800 0.78
4 | 1490 | 36960 | 17520 | 4.850 | 5230 | 2491 2 | 530 | 23.00 0.42
5| 1500 | 31060 | 17520 ] 5230 | 5380 | 3037 2 o | 23.00 | 0.42
6 | 1500 | 25490 17520 | 5380 | 5350 | 3386 3 3k | 2000 0.36
7 | 1500 | 20160 | 17520 | 5.350 | 5.060 | 3411 3 0 | 20.00 0.36
8 | 1500 | 15010 | 17520 | 5.060 | 4800 | 3234 3 720 | 2000 0.36
9 | 1500 | 9990 [17.520| 4800 | 4320 | 31.16 3 720 | 20.00 0.36
10| 1500 | 5040 | 17.520| 4320 | 3700 | 30.43 3 720 | 2000 0.36
11| 1500 | 0000 | 17.520 | 3700 | 2960.| 25.20 3 720 2000 T yos0 1333 | o740 | 0.36
12 ] 1500 | <4780 | 17.520 | 2960 | 2080 | 1871 3 720 | 20.00 0.36
15| 1500 | -9.780 | 17.520 | 2.080 | 1.070 | . 15.20 3 720 | 2000 0.36
14 | 1180 |-14210[ 17520] 1070 | 0180 | 9.83 3 720 | 2000 0.36
15 | 0590 |-17220] 17520 | 0.180 | 0000 | 242 3 720 | 20.00 036
16
FOSE) 1.03 FOS(4) 1.03
[ Fos 1.03

© D. C. A. Mettunanda

ACADI el -B-P-Di-U-SoilPore-Deterministic

Page 1 of 1



CALCULATION OF PROBABILITY OF FAILURE OF A SELECTED FANLURIL SURFAC)
BISHOP'S SIMPLIFIED METHOD
PROBABILISTIC(First Order Sccond Aoment)

DATA INPUL

Direct Differentiation

(NORMAL DISTRIBUTION)

RELIABILITY INDIEX

RELIABILITY
TPROBTEAILT T

0553 5531 %
0.447] 4469 %

(OGNORMAL DISTRIBUTION)

T+[COVY”

T RELIABILITY INDEXT
T TTRELIABILITY T
PROB.FAIL

© D.CAALMettanandu

1.041
0.036

050 5144 %
0,486 48.50 Yo

ACAD A -B-P-Di-U-SoilPore--- Urobabilistic

Probabibsnc] COV Mecan c (kPa) @'(rad) u (kI’a)
Paramcters c w u c'(kPay | WO T u (kPa) | Mcan [+ Y Mean [+ A\ Nean [+
Soil 1 0 0.3 0.25 0 38 6.47 0.00 | 0.0000 | 0.0000 0.66 0.1990 | 0.0396} 6.47 1.6175 | 2.6163
Sei2 | 03 0.4 03 53 23 77.64 | 5.30 | 1.5900 | 252811 T 040 | 0.1606 | 0.0358] 27.647) 8.29207| 687573
Soil 3 0.2 035 | 035 72 20 2333 | 7.20 | 714300 |7 20736 ) 035 | 0.1222 [ 0.0149] 2333 7| 81655 | 66.6754
Soild )T Ty .00 7] 0.0000 { 00000 1 0.007 71 0.0000 | ooosod 000 | o.oooo | o.0000
Sotll 57 o7 0.00 | 0.0000 | 0.0000 000 0.0000 | 0.oooof v.oo | 00000 | 0.0000
Xt (9F/Xr) (OF/oX1)” (OF/0Xr) *V (Xr)
cl 0.00716 51:-05 0
2 0.00493 215-05 61305 N
3 0.02418 T T |oo006 T T T e T
a7 | 0.00000 " 0
5 | 0.00000 - 0
1 0.63840 0.016
o2 | o42615 T o n 0.005
&3 | 1.13383 ) T 7] 0019
¢4 7 |dgoooco T T T T o
o5 0.00000 A T I B
ul -0.00560 0.002
T £ R ARSI F TR
ul -0.00880 0
ud 0.00000 T o
us ~0.00000 o Yo - 0
0.044
I VFQOS) TAYLOR SEIRTES
a(FOS) -
NI
COV(R

Page 1 of 1



CALCULATION OFF FACTOR OF SAFETY OF A TRIAL FAJLURE SURFACE
BISHOP'S SIMPLIFIED METHOD

CALCULATIONS
CALCULATION-STAGE 1
1 2 3 4 5 6 7 8 9 10 it 12 13 14 15
Slice | Slice Width Pore Pressure Soil
Type {&)+(©)1/2 @*(12)*(13) 2)%11)

Axi 0i r hi h2 ui c' ¢' qi Y hav wi Qi

(m) (deg) (m) (m) (m) (kN/m2) (kN/m2) | (deg) (kN/m2) (KN/m3) {(m) (kN-per m width)] (kN-per m width)
L asw Teroco7sa0] s s DTN EZI ETCEA
2o steso [H7 520 | 2o N aiso TS L s f T esn 353 lpzes N T
L3l )onsg 1ranaeo 175201 w0V oasso [ a8 f T sk s 452 L3206
R OO 0 I Y 0 ) N1 0 IO Y 500 X RO SODMRELX T IS sud lhasad )
5 1.500 31.060 | 17.520 | 5.230 | 5.380 30.37 2 5.30 23.00 19.50 5.31 1 155.17
6L 00 ) asan0 | 1720 | 5380 ] TSas0 | TG TN T a0 T A T e S0 T YT As6e3 T T
7] XA00 20160 117520 5350 15060, [T 34Nt Tl A 720 o0 | 980 s2i L )wses b
8. ) 1500 ) 15010 ) 17520 5060 ) 4800 1" 3234} s 720 o000 oS0 493 1 2o N
917300 7] o990 T 7520°] 00 ] 420 [T 3ae T T A oo T 19501 456 1 T3 TN
I0T1 1500 | 5040 1175201 4320 173700 |1 3043 L3 | 720 12000 o loeso L oaor 1o 729 1o
Jrasoo o4 175201 3700 ) 2960 1 " 2520 ) " E X 720 ) 2000 | 1950 ... 333 L 9740 L
L2 ) vs00 14780 117520 | 2960 ) 2080 T 1871 1 3|20 ) 2000} 1950 T a5z L
137500 179780 | 17520 2080 | 1070 1771520 (T 5720 f 2000 L 1es0 158 . 4607 ke
L] viso h-142108 17520 | 1,070 ) 0480 [ 983 | X 720 L2000 L. 1950 ees 1 1438 )
210200 720 11320 | 0150, RO U2~ N CI IR0 I N Lo DO 1950 1 009 LYo
16

©D.CA. Mettananda ACAD1¢1-B-P-Di-U-SoifPore---Caliarlations Page 1 of 4



Y > ~
CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURL SURFACE
BISHOP'S SIMPLIFIED METHOD
CALCULATIONS
CALCULATION-STAGE 2
16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Ui= Trial t Trial 1 Trial 2 Trial 2 Trial 3 Trial 3 Trial 4 Trial 4
(20)*(16) | (18)+(2)) (22)/(23) (22)/(25) (22)/(27) 22)/(29)
tan ¢' (witQi) sin 6i | c'Axi ui*Axi (wi+Qi -uiAxi) ’ (20)*tand’ Mi(0) Mi(0) Mi(©) Mi(0)
4197 32.79 ) 30014 29.02 28.79 1.14 28.75
[T 12662 ] 9893 | 9893 | 107 7] 800 120 T 8190 [ 21 [T 8145 | - 122 |7 81.34
TS 10764 ] 8410 8400 120 7776063 s T G780 T2y T 67.43 | 7 125 | 6735
R 4640 | 5430 | 103 [ 5283 [ tod [T 5005 [ 105 [T 5188 | 105 | 5185
""""" 10962 ) 46537 B EEE Us100 5006 [ 107 | 5093
T 10614 | 3863 4043 1T 104 1 i30T 05 4696 | 105 | 4687 |- 1.05 | 4685
T 10108 | 2 1.05 {5.27 4495 [ 4488 [ T106 | T4as7
R Y M s N s e EERTIN BN 0 T MO XL
R N " 4050 4 o5 T 4047 7105 ] 4046
e ] s 102 | 3599 | 103 ] SECERN I EEXTN O LT
[ 5960|2169 132971 100} 3249 320 [ 3249 | 100 | 3249
| dses o LHeen Tarar] 097 ] 2828 2833 097 2835 | 097 | 2835
2321 ) saT ] L0931 T2078 2080 1003 T 2082 | 093 | 2082
T 278 |7 101 ] 080 ey’ 1076 | 1077 | 088 | 10.77
T 039 A 014 | 086 | 478 [ o8y [T 482 483 [ 085 | 483
R R T IC LG A N 177 S [N 177 B A A 100 |
572.90 639.25 598.65 590.69 589.06 588.72
—_
[FOS@n)  1.ite [FOSH) 1045 JEOSE) 1031 | FOS3) 1.028 | FOS®) 1.028

FOS 1.028

O©D.C.A. Metrananda

ACAD 1t -B-P-17-U-SoilPore---Calenlations

Page 2 of 4



CALCULATION OF FACTOR OF SAFETY OF A TRIAL IFAILURE SURFACLE
BISHOP'S SIMPLIFIED METHOD

CALCULATIONS
CALCULATION-STAGE 3
31 32 33 34 35 36 37 38 39 40 41
Soil 1 : Soil 2 Soil 3
(2)/(29) -(2)*(16)/(29) ~-(2)%(16)/(29)
Axi/Mi@) | secd’®’ (20)*se’®'/Mi(0) |-Axi*tan®'/Mi(0) Axi/Mi(0) sec’®' | 20)*se? D'/ Mi©0) |-Axi*tan®’ /Mi(0) | Axi/Mi(0) sec’ P! (20)*scc’ D' /Mi(B)

410 365.74 321 2.825110398 244.14 1.20 13.8513002 649.57
dF/dc dF/d®' dl/du dr/dc dl/dd dF/du dl/dc dF/d®’
T(31)/Z(17) £(33)/Z(17) T(34)/Z(17) £(35)/5(17) L(37)/T(17) IEY/EIT)  T(39)/E(1T) T(41)/E(17)
0.00716 0.63840 -0.00560 0.00493 0.42615 -0.00209 0.02418 1.13383

©D.C.A. Mettananda ACAD I c1-B-P-Di-U-So0ilPore---Calestlations Page 3 of 4



CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE

BISHOP'S SiMPLIFIED METHOD
CALCULATIONS
42 43 44 45 46 47 48 49 50
Soil 4 Soil 5
-(2)*(16)/(29) -(2)*(16)/(29) -(*(16)/ (29
Axi*tan®'/Mi(0) | Axi/Mi(®) |  sec?®'  [(20)*se?®'/Mi@)f-Axi*tan®' /Mi(§ Axi/Mi(0) [  scld' | @0)y*se®'/Mi0)|-Axi*an®'/Mi(0)

-5.04 0 0.00 0.00 0 0.00 0.00
dI*/du dlI*/dce dr/do! dF/du dl</dc di</dady d1/du
2(42)/2(1 7 2(43)/2(17) 2(45)/2(17) E(4())/E(l7) EEN/E(1T) 2(4‘))/.\:(17) 2(50)/2(17)
-0.00880 I 0.00000 0.00000 0.00000 I 0.00000 0.00000 0.00000

©D.C.A. Mettananda
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Spreadsheet: BISHOP - PROB - DIRECT

(COV(u) = constant for the slope)




CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE

BISHOP'S SIMPLIFIED METHOD

DETERMINISTIC

(Probabilistic calculations are valid upto 5 different soil layers)

CALCULATION-STAGE 1
1 2 3 4 5 6 7 8 9 10 T 12 13 14 15 16
Slice | Slice Width Pore Pressure Soil
Type GO | @raras) @D
Axi 6i r hi h2 ui ¢ ' qi ¥ hav wi Qi tan ¢'
m | e | ) | e | e | aevm (N/m2) | (deg) | (kN/m2) (KN/m3) (m) (kKN-per m width)| (kN-per m width)

1 | 1500 | 61.960 | 17520 | 0.000 | 2870 | 000 1 0.00 | 3800 19.50 L4 4197 0.78
2 | 1930 | 5168017520 2870 | 4180 |  3.13 i 000 |3so0] 19.50 3.53 132.66 0.78
3 | 1500 | 4336017520 4180 | 4850 | 1628 | { 000 | 3800 T vs0 | 452 132.06 0.78
"4 | 1490 36960 17520 [ 4850 | 5230 | 2491 2 30 | 23001 .. : 0.42
5 | 1500 |31.060] 17520 5230 | 5380 | 3037 2 580, |1 23.00 0.42
"6 | 1500 | 25490 17520 | 5380 | 5350 |  33.86 3 750 | 30.00 0.36
7 1 1500 | 20160 17520 5350 | 5060 | 3411 | 3 720 2000 1950 | 521 | 15205 0.36
8 | 1500 | 1501017520 | 5060 | 4800 | 32.34 3 | 720 {2000] | s | 495 144.20 0.36
o | 1500 | 9990 | 17520 | 4.800 | 4320 | 3116 3 720 | 20.00 0.36
10 | 1500 | 5.040 [ 17.520 | 4320 | 3700 | 3043 3| 720 {2000 0.36
11| 1500 | 0000 [ 17520 [ 3700 | 2960 | 2500 | 3 720 | 2000 0.36
12 [ 1500 | 4780 [ 17520 | 2960 | 2080 | 1871 3 720 | 2000 0.36
13 | 1500 | -9.780 [ 17520 | 2080 | 1.070 | 1520 3 720 T2 | es0 | s | w607 | 036
14 | 1180 [-14210[ 17520 [ 1070 | 0180 | 983 3 | 720 [ 2000 19.50 063 14.38 - 0.36
15| 059 |-17.220] 17520 | 0.180 | 0.000 242 3 720 | 2000 | T 1950 | 009 104 0.36

e A s R e S S O i It
FOSG) 1.03 FOS() 1.03
[ rFOs | 103

© D.C.A.Mettananda

ACAD1el-B-P-Di-U-Slopelore---Deternministic
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CALCULATION OF PROBABILITY OF FAILURE OF A SELECTED FAILURE SURFACE

BISHOP'S SIMPLIFIED METHOD
PROBABILISTIC(First Order Second Moment)

Direct Differentiation

DATA INPUT
Probubilisuc | COV Mean c'(kPa) d'(rad)
Parameters < P CEPay | PTACET T Mean o \Y Mean 5} \Y
Soil 1 0 0.3 0 38 0.00 | 0.0000 [ 0.0000 0.66 | 0.1990 { 0.0396
Soil 2 03 04 | 53 7| 23 |530 | 15900 25281 0.40 | 0.1606 | 0.0258
Soil 3 0.2 035 | 72 20 720 | 14400 | 20736 | 035 | 0.12227] 0.0149
Soil 4 I o “0.00 | 0.0000 | 0.0000 | 0.00 | 0.0000 [ 0.0000
Soil 5 A Y T 0006 [ 0.00007 00000} 0007 | 0.00007| 0.0000
Yanance
Ju (kPa) 45.755
Xr (ot /O0Xr) (CF/oXr) (GF/0Xn)" *V(Xr)
cl 0.01 SE-U5 0
02 0.00493 2[E-03 61-05
&3 0.02418 6E-04 0001
c4 D R B I N
57 T o T o o T
P1 0.6+ 0303 0.016
)2 Toaz615 | 0.182 T0.005
$3 1338y T T T 1.286 oo T
4 0 B ' | 0 i
b5 B R I = . |
u -0.02 B SITE R S P
l U.Ud> l
F V(FOS) 0.053] TAYLOR SEIRIES
o(FOS)[ | 176231
FOSQMLNY ~ 7| 71028
COVR] | 10224
(NORMAL DISTRIBUCTION)
RELIABILITY INDEX 0.121
RELIABILITY 0548 5481 %
PROB. FAIL 0.452] 4519 %
(LOGNORMAL DISTRIBUTION)
+[COV(H) 1.05
~ RELIABILITY INDEX ~  — |oo13)
T T UTTRELIABILITY T 0 1035050 3053 %
TPROB.FAIL C o 04951 4937 %

© D.C.A Mettananda
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CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE

BISHOP'S SIMPLIFIED METHOD
CALCULATIONS
CALCULATION-STAGE 1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Slice | Slice Width Pore Pressure Soil
Type {(5)+(6)}/2 (2)*(12)*(13) @*Qn)

