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ABSTRACT

Probabilistic analyses provide an alternate approach to assessing the
stability of rock slopes. In a probabilistic or reliability analysis the
integrity of the slope is expressed as its probability of failure rather than
its factor of safety. The primary advantage of reliability techniques is that
they explicitly consider the uncertainty associated with engineering para-
meters.

There are a number of probabilistic techniques currently available;
however, none of them provide a comprehensive treatment of the problem. This
thesis presents a new method that eliminates some of the earlier limitations.
In particular, the thesis concentrates on a few specific points and develops
some tools to use in examining rock slope stability from a probabilistic
standpoint.

The thesis presents a procedure that enables one to use the data from
joint surveys i.e., the probability density functions (pdf's) of joint or-
ientation to derive the pdf's of parameter that characterize the shape and
orientation of possible rock wedges bounded by the joints.

The thesis developed an improved analytical model which describes the
failure mode that consists of sliding along both joint planes. The model ex-
amines the influence of both in situ stresses and joint stiffnesses. It
extablishes the relationship between the two effects and extends the concepts
to cover asymmetric wedges.

The thesis also presents a possible solution to one of the major unsolved
problems in rock stability-joint persistence. The stochastic model developed
in Chapter 5 provides a rational method for treating joint persistence. It
uses Monte Carlo simulation to generate jointing patterns and then analyzes
each pattern to identify the weakest failure path. The strength of the rock
mass is characterized by a random "apparent persistence" parameter that can
be used in probabilistic stability calculations.

Name and Title of Thesis Supervisor: Herbert H. Einstein
Associate Professor of Civil Engineering
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CHAPTER 1

INTRODUCTION

1.0 Scope of Thesis

The idea of analyzing the stability of rock slopes in a

probabilistic framework is not new. McMahon developed a prac-

ticable approach in the early 1970's. His original model had

a relatively limited range of applicability but it did intro-

duce the notion of using the probability of failure rather

than the factor of safety in rock slope stability analyses.

Reliability techniques are now gaining popularity as their

sophistication and range of applicability increases. As will

be discussed in Chapter 2, the current models use a number of

different approaches. Some combine deterministic models with

Monte Carlo simulation so that some of the input parameters

can be treated as random variables. Other models treat

stability as a stochastic process that can be described mathe-

matically. At the present time there is a wide gap between

the two contrasting approaches. This thesis endeavors to

establish an intermediate approach that is basically stochastic

but does use Monte Carlo simulation to treat aspects of the

problem that cannot presently be modeled stochastically.

A rigorous analysis should consider every aspect of the

problem including the correlation among random variables and

the interaction of failure bodies in the slope. It should

also consider all possible modes of failure; toppling and

16



rotation as well as sliding should be examined. Some of the

problems like correlation are probabilistic. Others like

toppling are largely mechanical. None of these problems are

well understood at the present time; furthermore, they may

remain so for many years to come. This thesis does not address

all the above problems but concentrates on a number of spe-

cific points. In particular, it presents a computer program

that enables one to determine the shape and orientation of

tetrahedral wedges through a numerical integration technique

that uses the probability density functions of joint plane

orientations. It also presents a detailed description of

the mechanics of the failure mode that involves sliding along

two planes. The mechanical model is incorporated into two

computer programs that analyze the stability of wedges de-

terministically and probabilistically. The thesis introduces

the concept of "apparent persistence" to characterize the

shearing resistance of en echelon joint sets. Finally, the

thesis shows how the individual techniques can be combined

into a complete reliability analysis.

1.1 Outline of Thesis

The structure of the thesis reflects the same fundamen-

tal principle that underlies virtually all rock slope stabili-

ty analyses. Slope stability is essentially a problem in

discontinuum mechanics wherein both the wedge and its parent

rock mass are treated as rigid bodies. Two conditions must
17



be met before failure can occur:

1. The wedge must be oriented in such a
manner that movement towards a free
face is physically possible - a kine-
matic condition.

2. The destabiling forces must exceed the
stabilizing forces - a kinetic condition.

The idea that failure depends on both the kinematic and kine-

tic conditions is reiterated throughout the thesis.

Chapter 2 presents a brief introduction to the concept

of reliability analysis. It also reviews the state of the

art of reliability analysis as applied to rock slope stability.

Chapter 3 discusses the kinematic aspects of the stability

problem. It describes the computer program DAYLITE that enables

the user to determine the probability density function of

the orientation and shape of possible failure wedges.

Chapter 4 discusses the kinetic aspects of the stability

problem. In particular, it discusses how the deterministic

model for computing the factor of safety can be improved by

incorporating joint stiffnesses and in situ lateral stresses

into the analysis. The chapter presents two computer programs:

SWARS-2PM, a modified version of SWARS-2P that includes the

effects of joint stiffness and in situ stresses; and SWARS-2MC,

a probabilistic version of SWARS-2PM that treats the input

parameters as random variables through Monte Carlo simulation.

Chapter 5 presents a stochastic model that simulates the

resistance of "en echelon" joints. It characterizes the re-

sistance of jointed rock through an "apparent persistence"
18



parameter. This apparent persistence can be input directly

into stability calculations.

Chapter 6 shows how the techniques described in Chapters

3 to 5 can be integrated into a complete reliability analysis.

As indicated in Section 1.1, there are still many aspects of

the analysis that are difficult to evaluate. The chapter

outlines the limitations of the proposed analysis and notes

the steps in the analysis that require additional refinement.

Chapter 7 presents a summary and conclusions.

19



CHAPTER 2

ROCK SLOPE RELIABILITY ANALYSIS: STATE OF THE ART

2.0 Introduction

The term "reliability analysis" is a relatively recent

addition to the rock mechanics vocabulary. Engineers working

in rock mechanics, like their counterparts in soil mechanics,

are becoming aware of the advantages of using reliability

theory. Unlike conventional approaches, reliability analyses

explicitly consider the uncertainty associated with engineering

judgments. The integrity of a structure is expressed in terms

of its probability of failure rather than its factor of safety.

Engineering parameters such as shear strength or pore pressure

are treated as random variables i.e., quantities characterized

by probability distributions.

The use of probability is not a totally radical departure

from traditional approaches. Joint orientation data have always

been analyzed statistically. Contour diagrams of joint poles

correspond to probability density functions portrayed on a pro-

jected surface of a hemisphere. A deterministic analysis would

be concerned primarily with the modal or central values of the

distributions. The contour plots would serve to identify the

modal values and perhaps influence the selection of a design

factor of safety. (Diffuse diagrams may dictate a more conserva-

tive design criterion.) On the other hand, a probabilistic

analysis would incorporate the dispersion or uncertainty of the

20



orientation data directly into the calculations.

Reliability theory is a useful tool in treating the innate

variability of natural materials. It may prove to be even more

valuable in examining another important source of uncertainty--

incomplete information on design parameters. An engineer seldom

has enough data to thoroughly describe all the inputs to his

analysis. The shear strength parameters are frequently esti-

mated from a limited number of tests. The location of the

phreatic surface may be based on a very brief observation

period. This same type of uncertainty pervades almost all

the parameters on which an engineer predicates his design. In

a reliability analysis he can quantify this uncertainty and

treat the parameters as random variables with estimated prob-

ability density functions. The probability of failure will

reflect the natural variability of material as well as the

engineer's subjective assessment of parameters with scant data

bases*.

The problem of rock slope stability provides an ideal

subject for reliability studies. Most of the critical para-

meters such as joint persistence and cleft water pressures

are difficult to evaluate deterministically. These parameters

must be considered random variables to arrive at any realistic

* The distinction between natural variability and estimation er-
ror is a matter of intepretation. Natural variability can be
considered a measure of the error associated with estimating the
value of a parameter at a specific point. Theoretically, one
could evaluate the parameter at every point and eliminate natural
variability. Engineering analyses are based on a limited amount
of data and should consider estimation error.

21



conclusions concerning the stability of a rock slope. A

number of individuals have recognized the promise of such an

approach and formulated probabilistic models. Most of the

current models are relatively crude with limited applicability.

These models may, however, form the foundations for more

sophisticated versions.

The current models can be grouped into four broad cata-

gories:

Graphical Techniques

Monte Carlo Simulations

Composite Models

Stochastic Models

The groupings are rather arbitrary. Most of the models are

based on the same fundamental principles and they share many

features. The groupings serve primarily as a convenience to

emphasize the similarity of certain models.

Many of the models are quite innovative. They can treat

parameters like joint spacing or analyze stepped failure sur-

faces--effects which are difficult to assess deterministically.

However, none of the current models provide a complete solution

to slope stability problems. The question of which one to use

in a particular situation is largely a matter of personal

preference.

In examining the models one should evaluate them with

respect to some objective criteria. An ideal model should

fulfill three requirements:

22



Practicality The model should rely on input

data which can be obtained from reasonably

simple and inexpensive field surveys or

laboratory techniques.

Rigorousness The model should be mathemat-

ically and probabilistically consistent. All

bias in the input should be systematically

eliminated. Correlation among the random

variables should be explicitly considered.

Completeness The model should recognize the

three-dimensional nature of rock wedges and

investigate all possible modes of failure.

It should be capable of handling diverse

ground water conditions and wedge geometries.

None of the present models satisfy all the criteria. In fact

no one is preeminent in all three categories. Most of them

strike a compromise between practicality and rigorousness.

This section will examine a number of models or techniques.

The discussions will highlight the advantages and limitations

of each method. They will emphasize the probabilistic aspects

of the models because engineers familiar with deterministic

analyses may not be aware of the subtle probabilistic assump-

tions inherent to each model.

23



2.1 Graphical Techniques

McMahon (1971, 1974, 1975) has done an extensive amount

of work in this field. His method is best suited for dry

slopes where sliding occurs along a single discontinuity.

The model does not require plane strain conditions. It can

be used in cases where the strike of the joint plane is not

parallel to the strike of the open face as long as there are

tension joints present to isolate blocks and permit sliding

along the major joints (Figure 2.1).

The technique developed by McMahon uses a lower hemisphere

equal-area projection. The two critical steps in the analysis

are to establish regions of kinematic and kinetic stability in

the projection. The kinematic tests indicate whether a block

is physically capable of movement. They consider the orienta-

tions of the joints relative to the slope. The kinetic tests

indicate whether the driving forces exceed the resisting

forces. They consider the shear strength of individual joints.

A block will not slide along a plane unless the line re-

presenting its direction of movement daylights on the slope.

Figure 2.2 illustrates this concept for joint planes parallel

(same strike) to the slope. Only those joints whose poles

lie between A and B are joints on which movement can occur.

The same type of analysis can be performed on any family of

joints that share the same strike. In each case the locus of

kinematically unstable joints includes all joints whose dip

is undercut by the slope. (The analysis implicitly assumes

24



JOINT PLANE
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Figure 2.1 Sliding on a Single Plane
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PROFILE OF SLOPE

40*

- 40*

B

A

POLE OF JOINT X

B: POLE OF SLOPE

Figure 2.2 Kinematic Test for Sliding
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that the dip of the joint corresponds to the direction of

movement i.e., only hydrostatic and gravitational forces are

present.) Figure 2.3 shows the locus of all unstable joints

for slopes of various inclinations. The great circle on the

right side of the figure are traces of the slopes and the

closed curves on the left define the corresponding regions of

kinematic instability; any joint whose pole lies within the

curves will daylight. Points A and B correspond to those in

Figure 2.2.

The fact that a joint may daylight does not imply that

movement must occur. The shear strength of the joint may be

sufficient to restrain movement. Kinetic tests must be im-

posed to resolve the question of stability. The case analyzed

in Figure 2.4 involves a wedge whose resultant load consists

solely of its weight. The wedge will not slide as long as the

joint has a dip less than e cr = D. All joints with poles be-

tween A and C are kinetically stable. The only joints along

which sliding will occur in this simple case are those whose

poles plot between C and B. The three dimensional representa-

tion of the region of kinetic stability is the area inside a

circle of angular radius 4 centered at the center of the pro-

jection (Figure 2.5). This circle is generated by revolving

the circular sector defined by arc A-C (Figure 2.4) around the

pole of the projections.
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The two stability regions just described provide a basis

for applying probability theory. The reliability analysis of

the slope reduces to a single decisive question: What is the

probability that the slope will contain a joint (or joints)

whose pole lies within the area of kinematic instability and

outside the area of kinetic stability? This crucial crescent

shaped zone is accentuated in Figure 2.5. McMahon (1971) dis-

cusses two limiting cases.

1. Uniform Distribution If the joints are

uniformly distributed over the surface

of the sphere P§, the probability of the

occurrence of an unstable joint, is

Au
At

Where Au is the area of the critical

zone shown in Figure 2.5 and At is the

total area of the projection.

2. Indeterminate Distribution If the joint

survey represents the best estimate of

the sample population, P can be cal-

culated as

Nu
J NT

Where Nu is the number of poles in the

critical zone and NT is the total number

of poles or joints in the survey.
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Most joint distributions do not correspond to either of

these two extreme cases. If, however, the joint orientation

has a mathematically describable probability density function

(See Appendix A) P' can be found through numerical intergration

techniques. McMahon (1971) describes a procedure for evaluating

bevariate normal distributions with a rectangular normal prob-

ability chart. Herget (1978) also examined the bivariate nor-

mal distribution. He suggests sketching contours of constant

standard deviation and then estimating the portion of each

"ring" that lies in the critical zone.

P is a conditional probability based on the assumption

that only one joint is present. (P = Probability of an un-

safe joint given that only one joint is present.) If the

joints are independently oriented Pi., the probability of the

unsafe joint occurring, is:

Pi = 1 - (1 - P)N (2.1)

where N is the number of joints in the slope. (In a rigorous

analysis N should be treated as a random variable.) P cor-

responds to Pf, the probability of failure, for slopes in

which the joint lengths are large relative to the size of the

slope i.e., the joints will form a continuous failure plane.

If only a portion of the joints are long enough to cause

failure, P is computed as

Pf = P PC (2.2)

where PC is the proportion of joints with the requisite
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continuity to cause failure.

The graphical approach is not restricted to cases involv-

ing only gravitational loads. McMahon (1974) introduced the

concept of critical dip ( c) to treat hydrostatic and pseudo-

static seismic loadings.* The critical dip is the dip of the

flattest joint along which sliding takes place at limiting

equilibrium. Dip is measured in the direction of movement.

Figure 2.6 shows how c can be determined for the two loading

**
conditions. c is used in the same manner as ' in Figure 2.5.

c is not necessarily a deterministic quantity. It can be

treated as a function of time (temporal variations in ground

water levels) or space (lateral variations in joint friction

angles.)

McMahon's graphical approach is well suited to evaluate

planar failures in cases where both the loads and the resis-

tances are proportional to the weight of the block. When the

proportionality occurs cis independent of H, i.e., the size

*McMahon's formulation of c includes a term to correct for
lateral restrain in wedge failures:

tans = K tan(4 - a) (2.3)

K sine1 + sinG 2
s ~sin(6

1 + 02)
61 and 62 are the apparent dips of the two planes bounding the
wedge measured in a plane normal to their line of intersection.
K is difficult to evaluate because both 6 and 62 are random
variables. It may be more efficient to use McMahons's technique
solely for planar failures (KS = 1.0) and rely on other methods
to investigate wedge failures.

**Note that the hydrostatic pressure is defined in terms of the
quantity nH. fc will be a function of n but not H because H2 will
appear in both the numerator (u) and the denominator (W). Also,
U is a function of 3c. Since c = 4)-a, the solution for a will
require a reiterative approach.
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of the block does not affect its stability (Figure 2.6).

Unfortunately c is a function of H for most hydrostatic load-

ings and for all cases in which the resistance includes a

cohesive component. A varying implies that the zone of

kinetic stability changes with every combination of H and Q.

The graphical approach is difficult to implement under these

conditions. Stability problems involving cohesion or water

pressures can, however, be analyzed with the methods outlined

in the succeeding sections.

2.2 Monte Carlo Simulations

Monte Carlo simulations constitute an almost purely

numerical approach to reliability analysis. They resemble

sensitivity analyses cast in a probabilistic setting. In

theory, the technique can be applied to virtually any problem

that can be modelled deterministically. The factor of safety

(FS) is computed for many sets of randomly selected input

parameters. The probability of failure (P f) is the proportion

of FS values that fall below 1.0. A more formal definition

of Pf is shown in Figure 2.7. The FS values are grouped to

form a histogram which is used to delineate the probability

density function (pdf) of FS. P is the area under the curve

to the left of FS = 1.0.

The selection of input values is a critical step in the

simulation technique. The values for each variable are

chosen from the pdf of that variable. Figure 2.8 describes

the procedure. F X(x), the cumulative distribution function 4
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of x, is the integral of f (x). By definition, the domain of

F X(x) is limited to the interval [0,1]. F X(x) will map any num-

ber rn in that same interval 10,1] to a value of x. If the r n's

are the outputs of a random number generator the values of x

will be randomly distributed i.e., the relative freqeuncy with

which values of x in the interval [x + Ax,x - Ax] appear will

be proportional to the area under the- pdf in that same inter-

val. Ahistogram of many x's would resemble f X(x) in Figure 2.8.

Most Monte Carlo simulations involve several random var-

iables. Figure 2.9 is a schematic representation of the tech-

nique applied to a rock slope stability problem. In general,

the deterministic model is a limiting equilibrium analysis.