Axi 0i r h1 h2 ui ¢ ¢’ qi Y hav wi Qi

(m) (deg) (m) (m) (m) (kN/m2) (kKN/m2) [ (dcg) (kN/m2) (kN/m3) (m) (kN-per m width)| (kN-per m width)
L] 1500 Tervsoa7s20 T 2870 | 3800 | 1950 Laa 97 |
2] ..1.930 | 51.680 | 17.520 | 2870 | 4180 | " 343 | i {3800 [ 1950 353 l132e6 oo
3] 1500 | 43.360 | 17,520 | 4180 | 4.850 | ~"16.28 1 i 3800 [ 1950 1 452 113206 | o
4 11490 1736.960 1 1752074850 ) 5230 | 2491 | 2530 12300 [T 950 S04 1ac4d |
5. 1500 |731.060 [ 17.520 | 5230 ] 5380 | " 3037 | 2 GO X N DN X (N - X N NS =% (2N I
6| 1500 | 25.490 | 17.520 [ 5380 | 5350 33.86 3 hivemggal Maologa] n Lanka ™[ 1950 7 537 | 15693 |
711500 120360 | 17552071 53507 ] 5060 | 341 | TR Tl 00 7 2000 | S DR 2 R 521 .as22s |
71500 ) 15010 [ 17.530°| (5060 | 4800 [ 3234 | T aeso T raos ] A4420 )T
711500 7179990 | 17.520 | 4800 ] 4320 | 3116 | R 7.20 | 20.00 R S LT N 456 |...13338 1 o
711500 | 5040 | 17520 | 4320 ) 3700 [ 3043 ] 3 | - 720 2000 [ L1950 T 400 Yoomr29 |
71500 117,520 [ 3700 ) 2960 [T 2520 | 3 [T 720 206 [l o503y ] 9740 N
711500 ] -4780 | 17.520 [ 2960 | 2080 | 1871 | R 720 | 2000 [ 1950 1 252 1. B
. 7.].01500 | -9.780 1 17,520 | 2080 | 1070 | 1520 17 E 720 120001 L1950 158 Lo deor 1o
7\ Cise ] iaZi0] 17550, 070 | 0180 [T To83 Tl E I 720 | 2000 o [L1950 1 063 1. 1438 |
710590 | -17.2200 17,520 [ 0.180 | [ 242 | R 720 | 2000 [ 1950 1 009 1] w04 |
0290 Laara0 1m0 L oas0 L L2 Lo LA
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- d
CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE
BISHOP'S SIMPLIFIED METHQD
CALCUILATIONS
CALCULATION
16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Ui= Trial 1 Trial 1 Triul 2 Trial 2 Trial 3 Trial 3 Trial 4 Trial 4
(20)*(16) | (18)+(21) (22)/(23) (22)/(23) 22/ (22)/(29)
tan ¢’ (wi+Qi) sin0i | c¢'Axi ui*Axi (wi+Qi -uiAxi) (20)*tand’ Mi(0) Mi(0) Mi(0) Mi(9)
IR SO SEES ST I RS SRS a7 ) 3279 |..3279 1109 ) 3ud4 | 115 ) 2902 ... ba L 2879 ... 114 1. 2875, .
Q78 1008 L 604 | ... 120062 . 9893 |..9893 | 117 } 8460 | 121 } ! 81.99 ... 121 4 8145 | 122 1. 81.34
S YA: SUUU 9067 L.......].248z2 0 10764 | 84.10 || 8410 | 121 ] 69.63 1 124 | ¢ 6780 1 125 1. 6743 | ..: 125 .. 67.35
SR SOUU 88.05 |.790 [ 371z | 10932 | . 4040 | 5430 | 103 f 5283 | 104 | ! 5205 [ LO5 L. 3188 | .. 105 ... 21.85
SN U 2N 80.06 . ].795 1.4556 4 . ..10962 I 53 | 54.48 05 1 517 107 posto o ror Lo 50.9 4. 1.07 1. 50.93
SR T 6753 1. 10.80 4 5079 | ... 10614 }..38 S FEAEANN B P L O LN 1687 ... 105 ... 40.85
S SN I 3247 1. 1080 1 SL17 1 .1 10108 ... e D27 Lo ) A5 4] 106 ... 4488 1 . 196 1. 44.87
IR | TR A 3735 . 1080 f 4851 1 ... 2209 .....[..38 | LAt L Lue | 4320 1] 106 | .. S ST 106 __|... .15
L2936 L 2344 L. 1080 1 4674 1 .. 80.04 1. 3153 ] L0065 1 LOS ) 4050 1 ] LO5 L. 4047 L. 105 ... 4046
L6 L 1030 1. 10.80 | 4565 1 ... R 20608 ] L3599 L L03 3592 4 103 4 3590 [, 103 1. 35.90
SR T 10.80 f 37.80 | . 29.00 | 21.69 | 3249 | 100 | : 5249 | 100 4 3249 L. 100 . 3249 1. 100 1. 3249
SO T I TR 1080 ) 2807 | ... SE2 =N 1601 L2828 | 097 ) 2833 1 . 097 ... 2835 1.0 .. 28.35 .
L2036 18 L. 1080 4 2280 1 . 2327 ]84 ] L2072 1 093 ) 2080 1 093 L. 2082 1093 | .. 20.82
SR C T B 333 L 850 f 1160 1 .. 278 1011 951 ) 089 ) 1069 1,088 | 1076 ... ves L. .. 1077 1..08 1. 1077
SOV T 031 LA L 039 014 ) 4l ) 086 | 478 .98 [ . 482 1. .. 085 |...485 [ .08 1 . 48 .
1.00 1.00 1.00
572.90 639.25 598.65 590.09 389.06 588.72
[FOS@n) 112 Trosay 104 JFOS@ 103 | FOSE) 103 [ FOS@) 1.03
FOS 1.03
© D.C.A Mettananda ACADT el -B-P-Di-U-S typePore---Catnlations Page 2 of 4



~ ~ g
CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE
BISHOP'S SIMPLIFIED METHOD
CALCUIATIONS
31 32 33 34 35 36 37 38 39 40 41 42
Pore Pressure Soil 1 Soitl 2 Soil 3 Soil 4
-(2)*(16)/(29) (2)/(29)
Axi*tan®' /Mi(0) | Axi/Mi(0)| sec’®' | (20)*sec’®'/Mi(0) Axi/Mi(8) sec?®' | @0yrsedd/Mi0)] Axi/Mi@©) | sedd’ 0)*sec’d' /Mi©) | Axi/Mi@) | sed®’
....... 03 ey v 5925 e e
....... 24 LS Lot 16766 e e
....... 094 L.tz 4o rey oo 13882 o e e
....... 000 e e EAZ2TAA0S2L L ISOLTSST 1231950143 e e e
........ 060 1) hAoz =
........ 052 e e 1 42180242 113247433 1139305247} 1 ...
....... 051 e Lk 414117641 113247433 1079178422} L.
....... 052 e e b 4 141836159 113247433 1024712351
....... 052 e e ) 143309728( 113247433 93.78060148) | ...
........ 053 e b L 140023549 113247433 7898798757 bl
....... 055 o e XS LI3247433 0749830134 .l
....... G M ssu4098] 103247433] T 53a4sqag0te)
....... 059 e o . ) 162103018) 1.13247433) 2847746079y ...
....... 049 o e e .. 110337098950 1132474331 3.569797785) ...
....... 025 o e e 069380667) 113247433 | -0.522502636) | ...
-9.45 410 365.74 2.825110398 244.14 13.8513002 649.57 ol
dl/du dl/dc A/ dr/de db/da Al /dc A/ dIF/dc
TaN/Z(17) EE2/Z307) TG34)/Z(17) (35)/2(17) SBN/ET) fEG8)/E(17) LEH0)/Z17)  |Z@E/Z(17)
0.02 0.01 I 0.64 (.004931285 0426153598 0.02417771 1.133829554 0
© D.C.AMettanandu ACAD el -B-1-Di-U-S lopePore-—-Clenlations Puage 3 of 4




CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE
BISHOP'S SIMPLIFIED METHOD

CALCULATIONS
43 44 45 46
Soil 5
(20y*sec’®' /Mi@) Axi/Mi(0) sec’®'  |(20)*sec’®'/Mi(®
0.00 0 0.00
dF/do’ dFF/dc dF/d®’
T43)/T17) 1Z@E4)/2(17) T(46)/Z(17)
0 0 0

© D.CA.Mettananda
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Spreadsheet: BISHOP - PROB - DIRECT - EXACT

(COV (u) = based on soil layers)




CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE
BISHOP'S SIMPLIFIED METHOD
DETERMINISTIC

(Probabilistic calculations are valid upto 5 different soil lavers)

CALCULATION-STAGE 1
1 > 3 4 5 6 7 8 9 0 " 12 3 14 15 16
Slice | Slice Width Pore Pressure Soil
Type GO | @*2ra3) @)
Axi 6i r hi h2 ui ' o' qi Y hav wi Qi tan ¢'
(m) (deg) (m) (m) (m) (kN/m2) (KN/m2) | (dep) (kN/m2) (KN/m3) (m) (kN-per m width)| (kN-per m width)
_____ t | 1500 | 61960 ] 17.520 | 0000 | 2870 | 000 1 00| 3800 1050 L 197 0.78
et S I A S R ARt s R e e g o
3| 1500 | 43360 17.520 | 4.180 | 4.850 | 1628 1 000 |3s00| 1950 452 132.06 0.78
4 | 1490 |36960 | 17520 | 4850 | 5230 | 241 2 530 | 23.00 19.50 504 146,44 0.42
5 | 1500 | 3100017520 5230 | 5380 | 3037 2 30 | 23.00 R ) 531 155.17 0.42
6 | 1500 | 2549017520 5380 | 5350 | 33.86 3 7800 | 2000, 1950 537 156.93 0.36
7 | 13500 | 2016017520 5350 | 5060 | 34.11 3 | 7 50 | 2000 N R 501 | 152.25 0.36
8 | 1500 |15010] 17520 | 5.060 | 4.800 | 3234 3 720 | 2000 19.50 4.93 144.20 0.36
9 11500 | 9990 | 17.520 | 4800 | 4320 | 3116 3 720 | 20.00 1950 4.56 133.38 0.36
10 | 1500 | 5040 [ 17.520 | 4.320 | 3700 | 30.43 3 | 720 | 2000 19.50 401 117.29 0.36
11| 1500 | 0000 | 17.520 | 3.700 | 2960 | 25.20 3 720 2000 ] vs0 | 335 | 97.40 0.36
12 | 1500 | 4780 | 17520 | 2960 | 2080 | 1871 3 720 | 2000 | | 19.50 250 | 3 0.36
13| 1500 | -9.780 | 17.520 | 2.080 [ 1.070 | 1520 3 | 720 {2000 1950 | 158 4607 0.36
14| 1180 |-14210] 17520 1070 | 0.180 |  9.83 3 720 | 2000 | 1950 0635 14.38 0.36
15 | 0590 |“17.220( 17520 [ 0.180 | 0.000 | 242 3 720 | 20.00 19.50 0.09 1.04 10.36
e O A e e ey Mo
FOSG) 1.03 FOS(@) 1.03
[ Fos 1.03

© D.C.A.Mettananda
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DATA INPUL

CALCULATION OF PROBABILITY OF FAILURE O A SELECTED FAILURE SURFACE
BISHOP'S SIMPLIFIED METHOD
PROBABILISTIC(First Order Sccond Momecnt)

Direct Differentiation

Probabiistc| COV Mean < (kl’a) d(rad) u (kPw)
Parameters c & u c'(kPa) [ WTTEE] u Mean [ 4 Mcan [ VT Mean g AY
Soil 1 0 0.3 0.25 0 38 6.47 | 0.0000 [ 0.0000 | 00000 | 0.6632 [ 0.1990 [ 0.0396] 6.4700 | 1.6175 | 2.6163
Soil2 103 |Tod4 |03 53| 237 | 2764 153000 1.5900 | 2.5281 | 04014 | 0.1606 | 0.0258 | 27.6400] 8.2920 | 68.7573
Sotl 3 102 035 | 035 7.2 20 2333 | 7.2000 | 1.4400 | 20736 | 034917 0.1222 | 0.0149123.3300] 8.1655 | 66.6754
Soil 4 0.0000 | 0.0000 | 06.0000 | 0.0000 | 0.0000 | 0.0600 | 0.0000 | 0.0000 | 0.0000
Soil 5~ 0.00007t0.00007| 0.00007] 70:0000 [ "0.0000 | 0.0000] 000007} 0.0000™ | 0.0000
Xr (OF / 0Xr) (OF/8Xr)* (OF/ 8Xn)" *V(Xr)
cl 0.0072 5105 )
2 0.00493 21505 611505
<3 002418 0.0000 000121
cd t) ] ()
5 0 0 (}
[ 0.3328 0.1108 0.00:439
2 T 0.3173 0.1007 0.0026
¢3 1.0510 1.1045 0.01649
¢4 T |ToooooTT T T T o T 0
65 T | o000 R ) 0
ul -0.0056 31:-05 8.21:-05
u2 -0.0021 4106 T {00003
u3 200088 805 o "1 0.00516
u# 0.0000 0 I
u5 0.0000 0 o
003029
Iv V(FOS) 0.03029] I'AYL.OR SEIRES
G(FOS) 07403
FOSMLY) 0279
COV(») 0.1693
(NORMAT. DISTRIBUTION)
RELIABILITY INDIEX 0.16039
RETIABILITY T T T T 056371 T 56.37 Y%
" T PROBIFAIL ™ T T T T 1 043629 4363 %
(LOGNORMAT, DISTRIBUTION)
T+HCOV{ 1.02866
TRELIABULITY INDIEN 0.07971
C T RELIABILITY 0.53176]  53.18 %

© D.C.AMettananda
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CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE
BISHOP'S SIMPLIFIED METHOD

CALCULATIONS
CALCULATION-STAGE 1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Slice | Slice Width Porec Pressure Soil
Typc {(5)+(6)}/2 @*(12)*(13) @*y
Axi 0i r hl h2 ui c' o' qi Y hav wi Qi
(m) (deg) {m) (m) (m) (kN/m2) (KN/m2) | (deg) (kN/m2) (kN/m3) (m) (kN-per m width)| (kN-per m width)
1 1.5000 61.9600 | 17.5200 2.8700 1 38.0000 19.5000 1.4350 41.9738

© D.C.AMettananda
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3 ~
CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURLE SURFACE
BISHOP'S SIMPLIFIED METHOD
CALCULATIONS
CALCULATION - STAGLE 2

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Ui= Trial { Trial 1 Trial 2 Trial 2 Trial 3 Trial 3 Trial 4 Trial 4

(20)*(16) (18)+(21) (22)/(23) (22)/(25) 22)/(27) 22)/(29)

tan ¢' (wi+Qi) sin Oi ¢'Axi uikAxi (wit+Qi -uiAxi) (20)*tand’ Mi(0) Mi(0) Mi(0) Mi(0)
0.7813 37.0469 419738 32,7935 1 327935 1.0881 | 30,1388 | 1.1300 29.0209 1.1389 ._?_.5_5_7_?f13 _____ 1 _.-1_4.Q?__ __2_8;._/?_7-‘!"
(814527 | 12162 | 81.3421
(674257 | 1.2488 | 67.3476
518842 1 1.0473 | 51.8501
: (509015 1 1.0696_ | 50.9333
....03040 ) 075338 | 10.8000] 50.7900 | 106.1363 |, 386304 | 494304 | 1.0430 | 47.3909 | 1.0526 § 409622 [ 10546 408723 | 10550 | 4685335
... 03640 52,4706 1 10.80004 51.1650 f 1010813 1 307906 | 475906 | 1.0512 | 452747 | 1.0588 | 449486 | 10604 | 448801 | 10607 | 44.8658
... 03640 1 373467 | 10.8000] 48.5100f 936925 | 348202 | 456202 | 10504 | 434415 | 10561 [ 43.2059 | 1.0573 [ 43.1562 | 10576 | 43.1458
... 93040 | 251383 1108000 | 46.7400] 86.6400 | 534471 4233104 ™ 1.10453 1 405012 | 10461 4 404697 | 10462 | 40.4631
..2203040 L 10.3043 1108000/ 456450 | T1.6475 1260776 | 36:8776 | 1.0248 | 35.9855 | 10267 | 359174 | 1.0271 1 359030 | 10272 | 358999
... 03640 ... ].10.8000f37.8000 ) 59.6025  [L21.6935 ] 32.4935 | 1.0000 | 32.4935 | 1.0000 | 32.4935 ] 10000 | 324935 | 10000 | 324935
...93640 4 - 6.1423 | 10.8000) 28.0650{ 430450 | 166134 | 27.4134 ] 09693 | 28.2805 | 0.9675 [ 283344 | 09671 | 283458 | 09670 | 28.3482
... 03640 4 18255 110.8000) 22.8000 | 232088 ). 84691 | 19.2691 | 0.9301 | 20.7182 1 0.9263 [ 208022 [ 0.9255 | 208201 j 09253 | 20.8239
... 03640 L 35303 | 84960 1 11.5994 | 27819 1. 10125 | 9.5085 | 0.8893 | 10.6918 | 0.8839 | 107574 | 08827 | 10.7715 | 08825 | 107744
..03640 L 03005 | 42480 ) 14278 | 03924 .- 01428 [ 4.1052 | 0.8586 | 4.7812 .?;@?.%‘.t--?ﬁ.‘?’.(l.. ..08507 | 4.8258 | 08504 | 48275
__________________ L 1.0000 1.0000 1.0000 1.0000

572.8954 639.2548 598.6532 590.6940 589.0565 588.7162
= =

[FOS@ni) 112 JFOS()  1.04 [FOS@) 1.03 FOS(3) 1.03 [ FOS®4) 1.03

FOS 1.03
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CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE
BISHOP'S SIMPLIFIED METHOD

CALCULATIONS
31 32 33 34 35 36 37 38 39 40 41
Soil 1 Soil 2
2)/(29) -(2)%(16)/(29)
cos B tan 8 Axi/Mi(B) sec’®’ (20)*sec’®’ /Mi(0) A*d(1/MiB)/do -Axi*tan®'/Mi(0) Axi/Mi(0) sec’®d' (20)*sec’®' /Mi(0)
C= D= C+D=

I dF/dc I
T(33)/Z(7)

0.01

59.2549

-34.8467

-1.0273

190.6713 -3.2056 2.8251
dF/do’ dF/du dF/dc
ZBNH/ZA7) Z(38)/Z(17) Z(39)/2(17)
0.33 -0.01 0.004931285

© D.C_A.Mettananda
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CALCULATION OF FACTOR OF SAFLTY OF A FRIAL FAILURIL SURFACL
BISHOP'S SIMPLIFIED METHOD
CALCULATIONS
42 43 44 45 46 47 48 49 50 51 52
Soil 3 Soil 4
-(2)*(16)/(29) -(2)*(16)/(29)
A*d(1/Mi0)/dd -Axi*t'.m(D'/Mi(GF Axi/Mi(0) sec’ ' (20)*se"®' /Mi(0) A*d(1/Mi0)/dd -Axi*tan®'/Mi(0) | Axi/Mi(0) sec’®’

D= C+D= D= C+D=
N O N3 N X N SR SN DNt SOROROROSRRRRNY MORSRURSRSARRURON NSRSV SUDUPRPRPNON! EOSS
L...1282072 N 927395 L. 205953 e e e
""""""" 14218l T s T T T T T TR 005 T T T A 0566 T T 928739 T [
e e s 107.9178] 10 60602 T TOTR876 ] R DO
........................................................... 14184) 11525 10207 ernea09 | 90.8304 |
........................................................... 143371 L1529 ......80.3890 |

1.4602 1.1325 78.9880 3.3826 75.6054

181.7566 -1.1992 13.8513
dF/dd’ dF/du dF/dc
L@3)y/za7) | T@4/zany |T@s)/z(17)

0.32 0.00 0.02417771

602.0901 -5.0415 0.0000
dli/dd’ dF/du dF/dc
£(49)/Z(17) £(50)/217)  |Z(31)/2(17)

1.05 -0.01 0

© D.C_A.Mettananda

ACAD el -B-P-De-U-SailPore---Calenlations

Page 4 of 5



CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURLE SURFACIE
BISHOP'S SIMPLIFIED METHOD

CALCULATIONS
53 54 55 56 57 58 59 60 61 62
Soil 5
-@)*(16)/(29) ] -(@*(16)/ (29)
(20)*sec’®' /Mi(B)] A*d(1/Mif)/d¢ -Axi*tan®'/Mi(§ Axi/Mi(0) sectD’  [(20)*sec* D /M)A *d(1/Mi0)/ dé -Axi*tan®'/Mi(0)
D= C+D= 1 [SENNE
................ T T e B L ST e E e R LTt ST ETTETRPEPPPE
..................................................................................................................................... L
SO EOSERSROS! DASRRRRR BURSRSRRRN RO % R IO
__________________________________________________________________________ 2 | |
-------------------------------- e
................ N (I [N [N DI PRI SRR I RPN
0.0000 0.0000 00000 T 0.0000 0.0000
dF/de dF/du dF/dc dF/dP’ dF/du
Z(55)/E(17) 2(56)/Z(17) |ZE(BN/Z(1T) 2(61)/X(17) Z(62)/Z(17)
0.00 0.00 0 0.00 0.00

© D.C.A.Mettananda
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Spreadsheet: BISHOP - PROB - SMALLINCREMENT

{COV {u) = based on soil layers)