Input parameters include the attitude and strength of the joint

planes as well as ground water conditions and external loadings

like rock bolts or surcharges. The analysis must be repeated

for every set of input parameters. The volume of computations

can become enormous; however, the simulation procedure can be

readily programmed for a computer.

Monte Carlo techniques have been applied to numerous pro-

blems in rock mechanics. Su et al. (1970), used Monte Carlo

simulations in conjunction with finite element methods to

evaluate stress distributions around underground openings in

rock strata. Pariseau (1973) extended their work to investi-

gate the stability of roofs and pillars in mines. In the last

few years Monte Carlo methods have been used to analyze rock

slopes. In fact virtually all the reliability analyses to be

discussed rely at least partially on simulation techniques.
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Major et al., (1978) have developed a probabilistic model

that relies exclusively on Monte Carlo simulation. The core

of their model is a deterministic algorithm that evaluates the

stability of rock wedges as their FS against sliding. The

wedges are formed by two intersecting discontinuities. The

resulting tetrahedron may be truncated by a tension crack

(Figure 2.10). Stability calculations are based on the con-

ventional model that examines translational movement of a

rigid body.* The analysis involves a maximum of 22 input

parameters. Any combination (or all) of these parameters can

be treated as random variables. Each random variable is

characterized by one of five distributional forms: normal,

truncated normal, uniform, triangular, and exponential.

Figure 2.10 shows a sample problem presented by Major et al.,

with ten random variables. Two hundred sets of input para-

meters were used to find the distribution of FS. The simula-

tions suggest that Pf is in the order of 0.07. (The authors

did not document any attempt to estimate the standard error

of Pf which may be fairly large.)

The value for Pf derived from the Major et al. computer

program is actually a conditional probability based on the as-

sumption that one and only one wedge forms i.e. precisely

one joint from each set is present.** The true probability of

* In a companion paper (Kim et al., 1978) the authors briefly
discuss other possible modes of failure.

** A similar conditioning problem was discussed earlier in con-
nection with McMahon's graphical approach.
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failure is a function of the intensity of jointing. It may

be lower than Pf if jointing is a relatively rare event. On

the other hand, it may be considerably higher than P if the

slope is highly jointed. Major et al. do not address this

issue. However, the problem is not unique to their method.

Virtually all the current reliability analyses must contend

with this same problem. There is no simple solution. As

will be shown, the joint model prepared by Veneziano (1978)

may provide a tentative approach to the multiple wedge problem.

The Major et al. method can be a valuable tool in con-

ducting reliability analyses. It does, however, have some dif-

ficulties which are common to all Monte Carlo methods. Simu-

lation can be a computationally inefficient technique for

highly reliable slopes. The number of trials required to

determine Pf can be very large if Pf is small. The two hun-

dred trials used in the example may be an optimistic figure.

A P in the order of 0.001 may require several thousand simula-

*
tions.

Most Monte Carlo analyses neglect correlation among random

variables. They treat each variable as if it were indepen-

dently distributed. This assumption is frequently not justi-

fied. For example, strike and dip of joints might be cor-

related or extreme values of strength parameters might be

* P values in the order of 0.001 (or less) are very sensitive
to the tails of the distributions of the input parameters. The
tail behavior of these parameters is difficult to estimate at
the present time.
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associated with certain joint orientations. This correlation

structure can become very complicated and difficult to incor-

porate in the analysis; however, neglecting the correlations

can lead to erroneous results.

Monte Carlo methods are relatively easy to implement. Un-

fortunately this tractability often leads to their indiscrim-

inate use. Monte Carlo simulation is not a panacea for pro-

bability analyses. It is subject to the same limitations as

its deterministic algorithm. In addition, it requires a

rigorously defined pdf for each random variable. The critical

issue is whether one can rationally assign a pdf to all the

important input parameters. For example, rock slope problems

may have an extensive amount of information on joint orienta-

tion but virtually no data base for joint persistence or cleft

water pressures. Yet, FS is much more sensitive to variations

in joint persistence than to variations in joint strike. A

poorly selected pdf for persistence will result in an un-

realistic estimate of P=. Major et al. present many options

for selecting pdf's but give no hint as to typical distribu-

tions for each parameter. (Baecher et al., (1977) present a

summary of current research on estimating pdf's for joint

spacing and joint length.)

In using Mone Carlo techniques one tends to concentrate on

the random variables with well defined pdf's. The ill-defined

random variables are arbitrarily assigned disperse pdf's -

often a uniform distribution is used. However, each random
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variable contributes to the dispersion of FS values. The

variable with uniform pdf's may have a much greater influence

on the shape and location of the pdf of FS than the other

variables. The sheer volume of computations and computer

outputs can give one a false sense of security about the re-

sults.

2.3 Composite Models

Composite models include all the methods which endeavor

to decompose the probability of failure into discrete compo-

nents that can be analyzed independently. All the models have

the same general form:

Pf = ZP[A]PfB] (2.5)

A is the event that a potentially unstable condition exists.

B is the event that the destablizing force exceeds the resis-

tance. The product of their probabilities is summed over all

possible unstable conditions. The two events are analagous to

the kinematic and kinetic criteria in McMahon's model. In

general A and B are treated as probabilistically independent

events.

Composite models present an attractive concept. Pf is

calculated as the joint probability of several conditions

that lead to instability. A complex process is resolved into

many simple components and each component is examined as a

potential source of uncertainty. Many of the early reliability
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models used this approach. Those models have evolved over

the past few years to the point where they are now legimate

design tools. The two best examples of composite models are

those developed by Marek and Savely (1978) and Serrano and

Castillo (1974)

The Marek and Savely model examines two dimensional

plane shear failures (Figure 2.11). The height is a deter-

ministic quantity (H). The first step in the analysis is to

discretise the dip angles (e's). The Gaussian distribution

for 6 shown in Figure 2.11 is divided into twelve cells.* The

angle at the midpoint of each cell is considered representative

of all dips within that cell. The probability that the dip

will assume any one of the 12 discrete values is equal to the

area of that particular cell. Pf is caluclated as:

n
P =E P P P (2.6)f j=l D. L. S.

J J ]

n = number of cells

D. = dip at midpoint of cell
J

PD .= Pdip is D 4
JJ

P = P~discontinuity is continuous from A to B]

Ps= P[shear resistance is less than the driving

force]

*Not all values of 0 need to be analyzed. Values greater than
the slope angle can be excluded--a kinematic restraint. Marek
and Savely suggest neglecting all values less than D minus 2
standard deviations of t --a kinetic restraint.
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P L can be determined from a cumulative distribution

function of joint lengths. P is found through Monte Carlo
J

simulation. Since a and H are deterministic, any value & = D.
J

will completely describe the geometry and the weight (W) of

the failure block as well as the shear (W sin D.) and normal
J

forces (W cos D.) on the failure plane. Marek and Savely use
3

Monte Carlo techniques to sample various sets of shear para-

meters (joint friction, t, and joint roughness, i). P is the
3

proportion of trials in which the shear force (W sin D.) exceeds
3

the resistance W cos D. tan (4 + i).
J

Call and Kim (1978) extended the Marek-Savely method to ana-

lyze slopes with numerous discontinuities. They considered the

profile shown in Figure 2.12. It corresponds to an open pit

mine which is to be deepened from d to d 2--a mining increment

of h. N is the number of discontinuities that will be exposed

during excavation. The expected value of N can be computed:

N = G/X (2.7)

G h sin(a - e) (.2.8)sina

X = mean fracture spacing

Call and Kim define PI, the probability of instability, as

the probability that at least one unstable joint will be ex-

posed. PI can be determined through a binomial expression:
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PI = 1-(1 - P )N (2.9)

Pf = probability of failure for a single

fracture as computed by Marek and Sayely.

The fact that N is actually a random variable can easily

be incorporated into the analysis. If joint spacing is ex-

ponentially distributed-N has a Poisson distribution;

n -G/A
f (n) = (G/) e (2.10)
N n

PI can be conditioned on n and summed over all possible values

of N.

PI = E fN(nl) ' (l - (1-Pf)) (2.11)
all nN

The Call-Kim model relies heavily on the assumption in-

volving independence. It treats joint stability as a series

of Bernoulli trials i.e., mutually independent experiments with

a constant probability of failure. The fact that the nth joint

is stable does not influence the reliability (P ) of the

(n + 1)th joint. Even Marek and Savely's formulation of Pf is

based on the assumption that joint orientation, length and

frictional properties are independent parameters. These as-

sumptions do not necessarily invalidate the model. They should,

however, be thoroughly investigated before the model is applied

*A careful search of the data bases for each pair of parameters
may reveal correlations that can be introduced into the P cal-
culations.
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to a specific problem.

Serrano and Castillo (1974) use the same principles in

their 3-dimensional model. The principal features of their

model are shown in Figure 2.13. The figure is a front view

of a rock slope that contains two sets of discontinuities.*

Every intersection defines a potentially unstable wedge.

Serrano and Castillo characterize the wedges by their sur-

face areas or volumes. The triangles ABC and A'B'C' typify

the largest wedges that can form. All wedges of that size

will have a vertex that lies along the line BB'. Small

wedges such as the family that is typified by ADE and D'E'C'

are much more numerous. All the members of that particular

family have vertices between D and D'.

The critical feature of the computerized model is a rou-

tine that identifies all possible combinations of joints

that will produce a wedge whose area lies between the pre-

scribed limits n and n+1. The problem is by no means trivial

because the joint spacing is a random variable. Pf can be

computed through the techniques described earlier. P(6,F )

is the probability that a wedge of volume 6 will have a factor

of safety less than F0 '

P(6,F) = . Z E f f f 2 f2 f3 f3  (2.12)0 ID R i j 1 j i j

* A more general version of the Serrano-Castillo model can
accommodate 3 sets of discontinuities.
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i,j

R

f ff.,f.
1 J

22
f. f.
1 J

SJ

= all pairs of joints i and j that satisfy

the volume = 6 condition.

= subspace of all combinations of strength

parameters that yield FS < F0

= density functions of the joint strength

parameters

= density functions of joint persistence

= density functions of the intact rock

strength parameters

The last step in the analysis is to construct the cumu-

lative distribution function of F for various values of 6.
0

F(6 ,F ) is defined as the probability that some wedge with

a volume equal to or larger than 6 will have a FS less than
0

or equal to F0.

F(6 ,F ) = 1 - 7 (l - P(6,F ))n(6)
0 0 d>6 0 0

(2.13)

n(6) = number of wedges that have a volume of 6

Figure 2.14 shows some results that Serrano and Castillo

obtained in their example. Pf is the value of F(6 0 ,F) at

FS = 1.0. It is a function of 6 and increases as the failure

volume decreases.

The Serrano-Castillo model can be a versatile tool in

the planning of pit mine slopes. The concept of explicitly
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considering the size of the failure zone is an attractive

approach because it enables a planner to evaluate the conse-

quences of failure. However, the model is based on a number

of assumptions concerning independence among parameters. As

discussed earlier, these assumptions must be verified before

the model is implemented. Finally, the model computes F(6O,F0 )

through a long series of conditional probabilities. The volume

of computations can become overwhelming for heavily jointed

rock masses.

2.4 Stochastic Models

In many ways stochastic models constitute the most inter-

esting approach to reliability analysis because they attempt

to describe jointing as a random process. The models do

not consider the mode of origin of the discontinuities but

they do consider their attitude and location. The idea of

treating any aspect of jointing as an analytically describable

process is an innovative concept. Until recently joint data

(orientation, length and spacing) has been analyzed on a

strictly empirical basis. Various authors (Bridges, 1976;

Barton, 1977; Call et al., 1976) have perceived some general

properties i.e., the exponential nature of joint spacing, but

no one has tried to interpret this behavior. Stochastic

models present a unifying theory that accounts for these ob-

served properties. However, the models do more than just

enable one to visualize jointing patterns in a rock mass.

They can be used to derive additional parameters which can
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be valuable in stability analyses e.g., the mean number of

wedge vertices on an excavated slope. The validity of the

model can be measured by comparing predicted values with ob-

served data.

Stochastic models can be either inductive or deductive.

Inductive models find the pdf's for the inclination and per-

sistence of failure surfaces by examining many continua--each

of which contains a single failure path. Each path is pieced

together from many individual joints whose length, orienta-

tion and spacing are treated as randomvariables. Inductive

models infer the general properties of failure paths by in-

vestigating many specific examples. On the other hand,

deductive models infer these properties by first generating

joint patterns and then searching the pattern for possible

failure surfaces. Deductive models populate a multi-

dimensional space with a family of randomly generated joint

planes. The entire joint system is examined to locate the

path of minimum resistance.

Call and Nicholas (1978) developed an inductive sto-

chastic model to investigate 2-dimensional stepped or "en

echelon" failure surfaces. This failure mode occurs in

slopes that contain two approximately orthogonal joint sets

(Figure 2.15). The failure path is composed of many joint

segments that coalesce to form a continuous surface. In

some instances the joints may not form a complete path; the

remaining rock bridges must rupture before the block can
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detach from its parent rock mass.

Call and Nicholas term the two joint sets "master joints"

and "cross joints" (Figure 2.15). Each set is characterized

by four random variables: dip, length, spacing and overlap.

The last parameter describes the interaction between the two

sets; it is defined in Figure 2.15. The overlap of joint Y

is the ratio of Li, the distance that Y extends beyond joint

Z to (L1 + L2)' the total length of Y

The major features of the model are shown in Figure 2.16.

The object is to fabricate a hypothetical failure path from

an arbitrarily chosen point A to the top of the slope.

Point A presumably locates a daylighting master joint and is

defined by the distance H. A dip and length for this master

joint is sampled from the appropriate pdf's through Monte

Carlo techniques. A family of cross joints will intersect

the master joint; the points of intersection are simulated

by sampling random values from the pdf of cross joint spacing.

Values are sampled until the sum of the N spacings exceeds

the length of the master joint. The (N-l)th cross joint is

the last one that actually intersects the master joint. The

exact location of the (N-l)th joint is found by sampling

values of dip, length, and overlap from the pdf's. The next

master joint (the 2 "stair") is located by sampling values

* Call and Nicholas indicate that their data suggest that
overlap is uniformly distributed over the interval [0,1].
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of spacing, length, dip and overlap from the pdf's of master

joints. The complete failure path is produced by alternately

generating cross and master joints.

Occasionally the joints will not intersect. Whenever

the path is interrupted the simulation process begins again

as a new master joint is established. The interruption cor-

responds to a bridge of intact rock which must rupture be-

fore complete failure can occur. The size of the bridge(s)

is expressed as "% tensile failure" (Figure 2.16). The

entire failure path (including rock bridges) is characterized

by a, its average inclination or "step path angle."

In their complete analysis Call and Nicholas generate a

large number of failure surfaces and derive the pdf's of a

and % tensile failure. The entire procedure is then repeated

for various values of H. (In general, a decreases asymptotically

with increasing H.) Call and Nicholas used this model to

predict the inclination of failure slopes in an open pit mine.

They found a good correlation between the distributions for

predicted and observed values.

The Call-Nicholas approach is not a true reliability

model in that it does not directly provide information on

Pf. It can, however, be useful in predicting failure geometries

in situations where the mere existence of a continuous failure

path ensures failure. The restriction is important because

the model ignores the kinetic conditions--it presumes that

none of the joint surfaces develop enough resistance to
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maintain stability along a continuous failure path. Under

simple conditions (no water, no external loads) the master

joints must have a mean dip that exceeds D, the joint friction

angle. (The mean dip of the master joints in the field study

was 430 and the "% tensile failure" approached zero.) The

kinetic conditions should be considered in analyzing slopes

with flatter master joints. One practicable technique would

involve sampling a value of D from the corresponding pdf for

each failure path. If a < 4 the path would not be considered

in determining the pdf of a. The implementation of kinetic

restraints would tend to shift the pdf of a to higher values

because many potential failure paths with small step path

angles would be stable.

The previous comments regarding Monte Carlo simulations

also apply to the Call-Nicholas model. The selection of the

proper pdf for each of the eight random variables is a critical

requirement. The close comparison between predicted and

observed failure paths suggests that the authors have chosen

reasonable distributions.

Baecher et al., (1977) developed a deductive stachastic

model for rock jointing. Their goal was to formulate a con-

ceptual model that could explain two empirical observations:

1. joint lengths are lognormally distributed

2. joint spacings are exponentially distributed.

* In a later work (Baecher and Lanney, 1978) the authors indi-
cate that the underlying distribution for joint length may pos-
sibly be exponential. They identify a number of sampling biases
which filter data from field surveys so that an underlying expo-
nential (or gamma) distribution may appear to be lognormal.
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Baecher et al., idealized joints as 2-dimensional convex

disks randomly and independently positioned in space (Figure

2.17). The disks are circular with lognormally distributed

radii. Joint radius and dip as well as joint radii and loca-

tion are treated as statistically independent variables.

(The independence assumptions are easier to justify if one

only examines joints from a particular set of joints from a

small zone.) The plan and profile shown in Figure 2.17

suggest what the joint traces might look like. The joint

spacing and length characteristics are consistent with empir-

ical observations.

The model is an aid in visualizing the configuration of

joints. However, it also describes a random process from

which one can infer other properties. Baecher et al., have

derived expressions for the mean and variance of the area of

joints per unit volume. This parameter could be used as an

index property in assessing the competency of a rock mass.