-~ -~
CALCULATION OF FACIOR OF SAFETY OF A TRIAL FAILURE SURFACE
BISHOP'S SIMPLIFIED METHOD
DETERMINISTIC
CALCULATION-STAGE 1
1 2 3 4 5 6 7 8 9 10 11 12 13 14
Slice { Slice Width Pore Pressure Soil
Type (GHO2 | @*12*(13)
Axi 0i r ht h2 ui ¢ ¢' qi Y hav wi
(m) (dep) (m) (m) (m) (kN/m2) (kN/m2) (deg) (kN/m2) (kN/m3) (m) (kN-per m width)
IR IR = 61960 1 17.520 } 0000 | 2870 | | 000 ... S 000 3800 4 o |ese 14350 | . 419738 |
2 |.19%0 ) 51.680 | 17.520 | 2870 | 4180 | 313 | 1 0.00 38.00 19.50 35250 ... 132.6634 |
T3 00 | As360 17520 | avso | Tasso ez T T 000 | won | T es0 T a0 132.0638
Ta ) 1490 36900 | 17520 | 4850 | 5230 | YT TR SR RV svon | ese T 50400 | 1464372 |
5 |as00 | sroe | 17520 | 5230 | 5380 | 3037 2 s s T S0 83050 | 155713 ]
6| 1s00 | 25490 | 17520 | 5380 | 5350 | szss f s |0 oo | | eso 1UTsa60 ] 1569263
71500 | 20160 T 17520 | 5350 | 5060 | 3adn 5 20 {200 | eso L 52050 | 1522463 ]
8 | 1500 | 15010 | 17520 | 5060 | 4800 | 3234 | 3 T 720 | 2000 | T es0 4.9300 144.2025 |
9| ts00 | o0 | 17520 | asoo | 4320 | suie | sl 720 2000 | a9s0 | 45600 | 1333800 |
10| wsoo | sos0 | 17520 | 4320 | 3700 | s0as |3 720 | aeeo | 1950 | 4oioo | 1172925 ]
arfoaseo | oo | 7se0 | 3700 | 2960 | 2s20 |3 720 | ee00 | 190 | 33300 | 974025 |
a2 | 1so0 | a7s0 | 17520 | 2960 | 2080 | 1871 | 5 o720 |20 | oso | 2500 | 737100 ]
13| 1500 | o780 | 17520 | 2080 | 1070 | 1520 3 T 720 | 20.00 T s 15750 | 46.0688
14| 1180 | 14210 | 17520 | 1070 | oas0 | 983 | 3 | 720 | 2000 | T 950 0.6250 143813 |
15 Tose0 | 17220 | 17520 | 0180 | 0000 | - 242 |7 3 T 720 | s000 | T s T 00900 | 10355 |
T B B B et S e B | ,
© D.C_A. Mettananda ACAD1:1-B-P-S1-U-SoilPore-Trunc---Deterministic
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rd ~ ~ -~
CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE
BISHOP'S SIMPLIFIED METHOD
CALCULATIONS
CALCULATION

15 16 17 18 19 20 21 22 23 24 25 26 27

Ui= Trial 1 Trial 1 Trial 2 Trial 2 Trial 3

(2)*(11) (20)*(16) (18)+(21) (22)/(23) (22)/(25)
Qi tan ¢' (wi+Qi) sin 8i 'Axi ui*Axi (wi+Qi -uiAxi) (20)*tang’ Mi(0) Mi(6) Mi(0)
(kN-per m width)

07813 | 37.0469 | 41.9738 32.7935 327935 | 10881 | 301388 | 1.1300 | 29.0200 | 1.1389
R 1040824 | | 60409 | 1266225 | 989283 | 989283 | 11694 | 845984 | 12066 | 819863 | 12145
- 07813 | 006723 | |awaz00]| 107.6438 | - 84.1005 | 821005 | 12078 | 09.6320 | 1.2404 | 678017 | 1.2473
[ oa2as | ssosee | 78970 | 37159 1003213 | 464041 | 543011 | 10278 | 528334 | 10433 | 520478 | 1.0466
[ L 04245 | 80.0583 | 79500 | 455550 | 09 | 265095 | 544703 | 10529 | 517424 | 10662 | 51.0964 | 1.0690
T 03640 | 675338 | 108000 | 507900 l0eisas | Gecsos | Ti0asos | 10430 | 473000 [ 10526 | 469622 10546
o loseso | s24706 | 108000 | st1650] i01si 3071906 | 475906 | 10512 | 452747 | 10588 | 449486 | 10604
- 03640 | 373467 | 10.8000 | 48.5100 956925 | 348292 | 456202 | 10504 | 434415 | 10561 | 43.2059 | 1.0573
] osean | 231383 | 10.8000 | 46.7400) 866400 | 315344 | 423344 | 10414 | 406505 | 10453 | 405012 | 1.0461
. 03640 | 103043 | 10.8000 | 456450 716475 | 260776 | 368776 | 10248 | 359855 | 10267 | 359174 | 10271
T oseso | 10,8000 | 37.8000 | 59.6025 | 216935 | 324935 | 10000 | 324935 | 10000 | 324935 | 1.0000
o hosesn | e1423 | 108000 | 280650 aseaso | 166134 | 274134 [ 09693 | 282805 | 09675 | 283344 | 0.9671
B 03640 | 78255 | 10.8000 |228000] 232688 | 84691 | 192691 | 0.9301 | 207182 | 0.9263 | 20.8022 | 09255
"""""""""""""" 03640 | 35303 | 84960 | 115994 | 27819 | 10125 | 935085 | 0.8893 | 10.6918 | 08839 | 107574 | 0.8827
T I oses0 | losoes | 42480 | 14278 | 03924 | a8 | 41052 | 08586 | 47812 | 08521 ] 48180 | 08507
(X ) I N A R toooo | o000 [T 10000

572.8954 039.2548 5986532 590.6940
FOS(ini) L1155 | FOS()  1ods0 | FOS@) 10311 | FOS()
© D.C_A. Mettananda ACADI1¢1-B-P-S1-U-SoiPore-Trunc---Deterministic
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28 29 30

Trial 3 Trial 4 Trial 4

(22)/(27) (22)/(29)

Mi(0)

28.7943 1.1407 28.7474
iy T e T e
ey i T e
“uissae T o [ e
" Sovers T hows | s0esns
[ acem 1050 | 468535
[ aassol | r0s07 | 448658
| wasez | 10576 | 431458
oaesr T tosss [ avaen
s T i | asees
324935 | 10000 | 324935
28358 | 09670 | 283482
208201 | 09253 | 208239
[ do7ms | oss2s | 107744
| agoss | 08504 | 4215

1.0000
589.0565 588.7162
10282 | FOS() 1.0276
FOS 1.0279

© D.C_A. Mettananda
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CALCULATION OF FACTOR OF SAFEETY OF A TRIAL FAILURE SURFACI
’ BISHOP'S SIMPLIFIED METHOD
PROBABILISTIC(First Order Second Moment - small increment)

C ¢ u
(DEG) (RAD)
Soil TIMean |COV {Del Cfs \Y Mean [COV |Decl C|s Mecan det firad s \Y Mean COV Del C s
1 0 0 of o[  of 38 03] 114 11.4] 0.663225] 0.198968] 0.199] 0.039588 647  025]  1.6175]  1.6175| 2.
2 53] 03| 1.59 159 25281 23] 04| 92 9.2| 0.401426] 0.16057|0.1606| 0.025783) ~ 27.64| 03| 8292 8.292| 68.
~_3 7.2 0.2] 144 1.44 2.0736 201 0.35 7 7 0.34906§ 01?.217_3 _9;1772 Q.Ql4926 23.33 0.35 8.1655 8.1655| 66.67539
4 0 0 0 of o ol T e 0 0
B I N 0 of | o 0 0 0 0 of T T I |
ouTPUT
Py 1.0279
FC1+ 1.0279 g1+ 11167 Ful+ | 10165
I°C1- 10279 gl 0.9444 Ful-- | 1.0357
FC2+ 10378 Fp2+ 1.0926 Fu2+ | 10060
e PG | tomsol e | ese - | 1oy
Fed+ 1O715 Fo3+ | 11941 _| bo362
Fo3—- | 09838 13- T 086Ts 11144
Fed+ 10279 rpd+ | oem 10279
Fede | 10279 Bgd- | 10279 027
Fs+ | 10279 T ) 10279
Fs | 10279 (gs-- 10279 10279
CENTRAL DIFFERENCES FORWARD DIFFERENCES
A Fel 0.0000 0.1723 Aful [-0.0192 Alict 0.0000 ATl 0.0888 A lFul -0.0114
Alc2 0.0198 0.1305 ATu2 |-0.0438 A2 040099 A2 | 00647 A T2 -0.0219
2 |ares | ovos77 03266 A3 |01781 2 |ara 00436 A¥e3 | 01662 Alu3 -0.0917
Alicd ’ (i(,",m“ Aligd A (i._(iii(_)() Atud 0.0000 Alied 00000 A l'p4 . H.()(MV)_(A) A [Fud ~ 0.0000
Atcs | U_uiﬂm A 1$S ) W(A;,_()(_u'm A5 | oo : Alies 0.0000 A VS 0.0000 A Fud 0.0000
'c1/2A ¢l 0 ATOL/2A 11T 0.43300757] A Ful/2A ul] -0.005Y A/ § A VQI/2A B 0.44635547 A Ful/A ul| -0.0070439
2728 2| 000622] A 1e2/2a 12| 040633596 A Fuz/24 2| -0.0026 A¥e2/A ¢2| none22325 A 162722 Fi2| 030301968 A Fu2/A u2| -0.0026366
< [c3/2a ¢3| 0.03047 AF§3/2A 13| 1.336a9009] A Fu3/24 3| -0.0109 < {ALS/A ] 00302916 AVH3/2A 3| 13600159 A Fud/A ud} -0.0112281
caj2aca| o Atgasaataal ol arue/zaws] o Alicd/A cd 0 Atga2arasl 0 A Lud/A ud 0
c5/24 ¢5 0 ALGS/2A16B 0| AruS/2aws] 0 ALcS/A G5 0 ALOS/2ATER| 0 A Fu5/A us 0

O D.CAMettananda ACAD e -B-P-ST-U-S0ilPore-Trune---Probabilist Puge 1 of 2




< 0 ) | 00soi5445 u 00096
£ 2| 0.00989 ~2{ 0.06524548 20021
B 3| 0.04387 3| 0.16328307 3] -0.0891
< 4 0 4 4 0
5 0 5 5 0
V(FOS) | 004887
o |o(FOS) | 022106/ TAYLOR SEIRIES
FOSMLY  1.0279
cov(r) | 0.21506

MNORMAL DISTR

TBUTTON)

RELIABILITY INDEXN
RELIABILITY

PROB. FFATL

01203
0.5502 55.02 %
04498 44.98 %

(LLOGNORMAL DISTRIBUTION)

1+|COV(P)] 10462
RELIABILITY INDEX| 00232 o
RELIAB| 05092 50.92 %
PROB. 1] 0.4908 49.08 %

O D.ColMettunanda

I 0 [} 0.08881025 u -0.0113935
g 2| 000989397 2| 0.06471299 2| -0.021863
£ 09894 s 3 125
7 3} 004361991 3} 0.16615729 3| -0.0916827
< R 4 0 4 0
5 0 S 0 5 0
V(IFOS) (0506974
L [o00s) 0.22516083 TAYLOR SEIRIES
FOSMLVY 10279
COVIY | 021904668
(NORMAL DISTRIBUTION)
RESAARILITY INDEN| 01239671
RETIABILTTY] 6154932038 5493 "4
PROI. FATL| 045067062 45007 %0
(LOGNORMAL DISTRIBUTION)
FHCOVE Lodrotas
RELIABILITY INDEN| 001892571 -
RELIABILI| 050754985 -
PROB. FAI| 0.49245015]
Puge 2 of 2
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CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURI SURFACE
BISHOP'S SIMPLIFIED METHOD
Fcl+
CALCULATION-STAGE 1
i 2 3 4 5 6 7 8 9 ) ¥ 12 13 14
Slice | Slice Width Pore Pressure Soil
Type E+O/2 | @*a2*3)
Axi 0i r hi h2 ui ¢ ¢’ i Y hav wi
(m) (deg) (m) (m) (m) (kN/m2) (kN/m2) | (deg) (kN/m2) (kN/m3) (m) (kN-per m width)

1| 1500 | 61.960 | 17.520 2.870 1 38.000 19.500 144 4197
2 1930 |sreso [ 17520 | 2870 | as0 | a0 | i [ TTTTH woon| | 19500 | - 353 | 13266
3 | 1s00 | 43360 | 17520 | 4180 | asso [ 1e280 | || o A R w500 1 52 | 13206
4 | 1490 | 36960 [ 17.520 | 4850 | 5230 | 24910 | 2 5300 |23000] T 19500 | 504 | 14644
5 11500 | 31.000 [ 17520 | 5230 | 5380 | 30370 | )T X E ) N 19500 | 531 | 15517
NN N T I NI 08 e T I T N

7 1 1500 | 20160 17.520 | 5350 | '5.060 BTE0 o o e o] 7200 | 20000 T 19500 | 521 | 15225
s | s | 1m0 ] 17520 | 5060 | 400 | 52540 3 200 (20000 T ese0 [T aes T a0
9 J o tsvo | owvo [ 17520 40 | as20 | e | 5200 {200 oo | s ] 133
10 ] o0 ) 5040 | 17520 | asao {3700 [ 30450 f 3 | 7200 200000 T om0 e T s
M0 17.520 | 3.700 | 2960 | 25200 | L 7.200 1200000 . 19500 L. 333 L 9740 .
J120) 1500 ) -4780 ) 17520} 2.960 | 2.080 | 18710 f 3 L7200 1200008 19500 [ ...: 252 1. 3.
13} 100 | 9780 [ 17520 2080 | 1070 [ 15200 | 3 | 7200 |20000[ o oseo [ uss 4607
14| 1180 1-14.210] 17.520 ) 1.070 | 0.180 | 9830 | S 7.200 12000040 .l 19500 ... 063 . |.... 1438 .
1510590 )-17.220f 17.520 1 0180 | L 2420 4 S 7.200 1200000 L 19500 1. 009 . f...104
16




CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE
BISHOP'S SIMPLIFIED METHOD

Fcl+
. CALCULATION
15 16 17 18 19 20 21 22 23 24 25 26 27 28
Ui= Trial 1 Triall Trial 2 Trial 2 Trial 3 Trial 3
@*(11 Quy*(16) | (18)+(21) (22)/(23) (22)/(25) 22)/27
Qi tan ' (wi+Qi) sin 0i | 'Axi ui*Axi (wit+Qi -uiAxi) (20)*tang' Mi(0) Mi(0) Mi(8)
(kN-per m width)
(1.78 37.05 41.97 32.79 32.79 1.09 30.14 1.13 29.02 1.14 28.79
O OO OO IO OO OO IO et I M BT T S
0.78 90.67 ﬁ 24.42 107.64 84.10 84.10 1.21 69.63 1.24 67.80 1.25 -‘ 67.43
SRR RVt ssos T Toe T T e ] s s e U e T vow [ ss0s T v0s T S
T S OO O X O R I 1653 | saas | wos | sige | Tor | st [ rer 5096
T R a5 oo | 50 R T T T IR T M
S oz L L T e e e N T R T
o TTNoms Y syss | oso | assi| 93569 | s | 4563 | o | azaa | Tioe | asan ) ves | 43ds
o ose ) aa 080 | ae7a [ seed | 3155 | 4233 | toa | aues | 105 | a0s0 |10 [ 4047
] 0.36 103(_) 1_080_ "456-5“ 71.65 ) 2(3_08 3668 _._102_“ 359_9_ l.Q") ] 3592 103_3590
T e oo | a0 | so0 ey | a2 | og | 3240 | oo | a2k | 100 | 3249
T s era om0 | amor | ases | a6t | azan | ov7 | asas | 097 | 2833 | 097 | 2835
S B 783 | 1080 | 2280 | 2| 847 | 1927 | 093 | 2072 [ 093 | 2080 | 093 | 2082
R DT 353|850 | ieo | 278 | 101|951 | 08y | o6y | 0ss | 1076 | 088 | 1077
e L et s | s [ 039 | 014 | 410|086 | 478 | 085 | ag2 | 085 | 483
1.00 1.00 1.00
572.90 639.25 598.65 590.69 589.06
[ 58906 _

[l*‘( IN(u) 12 OIS 1.04 llf( 15(2) 1.03 J FOS(3) 1.03




29 30

Trial 4 Trial 4
(22)/(29)

Mi(0)

1.14 28.75
BT Rartvas
BT Ratvan
s T e
T a0
BT Ravevian
BTV e
L6 | s
Tos | ioas
105 | 3500
100 | 3249
097 | 2835
093 | 2082
088 | 1077
085 |4

1.00

588.72
[ FOS#) 103
FOS 1.03




N R 4
CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE
BISHOP'S SIMPLIFIED METHOD
Fcl-
CALCULATION-STAGE 1
i 2 3 4 5 6 7 8 9 10 11 12 13 14
Slice | Slice Width Pore Pressure Soil
Type {G)*+(6)}/2 2*(12)*(13)

Axi 0i r ht h2 ui ' ¢' qi v hav wi

(m) (deg) (m) (m) (m) (kN/m2) (kN/m2) | (deg) (kN/m2) (kN/m3) (m) (kN-per m width)
1] 1500 | 61.960 [ 17.520 ] 2870 i 38.000 19.500 144 | 4197
2 1 1930 |'steso| 7520 | 2870 | 4180 | 30 | [T 8o00| | 19500 | 353 | 13266
3] a0 | 43360 17520 | 4180 | 4850 | 6280 | 1 [T sso00| | 19500 | - 452 | 13206
4 | 1490 36960 17.520 | 4.850 | 5230 | 24910 | 2 5300 23000 | 19500 | 504 | 14644
5. xso0 " 3teco | 17520 | 5230 | ss0 | 5050 1o e o0 Tavoon [T o001 s T assar
0.1 1300 125490 | 17,520 | 5.380 | 5350 | 33 L W— AV U 74 ) SOOI 19500 ... 337 ... 10603
JTULL 1000 20160 ) 17.520 | 5350 f 5060 | 34EEKD wpew lib 3 A DO 19200 2l . 15225 .
811500 115010 ) 17.520 ) 5.060 | 4.800 § 32340 | 3 | 7200 J200000 L 19500 ... 493 )L 10
LD 11000 9990 | 17520 | 4.800 | 4320 | 31160} . 5] 7200 200000 L 19500 Q... 456 [....13338
10 1 1.500 '} 5.040 | 17.520 | 4.320 | 3.700 | 30.430 3 7.200 | 20.000 19500 | - 400 o 1729
e [T 17520 | 3700 | 2960 | 25200 | 57200 |aoooof T oseo | 333 om0
12 1500 | 478017520 | 2960 | 2080 [ 18710 | 3 | 7200 |a0000| [T roso0 1 252 L. B
B O N N I I 3 IO A 200
(14 [ 1180 1-14210) 17520} 1.070 | 0180 | 9830 | . S 7200 200000 ol 19500 ... 063 . |..... 1438 .
(15,0590 f-172201 17.520 | 0180 1 |20 13l 7.200 -2.9;*?9.0.[ ................ 19500 ) 009 f L0
16




CALCULATION OF FACTOR OF SAFETY OF A'TRIAL FAILURE SURFACE
BISHOP'S SIMPLIFIED METHOD

Fcl+
CALCULATION
15 16 17 18 19 20 21 22 23 24 25 26 27 28
Ui= Trial 1 Trial 1 Trial 2 Trial 2 Trial 3 Trial 3
@*( @0)*(16) | (18)+(21) 22)/@3) 2)/(25) @2)/@27)
Qi tan ¢' (wi+Qi) sin i c'Axi ui*Axi (wi+ Qi -uiAxi) (20)*1and’ Mi(O) Nﬁ(e) Ml(e)
(kN-per m width)

0.78 37.05 41,97 3279 | 3279 | 1o | o4 | 113 | 2002 1.14 28.79
T e T owes T 604 | 2eor sy T osos AT Thaen | 121 ] Twiee | 121 | 8145 |
078 oosr |z | wrer | sito | o | van [Teves | i2a | arso | aas | 6143
R 8805 | 790 | 372 | 100932 | 4640 | 5430 | 103 | 5283 | 104 | 5205 | 105 | 5188
R - 8006 | 795 | 4550 | iwen | 1653 | 5448 | 105 | 5074 | 107 | 5110 | 107 | 5096
T e T 6753 | 10.80 | 50.79 i was | o {Ta7ae | 1os | 46%6 | 105 | 4687
e s 1080 | 5117 ou0ge | 4759 | o5 | 4527 [ 1o | aa9s | 106 | 4488
N R 1080 | 4851 | 9569 3483 | 4563 | 105 | 4344 | 106 | 4321 | 106 | 4316
R L 2314 | - 1080 | 4674 | 8664 | 3153 | 4233 | 104 | 4065 | 105 | 4050 | 105 | 4047
036 1030 F 1080 | ases | 7ies | 2608 | ess | oz | 3599 |03 | 3592|103 | 3590
e b036 ) Lroso | 3780 | soe0 | 2169 | 3249 | 100 | 3249 | 100 | 3249 | 100 | 3249
e 036 1614 1080 | 2807 | ases | et | 2741 | 097 | 2828 | 097 | 2833 | 097 | 2835

e 783 | 1080 | 2280 | 23.27 847 | 1927 | 093 | 2072 | 093 | 2080 | 093 | : 20.82
R 353 | 850 | 11.60 | 278 | 101 | 951 | 089 | 1069 | 088 | 1076 | o088 [ 1077
R I 031 | 425 | 143 | 03 | 014 | 411 | ose | a8 ] oss | 482 | 085 483

""""""""""""""""""""""""" too | T oo | ] heo [T
572.90 639.25 598.65 590.69 589.06
Lros@ni) 112 [rosay 104 [rose 103 | Fos@) 1.03




29 30

Trial 4 Trial 4
(22)/(29)

Mi(0)

1.14 28.75
BT e
SR T
oy e
L7 5003
105 | asss

tog | e
06 | a5
105 | a4
103 | 3500
100 | 3249
097 12835
09 | 2082
L.088 | 1077

0w |
o T

588.72
| ros 103

FOS 1.03




Annex S5

SAMPLE SET OF SPREADSHEETS -
MODEL BASED ON JANBU’S
SIMPLIFIED METHOD

{Data correspond to Example 3 (FileName: ACADA4)}



Spreadsheet: Janbu — Prob — Direct

(COV (u) = based on soil layers)




CALCULATION OF FACTOR OF SAFETY OFF A SELECTED FANLURLE SURFACK
JANBU'S SIMPLIFIED METHOD
DETERMINISTIC

Note: farer v afues onlv m veltow celis

(Probabulistic Calculations are valid upto 5 ditterent soil layers)

INPUTS CALCULATION-STAGE 1
1 2 3 4 5 0 7 8 9 10 11 12 13 14
Slice |Slice Width| Pore Pressurd Soil
Type (O+E)1/2 | @*aoxan O)*@)
Axi oi hi h2 ui ' ' qi Y hav wi Qi tan ¢
(m) (deg) (m) (m) (kN/m2) (kN/m2)| (deg) | (KN/m2) (kN/m3) (m) kN-per m width[kN-per m width)
"_1_ _______ 2' .gs_u_q__ __:[_2;(_)_29_‘ “(,}5)‘({(_)_‘__;._(3()9 _______ t-s;t_;_} _3 _____ 28.50 20.00 0.00) 18.84 o0 52,7.5 _____________ L ( f'.3.(i .....
L2260 | 12020 | 2000 | 3sso | 2256 | v | awso {aveo | owo | sse o avs | wsas |l 036
31320 | 16780 | 3850 | asr0 | 339 | 2 | 000 [1000] 000 | wee | 436 | 2286 | o h 018
4] 200 | 16780 | 4870 | sas0 | 3139 | 2 | 000 |1000| 000 | 188 | 516 | 8165 | 018
5. ].2900 | 16780 | 5440 | so20 [ 3ane |2 T oooo Tioool oo 1w | sm ] 39306 | 018
6|20 | 16780 | 6020 | eeo0 | 328 | 2| dwo | 000|000 | isse P i | 018
L2900 | 16780 | 600 | 7ar0 | w022 |2 [ Tono |0 g | o | 37607 | 018 .
8. ].200 | 16780 | 7170 | 7750 | 022 | 2 | ooo | 1000|000 | iwse | Ta6 | s0738 |l 018
9. ] 2000 | 16780 | 7750 | 78a0 | 4022 | 2 | o0 |1000| oo | 1sse | 780 20372 | 018
10 | 1900 | 16780 | 7840 | 7270 | 4022 2 | o000 {1000 000 | FYYEE BT w044 || 018
[ amso | remso | T eano | sas | oo oo || sy | ese | i er o8
12| 2610 | 16780 | 6440 | s6s0 | sa3a | 21000 | 1000 | 26ss | isss | o4 | 9700 | 7005 | 018
13 | 2000 | 16780 | ses0 | 4sso | 3139 | 2 | o00 | 1000 s | tgs4 | 510 | 19382 | ebey | 018
e | o260 | 26 | 4ss | oo | sey | o250 | 2000 sese | isss | 2w | it Loosse | 036 .
sl I ! P
= . S T O I
o | 105
FOS(4) 0.70 FOS(5) 0.70
FOS(F0) 0.70
FOS 0.73

©D.C.A.Mettananda




CALCULATION OF PROBABILITY OF FAILURE OF A SELECTED FAILURE SURFACIE

JANBU'S SIMPLIFIED METHOD
PROBABILISTIC(First Order Second Moment)

Direct Differentiation

DATA INPUT
Probabilisuc | COV Mean c'(kPa) Pb{(rad) u (kI’a)
Parameters < R u c(kPa) [ PRAcE) u Mcan c A\Y Mean c \Y Mean c \Y
Soil 1 0.2 0.3 0.3 28.5 20 13.29 | 2850 5.7000 | 32.4900 035 | 0.1047 [ 0.0110] 13.29 | 3.9870 | 15.8962
Stz ] 0 0.2 0.2 0 10 36.05 | 0.00 | 0.0000 { 0.0000 | 017 | 0.0349 [ 0.0012} 36.05 | 7.2100 | 51.9841
Soil 3 o 0.00 | 0.0000 | 0.0000 |T7000 | 0.0000 | 0.0000] 0.00 | 0.0000 { 0.0000
Soil4 TN T T T T U T T T o.00 | 00000 | 00000 | 0.000 | 0.0000 {0.0000] 0.00 | 0.00007| 0.0000
Soil 5 - ’ “0.007| 0.0000 | 0.0000 | 000 0.0000 | 0.0000) 0.00 | 0.00007| 020000
Xr (oF /OX1) (ok / 0Xr) (OF/0Xr) *V (Xr)
cl 0.0085 71-05 0.002
2 T |ee200 0 T {4E04 7 T o
= 0 T 0 0
P 0 . 0 ' ,
. 0 B R | h it [
T 0.4231 0179 700 Til i}
$2 ] 1.8969 - 73,598 0.004
X ' 0 0 0
o4 | 0 ) - "0 0
) N 0 0 0
ul ~0.0031 OE-06 2E-04
w2 " lwo03r |T1E-05 T O NIE04
s 7y o0 T/ v oo 0
w 0 I B | ) N
ws 0 ’ 0 ' 0
‘ .01
10 V(FOS) 0.0095] TAYLOR SEIRIES
o(FOS)| = ' 0.0976
FOS(MLY) ‘ 0.7014
Cov({| 0.1392
f0 1.0450
w |[VFOS) | | T 10.0104]=1, vy
oFOS)|" | I/ | " lo102




AN
FOSMLY) | B I [ REED
COVEF| 101392
(NORMAL DISTRIBUTION)
- RELIABILITY INDEX. - 2017
RELIABILITY i B 0.004 0.44 %
. PpROBFALL 0.996] ~99.56 %
(LOGNORMAL DISTRIBUTION)
_ meovey oo 1019
RELIABILITY INDEX 2312
RELIABILITY 001 1.04 Ya
PROB. FAIL voul 9896 %



JANBU'S SIMPLIFIED METHOD

DETERMINISTIC/ PROBABILISTIC

Calculations
INPUTS CALCULATION-STAGE 1
1 2 3 4 5 6 7 8 9 10 1 12 13 14 15
Slice |Slice Width] Pore Pressure
{(H+(3)}/2 (2*(10)*(11) 9)*(2)
Axi 6i ht h2 ui c' ¢' qi Y hav wi Qi tan ¢ (wi+Qi) tan 6i
(m) (deg) (m) (m) (kN/m2) |(kN/m2)| (deg) (kN/m?2) (kN/m3) (m) kN-per m width[kN-per m width)

1| 28000 |-12.0200 20000 | 88300 | 28.5000 [20.0000 18.8400 1.0000 527520 0.3640 -11.2320
2 | 26000 |-12.0200{ 2.0000 | 3.8500 | 22.5600 | 28.5000 [20.0000 188400 | 29250 143.2782 0.3640 -30.5070
3 | 32000 |16.7800] 3.8500 | 4.8700 | 31.3900 10.0000 18.8400 43600 262.8557 0.1763 79.2607
4 | 29000 |16.7800| 4.8700 | 5.4400 | 313900 10.0000 18.8400 5.1550 281.6486 0.1763 84.9275
5 | 29000 [16.7800] 5.4400 | 6.0200 | 343400 10.0000 18.8400 5.7300 313.0643 0.1763 94.4004
6 | 29000 |16.7800] 6.0200 | 6.6000 | 37.2800 10.0000). 53100 344.7532 0.1763 103.9558
7 | 29000 |16.7800| 6.6000 | 7.1700 | 40.2200 10.0000] 18.8400 58850 376.1689 0.1763 113.4288
8 | 29000 |16.7800] 7.1700 | 7.7500 | 40.2200 10.0 7.4600 407.5846 0.1763 122.9018
9 | 20000 |16.7800| 7.7500 | 7.8400 | 40.2200 10.0000 18.8400 77950 293.7156 0.1763 88.5661
10 | 19000 |16.7800| 7.8400 | 7.2700 | " 40.2200 10.0000 18.8400 7.5550 270.4388 0.1763 815473
11| 27500 | 16.7800] 7.2700 | 6.4400 | 372800 10.0000] 222800 18.8400 6.8550 355.1576 61.2700 0.1763 125.5683
12 | 26100 |16.7800] 6.4400 | 5.6400 | 34.3400 10,0000  26.8400 18.8400 6.0400 297.0013 70.0524 0.1763 110.6803
13 | 720400 |16.7800] 5.6400 | 45500 | 31.3900 10.0000] 317100 18.8400 5.0950 195.8192 646884 01763 78.5527
14 | 2:6000 [60.2600| 4.5500 88300 | 28.5000 [20.0000]  36.8600 188400 | 22750 111.4386 95.8360 0.3640 362.8023
15
16

1404.8529
0 | 1.0450




JANBU'S SIMPLIFIED METHOD
DETERMINISTIC/ PROBABILISTIC

Calculations
CALCULATION - STAGE 2
16 17 18 19 20 21 2 23 2 25 2% 27 28 29 30 32
Ui= Tnal 1 Trial 1 Trial 2 Trial 2 Trial 3 Trial 3 Tnal 4 Tral 4 Trial 5 Trial 5
(16)+(19) (20)/(21) (20)/(23) (20)/(25) (20)/(27) (20)/(29) (2)/(23)
c'Axi ui*Axi (wi+Qi -uiAxi) (18)*tand’ ni(0) ni(0) ni(0) ni(0) ni(0) Axi/ni(0)
79.8000 | 24.7240 28,0280 10.2014 | 90.0014 | 0.8240 | 1092198] 0.8473 | 1062246 | 08504 | 1058339 | 08509 | 1057768 | 08509 | 1057683 || 3.2905
741000 | 586560 | 84.6222 30.8000 | 104.9000] 08240 [127.2008] 08473 | 1238087 | 08504 | 123 3534 ; 1232868 | 0.8500 | 1232770 )| 3.0555
100.4480] 1624077 286369 | 28.6369 | 10038 | 285279 | 09885 | 289687 | 09865 | 200291 | 09862 | 290379 | 09861 | 29.0393
91.0310 190.6176 33.6110 | 33.6110 | 1.0038 | 33.4831 | 0.9885 | 34.0005 | 09865 | 340713 | 09862 | 340818 | 09861 | 340833
""""""""" 995860 | 213.4783 37.6420 | 37.6420 | 1.0038 | 37.4987 | 0.9885 | 380782 | 09865 | 381575 | 09862 | 381692 | 09861 | 381709
1081120 2366412 417262 | 41.7262 | 10038 | 41.5674 | 09885 | 422097 | 09865 | 422977 | 09862 | 423106 | 09861 | 423126
1166380 2595309 457623 | 457623 | 1.0038 | 455881 | 09885 | 162976 [ 09465 | 163890 | 09862 | 464032 | 09861 | 464053
116.6380 290.9466 513017 | 513017 | 10038 | 51.1065 | 09885 | 518962 | 0980 20043 | 09862 | 520205 | 09861 | 520226
80.4400 [ 213.2756 37.6062 | 37.6062 | 10038 | 37.4631 | 09885 | 380420 | 09865 | 381213 | 09862 | 381330 | 09861 | 38.1347
764180 | 194.0208 342111 | 342111 | 10038 | 340809 | 0.9885 | 346075 | 09865 | 316796 | 09862 | 346905 | 09861 | 34.6918
i R e T s e R e e e
89.6274 277.4263 489177 | 489177 | 1.0038 | 48.7316 | 00885 | 49.4846 | 09865 | 495877 | 09862 | 496029 | 09861 | 49.6051
640356 |  196.4720 34.6433 | 34.6433 | 10038 | 345115 | 09885 | 350447 | 0865 | 351178 | 09862 | 351285 | 09861 | 35.1301
74.1000 | 229580 | 1843166 67.0858 | 141.1858| 05265 | 268.1770] 0.4773 | 2957823 | 04707 | 2099377 | 04697 | 3005578 | 0.4696 | 3006501 |  5.5366
"""""""""""""""""""" 10000 1.0000 roooo | 10000 1.0000
................... S R e e e e
785.4959 952.3949 980 4320 084.6888 | - 9853247 9854194 |  11.8826
[FOs@) 05301 [FOs@) 06779 [1F0s@) 06979 | FOSE) 07009 | FOS@) 07014 | FOSG) 07014 [|dF0/det
FOS(1°0) 0.7014  JI£(32)/Z(15)
1FOS 0.7330 0.0085




-—

AN -
33 34 35 36 37 33 39 40 41 42
Soil 1 Soil 2 Soil 3
a8*3)/23) [ -@*a9/23) | @723 18)*G6)/23) | -@*8/@) | @/@23) a8/ [-a*an/@y ] @/@)
sec’d’ (18)*secz¢'/ni(G)‘LAxi*tand)'/ni(G Axi/ni(0) sec’®' | (18)*sec’®' /ni(0) |- Axi*tan®d' /ni(B] Axi/ni®) sec?®' [(18y*sec’® /ni®f-Axi*tan®' /ni(|  Axi/ni(6) sec’®'
11325 | 373016 11977
........ o !
o e T s e
29408 10311 1993060 osiss | T
.................... o 2L LA S
29408 10311 247 s | o058
29408 10311 {3185
“““““““ o Lo .
e e o Lt e e R
- 1.9267 1.0311 2028643 | 03397 B
"""""""" 2788 | 10311 | 3282155 | 04917 [
2.6467 1.0311 2900714 o4cer |
............... 2.0687 10311 2054272 20,3648
L1325 |..Aedond | 20152 0 0 ) Y NS W
5944139 43249 29.4075 26648955 51853 0.0000 0.0000 0.0000 0.0000
dF0/do1 dF0/dul dF0/dc2 dF0/d62 dF0/ du2 dr0/de3 dro/de3  |dF0/dud  JdF0/dca
T34/535)  s00/s0s)  |=6s)/za3) san/505)  |Too/sas)  [se8)/s0s) sE0/ss)  [tooysas)y |sey/zas)
0.4231 -0.0031 0.0209 1.8969 -0.0037 0.0000 0.0000 0.0000 0.0000




43 44 45 46
Soil 4 Soil 5
(18)*¥(42)/(23) || -@*(14)/(23) | (2)/(23) (18)*%(45)/(23) | -(2)*(14)/(23)
(18)*sec’®" /ni@)|-Axi*tan®'/ni({ Axi/ni(8) sec’®’ | (18)*sec’®'/ni(8) |-Axi*tan®'/ni(0)
.............. il
I
...... {
0.0000 0.0000 0.0000 0.0000 0.0000
dFFo/dd4 JIo/dadt JdBF0/des dI0/dgS Jd0/dus
LEI/E(15) S0 /E315) 1S /E(15) SEO/EZ(5) | EOm/X(15)
0.0000 0.0000 0.0000 0.0000 0.0000




Spreadsheet: BISHOP - PROB - DIRECT

(COV (u]) = constant for the slope)




CALCULATION OF FACTOR OF SAFETY OF A SELECTED FAILURE SURFACE

JANBU'S SIMPLIFIED METHOD

DETERMINISTIC
Noten bter Yalues oaly i vellow cells (Probabilistic Calculations are valid upto 5 ditterent soil layers)
INPUTS CALCULATION-STAGE 1

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Slice |[Slice Width; Porc Pressurd  Soil

Type (@O+GN/2 | @*o*a ORe)
Axi 0i hl h2 ui ' o' qi ¥ hav wi Qi tan ¢
(m) (deg) (m) (m) (kN/m2) (kN/m2)| (deg) (kN/m2) (kN/m3) (m) kN-per m width[kN-per m width)

1], 2800 | 112020 ] 0000 | 2000} 883 1. LS 2850 20004 000 | 188+ 1 ... LOO SESUCSUU PSR R 93.....
2] 2000 | oo | 2000 [ smso | zase |1l asso faooo| oo T wss ) avs N hesas | L 03,
L3l 3200 116780 1 3830 ) 4870 1 3139 |2 ]800 110004 000 ... 88 | a3 | 26280 deeeeeefennl 018 ..
LALLE00 116780 | 4870 | 2440 ) 3139 2 4000 110000 000 L. 1884 Mo BLOS el 018 ...
2. 2200 1 16780 | 5440 | 6020 | 3434 1. 2. R PR SRR S WL N 3300 018 ..
L0290 1 16780 1 6020 ) 6600 | 3728 ... 2. P Efeck@d0 Theses & Mlisscry) S UL Ean NN FURPURURIUN U 018 ...
L2900 | 16780 |60 | 7o | 4022 | 2 L 000 L0001 000 L usse | es | 04T | ! 018 ...
L8 12000 16780 | A0 | TR0 ) 4022 ) 2. ).000 11000 ) 000 L 1884 L. T80 ) W78 018 ...
2.1 2000 116780 | TT0 | T80 ) 4022 | 2,000 10000 000 L. 1884 LIS L 29372 el 018 ..