The Baecher et al. model is not a reliability model; in

fact, it is not even concerned with slope stability. It

does, however, provide a logical basis for approaching stability

analyses. The model may be extended to furnish information on

the location and shape of wedges at excavated faces.

The Veneziano model (Veneziano, 1978) is similar to the

one proposed by Baecher et al. The latter model treats joints

as isolated phenomena. Each disk is a solitary feature; the

probability that any two disks will be coplanar is zero. The
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Figure 2.17 Baecher et al. Model
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Veneziano model treats joints as b.ounded figures on Euclidean

planes that extend to the borders of the rock mass. Each

plane may contain several joints that are separated by

zones of intact rock. The Baecher model is actually a special

case of the Veneziano model in which each plane contains a

single joint.

A detailed description of the Veneziano model will be

presented in Chapter 5 so only the general features will be

outlined here. Veneziano idealizes networks of joints as a

Poisson process of planes in 3-dimensional space. The joints

are generated through a three step sequence of random opera-

tions. First, Poisson planes or Poisson flats are generated

in space to represent joint planes (Figure 2.18). Next, each

plane is partitioned into random polygons by a family of

Poisson lines. Finally, a specified proportion of the figures

are shaded or colored. Shaded polygons correspond to joints

while the remaining portions of the planes correspond to in-

tact rock. In its most general form the model has five sets

of input parameters: two density parameters (one of Poisson

planes in space, the other of Poisson lines in each joint

plane), two probability distributions (one of the orientation

of planes and the other of the orientation of lines), and the

shading probability. The parameters need not be constant;

for example, the density of lines and the shading probability

may depend upon the attitude of the joint plane. The same

parameters may be uncertain and probabilistically dependent.
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Veneziano used the model to derive a- number of properties

that are significant in stability analyses: the mean number

of wedges that daylight in any particular region of a free

face, the pdf's of the poles of the planes that define the

wedges, the persistence along a specified failure surface and

the area of joints per unit volume of rock. The first two

properties are essentially the same parameters that Serrano

and Castillo use in their analysis. Veneziano, however, has

a closed form solution that greatly reduces the computational

effort. These two parameters may provide the key to solving

the multiple-wedge conditioning problem discussed earlier.

The general approach could follow the technique developed by

Serrano and Castillo: divide the excavated face into regions

that contain wedges with similar sizes or volumes. Then each

region can be analyzed individually and the resulting Pf values

will actually be conditional probabilities based on the failure

volume. The present version of the Veneziano model is not

designed to compute P values. It is a conceptual model that

hopefully will lead to a better understanding of the random

process that control slope stability. The model may prove

difficult to implement because of the unconventional nature

of its input parameters. The five parameters that describe

the Poisson and coloring processes must be derived from the

data obtained in field surveys. Finally, the model may never

realize its full potential. The model can handle correla-

tions between various parameters. However, even the most
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detailed field survey cannot provide enough information to

define all these correlations. The model is simply much

more powerful than the current state of the art in data

acquisition and reduction.

2.5 Summary

All of the methods described in this chapter are recent

additions to the rock mechanics literature and are currently

undergoing improvements and modifications. The various authors

have approached the reliability problem from many different

directions. Despite the variety of techniques there are a

number of observations that pertain to all the approaches:

1. All the methods demand accurately defined pdf's

for the input parameters. Much more information

is needed on typical distributional forms for

such parameters as joint orientation and joint

strength.

2. Information on correlation between random variables

is almost totally lacking. For example, does 4

depend on the joint length? This point raises two

questions: How can field surveys be modified to

deduce these correlations (if they exist)? How

can the correlations be introduced into the analyses?

3. The assumption concerning the independence of joint

planes must be carefully investigated. Do joints

with particular orientations tend to congregate?
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If a tetrahedral wedge is formed by one joint from

set X and one joint from set Y does the fact that

joint Xn from set X constitutes one boundary affect

the marginal distribution of the member from set Y?

4. The multi-wedge problem needs to be examined as an

exercise in system reliability. The binomial

approach (Equation (2.11)) for calculating Pf may be

too conservative. The P 's may be correlated i.e.,

adjacent wedges may have similar Pf 's because they

share the same hydrostatic loads, etc.

5. Should all the uncertainty associated with a parti-

cular random variable be lumped together as if it

had a common source? For example, a series of labor-

atory tests could be used to develop a pdf for D.

The pdf would reflect the imprecision of the tests

as well as changes in the composition of the samples.

However, this pdf is not necessarily the most appro-

priate one to use in stability calculations. The

joint planes are so large that they tend to even out

variations in composition. The pdf in the stability

analysis should be less disperse than the laboratory

one. (Vanmarcke (1977) examined this same problem in

connection with fluctuations in soil properties.)

The comments outlined above span a wide range of disci-

plines. There are questions involving geology, random process
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theory, systems engineering and geotechnical engineering.

Some of the questions may not be answered for years to come.

However, they should serve as a constant reminder that improve-

ments in analytic techniques alone will never provide a com-

plete solution to the problem of rock slope reliability.
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CHAPTER 3

KINEMATIC CONDITIONS--COMPUTER PROGRAM DAYLITE

3.0 Introduction

The first step in analyzing the stability of a slope is

to examine the kinematic restraints. Every pair of joints that

intersect define a wedge; however, only a small number of these

wedges may pose stability problems. The purpose of the kine-

matic tests is to isolate those potentially unstable wedges for

further study. The tests are performed on a stereonet with

constructions similar to the ones used in McMahon's (1971)

approach.

A wedge will not be kinematically unstable unless the dip

of its line of intersection is less than the apparent dip of

the slope in the direction of the line's strike. From a

graphical standpoint, only those lines of intersection which

plot in the shaded area in Figure 3.1 will define potentially

unstable wedges.

In a deterministic analysis where one is only interested

in two specific planes the test is simple. Each pair of planes

(and their corresponding line of intersection) can be checked

individually. The tests will eliminate many wedges from

further consideration.
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The kinematic tests are much more difficult to implement

in reliability analyses because the orientations of planes are

random variables. If, however, the pdf's of orientation can

be described analytically it may be possible to derive the pdf

of orientation for the lines of intersection. Knowing the

position (and form) of this pdf in relation to the orientation

of the slope face, one can compute some probabilities that may

be useful in reliability analyses. For example, one can find

the probability that any one wedge formed by two planes will be

kinematically unstable--it is the volume* of the pdf that ex-

tends over the shaded area in Figure 3.1.

Unfortunately there is no closed form solution for obtain-

ing the pdf of the lines of intersection given any arbitrary

pair of pdf's that describe the orientation of joints. There-

fore, the computer program DAYLITE was developed.

3.1 General Features of DAYLITE

DAYLITE derives the intersection pdf by computing f(e,$)

at specific points** in the critical zone. Each one of these

points represents an orientation; the program identifies all

possible combinations of joint planes which will have a line

of intersection at that orientation. In essence, DAYLITE finds

* The pdf defined on the surface of a sphere is a 3 dimensional
function. The integral of the curve over a region of the
sphere (01<0<02;q (f<c2) is the probability that the random
variables (0,$) will be within the region.

**The program actually examines small incremental areas that
can be characterized by a single point.
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the pdf by addressing the question: Given an orientation

(e0 ,$) , what is the probability that two joints will combine

to form a wedge whose line of intersection points in the (0, $')
0 0

direction?

The solution procedure involves 3 steps:

1. Defining and partitioning the critical zone

into cells.

2. Examining each cell to find pairs of joint

planes that will have the appropriate line

of intersection.

3. Calculating the probability that the slope

will contain a requisite pair of joints.

Figure 3.2 lists the individual operations.

The remainder of this section presents an overview of

the general procedure. Section 3.2 presents the details of

each operation.

DAYLITE derives the intersection pdf numerically, but many

of the mathematical operations can be visualized as graphical

constructions on a stereonet. As indicated in Figure 3.1, the

kinematically critical zone for wedge instability is bounded

by the great circle that represents the trace of the slope on

a lower hemisphere projection. The program partitions the zone

into equal area spherical rectangles or cells. The boundaries

of the rectangles constitute small circles of constant dip and

great circles of constant strike so that the geometric figures
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correspond to the elements of a polar equal area stereonet

(Figure 3.3). The purpose of the partitioning is to discretise

the range of critical orientations into a number of representa-

tive values that can be studied on an individual basis. The

value at the center of the cell characterizes all orientations

within it. The program examines each of these cells and

computes the probability that the line of intersection of two

joint planes will be in that cell.

DAYLITE uses joint poles rather than joint planes. The

line of intersection between two joints is the pole of the plane

that contains the two joint poles (Figure 3.4). (This plane

is termed the "polar plane".) AOB, the angle between the poles

measured in the polar plane, is the dihedral angle between the

joint planes. This dihedral angle is directly related* to the

central angle or 4 angle of the wedge (Figure 3.5). There is a

unique relationship between lines of intersection and polar

planes. Each line of intersection corresponds to a different

plane.

The colatitude** and latitude that characterize each cell

define polar planes. Each cell represents a small range of

orientations. If all the polar planes from a particular cell

defined by (6 ,$4 ) were plotted they would fall into a narrow
* In general, AOB and 4 are supplementary angles. However, un-
der certain conditions, 4 = AOB. This descrepancy arises be-
cause all poles are plotted in the lower hemisphere. As will be
shown in Section 3.2.6, the problem can be avoided by reverting
back to planes to measure 4 angles.
**It is convenient to use spherical coordinates in developing
computerized solutions. 0 is the colatitude and corresponds to
the azimuth. is the latitude and corresponds to the comple-
ment of the plunge angle.
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band or girdle* centered around the (6 ,$0) polar plane

(Figure 3.6). Figure 3.7 depicts the girdle from Figure 3.6

after it has been removed from the hemisphere and discretised

into equal area components. Each component corresponds to a

small area on the hemisphere. DAYLITE uses the pdf's of joint

orientation to compute the probability that a joint pole will

lie in any one component. P[X.] is defined as the probability

that any one joint from set X will have a pole in component i;

it is the integral of the pdf of set X over the spherical area

of component i.

The partitioning operation on the girdle establishes n

representative poles--one for each component. Each pair of

poles (i,j) defines a wedge. The probability that a wedge

defined by (i,j) will form is:

P[X.]P[Y.] + P[X,] PY.] (3.1)
1 3 J i

One joint must lie in component i while the other lies in

component j.

As will be shown, the smallest wedge the program will

consider has a i of 180/n. The largest wedge has a $ of

(n-1)180/n. The program examines these extremes as well as

all intermediate size wedges; in fact, the program investigates

every possible combination of the n joint poles.

* Poles from a rectangular cell will not generate a true girdle
i.e., a band of constant width. The actual band will be
slightly wider at the ends.
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The results of the analysis are expressed as P[OK,'KY'F '

the probability that a wedge of central angle 1 will have a

line of intersection that daylights at (eK'KK). 6K' K) are

the characteristic coordinates of cell in the critical zone

and $' is a discrete variable with values 180 2(180) 3(180)
n1 n n n

n- 1.... n180.n

The two joints do not necessarily have to come from dif-

ferent sets. DAYLITE will calculate the probability that a

particular wedge (6K' K'p1) will be formed by two joints from

set X (or two joints from set Y). The resulting probabilities

are conditioned on the premise that only two joints from set

X are present in the slope. The orientations of the two joints

are treated as independent random variables i.e., the fact that

one joint lies in a particular cell does not affect the pdf of

the other joint. This same assumption of independence under-

lies the analysis involving joints from different sets. The

assumption might be easier to justify in the latter case.

The critical step in the analysis is to assign values of

P[X ] and P[Y ] to each component of the girdle. The operation

requires that the pdf of joint orientation have an analytic

form. Once the forms are determined the probability calcula-

tions become exercises in numerical integration. P[X ] is the

volume of the pdf of X that lies over the ith component.
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DAYLITE will accept six different distributional forms:*

Uniform, Fisher, Arnold, Bivariate Normal, Bingham, and

Dershowitz. All these distributions are described in Appendix

A. At the present time each set of joint orientation data must

be studied to find the distribution which provides the closest

fit. No one distribution appears to be universally applicable.

Baecher et. al. (1978) made some preliminary studies on this

subject and tentatively concluded that the Bivariate Normal

and Bingham distributions are the most useful forms in de-

scribing orientation data.** Lanney (1978) and Dershowitz

(19xx) provide some examples of fitting curves to actual data.

3.2.1 Defining the Critical Zone

The kinematically unstable zone consists of the entire

region above the great circle ABC in Figure 3.1 because every

point in that region represents a daylighting line of inter-

section. However, the fact that a line (or wedge) daylights

does not necessarily imply that the wedge is unstable. Indeed,

the second step in the reliability analysis is to examine

resisting and driving forces to determine the probability that

a daylighting wedge will fail. (This subject will be discussed

in Chapters 4 and 6.) Nevertheless, wedges with shallow dips

may have relatively small driving forces and, consequently,

* The current version of DAYLITE uses the six forms listed.
The program can be modified to accept any spherical distribu-
tion that can be expressed analytically.
**The Dershowitz Distribution is a modified version of the
Bingham and was formulated after the completion of the Baecher
et al. study.
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negligible probabilities of failure. The reliability analysis

can be simplified by eliminating these wedges from further

consideration at this early stage. The DAYLITE user can

specify a minimum dip (a) which will reduce the critical zone.

Figure 3.8 indicates that even a modest value of a can signifi-

cantly reduce the critical zone.

In a rigorous reliability analysis a should be zero.

Every wedge regardless of its orientation has a finite proba-

bility of failure; hence, every line of intersection should

be examined. In choosing a non-zero a, the DAYLITE user opts

to ignore some possible (albeit improbable) failure geometries

involving wedges with shallow dips. The user elects to intro-

duce some error into the analysis in order the reduce the

volume of calculations. The selection of a requires some

judgment. The parameter might be considered the lower bound

of joint friction angles. From a physical standpoint it could

represent the lowest practical coefficient of friction for

mineral to mineral contact. From an analytical standpoint, a

depends on the pdf of 4. If 4 were normally distributed a

might be defined as mean minus 2 standard deviations of 4;

in this case, P[4<a] = 0.0228.

3.2.2 Partitioning the Critical Zone

As mentioned in Section 3.1 and shown in Figure 3.3, the

critical zone is partitioned into equal area cells to help one

discern the location and shape of f(b,$), the pdf of the line

of intersection. 6 and $ are continuous r andom variables;
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DAYLITE treats them as discrete random variables defined only

at the characteristic coordinates of each cell, (e.,$ ). The

program uses numerical techniques to compute Pe, the

probability that the line of intersection will lie in cell i.

The method approximates the integral of f(e,$) over A., the area

of cell i.

P[e.$ ] = f .f(e,$)dA (3.2)

As long as A is small,

P[e.$ = f(e.$.)A. 1(3.3)

Or,

P( .$. ]/A.i = f(e.$.)(3.4)

If A. is a constant for all i,

P[1 $ ] a f e $ ) (3.5)

for all cells. Thus, the maximum(a) of PHe $ ] correspond to

the mode(s) of f(G, $).

The partitioning of the critical area is based on two para-

meters: Q and E. 2, the maximum width of the zone, is defined

as the dip of the slope ( s) minus a (Figure 3.8). E is an angu-

lar value that controls the size of the unit cells. DAYLITE

divides the spherical segment that lies between $ and a into
5

- segments bounded by small circles.
C

The procedure is illustrated inFigure 3.9 which is a section

through the hemisphere. The area of the spherical segment DEFG

defined by £2 and a is 2 Tr(sin( s )-sinc); hence the area between

any adjacent small circles should be:
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Sin($s) - Sina
AA = 27 (3.6)

The dips of the small circles can be computed from the surface

areas. Let Yi_ and y (y < y) be the dips of the circles

that bound the ith spherical segment (Figure 3.9C):

At - (A + (i) AA) = 27 (1 - siny.) (3.7)

= total area of the unit hemisphere

S2r

= area of the spherical segment above the small

circle DE in Figure 3.9B

S2Trsina

Equation (3.7) can be rewritten as:

Y =sin sina + (i)AA (3.7A)

Let n = the number of segments. From Equation (3.7A):

Y0 = a

Yn = 0 + a

(3.8)

(3.9)

s

The spherical segments of area AA are subdivided into cells

of equal area by lines of constant strike. The angular
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T*
increment between adjacent strike lines is . Figure 3.10

shows a segment bounded by a and $s that has been partitioned

AA
into cells. The area of each cell is .

The method outlined above will partition the entire spher-

ical segment. However, only those cells in the critical zone

(Figure 3.8) must be studied. The great circle that defines

the slope disects some of the peripheral cells. DAYLITE ex-

amines all cells that lie even partially in the critical zone.

Each cell is characterized by a value of colatitude and

latitude. The characteristic colatitude is the mean of the two

colatitudes (or strikes) that border the cell. The character-

istic latitude is the latitude that divides the cell into two

parts with equal surface areas. It is computed in the same

manner as :

= characteristic latitude of cell bounded by Yil andy

= 7/2 - characteristic dip = 7/2 - Y (3.10)

= /2 - sin l'sina + (2AA -AA (3.11)

3.2.3 Defining the Girdle

Each point in a cell defines a polar plane. All the

polar planes from a single cell are located in a relatively

* c should be chosen so that the quantities 7/c and f are
integers. In addition, 7/c should be a positive integer.
Smaller values of c will define smaller cells; hence, result
in better defined pdf's.
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narrow band around the plane associated with the character-

istic latitude and colatitude of the cell. If the cells were

circular the locus of planes would form a girdle. In fact,

the cells are spherical rectangles with aspect ratios that

approach unity*. DAYLITE approximates the rectangles as

circles with an equivalent area. The area of the cells is

a constant:

A - AA (3.12)
cell (7-7rE)T

The diameter of the equivalent circle expressed as the

spherical angle 6 is shown in Figure 3.12:

6 = 2 cos 1 (1 - Acell (3.13)
27r

6 is also the width of the girdle that contains all the planes

whose poles lie within the circle (see Figure 3.7).