10 1.900 16.780 7.840 | 7.270 40.22 2 0.00 10.00 0.00 18.84 7.56 270.44 018
1 | 2750 | 16780 | 7270 | 6aa0 [ 3728 | 2 | 000 {1000 2228 | 1884 | 686 | 35506 | el21 | 1 018
I I M T N T . T T
T I I T U T T T 0 TV 3 Y AT
e l200 | o2 | ass | oooo | ses |1 | 2850 | 2000 | ess | sss | 228 | RECT CCLI N 036.....
35 e e e

16

t0 1.05

FOSH) 0.70 FOS(5) 0.70
FOS(F0) 0.70
FOS 0.73

() D.C.AMettunanda

ACADAJ-P-DEL S lopePore---Deterministic
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CALCULATION OF PROBABILITY OF FAILURE OF A SELECTED FAILURE SURFACE

JANBU'S SIMPLIFIED METHOD
PROBABILISTIC(First Order Second Moment)

Direct Differentiation

DATA INPUT
Probabilisuc | COV Mean c'(kPa) D'(rad)
Parameters c WY CkPa) | PUICETT Mean c \Y Mean 5 \Y
Soil 1 0.2 0.3 28.5 20 2850 | 5.7000 [ 324900 | 0.35 | 0.1047 | 0.0110
Soil 2 0 0.2 0 10 0.00 | 0.0000 | 0.0000 | 0.17 0.0349 | 0.0012
Soil 3 0 O Y 0.00 | 0.0000 | 0.0000 { 0.00 { 0.0000 | 0.0000
Soil 4 0 071 0 | o | 600 00000 00000 { 006 | 0.0000 |0.0000
Soil 5 0 0 ] 0 0.00 | 0.0000 | 0.0000 0.00 | 0.0000 | 0.0000
[ kPa) 72.33]
Xr (OF/0Xx) _ [(OF/0X1) (F /5%y *V (Xr)
cl 0.0085 TL-05 0.002
2 0.0209 4F-04 0
<3 0 0 0
cd 0 U 0
c> 0 0 0
1 0.4231 0.179 0.002
2 1.8969 3.598 0.004
$3 ' 0 0 0
$4 0 0 0
$5 ] 0 0 0
u -0.0068 SE-U55 00027 i
it LU TiE s
fsim aen
FO V(FOS) 0.0106]TAYLOR SEIRIES
o(FOS) " 10.1030
FOSQLyy | 07014
COV(E| T 101469
fo 1.0450
w  |VEFOS)| ~[ooniel=£v(R)
o(FOS) T oo
FOS(MLY) - 107330
COV(F) 101469
(NORMAL DISTRIBUTION)
RELIABILITY INDEX 248
T RELIABILITY o007 066%
TTTTPROB.FAILT T T 0993 9934%
(LOGNORMAL DISTRIBUTION)
T+[COV({ 1.022
RELIABILITY INDEX -2.199
T TRELIABILITY 0014 139 %

(c) D.C..cL. Mettanandu

' PRGB’. FAIL

0986 98.61 %

ACADL-P-Di-U-Slope Pore---Probabilistic

Puge 1 of 1



JANBU'S SIMPLIFIED METHOD
DETERMINISTIC/ PROBABILISTIC

Calculations
INPUTS CALCULATION-STAGE 1
1 2 3 4 5 6 7 8 9 10 1 12 13 14 15
Slice |Slice Width Potc Pressure
{@+G)}/2 (2y*(0)*(1D) 9)*2)
Axi 6i hl h2 ui c' ¢ qi Y hav wi Qi tan ¢ (wi+Qi) tan 6i
(m) (deg) (m) (m) (kN/m2) [(kN/m2)] (deg) (kN/m2) (kN/m3) (m) kN-per m width[kN-per m width)

1| 28000 |-12.0200 20000 | 88300 | 28.5000 |20.0000 18.8400 1.0000 52.7520 0.3640 -11.2320

2 | 26000 |-12.0200 20000 | 3.8500 | 22.5600 | 28.5000 |20.0000 18,8400 29250 1432782 0.3640 -30.5070

3 | 32000 [16.7800| 3.8500 | 4.8700 | 31.3900 10.0000 18.8400 43600 | 2628557 0.1763 79.2607
4 | 29000 |16.7800| 48700 | 5.4400 | 313900 10.0000 . 188400 | 51550 281,648 0.1763 84.9275

5 | 29000 |16.7800| 5.4400 | 6.0200 | 343400 10.0000 18.8400 5.7300 313.0643 0.1763 94.4004

6 | 29000 |16.7800| 6.0200 | 6.6000 | 37.2800 10.0000 B T 344.7532 0.1763 103.9558

7| 29000 |16.7800( 6.6000 [ 7.1700 | 40.2200 10.0000( Cf issio0 | 68850 | 376.1689 0.1763 113.4288
| 8 | 29000 |16.7800| 7.1700 | 7.7500 | 402200 00000 b 74600 | 407.5846 0.1763 122.9018
...... 9 | 20000 |16.7800( 7.7500 | 7.8400 | 40.2200 10.0000 18.8400 7.7950 293.7156 0.1763 88.5661
10 | 19000 |16.7800f 7.8400 | 7.2700 | 40.2200 10.0000 18.8400 75550 270.4388 01763 81.5473
11 | 27500 |16.7800] 7.2700 | 6.4400 | 37.2800 100000 222800 18,8400 68550 355.1576 612700 0.1763 125.5683
12 | 26100 |16.7800| 64400 | 5.6400 | 343400 10.0000]  26.8400 18.8400 6.0400 297.0013 70.0524 0.1763 110.6803
13 | 20400 [16.7800| 5.6400 | 45500 | 31.3900 10.0000 317100 18.8400 5.0050 1958192 64.6884 0.1763 78.5527
14 | 26000 |60.2600| 45500 88300 | 28.5000 [20.0000]  36.8600 18.8400 22750 111.4386 95.8360 0.3640 362.8023
15

16

1404.8529

0 | 1040 |




N -~
JANBU'S SIMPLIFIED METHOD
DETERMINISTIC/ PROBABILISTIC
Calculations
CALCULATION - STAGE 2 CALULATIONS -
16 17 18 19 20 21 22 23 24 25 2% 27 28 29 30 31

Ui= Triall | Triall | Tral2 Trial 2 Trial 3 Trial 3 Trial 4 Trial 4 Trial 5 Trial 5 Pore Pressure

(16)+(19) 20)/@1) (20)/23) 20)/25) 20)/27) @0)/@9) || -@*14/@3)

c'Axi ui*Axi (wi+Qi -uiAxi) (18)*tand’ ni(0) ni(0) ni(0) ni(6) ni(8) -Axi*tan®' /ni(B)
79.8000 | 24.7240 28 0280 102014 | 90.0014 | 0.8240 | 1092198 08473 | 1062246 | 08501 08500 | 1057708 | 08509 | 1057683 11977
741000 | 586560 | 84.6222 30.8000 | 104.9000] 0.8240 [ 1272098 08473 | 1238087 | 08504 ‘ 1232868 | 08509 | 123.2770 11121
1004480| 162.4077 28,6369 | 28.6369 | 1.0038 | 285279 | 0.9885 | 259687 | 09865 | 290291 290379 | 09861 | 29.0393 -0.5722
91.0310 190.6176 336110 | 33.6110 | 1.0038 | 33.4831 | 0.9885 | 34.0005 | 09865 | 34.0713 340818 | 09861 | 34.0833 205185
..... 995860 | 213.4783 37.6420 | 37.6420 | 1.0038 | 37.4987 10782 | 09865 | 381575 | 09862 | 381692 | 09861 | 381709 -0.5185
108.1120 236.6412 417262 | 41.7262 | 1.0038 | 41.5674 07 | 09865 | 422077 | 09862 | 42 3106 | 09861 | 423126 -0.5185
116.6380 259,530 457623 | 457623 | 1.0038 | 455881 | 09885 | 462926 | 09865 | 463890 | 09862 | 464032 | 09861 | 46.4053 -0.5185
116.6380 290.9466 513017 | 51.3017 | 1.0038 | 51.1065 | 09885 | 518907 20043 | 09862 | 520203 | 09861 | 52.0226 -0.5185
80.4400 213.2756 37.6062 | 37.6062 | 1.0038 | 37.4631 | 09885 | 380420 | 09865 | 381213 | 09862 | 381330 | 09861 | 38.1347 20.3576
764180 | 1940208 342111 | 342111 | 10038 | 340809 | 09885 | 346075 | 09865 | 346790 | 09862 | 346903 | 09861 | 346918 203397
1025200(  313.9076 553504 | 55.3504 | 10038 | 55.1397 | 0.9885 | 559917 | 09805 | 50.1084 | 09862 | 561256 | 09861 | 56.1282 204917
89.6274 | 277.4263 489177 | 489177 | 1.0038 | 48.7316 | 09885 | 49.4846 | 0.9865 | 49.5877 | 09862 | 49.6020 | 0.9861 | 49.6051 -0.4667
64.0356 196.4720 34.6433 | 34.6433 | 1.0038 | 34.5115 | 09885 | 350447 | 09865 | 351178 | 09862 | 351285 | 09861 | 351301 203648
74.1000 | 22.9580 184.3166 67.0858 | 141.1858| 0.5265 | 268.1770] 0.4773 | 2957823 | 04707 | 2999377 | 04697 | 3005578 | 0.4696 | 300.6501 220152

_________ 1.0000 1.0000 | 1.0000 10000 | 1.0000
1.0000 1.0000 toooo | toovo | 1.0000
785.4959 952.3949 980.4320 954.6588 9853247 985.4194 295103
[Fosgn) 05301 JFOs() 06779 [FOS@) 06979 | FOSG) 07009 | FOSE) 07014 | FOSG) 07014 |[dFO/du
FOS(FO)  0.7014 |[Z(31)/Z(15)

FOS 07330 ~0.0068




, -
_STAGE 3
32 33 34 35 36 37 38 39 10 41 2 43 44
| Soil 1 Soil 2 Soil 3 Soil 4
)/ (23) 18)*(33)/23) | /(2 (18)*(36)/(23) | (2)/(23) (18)*(39)/(23) | (2)/(23) (18)*(42)/(23) | (2)/(23)
Axi/ni(8) sec’®'  [(18)*sec’®'/ni(8)] Axi/ni(6) sec’®' | (18)*sec’®'/ni(0)| Axi/ni(B) sec’®  (18)ksed D /niB) Axi/ni®) |  se’®  [(18)*sec’®'/ni(B)] Axi/ni(8)
32905 L1325 373016 e NSRS RSN S
30555 ) L1325 1126210 1oL b
3.2450 1.0311 wosto2 |
................ S o S
o 29408 10311 223.2086
S —
....................... 2.9408 10311 271,36
...... 2.9408 1.0311 304.207
2.0281 1.0311
1.9267 1.0311 86:
‘ ........ 2.7886 1.0311 328.2155
S e e ]
....... 2.0687 1.0311 2054272 |
‘ 5536 | 1.1325 aa44014 |
11.8826 594.4139 294075 2664.8955 0.0000 0.0000 0.0000 0.0000 0.0000
ar0/del a0/ do d1i0/de2 d1:0/d¢2 d10/de3 REYATE dI0/ dea 410/ Ao dFF0/dc5
¥(32)/5(15) SGH/E5) |EE5)/E05) SON/E(18) |2e8/E0s) SEO/E(S) |SE)/E(15) T@3)/5(15)  |EEa/za5)
0.0085 0.4231  0.0209 1.8069]  0.0000 0.0000] _ 0.0000 0.0000]  0.0000




45 46
Soil 5
(18)*(45)/(23)
sec’®’ (18)y*sec’®' /ni(B)

0.0000

dF0/d$5
2(46)/2(15)

0.0000




Spreadsheet: Janbu - Prob — Direct — Exact

(COV (u) = Based on soil layers)




CALCULATION OF FACTOR OF SAFETY OF A SELECTED FAILURE SURFACE

JANBU'S SIMPLIFIED METHOD
DETERMINISTIC

Noter aier N adues only i vellow cells

(Probabilisuc Calculations are valid upto 5 didterent soil layers)

INPUTS CALCULATION-STAGE 1
1 2 3 4 5 6 7 8 9 10 11 12 13 14
Slice |Slice Width| Pote Pressurd Soil
Type {($+(5)}/2 (2)*(10)*(11) 9*(2)
Axi i hl h2 ui c' o' qi ¥ hav wi Qi tan ¢
(m) (deg) (m) (m) .| (KN/m2) (kN/m2)} (deg) (kN/m2) (kN/m3) (m) kN-per m width[kN-per m width)
L1280 | 12020 | 0000 | 2000 | 883 | 12830 | 2000} 000 | gy | Lo ] 275 L 036 ..
2|20 | 12020 | 2000 | 3850 | 2256 | 1 | 2850 | 2000| o000 | LA DL N w328 L 036.....
3 a0 agnen 50 | a0 | 3 |2 00 | w00 ] o0 s a3 zeass | 018
L]z ) ae7so | 4870 | sad0 | 3139 |2 | 000 |1000) 000 | LA DS [T 28165 | 018 .
__-%.._ﬁ__.z.-?.qq..T.J.@zs.@_. a0 | eoa0 | e T o T oen T o 1884 L 3T 31306 | 08
6. 1..2900 ) 16780 | 6020 ; 6.600 | 3728 | . 2, | K0 -[110:00 f Mor@ooa Brijfankag g4 | 631 L. 3475 018 .
L)L 200 116780 | 6600 1 770 14022 1. 2 ... = 0, | Lo SE0 L R 018 .
L8200 1 16780 | 770 f 7750 1 4022 1. 21000 11600 000 | . 1884 1T 0758 e 018 ..
222000 ) 1678 | 7750 ) 7840 | 4022 | . 2..)..000 (10001 000 1 . 1884 1780 ... 29372 | 018 .
1011900 1 1678 | 7840 1 7270 | 4022 [ . 24000 110004 000 & 1884 f TG0 LA 018
R 2n ). 1678 1..7:21 16440 | 3728 1 .. 2 o fjebo) 22 1884 886 L. 35516 f.oorer 018 ..
L2 1201 ) 1678 1 644 ) 5640 | 3434 | . 2 e fJ000 ) 2084 ) 1884 ) 00 ) 29700 1...T005 018 ...
LB ?;‘?‘.‘...T...!?J?‘ ..... 2.04 1. ‘.‘;5.?9.......3.1.;3.9....? ..... 2 1000y T o) 188+ f....210 . W _____ 19582 16469 1. 018 ..
LA s 6026 |42 )] 883 ... LN 2850 12000 | 3686 | 1884 [.....22 ... Hiasa .08 L. .. 036 ...
EN P e BSOS O O OSSO SO
16 ' ]
o | 105 |

| rosw 0.70 FOS(5) 0.70

FOS(F0) 0.70

FOS 0.73




A ~
CALCULATION OF PROBABILITY OF FAILURE OF A SELECTED FAILURE SURFACE
JANBU'S SIMPLIFIED METHOD
PROBABILISTIC(First Order Second Moment)
Direct Differentiation
DATA INPUT
Probabilisuc| COV Mean ¢'(kPa) P'(rad) u(kPa)
Parameters c b u c(kPa){ Fdcg) u Mean c \Y Mean c \Y Mean c \Y
Soil 1 0.2 0.3 0.3 28.5 20 13.29 [ 28501 5.7000 | 32.4900 0.35 0.1047 T o.otto] 13.29 | 3.9870 | 15.8962
Set2 | O 0.2 0.2 0 107 | 73605 ] 0.00°| 0.0000 | 0.0000 | 017 "] 0.0349 | 0.0012] 36.05 | 7.2100 | 51.9841
Soil 3 0 0 0 0 0.00 | 0.0000 | 0.0000 |~ 0.007 | 0.0000 | 0.0000] 0.00 | 0.0000 ] 0.0000
Soil 4 R 1o | o0 0.00 ) 00000 | 00000 (100 00000 | 0.00001 0.00 | 0.0000 | 0.0000
Soil 5 () 0 0 ] 0.00) 0.0000) ). 0000 .00 0O.0000 | O.0000 (.00 0.0000 0).0000
Nr (0F /0Xr) (OF / 0Xr) (OF/9Xn)" *V (Xr)
cl 0.0085 TE-05 0.002
2 0.0209 404 0
3 0 0 0
cd 0 0 0
s 0 0 '
B 0.1692 0.029 3EA =1
217633 I N 1 ‘
03 0 I | )
o4 T o 10 0
$5 i 0 - 0 0
ul -0.0031 9L=-06 2104
u2 -0.0037 i 1E-05 71504
ul3 0 0 0
wd 0 o S0 0
us 0 B 0 0
0.007
0 V(IFOS) D007 TAYLOR SEIRIES

o(FOS) 0.085

FOS(MLV) 0.70

cCov(| 0.122




f0 1.05
w  |V(FOS) T T 0.008)=6, V(R
o(FOS) N ST T 0089
FOSQMLYY | | | ' 0.73
COV() T T T 0422
(NORMAL DISTRIBUTION)
RELIABILITY INDEX .2.994
T RELIABILITY 7 7l ooo1l 014%
PROB. FAIL T T T 0999 9986 v

(LOGNORMAL DISTRIBUTION)

. OV B ] 1015
 RELIABILITY INDEX o ' 2.623
 RELIABILITY o 0.004 0.44 %

PROB. FAIL S 0996  99.56 %



o | 10450 |

Y
JANBU'S SIMPLIFIED METHOD
DETERMINISTIC/ PROBABILISTIC
Calculations
INPUTS CALCULATION-STAGE 1
1 2 3 4 5 6 7 8 9 10 1 12 13 14 15
Slice [Slice Width] Pore Pressure B=
{AH+(G)/2 @*(o*y (9*(2)
Axi 0i h1 h2 ui ¢ ¢ qi Y hav wi Qi tan ¢ (wi+Qi) tan 0i
(m) (deg) (m) (m) (kN/m2) [(kN/m2)| (deg) (kN/m2) (kN/m3) (m) kN-per m width[kN-per m width)