3.2.4 Dividing the Girdle into Components

As shown in Figure 3.7, the dimensions of the girdle are

6 by 7. The girdle contains all the polar planes from a

single cell in the critical zone. Line M which bisects the

girdle is the trace of the polar plane defined by the charac-

teristic colatitude and latitude of the cell (e0,0 $). Every

* The ratio is not a constant. The cells in some regions of
the hemisphere are more highly distorted. In a polar projec-
tion the maximum distortion occurs at the center whereas it
occurs at the edge (along the strike direction) in meridonal
projections (cf., Figure 3.11). The highly distorted region
in a polar plot will not lie in the critical zone unless the
slope is steep (>600).
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pair of points in the girdle represents a pair of joint

orientations that could produce a requisite line of inter-

section i.e., any two joints whose poles lie in the girdle

will define a wedge that has a line of intersection that

pierces the unit hemisphere in the (6 ,$) cell.

Like the critical zone, the girdle is divided into a

few discrete components that can be examined on an individual

basis. The operation is based on c, the parameter used to

partition the critical zone. The girdle is separated into n

equal area components where n = 1; hence, each component has

the dimensions c by 6 . The components are characterized by

the coordinates of their midpoints e.g., point 10 character-

izes component i in Figure 3.7. Allthe midpoints lie along

line M.

Figure 3.13 depicts the polar plane defined by the char-

acteristic coordinates (6 $ ) or (x0 ,yo ,z0 )** of a particular

cell; this plane corresponds to line M of Figure 3.7. Point

I , te midoint f thi , the midpoint of the i th component (Figure 3.14), is n

radians from the strike-direction (xl,y1 ,O) of the polar plane.

* The components will not be equidimensional. 6 will al-
ways exceed s, never by more than 13%. This disparity occurs
because the rectangular cell in the critical zone is approxi-
mated by a circle.

** The transformation from spherical to Cartesian coordinates
can be made through the following relations:

x = sin 0 sin $

y = cos 6 sin $

z = cos $

The positions of the x,y and z axis are shown in Figure 3.13
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The x,y and z coordinates of I can be found by solving three

simultaneous equations:

(xOy o,z0 ).(x,y,z) = xox + yOy + z0z = cos(7/2) = 0 (3.14)

(xi1,y,0) *(xyz) = x x + y y = cOsT) (3.15)

y2 + y2 + z2 = 1 (3.16)

The solution to the equations is presented in Appendix B.

Points I 1 and I2 (Figure 3.14) can be located by replacing n

in Equation (3.15) with T - and Tl +

A similar set of equations can be used to determine the

coordinates of points 13 and 14 (Figure 3.14) at the top and

bottom of the girdle. This solution is also presented in

Appendix B.

Thus, DAYLITE computes the coordinates of five points

for every component of the girdle.

3.2.5 Calculating PIXi]

P[Xi] is the probability that any one joint -pole from

set X will be in the spherical area defined by component i

of the girdle. It is the integral of the pdf of joint pole

orientations over the area of the component. DAYLITE. approx-

imates this integral as

A
PEX = C [2f(I0 ) + f(I) + f(I 2 ) + f(I 3 ) + f(I 4 )] (3.17)
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where Ac is the area of the girdle component - a constant

for all components and f(Ik is the value of the pdf of

joint pole orientations at point Ik shown in Figure 3.14.

3.2.6 Identifying Wedges

The operations outlined in Sections 3.2.4 and 3.2.5

divide the girdle into n components and characterize each com-

ponent by a single point. Thus, the area of the girdle is

discretised into n representative points. Therefore all wedges

which intersect the hemisphere in the (Oe 6,) cell are formed

by planes with poles coincident with two of the n points.

The easiest way to visualize the wedges is to examine

the planes themselves rather than their poles. Figure 3.15B

is a section perpendicular to the line of intersection that

daylights at (e 0 ,$). It depicts a typical polar plane that

has been divided into 6 components . The heavy lines labeled

1 through 6 indicate directions of representative poles for

the respective components. Figure 3.15C shows the planes that

correspond to the poles. (The planes are perpendicular to

the section so only their linear traces appear.) The

probability that plane i will occur is identical to the prob-

ability that its pole will intersect the sphere at point i.

* A plane with 6 components is used to illustrate the concept.
The actual number of components (n) depends on c i.e.,
n = -/e. n should be an even integer to facilitate the com-
putations.
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The planes can be renumbered so that they become con-

secutive in a clockwise direction from the line segment OA.

(The new numbering system is shown in Figure 3.15C as ( .)

n is the number of poles (or planes) and ( )old and ( ) new

refer to the plane designations in the two respective systems.

new 2 new new2 (3.18)

T new L n ()new new 2 old (3.19)

The algorithm is different for the two quadrants.

The largest wedge that can form has a central angle or

$ of n 1800 while the smallest wedge has a i of 1800 ifn n

s is £ expressed in degrees i.e., -c = 180

max = (n -l)c (3.20)

mim = 6 (3.21)

The angle between any adjacent pair of planes is T; hence,

the angle between any two planes must be ks where k is an

integer between 1 and n-1. Thus, the wedges defined by DAYLITE

have i's that are multiples of c.
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r= n = i(3.22)min

$2 = 2c (3.23)

Uk = k: (3.24)

max n-l = (n - e)e (3.25)

DAYLITE computes each ipk and identifies all possible

combinations of planes that will produce a wedge with a cen-

tral angle of $k Each combination consists of two planes

that are separated by an angle of kj. Thus, *kk will have n-k

combinations:

(1,1 + k)

(2,2 + k)

(n - k,n)

The larger the k' the fewer the combinations. max has

only one pair of points i.e., (l,n) whereas lmin has n-l pairs.

DAYLITE also computes the S1 angle (Figure 3.5) asso-

ciated with each wedge. As shown in Figure 3.15, the incremen-

tal angle between any adjacent planes is E. Hence, for any

wedge:

e= + nw - 1 E (3.26)
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where (j)new is the number of the plane which forms

the right boundary of the wedge.

The four parameters 4,O,4 and Q completely define the

orientation of a wedge.

3.2.7 Calculating P [ (, , , , (S) d

The results of the analysis performed by DAYLITE are

expressed as the probability that a particular wedge

(6 ,$' ,$ , ( )o ) will form. The program examines every pair

of girdle components and, in doing so, identifies every

possible wedge geometry. For example, all wedges in Figure

3.15C have a line of intersection oriented at (69 ,$) but the

only two joints which form a wedge with p = 2c and -= are

joints 2 and 4. One joint pole must lie in girdle component

5 while the other lies in component 1. Thus, the probability

that one joint from set X and one joint from set Y will com-

bine to form a (e0,$'o,'o,(y )) wedge is:

P( ( ,,$ F( ) I = Px PY 5 I + 5 l[ (3.27)

P[X. i = P[set X will have a pole

in girdle compent i]

The output from DAYLITE includes three different proba-

bility calculations:
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Ple , ] - the probability that a
wedge tregardless of its shape) will
have a line of intersection oriented
in the (e.,4$) direction.

1 1

P[e6 ,f ,p] - the probability that a
wedge with a central angle of $j (re-
gardless of ,) will have a line of
intersection oriented in the (ei,$i)
direction.

P - the probability
that a wegge with a central angle of
4) and a l of ( l)k will have a line
of intersection oriented in the
(Ojo$) direction.

The probabilities are related:

P~eroi4 I= E. P~iojlj, (.8
1 , ,$ all k P[Oi' i' jlkJ (3.28)

P $ -= e j P[e ,# ,$ ] (3.29)
1. all j 11

As indicated in Section 3.1, the user can specify that

the two joints belong to different sets (as in Equation (3.27))

or that both joints belong to the same set--either set X

or set Y.

P[Ge . ] is useful in the early stages of the analysis

because it provides an overview of the problem. It enables

one to determine the most likely orientations for wedges in-

dependent of their shape. The other two probabilities are

used in the detailed analysis. They give specific information

on the shapes of wedges.
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3.3 Program Information

The input parameters to DAYLITE include the orientation

of the open face and the distributional parameters of the

two joint sets. The user must also prescribe the accuracy

desired in the numerical integration procedure. He must

specify four angular values: c,a, and A4.

e controls the size of the unit cell
in the critical zone and the width
of girdle components. The parameter
was discussed in Section 3.2.2.

a reduces the critical zone. The
program will not examine any lines of
intersection that have a dip less than
a. The parameter was discussed in
Section 3.2.1.

i is a parameter that controls the
minimum size wedge. The smallest
wedge the program identifies has a
central angle of 7 (Section 3.2.6).
The user may not be interested in
very narrow wedges because they tend to
have high FS's (or low P 's) The nar-
row geometry induces high normal
stresses in the joint planes - thus,
high resistances. The user can opt to
ignore these narroy wedges by speci-
fying a value for V. The program will
not examine any wedge with a central
angle smaller than . (The program
will investigate all wedges larger
than s if $ is not specified.)

A$ enables the user to reduce the vol-
ume of output without sacrificing too
much information. The program will
sum values of Pe.,p.,$p] and express
the results as P3e , < ,$A B.w'Ir A Bwhere 4)B - I4A = AlPthus,-
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P[Gipi,$A A1 B = (3.30)
all i .such th t

A B

The program computes P .,,$ for $
values of A'9A + E, A 1 B

It then sums the probabilities as prescribed
by Equation (3.30). Thus, the output describes
i in terms of a range of central angles rather
than specific angles.

E~, and A$ cannot be chosen arbitrarily. DAYLITE partitions

various angular dimensions and there must be an integral num-

ber of subdivisions in each instance. The 4 parameters must

conform to the following criteria:

1. = an integer (3.31)

2. T = an even integer (3.32)

3. = - an integer (3.33)

4.4? = an integer (3.34)

The program will notify the user if any of the criteria are

violated.

Appendix C presents a user's manual and a program listing

for DAYLITE. A sample output is shown in Appendix I.
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CHAPTER 4

KINETIC CONDITIONS - COMPUTER PROGRAM SWARS-2PM

4.0 Introduction

Chapter 3 discussed the kinematic aspects of rock slope

stability. The kinematic tests only provide part of the

answer to the question of stability. They narrow the scope

of the problem by focusing attention on the wedges which

daylight. However, the fact that a wedge is physically

capable of movement does not necessarily imply that it will

fail. The resistance along joint planes may inhibit movement.

The critical question is: What are the relative magnitudes

of the driving and resisting forces? This chapter will

examine this kinetic aspect of wedge stability.

A number of individuals (Wittke (1965A, 1965B), John (1968),

Hendron et al. (1971), Hoek and Bray (1974)) have developed

deterministic models to assess the stability of wedges.

They all use a limiting equilibrium approach and define the

factor of safety as the ratio of resisting to driving forces.

All the techniques treat both the wedge and its parent rock

mass as rigid bodies and assume the two bodies are separated

by discontinuities that can be idealized as thin zones of

relatively deformable material. The factor of safety is a

function of the stresses acting on the discontinuities or

joint planes. The reactions are indeterminate so all the

techniques make some assumptions to simplify the problem. The
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most common assumptions are:

1. Moments can be neglected - failure occurs as
translational sliding.

2. In the joint plane there are no shear stresses
that act perpendicular to the line of inter-
section of the wedge - all the reactions on
the wedge are either parallel to the line of
intersection or perpendicular to joint planes.

3. Lateral in situ stresses do not affect the
reactions in the joint planes.

4. The strength parameters which characterize
the joint plane can be expressed as deterministic
values which are essentially constant over the
entire joint surface.

The first three assumptions concern the mechanics of the model

while the last one concerns the uncertainty (or certainty)

associated with geologic parameters.

This chapter presents a model that relaxes some of these

assumptions--particularly the last three. The new model

modifies the analytic technique developed by Hendron et al.*

by incorporating the effects of joint stiffness and in situ

stresses into the stability calculations (Sections 4.2 through

4.5). This improved deterministic model is then converted

into a probabilistic model by treating the input parameters

as random variables through Monte Carlo simulation (Section 4.6).

The chapter begins by reviewing the state of the art in

stiffness and stress effects.

* Campbell (1974) programmed the Hendron et al. technique
for a computer. The Campbell program (SWARS-2P) will serve
as a basis for a computerized version of the modified
analysis.
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4.1 State of The Art - Stiffness and Stress Effects

Most present approaches to rigid body analysis assume

that the reactions between the wedge and the parent rock

mass are perpendicular to the two** joint planes (Figure 4.1).

Figure 4.2 shows a typical wedge and two sections - one per-

pendicular to the line AC, the line of intersection, and

one parallel to line AC. The assumption regarding the

orientation of the reactions in the joint planes leads to

the force diagram- in Figure 4.3. The two reactions, R1

and R2 ' can be derived by solving two equations of force

equilibrium:

W cos 6 = R, cos + R Co 41.L 1 2 ~ 2(4)

R sin l = R2 sin 2 (4.2)

if =

R= R = w cos (4.3)
1 2 2 cos

The assumption concerning the normality of the reactions

simplifies the analysis, but is it a realistic approach? The

shear stresses on the joint planes have been investigated

by Mahtab and Goodman (1970) and St. John (1971) through

** All the wedges discussed in this chapter are "two-joint
wedges" i.e., tetrahedrons formed by two intersecting joints
and two free surfaces.
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Figure 4.1 Sliding Wedge--Reactions Perpendicular to

the Joint Planes
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Joint Planes
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the use of joint shear and normal stresses and by Steiner

(1977) through the use of the ratio of horizontal to vertical

stresses.

The stiffness approach introduces (Figure 4.4A) the

tangential force T. in addition to the normal forces N. to

represent the reactions on the sliding planes. N . and T .
1 1

can be determined if the shear stiffness (k )* and normal
k

stiffness (kn)* of the joint or their ratio R =1 is known.
s

For a symmetric wedge the ratio T1 /Nl can be calculated as

T k s sin 6 r tan (
N k cos 6 Rn n r

From the force diagram shown in Figure 4.4C:

W cos 6= N cos + N2 cos + T sins

+ T2 sin S (4.5)

and

N = N. R cos cos (4.6)

T =T = sine +Rcs

1 2 .2 2i W cos e (4.7)
2(sin 2+ R cos )

For R = o, i.e., for zero shear stiffness:

N = W cos 8 and T 01 2 cos an 1

kwhere T and an are the shear and normal

stresses; 6s and 6n are the shear and normal displacements.
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Figure 4.4 Symmetric Wedge--Reactions with Components

Tangent to Joint Planes
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These are the values derived earlier with the standard as-

sumption regarding the normality of reactions.

The forces T. and N. can be used in the limit equilibruim

equation for the wedge:

Factor of Safety = FS = 2N1  (4.8)T

where 2N tan D is the resisting factor (assuming only fric-

tional resistance is present) and T is the driving force which

is the vectorial addition of the shear forces perpendicular

and parallel to the line of intersecting (Figure 4.4A).

T = V(2Tl) + (W sin 6) (4.9)

If only the shear force in the direction of wedge movement,

i.e., parallel to the line of interaction AD is considered,*

2N 1 tan 4
FS = sin 6 (4.10)

To show the effect of different shear and normal stiffnesses

R (the "required friction angle" to obtain FS = 1.0) has

been plotted versus the angle 6 (for a symmetrical wedge) in

Figure 4.5.

Decreasing R, i.e., increasing ks relative to kn' leads

to a greater required friction angle.

* Section 4.4 examines the question of what constitutes
failure and how to define the factor of safety.
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The importance of R raises the question what values of

R do occur in nature? Several investigations have been con-

ducted by Goodman (1972), Kulhawy (1975), Rosso (1976) and

Barton (1972). Although the number of test results (especially

concerning normal stiffness) has been increasing it is not

yet possible to correlate stiffness values with particular

rocks, with particular surface characteristics or with a

combination of both. The references listed above quote R

values that range from 0.5 to 1000. Unweathered joints usually

fall in the upper (500-1000) portion of the range while

joints with fillers usually have R values below 50. Addi-

tional research on joint stiffness values and possible cor-

relations with other rock joint parameters is necessary.

Several improvements of the stiffness approach should

be made. The St. John model is based on a symmetric wedge

with identical stiffness ratios on the two sliding planes.

The strength of the joint is characterized solely in terms

of frictional resistance with no provisions for cohesive

resistance. Some of these limitations have been eliminated

in an extended version of the model that will be discussed

in Section 4.2.

The stress approach as introduced by Steiner relaxes

the force direction assumptions by explicitly including the

horizontal stress acting on the wedge. From the stresses

acting on a small element of the wedge (Figure 4.6), one

can establish a force equilibrium:
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Figure 4.6 Stresses on Differential Area of the Joint Plane
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dN = (dW') cos (LCB) + (KdW') sin (LCA)

LCB

LCA

LCB

LCA

(4.11)

= distance CB

= distance CA,

=1

= tan (4.12)

and thus

dN = dW' cos + KdW' sin tan (4.13)

Since dW' and KdW' are constant along the entire length

joint the equation can be integrated to yield the normal

of the

force on the joint.

N = W' (cos + K sin tan ) (4.14)

(Instead of the differential force equilibrium described

above, one could arrive at the same result using the Mohr

stress circle, Figure 4.7.) If W' = W cos 6, i.e., one

half the weight component in a direction perpendicular to the

line of intersection (see Figure 4.3),

N 1 =N 2 .W cos 6(cos + K sin tan S) (4 .15)
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dW'= o*~

KdW'= C h
0-

Figure 4. 7 Mohr Stress Circle for the Stress State Shown

in Figure 4.6
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and

T T = 2 W cos O(sin ( - K cos ( tan 3) (4.16)1 2 2 o

for K = 1, the forces become:

N = Wcos 6 and T = 0 (4.17)1 2 cos(3 1

i.e., the values for the standard normal reaction assumption.

This standard assumption includes implicitly the equality

of vertical and horizontal stresses.

Factors of safety can be derived either by considering

the tangential forces parallel and perpendicular to the

wedge movement direction or by only considering those para-

llel to the movement:

FS = 2N tan e (4.18)

(2T 1 )2 + (W sin 6)2

2N tan @
FS = sin 6 (4.19)

W sin e

The effect of introducing a factor K 7 1 in the computation

of factors of safety is presented in Figure 4.8, where

W cos 6 1 2 . 2
FS with K W sin etan cos F(cos + K sin (4.20)
FS with K =1 W cos 6 tan 1 (

W sin e cos (

=cos2 (+ K sin 2 (4.21)
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Figure 4.8 shows that with K > 1 the traditional assumption

(K = 1 and thus a reaction normal to the sliding plane only)

underestimates the factor of safety and for K < 1 it over-

estimates it.

The notion of the stress ratio K needs some further

clarification particularly in the context of a jointed rock

mass. The K used by Steiner refers to the state of stress

within the wedge which may or may not be equal to the stress

state in the remainder of the rock mass. A change or dis-

continuity in the material properties of a medium does not

necessarily create a discontinuity in the state of stress

existing in the medium. The question that arises is, what

created the discontinuity in the first place or (more gen-

erally formulated) what is the stress history at the parti-

cular location? Depending on the stress history of the

joint, one can often assume that K in the wedge is identical

to K in the entire rock mass.

The use of the stress ratio K in wedge stability analysis

introduces the possibility of active or passive failure

modes of a wedge in the direction perpendicular to the line

of intersection. As shown in Figure 4.9A, the active case is:

tan l -T -T . sin -K sin _ (1 - K)
ta = N cos + K sin tan ctn + K tan (4.22)n

Thus,
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Figure 4.9 Mohr Stress Circles for Active and Passive Cases
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K =. 1 - tan D ctn (4.23)
a 1 + tan D tan5

In the passive case (Figure 4.9B) the direction of T re-

verses; therefore, a minus sign must be introduced into

Equations (4.16) and (4.22).

= -T -(l - K) (4.24)tan =N ctn S + K tan 5

Thus,

K = 1 + tan D tan S (4.25)
p - tan D ctn5

The practical significance of these two failure modes

will be discussed in Section 4.4. Although the joint shear

strength is exceeded in both cases it does not imply

sliding failure along the line of intersection. It simply

means that in the active case the wedge will settle and in

the passive case the wedge will be lifted up until equilibrium

is reached. These represent cases where the overall stress

field in the rock mass will be different from the stress

field in the wedge. In the wedge, K can only vary between

the limits K and K as determined by D and S (see Equations
a p

4.23 and 4.25) whereas in the rock mass K values smaller

and greater respectively than these Ka and Kp can exist; K

in such a rock mass will be inhomogeneously distributed.

In this section both the stiffness and the stress
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approaches were presented as methods for determining reactions

at the joint planes. Section 4.3 discusses the relation-

ship between the two approaches.

4.2 Generalization of the Stiffness Approach

The stiffness approach outlined by St. John can be gen-

erlized to include asymmetric wedges and arbitrary loads such

as those shown in Figure 4.10. (The figure is a cross-section

taken perpendicular to the line of intersection between two

joint planes.) The generalized problem can be treated in a

manner very similar to the one used by St. John. The funda-

mental assumption in the approach is that the wedge behaves

as a rigid body resting on a deformable medium (the joint

planes). The deformational characteristics of the joints can

be expressed in terms of two stiffness values: kn and k .

k normal stress n
n normal displacement - (4.26)n

k shear stress T (4.27)
s shear displacement (s

5

kn and ks are material properties which are assumed constant

throughout the range of stresses encountered in engineering

practice. The method implicitly assumes that an and 6s as

well as T and 6n are unrelated, i.e., the off-diagonal terms

in the stiffness matrix are zero.
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Figure 4.10 Generalized Stiffness Approach--Known Parameters
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n kn 0 rn

- = 0 k f
(4.28)

As indicated in Figure 4.11, the problem involves six unknowns:

Ni, T1 , N 2 , T2 , 6t and a. There are also six independent

equations. Two equations are the force equilibrium equations

in the x and y directions:

N Cos + T  sin 1 + N2 Cos 2 + T 2 sin 2

N sin 6l T cos 2 sin 2 + T2 cos = Y

(4.29)

(4.30)

The other four equations relate the shear and normal stresses

to the magnitude and direction of the resultant displacement:

6 h =
t

N 1

(sin a + cos a ctn 1 )k n

T1

(cos a - sin a ctn 1 )kls

N 2

(cos a ctn 2 - sin a)k2n

(4.31)

(4.32)

(4.33)

(4.34)
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8 T = Resultant Displacement
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Figure 4.11 Generalized Stiffness Approach--Unknown Parameters

127



All of the above expressions are derived in Appendix D.

The six equations can be reduced to two if T 1 , T2 and

N2 are expressed in terms of T

equilibrium equations:

cos

sin

+

and substituted into the force

akis sin 1 + bk2n cos $2 + ck2s sin
(sin a + cos a ctn 1 )kin

ak1s Cos S + bk2n sin 2 - ck2s cos 2
(sin a + cos a ctn 1)k n

X

- Y
1

Y
N1

(4.35)

(4.36)

where a = cos a - sin a ctn S

b = cos a ctn 2 - sin a

c = cos a + sin a ctn 2

The two equations involve only two unknowns (N1 and a).

They can be solved for a:

a = tan- [YB - XA (4.37)

A = (kln - kcs l + (k2s

2
B = k Cos + k i

ln sin + ls sin

C = kn

2

sin + k1 s sin

- k2n) cos 2

2
cos 2

+ k -r---F + k
2n sin 2 2s

+ k2n sin 2 + k2s

All the remaining unknowns can be found by substituting back

into the various equations. The solution procedure is a
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cumbersome operation to perform by hand, but it can be easily

programmed for a computer.

All the expressions shown above were based on a two

dimensional cross section; hence, the analysis implicitly

assumed the wedge has a length of unity along the line of

interaction. Strictly speaking, the equations are valid only

for cases involving an infinitely long wedge of constant di-

mensions in an infinitely high rock slope (Figure 4.12). The

joint planes bounding the wedge form a notch in the slope; X

and Y correspond to loads per unit length along the notch.

All of the reactions at the joint planes are constant along

the slope. Obviously, these conditions are seldom even

approximated in the field.

Fortunately, the physical interpretation of the results

need not be quite so restrictive. The left side of Equations

(4.35) and (4.36) depend only on stiffnesses and the shape

of the wedge; they do not contain any terms involving h, the

height of the wedge. Thus, the ratios X/N1 and Y/N1 are

constant for geometrically similar cross sections even though

X,Y and N1 may each be functions of h. This independence

can be used to generalize the applicability of Equations (4.35)

and (4.36). They are valid for finite wedges as long as all

cross sections perpendicular to the line of intersection are

geometrically similar. This situation occurs whenever the
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Figure 4.12 Notch in Infinite Slope
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line of intersection of the joint planes intersects the slope

at a right angle (Figure 4.13). The proof of this generalized

relationship is relatively straightforward:

Equation (4.35) can be rewritten in terms of differen-

tials

dN =dX (4.38)
1 e

akls sin 1 + bk2n cos a2 + ck2s sin 2where e = (cos 1 + (sin a + cos a ctn )k1

N is the total force in joint plane 1.

N1  = dN 1 JdX (4.39)

entire entire
wedge wedge

X
N = (4.40)

Y
Similarly, N = (4.41)

where f (sin ak1 s cos l + bk2n sin 2 - ck 2 s Cos 2
h (sin a + cos a ctn 1 )kln

Equations (4.40) and (4.41) are mathematically identical

to (4.35) and (4.36); however, X and Y represent the total

applied forces in the x and y direction rather than unit loads

as in Equations (4.35) and (4.36).

Analyses involving asymmetrical wedges must be handled

on an individual basis. The gross contact areas between the

wedge and its parent rock mass must be calculated for each
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joint plane. As will be discussed later, the analysis can

easily be programmed for computerized solutions.

Special Conditions

There are some special situations where it is possible to

simplify the analysis. If there is no load in the y direction,

i.e., Y = 0 the expression for a(Equation (4.37)) simplifies

to:
(4.42)

-l (kls - kln)Cos + (k2n - k2s )cos c

k sin cs+ k 1 + k sin c+ k o 2

ln 1 is sin 82 2n 2  2s sinS,2 2

Case 1: Y = 0 k = k = k = kln 2n ls 2s

When all the stiffnesses are equal the numerator of the

equation reduces to 0 and a becomes 0. The equality of stiff-

ness (together with Y = 0) implies that the resultant dis-

placement of the wedge will be in the x direction.

Case 2: Y = 0 k n - k2n >> kis = k2s

These conditions correspond to the assumptions implicitly

made in conventional stability analyses. The equation for a

becomes:

-1 cos 2 - cos - 2as = tan sn 1 + sin 2 (443)
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Thus, the resultant displacement will occur at an inclina-

tion equal to half the difference between values (Figure

4.14).

Results

The solution procedure outlined above has been used to

develop several plots that illustrate the sensitivity of the

results (particularly N1 and N2 ) to changes in the input

parameters (%V, 2 ,k1 n'k 2 n'kls'k 2 s). The results are valid

for a wedge in a infinitely long notch or a wedge whose line

of intersection is orthogonal to the strike of the slope face.

In all cases, Y = 0 and X = weight of the wedge. The results

are expressed in the same manner as those presented in Section

4.1 i.e., the dependent variable is DR (the value ofD required

to produce a factor of safety equal to 1.0):

4) = tan 1  W sinNe (444)R N1 +N2

e = angle between the line of intersection of joint

planes and the horizontal (Figure 4.15).

W = weight of wedge.

Figure 4.15 shows a typical wedge and identifies the para-

meters selected for study in the sensitivity analyses.

Case 1: kln = k2 n kis = k2s = 90*

0 0 <l i 90*

* <-2 < 90
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Figure 4.16 illustrates the functional relationship

between and ( and are complementary angles as

S2 = 1800 - - 6l 900 - 0 Two families of curves were

developed for 6 = 300 and 6 = 450 respectively. Each family

is composed of several members that represent different values

of R, the stiffness ratio:

R = k- = k 2n(-4.45)
ks 2s

All the curves are symmetrical about the line 2 - = 450.

R = w and R = 1 represent conditions that are tentatively

considered to be the upper and lower bounds for natural rock

joints. The curve for R = w reflects the effect of "wedging"

(Hoek and Bray, 1972) as 4R decreases with increasing * The

curve for R = 1 shows just the opposite trend as 4R increases

strongly with 1l. (The two curves seem to be symmetrical

about the line 4R = 6. However, this apparent symmetry has

not been analytically proven. There is no readily discernible

explanation for this effect from a mechanical standpoint). A

stiffness ratio of 2.5 yields a virtually constant value of

friction angle that is approximately equal to e.

Case 2-: kln = k2n; kis = k2s 120*

00 < l < 60*

00 - 32 < 600
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The curves for $ = 1200 (Figure 4.17) look quite similar

to those for * = 90' (Figure 4.16). They have an axis of

symmetry and they diverge as increases. However,

the divergence is not as pronounced for V = 120. The differ-

ence in DR values is approximately 8.2 at = = 30*. Once

again, a value of R = 2.5 yields GR 6 regardless of the

value of S1 .

Case 3: kln = k2n; k 1i= k2 s; s = 600

0* < l < 1200

00 < 2 < 1200

Figure 4.18 presents results for the case p = 600.

Near the axis of symmetry (5l = 600) the curves behave much

like the ones examined earlier. However, as S approaches 0

the curves become irregular. A problem arises in that region

because 2 "2 = 1200 - 1) becomes greater than 90*, i.e.,

joint plane 2 overhangs the wedge (Figure 4.19). The over-

hang does not pose any difficulties.from an analytical stand-

point; however, the physical interpretation of the results

demands some close scrutiny. For every R there is a critical

value of l (defined as lcr) such that for all l < alcr

the normal force on joint plane 2 is tensile. This value 5lcr

occurs when the direction of the wedge's resultant displace-

ment is parallel to joint plane 2 (Figure 4.19). Figure 4.20

shows the relationship between lcr and R. If < h 5 lcr the
139
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wedge tends to pull away from joint plane 2. Continuous

rock joints cannot sustain a tensile load so the curves for

R must be modified to reflect the change in N The exact

form of the curve depends on the shape and deformational

characteristics of the asperties in the joint plane. It is

conceivable that even in the absence of a normal force some

asperties may interlock and generate a shear force in the

overhanging joint plane. On the other hand, if the plane

is relatively smooth, T2 (as well as N2 ) may reduce to 0 as

soon as 1 is less than Klcr. Figure 4.21 illustrates

schematically some of the typical forms the curve for R = 1

may assume. Curve B ignores the tension problem. It is

merely a mathematical extension of Curve A into tensile

region of N2* Curve C represents the other extreme. A

severe discontinuity occurs at S = lcr = 300 as both N2

and T2 drop to 0. The portion of Curve C that lies to the

right of point 0 represents sliding along a single plane--

plane 1. Curve D recognizes the existence of some shear

forces in the joint plane for 0 < S< cr. Most natural

joint planes would probably have curves that plot between

C and D. It is interesting to note that the inability of

overhanging joints to maintain tensile loads can be helpful

from a stability standpoint in that it reduces DR (compare

Curves B and D in Figure 4.21). (Joints with bridges of
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intact rock may be capable of maintaining tensile forces;

the tensile capacity would depend on the persistence of the

respective joints.)

When 1 > lcr' the curves for R = 1 and R = o seem

to be symmetrical--a property which is apparently shared

by all such pairs of curves. For $ = 600, the maximum dif-

ference ( max ) between the curves is 30*. This difference

always reaches a maximum at S1 = 2 and is a function of ip.

Figure 4.22 shows that A4max is a very strong function of $

and decreases rapidly as i increases.

Case 4: kis = kn; k2s k 2n 90

0* < 1- 90 *

0 * < 2 90 *

k k
S _ 2s _ 2n

k kls ln

The effect of different stiffnesses in the joint planes

is shown in Figure 4.23. The curves become more skewed as

S increases. The changes in shape reflect the fact that in

Equation (4.44) the numerator (W sin 6) is a constant while

the denominator (N1 + N2 ) varies with geometry of the wedge.

A high value of S suggests that joint plane 2 bears a dis-

proportionately large share of the weight of the wedge. The

reaction at joint plane 2 consists of N2 and T Since 1
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and 2 are complementary angles, S1 values near 0' are as-

sociated with 2 values near 900. When 2 approaches 90

most of the reaction is supplied by T2. Under these condi-

tions (low 1 and high S), N1 and N2 are low and a high DR

is required to maintain equilibrium. The argument can be

reversed for cases involving Sl near 90*. 2 near 0* implies

a high N2 and a correspondingly low DR'

All of the curves pass through the point l = 450

and R = 54.75. Since 4 equals 90*, Bl of 450 defines a

symmetrical wedge. Under this special condition, the sum

N + N2 is a constant regardless of the value of S.

All of the results summarized in this section are

based on wedges that have geometrically similar cross sections

along their entire lengths. The physical significance of

this assumption was discussed earlier. The method can be

generalized to handle wedges with arbitrary geometries.

The technique is discussed in Section 4.5 in connection with

the computer program SWARS-2PM.

4.3 Stress Approach Vs. Stiffness Approach

4.3.1 Introduction

Section 4.1 showed that the stresses on the joint

planes is a critical input to the stability analysis.

That same section discussed two alternate methods for com-

puting the stresses. An obvious question arises: How does

one determine the stresses on the joint planes? The ques-

tion is difficult to answer because the stresses depend on
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cumulative effects of loads and joint stiffnesses - both of

which can change as time progresses. Figure 4.24 illustrates

the concept. It is a schematic representation of the tempor-

al variations in loads, joint stiffnesses and stresses

that occurred during the existence of a hypothetical wedge.

The stresses are a function of the loads and stiff-

nesses. During any small time increment At there is a direct

relationship between incremental loads (AL) and incremental

stresses (AS). AS is related to AL through the stiffness

equations presented in Section 4.3. The precise relation-

ship between AS and AL depends on the values of the stiffness-

es during that time interval. An incremental load applied

at t1 will not necessarily produce the same change in stress-

es as the same load applied at t2 because the stiffnesses

at t1 and t2 may be different. The stresses at any time t

reflect the original stresses (at t0 ) plus all the changes

that have occurred since t0 . (The model presumes that the

principle of superposition is valid at least in a crude sense.)