______ 1 2.8000 |-12.0200 2.0000 | 8.8300 | 28.5000 [20.0000 18.8400 1.0000 52.7520 0.3640 -11.2320
2 2.6000 |-12.0200| 2.0000 | 3.8500 | 22.5600 | 28.5000 [20.0000 18.8400 29250 143.2782 0.3640 -30.5070
3 3.2000 |16.7800} 3.8500 | 4.8700 | 31.3900 10.0000] 18.8400 4.3600 262.8557 0.1763 79.2607
4 29000 |16.7800] 4.8700 | 5.4400 | 31.3900 10.0000 18.8400 5.1550) 281.6486 0.1763 84.9275
5 29000 |16.7800] 5.4400 | 6.0200 | 34.3400 10.0000] 18.8400 5.7300 313.0643 0.1763 94.4004
6 29000 |16.7800{ 6.0200 | 6.6000 | 37.2800 10.0000 18.8400 6.3100 344.7532 0.1763 103.9558
7 29000 [16.7800] 6.6000 | 7.1700 | 40.2200 10.00 18,8400 8850 376.1689 0.1763 113.4288

8 | 29000 [16.7800] 7.1700 | 7.7500 | ~40.2200 10.0000f 8.8400 4600 407.5846 0.1763 122.9018
9 2.0000 }16.7800| 7.7500 | 7.8400 | 40.2200 10.0000f 7950 293.7156 0.1763 88.5661
10 | 19000 {16.7800| 7.8400 | 7.2700 [ 40.2200 10.0000. 18.8400 7.5550 270.4388 0.1763 81.5473
11 | 27500 |16.7800| 7.2700 | 6.4400 | 37.2800 10.0000]  22.2800 18.8400 6.8550 355.1576 61.2700 0.1763 125.5683
12 | 26100 |16.7800| 6.4400 | 5.6400 | 34.3400 10.0000]  26.8400 18.8400 6.0400 297.0013 70.052+4 0.1763 110.6803
13 | 20400 |16.7800| 5.6400 | 4.5500 | 31.3900 10.0000|  31.7100 18.8400 5.0950 195.8192 64.6884 0.1763 78.5527
14 | 26000 |60.2600( 4.5500 8.8300 | 28.5000 |20.0000]  36.8600 18.8400 2.2750 111.4386 95.8360 0.3640 362.8023
15
e [ E e S

©1404.8529




\‘ T
JANBU'S SIMPLIFIED METHOD
DETERMINISTIC/ PROBABILISTIC
Calculations
CALCULATION - STAGE 2
16 17 18 19 20 21 2 23 24 25 2% 27 28 29 30 31
Ui= A= Trial 1 Tral 1 Trial 2 Trial 2 Trial 3 Trial 3 Trnal 4 Trial 4 Trial 5 Trial §
(16)+(19) (20)/(21 (20)/(23) (20)/(25) 20)/27) (20)/(29)
c'Axi ui*Axi (wi+Qi -viAxi) (18)*tand' ni(8) ni(0) ni(0) ni(6) ni(0) cos B
79.8000 | 24.7240 | 280280 102014 | 90.0014 | 0.8240 [ 109.2198] 0.8473 | 106.2246 | 08504 | 1058339 | 08509 | 105.7768 | 0.8509 | 1057683 || 0.9781
74.1000 | 58.6560 | 84.6222 30.8000 | 104.9000| 0.8240 | 1272998} 08473 | 1238087 | 08504 | 1233534 | 08509 | 1232 08500 | 1232770 | 0.9781
100.4480 162.4077 28.6369 | 28.6369 | 1.0038 | 28.5279 | 09885 | 289687 | 0.9865 | 29.0291 | 0.98¢ 09861 | 29.0393 || 0.9574
91.0310 190.6176 33.6110 | 33.6110 | 1.0038 | 33.4831 | 0.9885 | 34.0005 | 09865 | 34.0713 09861 | 340833 | 0.9574
99.5860 [ 213.4783 37.6420 | 37.6420 | 1.0038 | 37.4987 | 0.9885 | 380782 | 09865 | 38.1575 | 09861 | 381700 || 0.9574
Tros1120[ 236.6412 41.7262 | 41.7262 | 1.0038 | 41.5674 | 09885 | 422007 | > 3106 | 09861 | 423126 || 0.9574
1166380 259.5309 45.7623 | 457623 | 1.0038 | 455851 | 09885 | 162926 | 00805 | 16,3890 464032 | 09861 | 464053 | 0.9574
116.6380 290.9466 51.3017 | 51.3017 | 1.0038 | 51.1065 518962 |1-0:.9865 2.0043 0.9862 52.0203 0.9861 52.0226 0.9574
804400 | 213.2756 37.6062 | 37.6062 | 1.0038 | 37.4631 | 38 0472 81213 | 09862 | 381330 | 09861 | 38.1347 || 0.9574
76.4180 194.0208 342111 | 342111 | 1.0038 | 34.0800 | 0.9885 | 346075 | 09865 | 346796 | 09862 | 346903 | 09861 | 346918 | 0.9574
10252000 313.9076 553504 | 55.3504 | 1.0038 | 55.1307 | 00885 | 559017 | 09865 | 56.1084 | 09862 | 56.1256 | 09861 | 56.1282 || 0.9574
89.6274 277.4263 489177 | 489177 | 1.0038 | 48.7316 | 0.9885 | 49.4846 | 09865 | 49.5877 | 09862 | 49.6029 | 09861 | 49.6051 || 0.9574
64.0356 196.4720 34.6433 | 34.6433 | 1.0038 | 34.5115 | 0.9885 | 35.0447 | 09865 | 35.1178 | 09862 | 35.1285 | 09861 | 351301 || 0.9574
741000 | 22.9580 1843166 67.0858 | 141.1858| 0.5265 | 268.1770] 04773 | 2957823 | 0.4707 | 299.9377 | 04697 | 3005578 | 04696 | 300.6501 || 0.4961
1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
785.4959 9523949 9804320 984.6868 9853247 0854194 ||
2623247 §

| FOSGini)  0.3591 [ rosay 06779 [ FOs@) 06979 | Fos@) 07000 [ rose o704 | FOs) 07014

FOS(EO) 07014

FOS 07330




N A
32 34 35 36 37 38 39 40 41 42 43
Soil 1 Soil 2

2)/(23) (18)%(35)/(23) -@Q*14)/23)]  (2/(23) (18)%(40)/(23) -(2)*(14)/(23)

tan 0 Axi/ni(0) sec?®' | (18)*sec*®' /ni(®)| A*d(1/ni0)/dé -Axi*tan®'/n| Axi/ni(0) sec’®' | (18)*sec’®'/ni(0)] A*d(1/ni0)/dé -Axi*tan®'/n
C= D= CrD= C= D= L=

-0.2129 32905 1.1325 573016 | 40.8776] 781791 11977
20.2129(  3.0555 1.1325 1126210 47.6443| 100.2653] -tri21]
0.3015 32450 | 1.0311 169.8102 -11.9652 157.8451 -0.5722
o31s} | 0 2.9408 1.0311 199.3060 -14.0435 185.2624 -0.5185
03015 | b 2.9408 1.0311 223.2086 -15.7277]  207.4809 -0.5185
0315 | 4] 1 "2 9408 1.0311 247.4273 -17.4342]  229.9931 -0.5185
03015 ' 1.0311 271.3603 2191206 2522397 “05185
0.3015 2.9408 1.0311 304.2079 -21.4351 2827728 -0.5185
0315 -y 4 4 L 2.0281 1.0311 2229967 -15.7128|  207.2839 -0.3576
0.3015 1.0311 202.8643 -14.2942 188.5700 03397
03015 TTTYT T 10311 3282155 231267 30s0s87] 04917
IO T T e — 1.0311 290.0714 220.4390( 2606324 -0.4667
0.3015 L0311 205.4272 144748 1909524 203648
1.7503| 55366 11325 | 4addors | -445.2378| 07464| 20152|

11.8826 237.6980 -4.32491  29.4075 2477.1214 -5.1853

dF0/dcl dr0o/dd1  |dF0/dul  |dF0/dc2 dF0/d¢2  |dF0/du2
Z(34)/%(15) £(38)/2(15) |£(00)/2(15) |£(39)/2(15) $(43)/215) |z(00)/Z(15)
0.0085 0.1692 -0.0031 0.0209 1.7633 -0.0037




44 45 46 47 48 49 50 51 52 53 54 55
Soil 3 Soit 4
(2)/(23) (18)*(45)/(23) M)/ 2N (2/(23) (18)*(50)/(23) -(2)*¥(14)/(23)  (2)/(23)
Axi/ni@®) | sec’®'  [(18)y*sec’®'/ni(@) A*d(1/nib)/dd |-Axi*tand>' Axi/ni(®) | sec’®@  |(18)*sec’®'/ni®)] A*d(1/nib)/dé -Axi*tan®' /1 Axi/ni(0) sec’®'
= = CH+D= ¢ I Col :
|
.................... |
0.0000 0.0000f 0.0000) 0.0000 0.0000 0.0000f 0.0000
dF0/dc3 dF0/d$3 |dFO/du3 |dF0/dc4 dF0/de4  |dF0/dus  |dFO/dcS
Z(44)/Z(15) Z(48)/Z(14Z(00)/Z(1H4Z(49)/£(15) T(53)/Z(15)|Z(00)/Z(15){=(54)/ Z(15)
0.0000 0.0000] 0.0000 0.0000 0.0000 0.0000]  0.0000




N
56 57 58
Soil 5
(18)*(55)/(23)’ -(2)*(14)/(23)
(18)*sec’®' /ni(®) | A*d(1/nib)/do -Axi*tan®’ /ni(0)
C= D= C+D=
0.0000 0.0000
dF0/do5 dIF0/dub
T(58)/Z(15) J=(00)/Z(15)
0.0000 0.0000

-



T -

Spreadsheet: Janbu — Prob — Smalllncrement

{COV(u) = based on soil lavers)




N T
CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE
JANBU'S SIMPLIFIED METHOD
DETERMINISTIC
Probability calculation s valid upto 5 different soil lavers
: CALCULATION-STAGE 1
1 2 3 4 5 6 7 8 9 10 11 12 13
Slice |Slice Width Pore Pressurd Soil
Type {(H+(5)}/2 (2*(10)*(11) 9*@2)
Axi 0i hl h2 ui ¢ o' g y hav wi Qi
(m) (deg) (m) (m) (kN/m2) (kN/m2) (deg) (WIN/m2) (kN/m3) (m) kN-per m width[kN-per m width)
1 2.800 -12.020 0.000 2.000 8.83 1 28.50 20.00 0.00 18.84 1.0000 527520 ¢ |
AT aes0 | 000 XN IO CE-C O N7 N R vz 7 R N
N A 000 1T N 1884 N I
3T 00 T 000 ] Y X . 51550 S8i6ass [T ‘
2 Teen T 000 17 000 T 1884 | 57300 [T 3130643 1 ]
2 0.00. | +/10.00 000 lassa | esi00 | 344rss2 [ ]
...... 2 & o0 1-40/00 000 \ass4 | essso | 3761680 | ]
...... 2 it o lwssa | 74600 | do7sses L]
...... 2 ) 000 | 1000|000 TSR T g050 LT 293 yise 1T ]
______ 2. L.woo |ioo0 | 000 Tl a8s4 75550 | 2704388 [ ]
______ 2. [.000 | 1000 | 2228 | 1884 | 68550 | 3551576 |  61.2700 _ |
______ 2|00 | 1000 | 2684 | 1884 | 60400 1 2970013 | 700524 _ ]
2. ooo |- 1000 | 37l |ass4 | 50050 [ 1958192 [ 64.6884 _ |
...... T s e ARG LT e T a0 L TiAsse ] 998360 ]




CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE

JANBU'S SIMPLIFIED METHQOD

DETERMINISTIC
CALCULATION
14 15 16 17 18 19 20 21 22 23 24 25 26
Ui= Trial 1 Triall Trial 2 Trial 2 Trial 3 Trial 3
(16)+(19) (20)/(21) (20)/(23) (20)/(25)
tan ¢ (wi+Qi) tan 0i c'Axi ui*Axi (Wi+Qi -uiAxi) (18)*tand’ ni(6) ni(0) ni(0)
0.3640 -11.2320 79.8000 24.7240 28.0280) 10,2014 90.001-4 0.82:40) 109.2198 (0.8473 106.2246 0.8504 105.8339

1404.8529

785.4959

952.3949

980.4320

984.6888

FOS(in1)

0.5591

[

FOS(1)

0.6779

1 FOS(2)

0.6979

FOS(3)

0.7009




rd t
27 28 29 30
Trial 4 Trial 4 Trial 5 Trial 5
(20)/(27) (20)/(29)
ni(0) ni(6)
0.8509 105.7768 0.8509 105.7683

9853247 985.4194
[ FOs@ 0.7014] FOS(5) 0.7014
FOS(F0) 0.7014
FOS 0.7330




CALCULATION OF FACTOR OF SAFEETY OF A TRIAL FAILURYE SURFACE
JANBU'S SIMPLIFIED METHOD
PROBABILISTIC(First Order Second Moment - small increment)

C ¢ u
CIE®) (RAD)
Sonl TygMcan COV Dl € s A% Mecan COV Del 49 s Mean del fi mad ~ v Mean COV el € s \Y%
—1|__285] 02 57 57| 3249 20| 03] 6| 6] 0349066 0.10472 010472 0010966 1329] 03| 3.99] 399] 159
2 0 0 0 10 0.2 2 21 0.174533} 0.034907] 0.034907] 0.001218 k}().OS 0.2 7.211 7.21151.98
3T 1 o ol T T 0 0 0 0 of | | )
4 o o 0 ol | 0 0 0 0 0 0 0
5177 0 o] ) 0 0 0 0 0 0 0
OouUTPUT
Fogy | 07014
e s I s wors B ey e
FC1-- 0.0451 ol | o.o24 Ful- [0.7159
rc2+ | o7ma 162+ | 07736 Fu2+ |0.6701
o |rc2 | oo g2 | veams 2. 107327
Fed+ | 07014 o3+ 3 07014 Fud+ 07014
Fed-- oo Fe3-- | 07014 Tfu3-- _fo.7014
Fea+ | 07014 Fea+ | 07014 Fust [0.7014
Fed | 07014 gd—- | 07014 Fud |0.7014
Fes+ | 004 o5+ | 0.7014 Fus+ 07014
Fes- | 07014 F95-- | 07014 Fus-- |07014
CENTRAL DIFFERENCES FORWARD DIFFERENCES .
Aticl 0.1133 ALl 00418 Atul |#an# Alcl | 00570 Atigl 0.0228 A tul -0.0144
A2 | 00000 A2 | 01448 Avu2 |an# Atie2 | oovoo Arg2| 722 Abu2 -0.0313
2 [ara | oo ATo3 | 00000 A¥ud o000 2 |are | oo A Vo3 0.0000 atwy | 00000
zil"c4” 0.0000 AI:M ”(H)(-i(»)u Aliud (').(l()(ll) AFat | oooon A4 00000 c}lu-t 0.0000
Aﬁl:cASM' ' n_(mm‘) AF&)S m()});)"u(l A'I"us 1)411(710() A S | 0.0000 A FS 0.0000 A Tfu5 0.0000
‘ct/2A cl] 0.00994] A Lol /2A ED| 0.19976] A Ful/2A vt -0.004 Alcl/Aacl O0L[A FOL/2A 1N 02178108 A Ful/A u! -0.0036118
2282 0| ave2/2a ke 207352 A k2724 w2f 0008 avea/aea|  ofarga/za piz| 200801333 A tu2/au2| 0.0043403]




< fazaaa| T olarveszarn| o] arw2aw| o
fei/28ca| 0| A104/24 Ky o Alud/2A 04 0
¢5/2A ¢5 0| A1°65/24 Ff5 0| ATuS/2A 45 0

e e | 005664 é 0.02092 u {0014

E‘ N 0 2} 0.07238 2| -0.031

= |3 0 ) 3 0 -
. 4 1] ___»__:17 ~__‘_() . 74 »Q

5 0 5 0 5 0
g [veosy | ooion?

a(}OS) | v.1003s
FOS(ME. 0.70
COVI) | 0.14307

) 1.05

o [V(EOs) 011
a(FOS) | 0.10487
_l*'()S(Ml, ) (),_7_?_'}(1

covay | 014307

TAYLOR SEIRIES

=0V

(NORMAL DISTRIBUTION)

RELIABILITY INDEX

-2.546 o

RELIABILITY

0.0054 0.54 %

_PROB. FAIL

0.9946] 99.46 %

(LOGNORMAL DISTRIBUTION)

__1H{covey?

R | 235

~ RELIAB
PROB. ¢

s

0.0121f  1.21 %

0.9879] 98.79 %%

A Fu3/a o3 0
T
A 17uS/A us 0
0 -0.0144003
2| -0.0312936

______ 3 0
I P

5 0

aves/aaal Tolaresszarn 0
A Fed/A o4 O[A 163724 104 1
Alicd/N ¢S OJA 1°95/2A ¥ 0
c 0.057 ¢ 0.02280909
of 2| 007218728
3 o R I
4 0 4 0
5 0 5 o
2 [veros) ooz
S(FOSY 01008 TAYTOR SEIRTES
FFOIS(M .70
COV(E] 01437
1 105
e VOS] 00T =0TV
a(FOSY .1053
FOSM] 0.7330
covad 0.1437

(NORMAL DISTRIBUTTON)

RELIABILITY INDEX
RELIABILITY

PROB. FAIL

-2.53 o
o6 056"

0.994] ?‘?»{4‘7"’0

(LOGNORMAL DINTRIBUTION)

1+H[COVE 102

RELIABILITY INDEX

RELIAL 0.012

PROB.

224

1.24 %%

(1.988 987(1 4
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CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE
JANBU'S SIMPLIFIED METHOD
Fcl+
CALCULATION-STAGE 1
1 2 3 4 5 6 7 8 9 10 11 12
Slice [Slice Width| Pore Pressur Sail
Type {(H+(5)}/2 (2)*(10)*(11)
Axi 0i hl h2 ui c' ' i Y hav wi
(m) (deg) (m) (m) (kN/m2) (kN/m2)| (deg) (KN/m2) (kN/m3) (m) kN-per m width

1 2.800 -12.020 2.000 8.830 1 34.20 | 20.000 18.840 1.000 52.752_ .
2| 26000712020 | 2000 | 3:850 [ 22560 1IN 34.20 1720000 A8EA0 o055 43078 ]
3]T32007 [ 167800 3850, Y 4870 [T 31300 0000 T R840, ] T Ta360 T 262,856 ]
412900 16780 | 4870 | 5440 | 31390 1 2L 10,000 18840 1 5455 1. 281,649 |
.5..[..2900 116780 | 5.440 ) 6,020 | "'34340 "] " 2 100000 | 18840 1 530 .o 313.064 ]
..6.[..2900 16780 | 6.020 1" 6:600 | "'37.280 I 00018840 6310 [ 344753 ]
___7 ______ 2_ ._9_0(_)_ i 16.75_3(_)_ . 6_._6_QQ____7,17O 40.220 2 1110.000 | i 1E§._8_4O _______ §§§§ ___________ 3_ 29;19.9 _____
812900 116780 | 7170} 7.750 | " 40220 |72 | 10000 | T A88a0 7460 [ 407.585 |
9. |..2000 [ 16780 | 7750 ] 7.840 |~ 40.220 - 2 ; o assdo 7795 ... 293716 __ ]
o [ 1900 [ 16780 | 7.840 | 7270 [ 40220 ) S 10000 18840 [ 7555 | 270439 |
a1 [2750 16780 | 7270 | 6440 | 37280 |2l 10.000| "~ 22280 [ - 18840 [ 6855 | . 355.158 |
12 ] 2610 116780 | 6440 J 5640 [ 34340 1 27"l 110.000] 26840 [ 18840 [ 6040 | 297.001 ]
13 [ 2040 116780 5640 ] 4550 [ 3139 1 2 4 1 10000 31710 | 18840 [ 5095 | .. 195819 ]
14| 2600 [60260 | 4550 ) [ 8830 | . ! 3420 1200001 " 36860 | 8840 | 2275 | 111439 |

LT O N T A S O O e ! A R
B0 600000 0000000000000 OO OO INSNSSSSSROO0 HSNSSuSoboO b

f0 | 1045 |




~
CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE
JANBU'S SIMPLIFIED METHOD
Iel+
CALCULATION
13 14 15 16 17 B 19 20 21 22 23 24 25
Ui= Trial 1 Trial 1 Trial 2 Trial 2 Trial 3
9*?) (16)+(19) (20)/(21) (20)/(23)
Qi tan ¢ (wi+Qi) tan 0i c'Axi | ui*Axi (Wit Qi -uilxi) (18)*tand’ ni(8) ni(0) ni(0)
kN-per m width)
_______________ 0.364 -11.23 9570 | 24.72 28.03 1020 | 10596 | 083 | 12746 ] 086 | 12391 0.86
T omea T a0 st TeR 2 T Tes66 [T R G2 T a0 111972 ) 0w ] Tiaaon | T0.8e 113099 | 086
e IR 26 11 10045 {7 16241 1 2864 1 2864 | 100 [ 72866 | 098 [ 2912 [ 098
TR U 0.176_ 1. 8493 L. ].] 9103 1 ] 19062 | .. 33601 1 3361 1 . 100 [ 3364 098 173418 1098
RN R 0176 | oxa0 T . 99.59 213.48 37.64 | 37.64 ) 100 ) 3768 1 098 | 3828 | 098
UUUUURURRIN SR 0176 110396 ) ... 10811 230.04 L AVTE L ALT3 ] 100 ) 4LTT | 098 | 4243 ) 098
VNSRRI U USWL T T 5 X2 S R I 116,64 25955 ] 4500 | 4576 | 100} 4581 | 098 1 4654 | 098
SUTURNURURON o176 [....1229 | .| 116.64 290.95 3130 | 100 & 5135 | 098 1 5217 ... 098
ISR SR 0176 _ |...8857 1 ... 1. BUAq 4 .. 21326 fodleh p 3760 L 100§ 3764 | 098 1 3824 1 098 .
e SRR VL 8155 1 ... 7642 ) 19402 )., CE RTINS NI W S 2 BTN 3479 .1...098 |
N 2LV N 0476 1 izss1 F_}Q?.-.S.%. UL ) S 5535 15535 | 100 1 5540 | 098 | . 3629 1...098
70052076 Y 068 T 8963 | .....27143 | 4892 | 4892 | 100 ) 4896 | 098 | 4975 | 098
L Ghe88 170176 ) 7855 ]! 6404 1 19647 ) 3464|3464 | 100 *...3_1-.6.%-. .L098 ..3523 | 098
oswle 036 Y3628 | T8B92 | 2396 | A8A3 T 6709 15601 [T 051 71730525 [ T0A6 [ 33868 | 045
USSR SUTUUSUUURURRY SNSRI BUSRRN SRR SRR ISR DR ] R L AN S 2., UUNUN N L
I I 1.00 1.00 1.00
1404.85 831.10 1026.56 1059.60
[FOSGni)) 039 [FOS() 073 [ FOS(Q)  0.75 FOS(3)




26 27 28 29 30
Trial 3 Trial 4 Trial 4 Trial 5 Trial 5
(20)/(25) (20)/(27) (20)/(29)

ni(0) ni(0)

123,45 (). 86 123.38 (1.80 123.37
ENEORET N BT 13940 usol 13939
08 | oog [T 2019 098 T 29.19)
BT T A 3a26| T 008 3426
3836 | Toes [T 3837|T 0T I 3537
4252|7098 | 4a54l T 0.98] 4254
4664|098 | 4665 0.98] 46.65
5228 1098 | 5230] 0.98] - 52.30
L3832 1098 [ 3834 098] 38.34
3486 | 098 | 3487 098] 34.88
5641 1098 | 5642 0.98] 56.43
4985|098 | 4987 098] 49.87
L.3530 1| 098 [ 3532 0.98] 35.32

34368 | 045 | """ 34441| 045] 34452
R 100 [ |00
""""""" 100 [ T 1Tool T

106459 | 1065.33 ] | 106544 |

0.76 | FOS(®4) 0.76] FOS(5) 0.76

FOS(FO0) 0.76
FOS 0.79
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CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE
JANBU'S SIMPLIFIED METHOD
Fcl-
CALCULATION-STAGE 1

1 2 3 4 5 6 7 8 9 10 11 12

Slice [Slice Width Pore Pressure Soil
Type {(#)+(5)}/2 (2)*(10)*(11)
Axi 0i hl h2 ui ¢ o' i Y hav wi
(m) (deg) (m) (m) (kN/m2) (kN/m2)} (dcg) (kN/m?2) (kN/m3) (m) kN-per m width

1 2.800 |-12.020 2.000 8.830 1 22.80 | 20.000 18.840 1.000 52.752
2| 2e00 1120201 2000 1 3850 [ 22560 (N T TR280 a0.000 T T 1884072905 T 43 A78 ]
]300 6780 3850 L 4870 ZI.%L%?ﬁOIZ.;..-..Z?_..._- oo 0000 a0 T ade0 262856 ]

4 2900 1 16.780 | 4.870 ) 5440 | 31390 | . 2 e 10.0000 .. 18840 [ .. 3155 L. 281649 |
B 2900 [16:780 | 5440 | 6.020 | 34.340 2 10,000 18.840 5730 313064 |
6 | 2900 [16.780 | 6.020 | 6.600 | 37280 12T e I T 344753
772900 1716780 | 6.600 | 7:170 [ TT40.220 2 }.10.000 | R 18840 | 6.885 376169 ]
8| 2900 16780 | 7170 | 7750 | 40220 |10 2 Y00 RO B 8840 [ TT7460 T 407.585 |
9| 2000 16780 | 7750 | 7840 | 40.220 - : s T es T 293716 ]
10 1900 16780 | 7840 | 7.270 | " 40220 | 2 | | WO L . 18840 . ... 7335 ... 2 79.-‘!.3.9..-.4
UL 2750 | 16.780 | 7.270 ) 6,440 | 37280 | 2 1100003 22280 |..... 18840 | ... 6835 . ].... 333.158 |
12 12610 116780 6440 } 5640 | 34340 | 2 e 100001 2e8a0 1880 1 6040 [ 297001 |
I 2040 1 16.780 | 5640 ) 4.550 | 31390 1 2 | .| 10000} SRS SUNA B 18840 [..... 309 L. 195.819 .
1402600 ] 60.260 | 4.550 ) ... 8830 _f..... Lo 2280 20000 30860 | . 18840 1. 2275 ... 111439 ]
s ]

16

0 [ 1045 |
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CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE
JANBU'S SIMPLIFIED METHOD
Fcl-

CALCULATION

13 14 15 16 17 18 19 20 21 22 23 24 25
Ui= Trial 1 Triall | Taal 2 Trial 2 Trial 3
O*2) (16)+(19) (20)/(21) (20)/(23)
Qi tan ¢ (wi+Qi) tan 8i| c'Axi ui*Axi (wi+Qi -uiAxi) (18)*tang’ ni(0) ni(0) ni(0)
kN-per m width)

0.364 -11.23 63.84 | 24.72 28.03 1020 | 7404 | 082 | 9075 | 084 88.34 0.84
T e sea T A6 sT U8R 1 sege | Teeea T L Ts080 N Thu s N o2 N THi0at | 0 8a | 10748 ] (084
SUSUSTRRR S 0176 ... 7926 | ... ].10045 1 162.41 12864 ) ..2.3_-9.’{.4_..1.;‘21 ..... 2838 1099 1 .. 2879 .1...099 .
SRR S 0176 f...8493 L 1. 9103 | ] 190.62 1. 3301 ) .3301 ) 101 1 3330 1 099 | 3379..1...929 .
R 0176 | 9440 1T 9959 21348 3764 | 3764 | 1.01 3730 | 099 [ 3785 [...099
R 0176 t__ 10396 [ qiegir T 236.64 | A R T RO S X 4195 | 099
R O T IO L N T O R e e I 7 I O B I 7 S D
USSR 0176 |....12290 4 ].11664) L 200.9; 13107 | se30 Foton 5083 | 099 | 5158 | 70.99
T 0176 1. 8857 | 1 80 21328 3761 | 101 73726 | 099 | 3781 | 099
...ZZZ.._-ﬁﬁ....ﬁﬁﬁﬁﬁf@i?ﬁéﬁﬁﬁ-ﬁﬁ-ﬁ--@iléis_..ﬁﬁﬁﬁ__..Zﬁf.if};%?; ......... 9a02 | J a1 L saan ¥ ion ] osso0 | 099 [ 3440 | 099
L6120 0176 f....32557 | ... 102.52 | 31391 . i.é?;@? ﬂ (535 4 101 f 5485 1..099 | 5565 1. 099
IRRUALL S 0176 1711068 1 8963 | 27743 .. ﬁ.__%éi;‘??:-, L4892 | 101t 4847 | 099 | 4919 | 099 |
S £1:1 SO I 0176 |..... 7855t ]! 6404 1 .. od7 .. 34.64 | 3464 | 101} 3433 1 099 | 3483 1...09 .
=R < 0364 ... 36280 ] 59.28 ) 2296 | .. 18432 | 67.09 1 12637 | 054 | 23240 | 050 | 25442 1 049
e e roo [T 100

1.00 1.00 1.00
1404.85 73990 878.88 902.11
[FOSn) 053 [FOS() 063 |FOS2)  0.64 FOS(3)




26 27 28 29 30
Trial 3 Trial 4 Trial 4 Trial 5 Trial 5
(20)/(25) (20)/(27) (20)/(29)

ni(0) ni(0)

88.02 (.84 87.97 (.84 8§7.97
RS TR S AL e T
T S PTRTA I 0T 5486
B LT AT R Y . ) 3387
3792 0wy Ao 0.99] 37.94
4204|099 T a205] T 0.99] T 42,05
Aedn 099 [T 4612|099 4612
I RGN si70| 9;?9"22_"2'521}?531
3789 1 099 | 37.90] 099 37.90
3447 17099 [T 34.48] T 0.99) T 34.48
L5577 lag9 | 55.78| .. 0.99] . 55.78

4928 1099 [ 49300 T 0.99] 4930
3490|099 [T T340 0.99) 734,90
25777 | 049 [ 25828 049 25835
. 00 { o oof
R 00 ool

905.66 906.20 9006.28

0.64 |FOS(4) 0.65] FOS(5) 0.65

FOS(F0) 0.65
FOS 0.67




Annex 6

SAMPLE SET OF SPREADSHEETS -
MODEL BASED ON BISHOP’S METHOD
FOR SLOPES STABILIZED BY SOIL
NAILING

{Data correspond to Example 5 (FileName: ACAD1a)}



CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE
BISHOP'S SIMPLIFIED METHOD (to account for soil nails)

INPUT/QUTPUT

[Sice | . Slope Geomety - T ____ __________ ____  NalDaa

Slice Width No. of Nails Diameter

Axi 0i ' hi h2 n d L, f, fy

(m) (deg) (m) (m) (m) (m) (m) N/mm"2
..... 1. lpotwo 14980 1 2644 [ 0000 [ “1oss {1 i
..... 2 | 1500 ] 4575 12644 [ 1258 11728 1267 10025 198 f 1 1 460
31500 ] 4127 | 2644 | 1728 1 2557 | . 135 ] 0.025 18871 LA 460
B 0 T O 0 . O O 1 B2 el N 40 .
..... M0 O COM Y .. S DO N O 1 Y O O O SO
..... 6. 11500 | 2930 | 2644 | 3170 1 3262 F 133 T 0025 | 739 f 1 ] 460
..... 71500 1 2564 | 2644 [ 3262 | 5500 1133 |0 0025 1731 f 1 | 460
..... 8 1..1500 | 2216 | 2644 | 3300 | 3.00 025 | 754 | v .40
..... 9.1..1500 | 1862 | 2644 | 3092 | 2847 | 135 4 0025 | 774 N L1460
10 41500 T 1522 | 2644 | 2847 | 2505 | 133 ] 0.025 | T4 T 460 .
L 50 ] 1187 1. 2644 | 251 1. 2070 o
2 |oaso T 857 |..2644 | 207 | 1547 | 133 10025 1859 (O 460
I G PN N O A O - Y ! Y Y S M—
|14 [ 194 T 156 ... 2644 | 0.94 1 . 0000 N i
is | L |
‘16 ............................ T ................................................................................. OOOO .............................................................................
.................................................................................................................... BN IS S A I — S —

O©D.C_AMettananda AACAD a-B-P-15-U-SlopeLore-Neeled -1nQut lof2



CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE
BISHOP'S SIMPLIFIED METHOD (to account for soil nails)

INPUT/OUTPUT

R B S SR = = =]
Depth from Top| Inclination }Pore Pressure
a ui Soil Type c' qi Y
(m) (deg) (kN/m2) (kN/m?2) (kN/m?2) (kN/m3)

RSO SN R 0.0, LU S 300 ] 200 b 20.00 .
N Y A Y L Lo 300 1960 L) 2000
L S 12, 0.00 L. o300 L1960 L] 2000
| zass 1 12 000 300 000 e 2000

2.02085 L LA 0.00 e LS - 300 2200 L 20.00 .
W S A 000 1. D] 300 2 | 1oel380 cxsfnms, 0 Lo 2000
....... 5 28115 | 12 666 . 1 | 30 1:) . 2000
"""" GAEETATNN I AN O N S SO A L2000
296025 L2 000 L 200 1960 20.00
......... 20761 it 000 e L 300 2200 ] 2000

0.0, e L 200 2200 20.00 .
D0 AN Y L] 300 11960 T 2000
0 XY O O D A A Y 2000
e 000 L300 L I0G0 ] 2000
T PPN SRRSO NS | S S— NSRRI SOR—

©D.CA.Mettananda

Notes
It there s a surcharge involved tor a structure with a nail arrangement
the value of Q applicable should be manually mserted in the
NailResistance worksheet.

ACADT1a-B-P-Di-U-Slopelore-Nailed -InOut



CALCULATION OF PROBABILITY OF FAILURE OF A SELECTED FAILURE SURFACE
BISHOP'S SIMPLIFIED METHOD

PROBABILISTIC(First Order Second Moment)

Direct Differentiation

DATA INPUT
Probabilistic Mean c'(kPa) ®raq)
Parameters P T c(kPa) | PUACE) I Mean G \Y c !
Soil 1 0.3 3 19.6 | 3.00 | 0.6000 | 0.3600 0.1026 | 0.0105
Soil 2 N Y D “ 1000 | 0.0000 [ 0.0000 1 0.0000 | 0.0000
Soil 3 0.00 | 0.0000| 0.0000 1 0.0000 | 0.0000
Soil 4 N I 0.00 | 0.0000 | 0.0000 1 0.0000 | 0.0000
Soil 5 0.00 | 0.0000 ] 0.0000 0.0000 | 0.0000
fu (kPa)~
Xr (OF/0X1) (OF/oXx) (73X *V (%)
cl 0.008 0.003
c2 ' 0 1 0
¢3 0 0
c4 ) 0 0
5 - o 1 o
o1 20.21 0.213
o2 0 1T "0
3 0 0
94 |
oS 0K 0 |
u TE-Uw e et
‘ 0.2106 |
F V(FOS) 0.216]TAYLOR SEIRIES
S(FOS)| — | 04064
FOS(MLY) T [1.6804
covEy — [ - 0.276
(NORMAL DISTRIBUTION)
RELIABILITY INDEX 1.466
T RELIABILITY 0929 9286 %
n PROB. FAIL 0.071 714 %

(LOGNORMAL DISTRIBUTION)

OV

" RELIABILITY INDEX
7 RELIABILITY

PROB. FAIL

1.076

v

T 10.962] 96.23 %
0038 37T %




L A
CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURIFACE
BISHOP'S SIMPLIFIED METHOD (to account for soil nails)
CALCULATIONS
INPUTS CALCULATIO!
1 2 3 4 5 6 7 8 9 10 11 12 13 14
Slice | Slice Width Force in Naill Inclination| Pore Pressure
, {&*+©)}/2

Axi Bi : hi h2 Tn a ui Soil Type < ¢ qi Y hav

(m) (deg) (m) (m) (m) (kN) (deg) (kN/m2) (kN/m2) | (dcg) (kN/m2) (kN/m3) (m)
1 1.0095 [49.8000] 26.4400 | 1.2584 1 3.0000 }19.6000 20.0000 0.6292

© Changa Mettananda

Page 1/4

ACAD1a-B-P-Di-U-SlopePore-Nailed



CALCULATION OF FACTOR OF SAFETY OF A 'TRIAL FAILURE SURFFACE
BISHOP'S SIMPLIFIED METHOD (to account for soil nails)

CALCULATIONS
N-STAGE 1 CALCULATION
15 16 17 18 19 20 21 22 23 24 25 26 27 28
Ui= Triall | Triall |
(2)*(14)*(13) (2)*(12) (18)-(19) (21)+(25) (26)/(27)
wi Qi tan fi (wi+Qi) sin 6i | Ty cos(a+8) c'Axi ui*Axi | Ty sina [(wi+Qi -uiAxi +Ty sina)| (24)*tand’ Mi(6)
(kN-per m width)| (kN-per m width)
IDERCEE T I 03561 I 97020 1"~ T 97020 130285~ 1 1 127035 | 45235 | 75520 | 08122 ] 92984
448005 1| 03561 [~ 32,0007 | " 1129964 [ "19.0943 "} 4.5000) 1 50638 [ 49.8043 | ] 177559 1 222559 ] 0.8542 | 26.0560
[Tea2720 | 03561 |~ 423943 1786987 [ 733.6956 |as000f T 30241 [ 67.2961 1239631 | 28.4631 | 0.8956 | 31.7811
T I 63561 T 397200 T 217296 [T 27 9904 %000 | L o T g3614 | 318202 | 36,3202 | 09294 | 39,0788
o663 1 osen T s00576 LT ie2eT 382279 ) 4000 | ] 3agaa 195 1479 ] 338806 | 38,3806 | 69569} 401081
968l 13t T Araned | 27946 | 3a s ) asoo0 ) T 35409 |7 1000224 ) 356164 14011641 09789 | 409812
[ 98435 1 03561 1 azdoat (L 135733 | 290208 | [asooo | T s038 1 10109851 363200 | 40.8200 | 0.9960 | 40.9843.
958725 1 03561 T[T Bgezs T ias00n YT ATEGS 000 | 35931 | 994656 ) 354181 139.0181 1 10085 | 39.5827
800775 N ] 03561 [ . 284416 [ 143324 1 141092 1 1500 627 1 925302 ] 329521 ] 37.4521] 10174 | 368132
.. 802830 1 ]l 03561 I 210764 | 129653 o 81111 | 20313 [T 833143 ] 29,6669 | 34.1669] 10222 | 33.4238
[ 686385 1 03561 [ iaiied 1 INESHN oo 086385 ) 244411 | 289411] 10235 | 282761
54.2640 0.3561 8.0863 11.5269 5598 56.8238 20.2340 | 24.7340| 1.0214 | 24.2167
S s T oy s | T ek T s e e [ 0msy)| 174833
IR 03561 [ e O LR ST T A R 80930 ] 6.4782 112.3099| 1.0056 | 12.2417_
e e 10000 | ..
e ) 10000 |
"""""""""""""""""""""""""""""""""""""""""""""""""""""""""" ] 1.0000
250.8495 ‘409.1915 ‘ 420.3256'