Thus, Sp, the present state of stress, is a function of the

cumulative interaction between loads and stiffnesses; S is
p

not directly related to the current stiffnesses. The cur-

rent stiffnesses are instrumental in determining the ef-

fects of additional loads, but yield no information concern-

ing S .p
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This discussion raises an interesting point about

the stiffness plots presented in Section 4.1 (Figures 4.16

through 4.18). These plots describe a highly idealized

situation that is portrayed in Figure 4.25. They treat the

weight of the wedge as an external load that is not applied

until after the stiffnesses have reached their current values.

In effect, the wedge is placed in a preconditioned notch at

tp, the present time. Nevertheless, the plots can provide

some useful information that will be discussed later in this

section.

4.3.2 Detailed Discussion

The joints which define a rock wedge formed when the

intact rock mass became overstressed.* The creation of the

joints changed the stress field near the joints as the rock

mass re-established equilibrium. Once formed, the joints

may have been subjected to a variety of geologic processes.

Some processes such as glaciation or erosion can be active

for thousands of years. Others such as seismic activity or

rainwater infiltration can be intermittent. Regardless of

the process, the joints interact with their evolving environ-

ment. The stresses on the joints change to satisfy new

loading conditions. The stresses at any one time reflect

not only the current conditions but also the entire loading

history of the joints.

K, the ratio of horizontal to vertical stresses in
* The joints may not have formed simultaneously. The time of
formation is not an important feature of the argument.
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Figure 4.25 Stiffness Approach--Idealized Case
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the wedge bounded by the joints, can be considered a para-

meter that describes the net effect of all the loadings

during the wedge's existence. It is not necessarily identical

to the ratio of in situ stresses in the parent rock mass.

The joint is a discontinuity in the physical properties of

the rock and may create irregularities in the ambient stress

field that characterize the rock mass. The joints may

isolate the wedge from the remainder of the rock mass. On the

other hand, the stress field may be continuous across the

joint.

The idea that K characterizes the stresses in the

joint planes provides some insight into the parameter, but

the critical question remains: How does one measure K?

K is intimately linked to the geologic history of the wedge

so it is almost impossible to determine the value a priori.

However, there are limits to the range of values that K

can assume. K must lie between K and K * which represent
a p

the active and passive states of failure described in Section

4.1. The only way to determine K for a specific wedge is

to actually measure the stresses in the wedge. Unfortunately,

the techniques for measuring in situ stresses are too

complicated and too expensive to use for all wedges. At

the present time K is usually estimated. The most realistic

approach is to treat K as a random variable and perform a

reliability analysis on the wedge. The uncertainty associated
* The derivations in Section 4.1 assumed that the strength of
the joint consisted solely of frictional resistance.
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with K can be incorporated directly into the stability analysis.

The discussion in Section 4.1 treated symmetric wedges.

The concept can be extended to handle asymmetric wedges.

Figure 4.26 is a section taken perpendicular to the line of

intersection of a typical asymmetrical wedge. Each differ-

ential segment along the joint plane can be treated like

the element shown in Figure 4.6. The K parameter relates

the shear and normal stresses on the joint planes (Equations

(4.15) and (4.16)). The stresses.can be integrated to yield

the following expressions:*

1  (1-K) X (4.46)
1 ctn + K tanS 1

2 (1-K) -

N ctn 2 + K tan 2  2

Equations (4.46) and (4.47) can be used in conjunction

with the equations of force equilibrium to evaluate N1 , T1 ,

N2,. T2'

Summing forces in the x direction (Figure 4.26):

(4.48)

N1 cos Bl + X1 N  sin S1 + N2 cos 2 + X2N2 sin 2 = W1

*-~K may vary over the height of the wedge. If K does vary,
the parameter shown in Equations (4.46) and (4.47) is the
mean value of K for the entire height.
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W is the component of the weight acting perpendicular to

the line of intersection. As shown in Figure 4.2, W = W cos e.

Summing forces in the y direction:

N sin - A N Cos 1 - N2 sin 2 + A 2N2 cos 2 =
(4.49)

Rearranging Equation 4.49:

N I (sin - A2 cos 2

N2 (sin - 1 cos ) 3
(4. 49A)

Equations (4.49A) and (4.48) can be solved for N2

N W cos 0 4.5C)2 X 3 (cos S + A1 sin + (cos 32 + A2 sin (2

Finally,

N =

T -

T =

A3N

A N

(4 .49B)

(4.46 A)

(4.47A)

The equilibrium analysis outlined above did not explicitly

consider joint stiffnesses. It was concerned solely with the

current state of stress on the joint planes. The stiffnesses

enter the problem indirectly through the K parameter.
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K reflects the response of the wedge to a series of loadings.

The response for any particular load depends on the material

properties of the joints. However, these properties (the

shear and normal stiffnesses) can change with time.* The

incremental stresses that develop during each loading are a

function of the joint properties at the time of the loading.

There is no unique relationship between the current stresses

and current stiffnesses.

Although the stiffnesses are not helpful in deter-

mining the current state of stress they can be used to deter-

mine the additional stresses due external loadings like rock

bolts or surcharges. In fact any "current loading" can be

analyzed with the stiffness approach presented in Section 4.2.

The procedure is consistent with the concept proposed earlier:

loads should be analyzed in terms of the stiffnesses that

existed at the time of their application.

Thus, the stability analysis that will be described

in Sections 4.4 and 4.5 combines the stress and stiffness

approaches in the following manner:

1. The stress approach is used to calculate
the reactions (NlN 2 ,TlT 2 ) due to the
weight of the wedge.

2. The stiffness approach is used to calculate
the reactions due to all other loads.

* There are many mechanisms that can change the joint pro-
perties. The stiffnesses may decrease during extreme loadings
because asparities shear off. Ground water percolation through
the joints can either decrease (through leaching) or increase
(through cementation) the stiffnesses.
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The procedure is admittedly a simplification of actual

conditions but it does present a consistent methodology for

treating rock wedges.

The weight of the wedge should be analyzed through

the stress approach. The stiffness plots shown as Figures

4.16 to 4.18 are a direct violation of this principle. As

shown earlier, the stiffness approach should only treat "current"

loads. Although the plots should not be used to examine gravi-

tational loads they can be used to examine any other loading

that is directly proportional to the size of the wedge. The

plots were based on cross sections with different shapes

( varied) but with a constant height (Figure 4.15). N1 and

N2 are directly proportional to the weight of the unit cross

section (Equation (4.40); X = W cos 6). Equation (4.44) in-

dicates that DR' the ordinate of the plots, is a function of

w
N + N ; hence, any loading that is directly proportional
1 2

to the weight should yield the same values of 4R. Since the

wedges have a constant height the distance AB in Figure 4.15

is directly related to the area or to the weight of the sec-

tion. A uniform loading along AB would be directly related

to the weight of the wedge. Therefore, Figures 4.16 to 4.19

show the effect of a uniform surcharge on the top (and front)

faces of the wedge.
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4.4 The Factor of Safety

The presence of shear forces on the joint planes in

a direction perpendicular to the line of intersection pre-

sents some difficulties in defining the factor of safety (FS).

This problem was alluded to in Section 4.1 where FS was cal-

culated two different ways. In rock slope analyses FS is

usually defined as the ratio of resisting to driving forces.

However, the definition assumes that both forces act in the

same direction. The condition is seldom fulfilled in real

problems.

Figure 4.27 shows the shear forces that should be

considered in a typical stability analysis. As derived in

Figure 4.2, the shear force along the line of intersection

is W sin 6*. T and T2 are shear forces perpendicular to the

line of intersection. In the special case where K = 1 (-the

situation considered in conventional analyses) T1 and T 2 are

both zero; therefore, the entire shear resistance along the

joint planes counteracts W sin 6. Whenever K does not equal

unity the shear resistance must counteract T1 and T2 in ad-

dition to W sin 6. In fact, the effect is magnified because

the presence of T1 and T2 actually decreases the shear re-

sistance. As indicated in Section 4.1, T and T2 increase

at the expense of N1 and N2 . As N and N2 decrease the

frictional resistance declines. The crucial questions are:

* This simplified model presumes that gravity is the only
force acting on the wedge.
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How do T 1and T2 affect the stability of the block and how

can they be incorporated into stability calculations?

St. John addressed this problem in analyzing symmetric

wedges with purely frictional resistance. As indicated in

Section 4.1, St. John defined the factor of safety as:

FS = 2N tan (
(2T)2 + (W sin e)2  (4-51)

Thus, the driving force was considered the vectorial sum

of the shear forces* in the joint planes. The resultant

shear forces in the two planes are mirror images of one

another because the wedge is symmetric. At limiting equi-

librium the direction of impending motion is down the line

of intersection and into the notch i.e., the wedge has a

tendency to "settle" in the notch as well as move down the

line of intersection.

The direction of motion is an important consideration

in examining stability problems. What are the practical

implications of a wedge settling in its notch? Surely

there is a limit to the amount of movement that can occur

in this direction. A minor amount of settlement may not

be significant from an engineering standpoint. The impor-

tant question is what happens after failure? Settlement

may be tolerable but sliding down the line of intersection
* St. John computed the T forces through a stiffness analysis;
however, the derivation of T is not a salient feature of the
current discussion.
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is clearly unacceptable. Strictly speaking, limiting equi-

librium cannot provide any insight into post-failure behavior

because it is concerned solely with the condition of the

system just at failure. Baligh et al. (19xx) have done

some interesting work in this area.

Baligh et al. investigated the influence of K, the

stress ratio, on the stability of symmetric wedges. They

used the stress approach developed by Steiner (as presented

in Section 4.1) to determine the forces on the joint planes;

hence, both T and N are functions of K. Like St. John,

Baligh et al. treated the driving force as the vectorial

sum of the two shear components on each plane. They define

the factor of safety as F3:

FS = F3 = 2N tan D (4.51)
V(2T)2 + (W sin 6)2

The equation can be rewritten as:

F 3  2N

tan (2T)2 + (W sin 6)2 
(4.51A)

As shown in Figures 4.28 and 4.29, the quantity F3/tan D

can be plotted as a function of K. The three curves in

each figure correspond to wedges whose lines of intersection

plunge at 50, 150 and 45*. Figure 4.28 and Figure 4.29 were
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developed for s's of 300 and 45 respectively.

All of the curves have a maximum at K = 1.0. When

K = 1.0 ,T is zero and the impending motion is down the

line of intersection. Also,

F3 _ 1 
(4.52)

tan = tan 8 cos 6

The plots are helpful in visualizing how rock wedges

fail. Figure 4.30 is a schematic representation of an F

curve similar to the ones in Figures 4.28 and 4.29. (The

term tan $ will be considered a constant. It can be fac-

tored into the ordinate scale.) At some arbitrary time (say

tp in Figure 4.24) the stresses on the joint planes corre-

spond to point A. If some additional loads are placed on

the wedge the stresses on the joint planes will change -

the incremental stresses will depend on the stiffnesses

as discussed in Section 4.3. Let the new stress state corre-

spond to point B. At B the wedge is at limiting equilibrium;

any additional loads will initiate movement. The direction

of movement will be along the line of intersection and into

the notch. However, as soon as the wedge begins to settle

into its notch the lateral stresses will increase. This

"wedging" action increases K which in turn increases N and

decreases T. According to this conceptual model the wedge

can sustain additional loadings and pass from point B to C
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and D.* With each incremental load the wedge settles a

little more and K increases. Finally, the wedge reaches

point E where T is zero. At E i.e., K = 1.0 the direction

of movement is exclusively along the line of intersection.

Theoretically, there is nothing to prevent the wedge from

sliding along the line of intersection out of its notch.

A similar effect occurs when K > 1.0 i.e., to the

right of the maximum. This situation would correspond to

passive conditions and the initial movement would be out

of the notch and along the line of intersection. R would

eventually reach 1.0 as the load increased.

Thus, it is possible to define two factors of safety:

FSI, the initial factor of safety, corresponds to point B;

FSU, the ultimate factor of safety, corresponds to point E.

FSU is the value used in traditional stability calculations.

The engineer must use his judgement in deciding whether

to use FS or FSU as a design criterion in a particular

situation. If movements must be kept to an absolute mini-

mum FS would be the more appropriate choice. If he merely

wanted to design against catastrophic movements, FSU would

be the better choice.
* In the model tan 0 is assumed to be constant even after
initial failure (point B).
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The distinction between the two factors of safety is

clear in Figure 4.30. However, that figure is a highly

idealized model that ignores some important effects. In

particular, it assumes that the shear strength of the joint

planes consists solely of frictional resistance that can

be expressed with a constant D, In reality q may be com-

posed of interlocking asperities as well as mineral to

mineral friction. The asperities may shear off as movement

occurs. In effect, 1 should decrease as the wedge is loaded

beyond initial failure. Also, the model neglects cohesion

along the joints. This cohesion may consist of bridges of

intact rock which will shear when movement commences. One

simplistic method for treating these effects is to neglect

the cohesion and asperities in computing FSU. (This

is the approach that is used in the computer program that

will be described in Section 4.5.)

All the wedges considered in the discussion of factor(s)

of safety have been symmetric with respect to their geometric,

stiffness, and frictional characteristics. Under these

conditions i.e.

1 = 2 (4.53)

1 = 2 (4.54)

kis = k 2 s  (4.55)

k1 n = k 2n (4.56)
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the impending motion is in the vertical plane that contains

the line of intersection. The resultant of all the driving

forces and the resultant of the shear resistances are in

that same plane; in fact, the two resultants are colinear.

Thus, the FS used by St. John and Baligh et al. is a direct

comparison of colinear forces. Given the assumption of

rigid body movement FS is rigorously defined from the stand-

point of mechanics or statics.

FS is muchxmore difficult to define if the wedge is

asymmetric i.e., any of the conditions prescribed by Equa-

tions (4.53) to 4.56) are violated. Most asymmetric condi-

tions will introduce a displacement component out of the

vertical plane that contains the line of intersection.

(The situation is shown in Figure 4.11. a is generally non

zero for asymmetric conditions.) Also, the resultant of

all the driving forces will no longer be colinear with the

resultant of all the resisting forces.

The forces (and resultants) are shown in Figure 4.31

which is a plan view of the notch. Each joint plane has

a shear component in the direction parallel to the line

of intersection. The two components add up to W sin e.

The components in planes 1 and 2 are n-W sin e and

(1 - n)*sin e respectively. Each plane also has a shear

force perpendicular to the line of intersection (T1 and T2 ).
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The resultants of (T  + n w sin e = S ) and (T2 + (1-n)

Wsin 6 = 2 are shown in Figure 4.31. The shear resistance

in each plane is in the direction of the respective resultant.

Thus, K is in the direction of S and R2 isin the direction

Of 2. Both R and 2 represent the maximum possible shear

resistance that can be mobilized; therefore, their magnitudes

(but not directions) may differ from S and S2. Figure

4.31 indicates that the sum of the resistances ( + R2 )

is not in the same direction as the sum of the driving

forces (S1 + 2 (R1 + R 2) cannot be compared directly

with ( + S2) because of the disparity in directions. Thus,

FS must be defined in terms of some arbitrary criterion;

there is no unequivocal definition.

The computer program that will be described in Section

4.5 uses the following definition:

FS = -.-- (4.57)
DZA

R is the resultant vector of all resisting forces

D is the resultant vector of all driving forces

A is the direction of impending motion

FS is considered the ratio of the components of T and 5

in the direction of A.

The definition of A is somewhat ambiguous because the

"direction of impending motion" is considered the direction

of displacement due to an imposed load. Thus, A will not
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correspond to failure conditions unless the load creates

a condition where FS = 1.0. Different loads will produce

different A's. The program offers the user two options:

1. A is displacement that would occur under

a purely vertical load i.e., in what dir-

ection would the wedge move if its unit

weight suddenly increased by a small per-

centage? A is based on the current

stiffness.

2. A is the displacement that occurs under all

the "current loads." Current loads include

all loads except the weight of block; they

are the loads that are analyzed using the

stiffness approach.

In the special case where there is total symmetry Equation

(4.57) will yield the same FS as Equation (4.51).

4.5 Computer Program SWARS-2PM

The stiffness and stress approaches discussed in Sections

4.1 to 4.4 and in Appendix D have been incorporated into a

computer program, SWARS-2PM. SWARS-2PM is actually a modified

version of SWARS-2P which was originally developed by Campbell

(1974) using the conventional assumption regarding the ab-

sence of T1 and T2 forces on the joint planes. SWARS-2PM re-

tains all the versatility of its predecessor with respect to
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loading conditions and ground water options; however, it deter-

mines the reactions on the joint planes according to the

method prescribed in Section 4.3. If the failure mode in-

volves sliding on both planes*, the program computes the two

factors of safety defined in Section 4.4: FSI and FSU*

The stress approach is used to calculate the reactions

on the joint planes due to the weight of the wedge. The

generalized stiffness approach is used to calculate the reac-

tions due to all other loads. In implementing the generalized

stiffness approach, SWARS-2PM utilizes the relations develop-

ed in Appendix D with two modifications:

1. A1 , the area of joint plane 1, replaces

the term h csc l in Equation (D.3).