[ FOS(in) 1.6312 | FOS(1)  1.6756 |

© Changa Mettananda Page 2/4 ACADI a-B-P-Di-U-SlopePore-Nailed



N ~ ~
CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURFE SURFACE
BISHOP'S SIMPLIFIED METHOD (to account for soil nails)
CALCULATIONS
Probabilistic
29 30 31 32 33 34 35 36 37 38 39 40 41 42
Trial 2 Trial 2 Trial 3 Trial 3 Trial 4 Trial 4 Pore Pressure Soil 1 Soil 2
(26)/(29) (26)/(3Y) (26)/(33) -2)*(19)/(33) (2)/(33)
Mi(9) Mi(9) Mi(6) Axi*tan®'/Mi(0) | Axi/Mi®) |  se?®'  |Rdyrsed®d/Mi@] Axi/Mi®) | sec’®'  |ay*sec?®'/Mi{ Axi/Mi(0)
[ 08078 | 93492 | 08074 | 9330 | 08073 | 93345 | ..:9.-‘.‘?.5.2.(3.1.6.7.7...-y!;%?ﬁ’%@?ﬁ 11267958 | 1773073786 | O . ] o ... 0.
0.8500 | 26,1830 | 08496 [ 261951 | 08496 [ 261962 § -0.62869122 | 1.76557006 | 1.1267958 | 66.13455789 9 0 0 0
[0.8918 | 31,0170 | 08914 | 31.9299 [ 08014 | 319311 2059920639 |
[ 0:92597) 39,2259 | 09256 | 392398 709250 | 392412 )T UAT7082319 " 162063543
.Qv.‘).fé??j..??_-?f@? ..... 0.9335 | 402535 | 09534 | 402547 § -0.560206575
| 09761 | 41.1000 | 09758 ) 411112 § 09758 | 411123 § -0.54738605 | L 1.53723862
_.Q-.‘).‘?§?....?J_-Q?Zﬂ...Q;‘%‘???...-.f*.kfl??? ..... 9;‘2??.2.......4.‘.-9.‘).5-?..{ L 0537767456 §1.5102
[ 1.0063 | 39.6685 | 1.0061 | 39.6766 | 10061 | 39.6774 R -0.530905281 | AR
..1.;‘3.1??.*..?9;?.8.0.1..4._.1;(2!?.3..._.;”.(2%@% ..... !;‘?!?’?...t_..-".6.».8.3_7.(.)..ﬁ 06733 : 11267958 | 1027006657 | t ...... )oY
1.0207 | 33.4735 | 1.0206 | 33.4782 | 10206 ) 33.4787 | 3PEOSS1" 11 46978487 11267958 | 91.98721645 | u_.... o Of .. o ..........0
[ 10223 | 7283090 ) 10222 | 283121 | 1.0222 | 283124 | - -0.522525 ”I 167AT376 | 123 7506147054 { O el ] S o ..........9
..1.-.Q2.9.5.i...2.“;.2.3.7_1..J...1.-.Q%9é‘..-_..2.4.-.2.3.?!.._..!;939.4...._..2.4.-.2.3.‘2?..4 L 70:523440835 | 1.46999264 | 1.1267938 | ¢ 0 2.-_7.%7?.0.@%{’_4 ...... ... ol Of e, o ..........0
10154 | 17.4927 | 10153 | 174936 | 10153 { 174936 Y -052607741 | 1.477397011 1.1267958 | 41.33178598 | O e, ] S O..........0
[ 10054 | 122436 ) 10054 | 122438 | };09.554...&.12.‘.2.472?_. -0.688474971 | 1193346234 171267958 | 2038967886 | 0T Of e, o ........0
16000 | 7T G000 T 0000 | T Ted000 R e e o e ] S of o
0000 ) ]l 10000 1 . 10000 [ 00000 F o oo oo oLl AN SO | I of ........0
1.0000 1.0000 1.0000 0.0000 0 0 0 0 0 0 0 0
421.4082 421.5107 4215204 .74 21.73 1127.61 0.00 0.00 0.00
[FOS@) 16799 | FOS@B)  1.6803 | FOS(4) 1.6804 diF/du dr/de dr/d®’ df/dc dF/dd’ dF/dc
£(35)/220) |Z36)/z(20) 2(38)/2020) |£39)/z(20) £(41)/20)|Z42)/2(20)
I FOS 1.6804 -0.03 0.09 4.50 0.00 0.00 0.00
© Changa Mettananda Page 3/4 ACAD1a-B-P-Di-U-SlopePore-Nailed




< g ~
CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE
BISHOP'S SIMPLIFIED METHOD (to account for soil nails)
CALCULATIONS
43 44 45 46 47 48 49 50
Soil 3 Soil 4 Soil §
sec’®'  |4)*sec’®'/Mi] Axi/Mi(8) sec?®' My*sec®d'/Mid Axi/Mi(0) secl®' [24)y*sect D' /Mi(0)
I
............ o oo o oy o oo
............ Of o) o) o a0
.......... o ) N ) A IR IO
....... o K] IO O I N AN IO
] A Y 1) ) A of o el o
............ o Ol ) ISR AN DN’ R
........... o NG IO O | D] U] N
[ ] ] ) IO I of ol 0
............ Ol oo o
........... O o) oo ok ol o} i
____________ Of | e o) o™
.......... Oy 0]
[ O ol o) of o o !
........... O N IO IO O O AR I
ol Of ol o of ool 0
........... O e T
0 0 O i O --------- of T f) ---- 0 ’ 0
0.00 0.00 0.00 (.00 0.00
dF/d®d"™ | dF/dc dF/d®" | dF/dc dF/d®’
Z(44)/Z(20)} £(45)/ Z(20) T(47)/Z0)|Z(48)/Z(20) T(50)/Z(20)
0.00 0.00 0.00 0.00 0.00

© Changa Mettananda
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Annex 7

SAMPLE SET OF SPREADSHEET'S -
MODEL BASED ON JANBU’S
SIMPLIFIED METHOD FOR SLOPES
STABILIZED BY SOIL NAILING

{Data applicable for Example 6 (FileName: ACAD4)}




CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE
JANBU'S SIMPLIFIED METHOD (to account for soil nails)

INPUT/QUTPUT

Slice I Slope Geometry - Nail Data

Slice Width No. of Nails | Diameter Depth from Top
' Axi 6i h1 h2 n d L. f, fy

(m) (deg) (m) (m) (m) (m) N/mm*2 (m)
..... 11260 626 [ 000 1 4550 1 {1 L. 1.
L2 | 2040 | 16.780 1" 4550 | G O O Y A N—
..... e e
.... L e e
(.5 |..1900 [ 16780 "|"""7.270 [ 7840 | b L
..... ¢....2000 1 16780 1 7840 N 7750 | |
..... 7 ]o..2900 1 16780 | 7750 [ 770 AR 6 o025 b 27 41 L4076
..... 8 12900 116780 | 7A70 [""6.600 |~ 4 10025 | si6 1l 460 | 6885 |
..... 9 12900 T 16780 | "6.600 | 6020 |4 | 0025 1 395 |1 460 | 631 |
L0 ] 2900 T 16780 16020 | 5440 | 4 10025 T 478 | [N 460 | 5.73
AL 2000 116780 | 5440 | 4870 | 4 10025 ] 553 o1 . 460 ] 5155 |
23200 16.780 | 4.870 | 3850 1. 2 o |o002s5 ] 613 U140 1 436 ]
A3 12600 112020 f 3850 | 2000 1 e i
L4 as0q 12020 ) 2.000 0000 oo }
s ——rr b b
L3 0 s v AvO—

‘=%
I[TU I 1.045]]

©D.C.A.Mettananda ACADA-]-P-Di-U-SlopePore-Nailed---Deterministic 1of2



A ~
CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE
JANBU'S SIMPLIFIED METHOD (to account for soil nails)
INPUT/OUTPUT
Inclination |Pore Pressure| Soil Type
o ui c' ' qt Y
(deg) (kN/m?2) (kN/m2) (deg) (kN-perm2) | (kN/m3)
8.83 1 28.50 20.00 36.860 18.84

............................... R e T s R
................................ EZ:ES.Z"----- ------......2..--.------- """"6....0.6"““" ........i.(.j:.(.).(.)....... T.......é.(.)...ga.,..... ““""]"g:é;i_."“"
............................... 3728 2* 000 1000 .2228 1884
o 022 o000 000 000 1884
............................... 402z 1 ...2...]..000 [ 1000 L  000..J 8% iad
I L A - 0:00 11000 000, 884 |
I Y . 2 ) 000 i0.00 17 00077
A2 3728 L 2 i 000 11000 I 000 |..1884
2 ) 3438 | 2 000 | 1000 1 000 | 1884
iz L3039 21000 10,00 T 000 f 1884
"""" 2 3o L2 1000 L1000 10000 1884
I 2256 1 ... T 2850 I 2000 1 000 | 1884
S U : N N O O R X N N~
#\__‘——L '__'

Noie — [FOS RBE

It there ts a surcharge involved tor a structure with a naif arrangement

the value ot Q applicable should be manually inserted n the
NatlResistance workshect.

©D.CAMettananda
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CALCULATION OF PROBABILITY OF FAILURE OF A SELECTED FAILURE SURFACE

JANBU'S SIMPLIFIED METHOD
PROBABILISTIC(First Order Second Moment)

Direct Differentiation
DATA INPUT
Probabilisic] COV Mean c'(kPa) @'(rad)
Parameters c WY c(kPay | PLACET | Mean o \Y Mean c S
Soil 1 0.2 0.3 28.5 20 28.50 [ 5.7000 | 32.4900 { 0.35 | 0.1047 | 0.0110
Soil 2 0 | o2 0 107 | 0.00 | 0.0000 | 0.0000 | 017 | 0.0349 | 0.0012
Soil 3 0 oo 0 1000 | 00000} 00000 0.00 | 0.0000 | 0.0000
Soil 4 0 0 0 07 1 0.00 | 00000 00000 | 0.00 | 0.0000 {0.0000
Soil 5 0 0TI o T o T 000 | 0.0000 | 0.0000 § 000 T 0.0000 | 0.0000
[u (kIPa) 42.08 l
Nr (OF /0Xr) (0F/0Xr1)” (GF/8X1)" *V (Xr)
cl 0.013 2E-04 0.005
2 0.0307 9E-04 0
c3 0 0 0
c4 0 0 0
¢35 0 0 0
¢l 0.6915 0.478 0.005
b2 2.8913 - 8.36 0.01
3 0 -0 0
'¢4 - 0 Ty T n
o5 0 o | ) {
o -0.0101 TE-U4 ERCTRTHR ( s & Lhasg
FO V(FOS) 0.0253| TAYLOR SEIRIES
o(FOS)| | “lo.1590
FOSQMLYY 1.0867
COVE} | 01463
fo 1.0450
w |V(FOS) 0.0276)=f£,"*V(F,)
o(FOS)l | 101661
FOS(MLV) 1.1356
COVE] ™ | 01463
(NORMAL DISTRIBUTION)
RELIABILITY INDEX 0.816
T RELIABILITY o 1929 %
o " PROB.FAIL T 02077 2071 %
(LOGNORMAL DISTRIBUTION)
[+[COV(OT 1.021
7 RELIABILITY INDEX i 0.801 i
© 7 RELIABILITY T 0.789] 7885 %
" PROB. FAIL 0211 2115 %




CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE
JANBU'S SIMPLIFIED METHOD (1o account for soil nails)

CALCULATIONS
INPUTS B CALCULATION-STAGE 1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Slice | Slice Width Force in Nail] Inclination| Pore Pressure
{@+G)1/2 @)*(14)%(13)
Axi 0i hl h2 Tn a ui Soil Type < ¢’ qi Y hav wi

(m) (deg) (m) (m) (kN) (deg) (kN/m2) (kN/m2) | (deg) (kN-per m2) (kN/m3) (m) (kN-per m width)
1] 26000 160.2600} |- 45500 L]l 88300 1 .. .. o | 285000 120.0000y  36.8600 _ 1 18.8400 | ... 22750 f.... 111.4386
..2..]..20400 1167800} 4.5500 { 56400 4 4 .. .. 313%0 2 10.0000f _ 31.7100 | 188400 | . 20950 |.... 1958192
..3.)..26100 116.7800] 5.6400 | 64400 L ... l_. 343400 | ... 2 10,0000  26.8400 | 18.8400 ) .. 00400 I .. 297.0013
_41..27500 11678001 644001 7.2700 4. L. 37.2800 f .. 2 . 10.0000f 222800 | _ 188400 | .. 6.850 [ 355.1576
.5..]..1.9000 116.7800f 7.2700 | 7.8400 ) ... 40.2200 | 2 10.0000f . |.... 188400 | ... 7.3550 ] 270.4388
..6..|..20000 |16.7800f 7.8400 177500} | . |.. 40.2200 4 . 2 ... I 1000000 18.8400 | . 77950 1. 293.7156
7..]..2:9000_116.7800f 7.7500 | 7.1700 | 72.5084 | 12.0000 | 402200 1 2 100000 ) assd00 | 74600 I . 407.5846
'8 | 72.9000 [16.7800] 7.1700 | 6.6000 | "67.1473 | 12.0000 | 40.2200 2 R XU agsa00 | 68850 | 376.1689
9| 2.9000""{ 16.7800] 6.6000 | 6.0200 | ""79.8780"  12:0000 | ""37.2800 Zﬁﬁﬁfﬁéﬁﬁﬁﬁffﬁﬁfﬁﬁﬁﬁﬁﬁﬁi@l@@@ﬁdﬁﬁﬁ.-fiiﬁﬁi"I;--Zﬁﬁé-_%‘!@@II-J ..... 63100 | . 3447532
1101729000 | 16.7800 .?).9.299.}.5..4.499_ _917114 ] 120000 | 343400 * U 188400 | 57300 | .. 313.0643
U111 29000 116.7800) 5.4400 | 4.8700 { 100.4227 } 12.0000 ) 31.3900 2 | pLo.0000) L 18.8400 1 .. 31550 ] .. 281.6486
12 ] .3.2000 | 16.7800 4.8700 | 3.8500 | 51.3077 _..1.%-.0.999.1..%1. /00 2 Pl . |10.00000 .. T . 4.3600 1. 202.8557
13| 26000, |-12:0200] 3.8500 { 20000} T 1. 22.5600 | -1 1285000 {200000f ) 188400 |~ 29250 | 1432782
(14| "28000. [-12:6200) 2.0000 [ T T ) e300 | T 1285600 (20.0000) T T 1838400 | .. 1.0000 | 527520
JCT0 Y SRR O SN U S AN AU RN SUSUR SRR USRS I S
G e e e e L e el

0 ] 10450]




CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE
JANBU'S SIMPLIFIED METHOD (to account for soil nails)

CALCULATIONS
CALCULATION
16 17 18 19 20 21 22 23 24 25 26 27 28 29
Ui= Trial 1l Trial 1 Trial 2
(18)-(19) (21 +(25) (26) / (vg))
Qi tan fi (wi+Qi) tan 0i | T cos(a+8,)/cos § c'Axi ui*Axi Ty sina J(wi+Qi -uiAxi + Ty sina)| (24)*tand’ ni(6) ni(8) I
(kN-per m width)
_____ 958360 ] 03630 | 3628023 | | 3628023 |74.1000| 229580 | 1843166 | 67.0858 | 141.1858] 04377 [3225379] 03961
. Gdessa 1 0.1763 | 785521 | 785527 | leA03sel Tl 96,4720
..... 700524 | 01763 | 1106803 | 1 110.6803 | 1896274 |- 2774263
..... 612700 10763 | 1255683 | T -..!.253;?9.8}.---....---*.1.9?.5.299{.-.-.:.:. ..13%070
0.1763 81.5473 81.5473 76.4180 194.0208

OSSR I R I o O I T O I I 2 S N E
T ees | a229018 | 663782 ] T565237 1T 116,6380] 15,0753 |7 306.0219

04763 ] 1134288 | " 61.4703 ] 519585 1 1 116.6380[ 139607 | """ 2734916
[ lores Tl 050558 ) s a2dr ) 308311 1] 108.1120] 16,6076 | " " 2532487 -

0.1763 94.4004 83.9576 10.442¢ 232.5461
Y odes | ead2rs 1919324 70049 L OLO3 107208790 17" 2114966 T
I 01763 | 792607 | 46.9698 | 322909 7 100.4480| 73,0751
______________ 0.3640 2305070 [T O30.5070 7400008 58.6560 1 L 846202
e | R0 [ a0 T Fos00u] 2o | 280280
................ e e
981.0200 802.4688 HuH#H |
| ——

[Fos@n) 08180 [ Fos) 10452 | FOS@)




Ao - <
CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE
JANBU'S SIMPLIFIED METHOD (to account for soil nails)
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CALCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE
JANBU'S SIMPLIFIED METHOD (to account for soit nails)
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CALCUILATION OF FACTOR OFF SAFETY OF A TRIAL FATLURI SURFACIE
JANBU'S SIMPLIFIED METHOD (to account for soil nails)
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LCULATION OF FACTOR OF SAFETY OF A TRIAL FAILURE SURFACE
ANBU'S SIMPLIFIED METHOD (to account for soil nails

CALCULATION OF NAIL FORCE
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Annex 8

ADDITIONAL DETAILS OF THE
STABILIZED WATAWALA LANDSLIDE

Figure A8.1: Subsurface Profile of the Watawala Slope (Rajaratnam
and Bhandari, 1994)
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Figure A8.2: Location of Instruments at Watawala Landslide

(Rajaratnam and Bhandari, 1994)
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Figure A8.3: Identified Failure Surfaces at Watawala Landslide

(Rajaratnam and Bhandari, 1994)
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Figure A8.4: Plan View of the Directional Drains

(Rehabilitated Watawala Landslide)

PRATRRALIEY (1D

Figure A8.5: Plan View of the Installations of Eductor Drains

(Rehabilitated Watawala Landslide)
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