2. A2, the area of joint plane 2, replaces

the term h csc 2 in Equation (D.6).

The program resolves the resultant of all "stiffness" loads

into components along the A,B and C axes shown in Figure 4.32.

The B and C components (Figure 4.33) correspond to the re-

spective Y and X forces in Equations (D.10) and (D.9). The

A component that lies along the line of intersection is part

of 5, the driving vector, that appears in the denominator of

the FS equation:

FS = RA (4.57)

* If the failure mode involves sliding on a single plane,
SWARS-2PM will perform exactly the same analysis as SWARS-2P.
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A, the direction of impending motion, is composed of

components along the A, B and C axes. AB and AC are related

to 6t and 6, the magnitude and direction of the displacement,

in the generalized stiffness approach:

AB =6t sin a

AC = t cos a

(4.58)

(4.59)

In computing AA'

in the direction

identical to the

ular to the line

A
A

where FA

the program assumes that the shear stiffness

paralled to the line of intersection is

shear stiffness in the direction perpendic-

of intersection.* Thus,

FA

A Kls + A2K2s (4.60)

is the load component in the A direction

If the user selects the option wherein A is considered

the displacement that would occur in response to a purely

vertical load, the program computes the AA' AB and AC that

would occur under an imaginary vertical load of unity. (The

imaginary load is not considered in the R or D computations.)

Appendix E contains a complete listing of SWARS-2PM as

well as a user's manual.

* The program can easily be modified to accept two shear stiff-
ness for each joint plane but such a refinement is probably un-
warranted given the state of the art concerning the measure-
ment of stiffness values.
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4.6 Computer Program SWARS-2MC

SWARS-2MC is a modified version of SWARS-2PM that enables

the user to determine the probability of failure (P f) through

Monte Carlo simulation. The program will compute the factor

of safety for many sets of input parameters -- P is the pro-

portion of FS values that fall below 1.0. Any (or all) of

the parameters that define the shape and size of the wedge or

characterize the shear resistance along the joint planes can

be considered random variables. The values for these random

variables should be selected in accordance with their re-

spective probability density functions.*

SWARS-2PM and SWARS-2MC use precisely the same algorithms

for computing the factor(s) of safety. There are, however,

some differences in the manner in which information is input

to the two programs. In particular, SWARS-2MC is designed

so that its input parameters are compatible with the output

from DAYLITE i.e., wedges are defined in terms of e0, $o,

i and Sl (Section 3.2.6). Thus, the conditional probabilities

of $ and l calculated in DAYLITE can serve as a basis for

Monte Carlo simulation.

Appendix F describes the features of SWARS-2MC and sum-

marizes the differences between the SWARS-2MC and SWARS-2PM.

Appendix F also contains a users' manual and program listing

for SWARS-2MC.

* Section 2.2 reviews the principles of Monte Carlo simula-
tion.
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CHAPTER 5

INTERACTION BETWEEN DISCONTINUITIES AND INTACT ROCK--

COMPUTER PROGRAM JOINTSIM

5.0 Introduction

A typical rock mass is characterized by several sets of

discontinuities. The spacings between discontinuities within

each set vary; each discontinuity is a planar feature that

consists of intact rock bridges as well as truly discontinuous

zones. Traditional slope stability analyses are performed by

examining the stability of bodies that are bounded by planes

that are oriented in the mean direction of each set of dis-

continuities (Figure 5.1). Persistence* and (to a lesser ex-

tent) spacing are considered by assigning different cohesion

and friction parameters to the intact and discontinuous por-

tions of the discontinuity plane as proposed by Jennings (1970).

The real failure surface may actually have the shape shown in

Figure 5.1 or an "en echelon" shape as shown in Figure 5.3.

The failure surface forms along the path of minimum resistance.

Clearly the interaction between discontinuities and intact rock

plays a major role. The "intact portions" of the failure sur-

face usually control its shape and location because of the high

resistance of intact rock. Traditional slope stability analyses

recognize this fact and frequently assign persistences of 100%

to the failure planes to be conservative. Such an approach is

* Persistence of a joint plane is defined in Figure 5.2.
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FAILURE SURFACE
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JOINT SET

Figure 5.3 "En Echelon" Failure Surface
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overly conservative and frequently uneconomical. However,

it is the only rational procedure because information on per-

sistence is seldom available. Even if information on persis-

tence were available it would have only limited value because

the persistence of the various possible "en echelon" failure

surfaces would remain unknown. The inability of deterministic

approaches to treat the interaction between intact rock and

discontinuities is a major weakness in traditional rock slope

stability analysis. This interaction must be rationally in-

corporated into any model that attempts to simulate the real

behavior of rock slopes. The probabilistic approach that will

be presented in this chapter can treat the discontinuity-

intact rock interaction in a satisfactory manner.

5.1 General Features--Probabilistic Approach to Resistance

of Jointed Rock

The rock mass under consideration is analyzed by first

simulating joint geometries from a stochastic model. The

geometries represent a distribution of joint patterns that

might occur in a particular rock mass. Each geometric reali-

zation has many possible failure surfaces. The resistances

of the various failure surfaces to a standard loading se-

quence are computed and the minimum resistance is determined.

The minimum resistance characterizes that particular reali-

zation of joints. By repeating this operation for many

simulated joint networks one can estimate the probability of
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distribution of minimum resistance and hence, the probability

of failure.

Specifically, each simulation generates a single set of

parallel discontinuities with intact and discontinuous por-

tions (Figure 5.4). The spacing and the persistence of the

discontinuities are random variables. The jointing patterns

are simulated through the stochastic model described in Section

5.2. The distribution of minimum resistance is found by an-

alyzing each pattern with the mechanical model described in

Section 5.3. These resistance distributions can then be ex-

pressed as disrtibutions of strength parameters e.g. cohesion

and friction in a Mohr-Coulomb expression.

5.2 Stochastic Model of Joint Geometry

The network of discontinuities is idealized as a Poisson

process of planes in space. The abstract mathematical process

was conceived and refined by a number of individuals over the

past fifteen years (Matheron, 1975; Miles, 1964, 1969, 1971,

1972; Switzer, 1965). Veneziano (19xx) adapted it to simulate

rock jointing and used it to derive other properites of

geotechnical significance.

Discontinuities and particularly joints within a rock

mass are generated through a three step sequence of random

operations. The primary process generates Poisson planes

which are taken to represent joint planes (Figure 5.5). The
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secondary process partitions each plane into random polygons

by a family of Poisson lines. The tertiary process shades

(or colors) a certain proportion of these figures. Shaded

polygons represent joints while the remaining portions of the

plane represent intact rock.

Primary Process

The stochastic model treats joint planes as Poisson flats

in R 3, the three dimensional space that corresponds to the

rock mass. Let X , X2 and X3 be orthogonal axes in R that

meet at point 0. Any arbitrary plane in R3 can be expressed

as an equation of the form:

X sin '. cos Q. + X sin 4'. sin 2 + X cos . = d. (5.1)
1 i 2. i 1 1

As shown in Figure 5.6, d represents the signed distance from

the plane to the origin while q and Q are orientation angles.

-~< d. <
1

o < 1T

Each plane in R is characterized by a unique set of para-

meters (d ,ll , 2).

If the d 's are marked on the real line (the R space)

the resulting point process (Figure 5.7) is Poisson with con-

stant intensity 1/p3 where p3 is the mean distance between

neighboring points.
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In a similar manner, the pair of orientation angles

can be mapped in D, a square region of the real plane (the

R space), as shown in Figure 5.7. Each point in the region

represents a unique orientation.

The plane region D can be combined with the real line R1

to form P3 , a cylinder in R (Figure 5.8). Miles (1972) showed

that homogeneous Poisson networks in R can be generated from

3
Poisson point processes in P . Homogeneity implies that the

process is invariant with respect to translation of the origin.

Secondary Process

The Poisson process of lines on each joint plane is

similar to the Poisson process of planes in R3 . Figure 5.9

shows a typical joint plane that has been partitioned by a

family of Poisson lines. Let Y and Y2 be orthoganal axes

that meet at 0'. Any line in the plane can be expressed as

a linear equation:

Y cos P. + Y sin F. = f. (5.2)

The distance f. and the angle r. are shown in Figure 5.9.

- < f. < c
1

0 P. K 7T

Each line is identified by a unique pair of parameters

(f., P ). The ordered sequence
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f m-2< f <- f < f m < fm2''' ~m-2 em-i m ~m+l <m+2..

corresponds to a Poisson process of points along the R1 space

with intensity 1/p 2 (Figure 5.10). The distances between

neighboring points are exponentially distributed with mean

value p2 . The points (f.,F ) constitute a Poisson process

of points within the infinite rectangle shown in Figure 5.10.

If r is uniformly distributed over the interval 0 < r < 7T

the Poisson process has a constant density,
P2"

Miles (1964) studied the associated isotropic process of

Poisson lines on the plane and developed a number of useful

relationships. In particular, he found that:

1. The expected number of intersections between

Poisson lines per unit area is
~2)

2. The intersections between any arbitrary line

and the Poisson lines constitute a Poisson process

2
with constant intensity

3. The angles of intersection (Figure 5.11) are inde-

pendently distributed with identical pdf's:

f A(a) = sin a 0 L a < 7 (5.3)

The process may not be isotropic. Anisotropy can be

treated in a fairly straighforward manner. It involves

cases where the pdf for r is non-uniform. Miles (1964) con-

sidered this case and developed some expressions similar to

those for the isotropic case.
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Tertiary Process

The last operation involves the shading or "jointing"

of individual polygons. The probability of shading has a

constant value (p) and the shading operation is performed

independently on each polygon i.e., the fact the one polygon

is shaded does not affect the probability that an adjacent

polygon will be shaded. Switzer (1965) has shown that the

resulting binary random field has Markovian properties along

straight lines.

Figure 5.12 shows a typical realization on a joint plane.

The arbitrary line A-A' intersects numerous Poisson lines

and traverses both shaded and unshaded regions. As mentioned

earlier, the distance between consecutive intersections is

p r
exponentially distributed with mean value . However, only

2
those intersections that involve a transition between jointed

and unjointed polygons have practical significance. For example,

the polygons "G" and "H" in Figure 5.12 are both shaded so

that the aggregate joint length along A-A' extends from point

m to point n. Thus, the shading probability can be considered

a "random selection" parameter for the Poisson polygons so

that only those intersections involving color transitions are

observed. Therefore, the mean values for jointed and unjointed

lengths become

P. = 7T (5.4)
J 2(1-p)
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and 6 =2-7 respectively, where p is (5.5)
r 2p

the shading probability of each polygon.

The stochastic model for joint geometry consists of the

three processes just described. Thus, in its most general

form, the model has five sets of input parameters: two density

parameters (one of Poisson planes in space, the other of

Poisson lines in each joint plane), two probability distribu-

tions (one of the orientation of planes and the other of the

orientation of lines), and the shading probability. The para-

meters need not be constant; for example, the density of lines

and the shading probability may depend upon the orientation

of the joint plane. The same parameters may be uncertain and

probabilistically dependent.

"En Echelon" Joints

The number of variables can be reduced if one concentrates

on the problem of "en echelon" jointing. Since joint planes

are assumed to be parallel and to have a known orientation

their orientation distribution becomes trivial and the density

parameter of planes is simply 1/ where X is the mean spacing

between planes. In addition, 1/p, the density of lines in a

plane, is assumed the same for all planes and the distribution

of line orientations is considered uniform. Under these assump-

tions the model requires three scalar parameters: A, p and p.

Figure 5.4 is a cross-section through a hypothetical rock

mass whose jointing patterns can be generated by the model
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just described. On a cross-section perpendicular to the

joint planes (like Figure 5.4), the planes are exponentially

distributed with mean value X. The jointed and unjointed

segments within each plane have identical independent expon-

ential distributions with mean values 6. - Tr and
j 2(l-p)

6 = , respectively.

5.3 Mechanical Model

An analytical method has been developed to evaluate the

strength of a rock mass containing "en echelon" joints. Input

parameters include the ambient stress field and the strength

characteristics of both the intact rock and of the joints, as

well as the joint network simulation.

Path of Minimum Resistance

Figure 5.4 can be considered a typical example of the

joints in one realization. The objective is to find the path

of minimum resistance for all possible failure paths which

proceed from the left boundary upwards across the jointed mass

and reach the right boundary. Hence paths A, B, and C in

Fugure 5.13 are acceptable failure routes whereas D and E are

not. Continuous paths along joint planes (such as A in Figure

5.13) constitute one obvious and relatively small family of

failure paths. Routes that involve transitions between planes

(such as B and C) comprise a much larger family.

The critical path is found by means of dynamic program-

ming. Each jointing pattern is characterized by a grid formed
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by pairing all possible combinations of x and y where the y's

are the coordinates of the joint planes and the x's are the

coordinates of all tips of joint segments (Figure 5.4). The

grid points represent possible junction points for failure

paths between joint sections on one plane and between planes

(see Figure 5.4). Transitions always occur from (x ,y ) to

(x.,y.) such that x. > x. and y. > y.. In order to identify
J J 1 J 1 J

the critical path each point is examined to find the minimum

strength path between that point and the right boundary of

the jointed mass. The analysis begins at the upper right

corner. The first point, x = x = 0 and y = y1 has zero

strength because it lies on the right boundary. The algorithm

proceeds to check all the points along the top row where y = y

and then examines progressively higher y's always working from

right to left along the rows. For each point all paths

through grid points above and to the right are screened. In

effect, the program constructs a resistance matrix, R, of order

n by m where n is the number of planes and m is the total

number of joint tips. The (i,j)th element, R. ., is the re-

sistance of the upper right portion of the rock mass, .,

with respect to (ij) given that the failure route passes

through (i,j) and terminates somewhere along the right edge

(Figure 5.14). Once all the coefficients in the matrix R

have been evaluated, the minimum resistance R, can be found:

R = min R. for i = l,n (5.6)
1 ,m
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Figure 5.14 Principle of Minimum Resistance
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Strength Derivation

The strength of the material between grid points is cal-

culated using a Griffith-Modified Griffith envelope for the

intact rock and a linear Mohr-Coulomb envelope for the

joints. The Griffith-Modified Griffith envelope is parabolic

in the tensile range and linear in the compressive range

(Figure 5.15C). It is completely defined by two parameters:

t' the tensile strength of the rock, and r, the friction

angle. The Griffith-Modified Griffith envelope defines the

critical stresses for crack initiation and thus gives a lower

bound to the resistance of intact rock. An upper bound would

be defined by the stress conditions which characterize complete

failure with cracks propagating through the entire specimen.

The most appropriate envelope for the problem under study may

be one between these two extremes; however, the lower bound

was chosen as a realistic albeit conservative estimate of re-

sistance.

The details of the resistance determination and particu-

larly the analytical formulations are presented in Appendix

G. Figure 5.15 summarizes the resistance determination for

failure through intact rock. The jointing pattern and the

orientation of the joints relative to the initial state of

stress are shown in Figure 5.15A. (In general, the joints are

not parallel to either of the principal stress axes.) The

objective is to find the resistance which must be overcome to
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create a failure path from point A to point B. This path

will eventually be combined with other segments to form

failure routes through the entire "rock mass". Figure 5.15B

is a more detailed illustration of the region near points

A and B. The rectangular area bounded by the dashed lines

represents a small mass of intact rock about to undergo

failure. The prescribed failure path (A to B) has a definite

orientation with respect to the stress field. The additional

stresses required to cause failure must be applied is such

a manner that failure occurs along A-B (Figure 5.15B). Specif-

ically, the Mohr circle for the state of stress at failure

must be tangent to the Griffith-Modified Griffith envelope

at a point such that the failure plane develops in the direc-

tion A-B. The critical stress condition is obtained by super-

imposing upon the ambient stress field both negative horizontal

stresses (Aah) and shear stresses (AT) in the horizontal and

vertical planes (Figure 5.15B). Intact rock will generally

undergo tensile failure in the stress ranges normally

encountered in engineering practice.

If the two points under consideration lie in the same

joint segment the strength computation is somewhat simpler

(Figure 5.16). Failure along a joint (C to D) occurs when one

of the points of intersection between the Mohr circle and the

failure envelope is the point that represents the state of

stress at the orientation of the joint. In general, the

initial horizontal stress will be reduced through the
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application of a negative horizontal stress (a h) in order

to produce these failure conditions.

Once the strength of segments such as A-B and C-D have

been calculated they are combined to determine the resistance

for composite paths. The primary concern of the entire analy-

sis is to find the composite path with the minimum strength.

The strengths for individual path segments are combined by

transforming the superimposed stresses into force components

parallel and perpendicular to the orientation of the joint

planes. Forces in the same direction are added to yield two

aggregate forces: S (parallel to the joint plane) and N

(perpendicular to the joint plane). Finally, S and N are com-

bined to give the Apparent Resistance, AR, where,

AR = S + N(tan 0.) (5.7)

The path with the minimum AR is the critical one. In es-

sence, the resistance of a failure path (not necessarily co-

planar with one of the joint planes) is characterized by the

shear force which must be applied in the direction of the

joint planes to cause failure.

Apparent Persistence

The minimum AR of a jointed rock mass is not a particularly

useful parameter for engineering calculations. A better way

to express the results is in terms of apparent strength
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parameters. Jennings (1970) proposed that a planar failure

surface involving both intact rock and joints be treated as

if it were composed of a single hypothetical material with

an apparent cohesion, ca' and an apparent friction angle, a-

Jennings' relations can be modified to yield the following

expressions:

c = (1 - k)c + (k)c. (5.8)
ar j

tan D = (1 - k)tan o + (k)tan . (,5.9)

where subscript "r" denotes rock

subscript "j" denotes joint

k = persistence (Figure 5.2)

The concept of apparent persistence is proposed in this

paper. Apparent persistence is the value of persistence along

a joint plane that has the same value of AR as the critical

failure path. One can compute the AR 0 and the AR 1 0 0 which

are the values of AR for a failure path that extends along

planes having a persistence of 0% and 100% respectively. ARcr'

the value for the critical failure surface (which is typically

nonplanar), is between the two extremes. The apparent per-

sistence, w, is defined as
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AR - AR
W = AR - AR 00(100) (5.10)

AR0 - R100

Apparent persistence is a measure of the proximity of AR cr

to AR 100 It is concerned solely with the strength along the

critical path and ignores the location and configuration of

the failure surface. Apparent persistence compares the

strength of the critical path to the strengths of paths solely

through intact rock or solely along a joint. It expresses the

strength of the critical path in terms of apparent persistence.

This concept is more fully developed in Section 5.5.

5.4 Computer Program DAYLITE

The analytical models derived in Sections 5.2 and 5.3 and

Appendix G are incorporated in a computer program. The prim-

ary input parameters to the program are those listed in Table

5.1. They include the general attitude of the joints, the

distributional parameters of the joints, the strength char-

acteristics of both the joints and intact rock and the in situ

stress field. The program generates -a specified number of

random jointing patterns (or "realizations") and analyzes each

pattern to locate the path of minimum resistance. Finally,

it computes the value of apparent persistence. (The program

uses three different techniques to interpret the minimum

resistance strength. The "Reduction Option #1" corresponds

to apparent persistence as defined in the previous section.)
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Table 5.1

Generic Group Symbol Definition Value*

Geometry of x Angle of Inclination 30*
Block h Height 400

z Width 800

Strength Dr Friction Angle of Intact Rock 30*
Parameters cr Cohesion of Intact Rock 80**

r Friction Angle of Joint 300

cr Cohesion of Joint 2**

Distribution p Mean Joint Plane Spacing 4**
Parameters 6j Mean Length of Joint Segment 10**

6r Mean Length of Rock Bridge 20**

Original o Vertical Stress varies
Stress 0hO Horizontal Stress varies

* The values listed were used in the sensitivity analyses
discussed in Section 5.5. Unless otherwise noted in plots
the values listed were used in all computer runs.

** Any set of dimensionally consistent units will yield the
same values of apparent persistence.

TABLE 5.1 Inputs to computer program JOINTSIM
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The program is designed to handle up to 400 realizations;

however, the capacity can easily be expanded. The basic out-

put consists of a recapitulation of the inputs, a listing

of the more important output parameters for each realiza-

tion and a statistical summary of the inclinations of the

failure path, the maximum persistence and the apparent per-

sistence for all realizations. The program has a series

of options that enable one to obtain a much more detailed

output. For example, one can get the coordinates of each

joint segment, a listing of the strengths of all possible

failure paths from each point (x ,y ) or the precise loca-

tion of the minimum resistance path.

A typical output (in its abreviated form) is presented

in Appendix H. The appendix also contains a complete listing

of the program as well as a users' manual.

5.5 Results

The analytical procedure and the computer program were

tested by investigating the sensitivity of the resulting

strength parameters relative to the input parameters. In

particular, the effect of changes in the magnitude and in the

horizontal to vertical ratio (aho /a vo) of original stresses

and the effects of variations in the joint orientation were

examined. The set of input parameters used as a basis for

comparison is listed in Table 5.1.
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En Echelon or Multi-Planar Failure Paths

The sensitivity study was concerned primarily with para-

meter values that are likely to generate "en echelon" failures,

i.e., failures that involve at least one transition between

joint planes. Jointed rock masses which have relatively

large mean spacings between planes or relatively high strength

parameters for intact rock tend to fail along a single joint

plane. Figure 5.17 suggests this relationship between mean

spacing and frequency of "en echelon" failures. Since the

number of realizations (1 realization = 1 jointing pattern)

is quite small (40) the curve serves to identify a trend

rather than a definitive relationship.

Maximum Persistence Vs. Apparent Persistence

The number of joint planes in each realization of the simu-

lation procedure is a Poisson random variable, S*, with a prob-

ability mass function:

s -(h/p)
P (s) = (h/p)s (5.11)

and mean m = h/p

From the parameters of Table 5.1: m = 40/4 = 10.

The persistence of each joint plane is also a random vari-

able, T, with mean:

* Upper case notation is used for random variables and a lower
case notation for specific values of the variable.
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6.
m = _ (100) (5.12)

T 6.+ 6.
SJ

where 6. is the mean length of joint segments
J

6r is the mean length of rock bridges.

10
From Table 5.1: mT 10 + 20(100) = 33.3%

The maximum presistence along the joint planes in each

realization is a random variable, Q. There is no simple an-

alytical expression for the mean, mQ. It depends on the

dimensions of the jointed rock block as well as on the

distributional parameters of the jointing process. In any

case, mQ is not less than mT. Using the parameter values in

Table 5.1 one finds from simulation an m of 63.1%.

The apparent persistence, W, defined in Section 5.4 re-

flects both the persistence of individual joint planes and

possible transitions between joint planes. If the joint

planes are widely spaced, the critical path will follow a

single joint plane--the one with the maximum persistence and

w = q. w is actually a lower bound for q because if there

were no transitions between joint planes the critical path

would follow the joint plane with the maximum persistence.

When the critical path involves a transition it must have

"found" a route that has less resistance than the plane with

maximum persistence. In general, w > q with the difference

mW - mQ reflecting plane to plane transitions in critical paths.
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Figure 5.18 shows a pair of histograms that summarize

the results of 250 realizations in terms of W and Q. The

histograms of apparent persistence is shifted to the right

with respect to that of maximum persistence because of the

aforementioned effect (causing a different mW - m Q) of tran-

sitions between planes. The maximum persistence histogram

is more dispersed and has a more pronounced peak.

Magnitude of Stress

The magnitude of the stress field does not appear to

exert a major influence on the apparent persistence. Figure

5.19 presents the results of a series of computer runs in

which the stress ratio (aho /avo) was held constant (0.25 or

1.0) while the magnitude of stress (a vo/c r) varied from 0.125

to 1.00. Each run involved 250 simulations. The curve for

aho /avo = 0.25 indicates that mW increases as av increases.

However, the curve for isotropic stresses suggests the mW is

virtually independent of a vo. It seems that the influence of

magnitude of stress increases as the stress ratio decreases.

The histogram of W for the six parameter combinations have

approximately the same dispersion with sample standard de-

iations in the range of 11.3 to 12.7.

Stress Ratio

The effect of stress ratio on apparent persistence is

shown in Figure 5.20. There is a small but steady decrease

in mw (and increase in a ) as the stress ratio increases from
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0.25 to 2.0. The total change in W over that range is

approximately 9%.

Orientation of Joints

Three computer runs were used to investigate the re-

lationship between apparent persistence and the joint inclina-

tion, a. This limited data suggests that mW is only moderately

sensitive to changes in a (Figure 5.21); mW decreases with

2.increasing a whereas a is essentially constant. The change
w

of mW for the range of 150 < a < 450 does not exceed the

standard deviation. In this sense one may say that the ap-

parent persistence, W, is not very sensitive to a.

This insensitivity can be a very useful result. It sug-

gests that computations of mW for a particular joint inclina-

tion can be used for other a's without introducing appreciable

error. The fact that mW is not a strong function of a does

not imply that the absolute strength of rock masses with

dissimilar joint orientations is the same. As defined in

Equation (5.10), apparent persistence is a ratio of strengths.

Thus, two realizations with different a's may have the same

apparent persistence even though their respective A 's, A cr's

and A100's are different. As long as the respective values

are proportionate, the two apparent persistences will be

identical. Figure 5.21 suggests that the proportionality

(almost) occurs as a varies as long as all the other para-

meters are identical.
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In stability analyses, values of apparent persistence

would be used in conjunction with the proper a's to yield

different strengths.

5.6 Summary

The probabilistic model for shearing resistance of jointed

rock is a step in the development of a comprehensive technique

for analyzing the reliability of rock slopes. It represents

a possible solution to one of the major unsolved problems in

rock slope stability analysis -- the interaction between in-

tact rock and discontinuities. The model provides a rational

method for treating joint persistence; the method is based on

information that can be obtained from field surveys.

The most important feature of the model is that it char-

acterizes the strength of a jointed rock mass through an ap-

parent persistence parameter. Apparent persistence is not a

measure of absolute strength; it is an index that compares the

strength of the critical path to the strength of a path through

intact rock. Apparent persistence is a geometric interpretation

of the interaction that occurs between the jointed and un-

jointed segments of en echelon joint planes.

Apparent persistence can be used in conjunction with

Jennings' relations to describe the strength along failure sur-

faces in stability analyses involving en echelon failure planes.

In analyses that consider tetrahedral wedges bounded by two

joint planes the apparent persistences on the two planes are
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treated as independent random variables.

The current model as described in this chapter is merely

the first step in treating the persistence problem. The model

examines a fairly simple (albeit common) jointing system.

Some of the limitations in the model can be eliminated through

conditioning; however, other restrictions can only be relaxed

by modifying and extending the present version of the model.

The apparent persistence calculations presented in the

chapter were based on a deterministic set of strength para-

meters. It is possible to treat the strength parameters as

random variables by conditioning the apparent persistence on

the strength parameters. For example, the pdf's of r and

c r could be discretised into a limited number of values each of

which would have a finite probability of occurrence. A series

of simulations (and apparent persistence computations) could

be performed on each pair of 4r and cr values. If 4r and cr

were independent random variables, the (unconditional) apparent

persistence would be:

w = E E .W. P[ ) PIc ] (5.13)
i jiJ rj r.

where W.. is the apparent persistence based on 0
1J r

and c

P Jstepoaiiyta ri rrP[4 r ]is the probability that 0 is Dr

P[cr. ] is the probability that cr is c r.
J J
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The shape of the strength for intact rock is not a criti-

cal feature of the model. The model defined strength in terms

of a Griffith-Modified Griffith envelope, but other strength

criteria could be used. In particular, one might want to use

the upper bound envelope that characterizes crack propagation

through the entire specimen (Section 5.3). Since apparent per-

sistence is a relative measure of strength it should not be

highly sensitive to the shape of the intact failure envelope*.

The stochastic model can (and should) be expanded to con-

sider the three dimensional aspects of persistence i.e., the

model should examine the joint planes as three-dimensional

features rather than just their traces on a two-dimensional

cross section. Also, the model should consider cases involving

non-parallel joints and recognize possible correlations be-

tween the geometric parameters of different joint sets.

* Apparent persistence is virtually insenstitive to the strength
parameters along the joints because the intact segments have
such a dominant effect on the location of the critical path.
The resistance along jointed segments in almost negligible com-
pared to the resistance through intact material regardless of
G- and cj. 223



CHAPTER 6

AN INTEGRATED APPROACH TO RELIABILITY ANALYSIS

6.0 Introduction

The earlier chapters discussed various aspects of reliabil-

ity analysis in rock slopes. Chapters 3 to 5 presented some

tools to use in reliability analysis but each technique was de-

veloped as an independent component. This chapter will endeavor

to show how the individual elements can be combined into a com-

plete analysis.

The reliability analysis is based on a concept that under-

lies all rock slope analyses: Failure cannot occur unless both

kinematic and kinetic conditions are met. Chapter 3 discussed

the kinematic aspects and presented the computer program DAYLITE.

Chapter 4 discussed the kinetic aspects and presented the com-

puter program SWARS-2MC. The results from the two programs can

be combined to provide a complete reliability analysis. The

two operations are combined in a manner similar to that used

in composite models (Section 2.3) i.e.,

P = P[A]P[BJ (6.1)

P[A]: the probability that a wedge daylights

P[B]: the probability that the driving

forces exceed the resisting forces.

The analysis proceeds as follows:

1. Examine each cell in the critical zone and

determine Pfe.,o.], the probability that a

224



:Line of intersection for any two joints

will be in the cell characterized by the

coordinates (e.,4.).

2. Use Monte Carlo simulation to determine

P[U .I., $] the probability that a wedge

daylighting in cell (6.,4 $) will be kin-

etically unstable.

3. Calculate P for any two joints as;

- = P[U .iG,$ ]PEO.,cf (6.2)
all i

4. Adjust P to reflect the fact that the

slope may contain more than one potentially

unstable wedge, i.e.,

P = Probability of failure for the entire slope

= f(Pfk) (6.3)

where P is the probability of failure for a

single wedge and k is the number of wedges on

the slope.

The four-step procedure outlined above will provide a

P value that approximates the reliability of the slope.

The procedure does not provide a rigorous solution to the

stability problem; there are a number of areas that require

development. The purpose of this chapter is not to present

a definitive solution but rather to show where the techniques

developed in the earlier chapters fit into the solution.

The remainder of this chapter examines each of the four steps
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and in doing so emphasizes two points:

1. What assumptions are involved in each step?

2. Which steps require additional development?

6.1 Kinematic Restraints: PE[G ,4.]

Figure 6.1 shows the results from a hypothetical DAYLITE
*

run in which the critical zone was partitioned into 8 cells

each of which is characterized by a pair of spherical coordi-

nates (e ,$ ). Values of P[O.,.] for each cell are tabulated

in Figure 6.1. The values represent the probability that a

joint from set 1 will combine with a joint from set 2 to form

a wedge whose line of intersection daylights in the respective

**
cell. The values are the kinematic probabilities that will

be used in reliability analysis. They were computed in ac-

cordance with the procedures described in Chapter 3 which as-

sumed that the orientations of joint planes were independent

random variables.

Some of the cells may have very low P(6 ,$ ]'s.

The low values indicate that it is highly unlikely that a

wedge will daylight at those orientations. The analysis can

be shortened if these cells are eliminated from further

* 8 cells are used to illustrate the concept. A considerably
larger number of cells would be used in any real problem.

**DAYLITE will also compute the probability that two joints
from the same set will combine to form wedges.
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consideration at this early stage in the analysis. In ignor-

ing cells, one introduces some errors into the analysis

because every cell in the critical zone, regardless of its

orientation, has a finite probability of representing a

potentially unstable wedge. However, if the cell has a

P[O .,c ] that is several orders of magnitude lower than the modal

value of P(e $], the error will be small. (The decision to

ignore a cell is actually a judgement on Pf = P[U Ilo,$$.*

P(, i-' irather than just on the PE e, ] term. If P[6 ,$]

is very small, Pf will also be very small.)

6.2 Kinetic Restraints: P[Uile ,$ ]

The discussion on kinetic restraints will first present

some general comments on how PJU Jio,$j is obtained for

each cell in the critical zone. Next, the section examines

one of the inputs to that calculation, the pdf of the height

of failure wedges. Finally, the section shows that the cal-

culations for kinetic instability must be performed on each

cell in the critical zone.

Ptu.I,$ for each cell is obtained through Monte

Carlo simulation with the computer program SWARS-2MC (Section

4.6). e and $ are the only two deterministic parameters in

the analysis. 1 and 1 define the shape of the wedge; their

pdf's can be obtained from the DAYLITE output for the (6 ,$ .)

cell. The mechanical properties (stiffness and strength) of
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each joint set and the location of the piezometric surface

must be characterized in terms of pdf's.* If the joints in

a particular set are relatively closely spaced the strength

of en echelon failure paths can be expressed through the

apparent persistence parameters introduced in Chapter 5.

The height of the wedge, H, is the vertical distance

from the top of the slope to the vertex of the wedge (Figure

6.2). If there are no cleft water pressures in the joints

and there is no cohesion on either joint, the factor of safety

is independent of H. If either cleft water pressure or co-

hesion is present H must be treated as a random variable.

One reasonable approximation of the pdf of H would be the

uniform distribution over the entire height of the slope.

The derivation is based on the assumption that joint planes

**
can be treated as Poisson planes in space (Section 5.2).

Figure 6.3A depicts a rock slope that contains two sets of

discontinuities. Line OA is the trace on the slope of joint

A from set 1. Joints from set 2 intersect joint A to form

various size wedges. If the joints from set 2 are Poisson

their spacing in exponentially distributed in all directions--

* At the present time little is known about typical pdf's
for the mechanical properties of joints or ground water con-
ditions. Research is currently underway at M.I.T. to estab-
lish typical pdf's for strength parameters. The results will
be published in a report authored by Baecher and Einstein,
et al., (19xx).

**A number of authors (e.g., Baecher et al., 1977) have pre-
sented empirical evidence that suggests that the assumption
is valid.
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including the direction along OA. (The mean spacing will

vary with direction but the exponential nature of the dis-

tribution will not.) Thus, the points of intersection between

joints from set 2 and the line OA constitute a Poisson pro-

cess (Figure 6.3B). Since the intersections are Poisson

every differential segment on OA has an equal probability

of containing an intersection. In a similar manner, every

th
distance d. from point 0 to the i differential segment has

an equal probability of locating an intersection. Thus,

fD(d) has a uniform distribution. The intersection points

represent the vertices of wedges and the d. distances are

directly related to the wedge heights (H's) through a trig-

onometric constant. Since f D(d) is uniform, fH(H) must also

be uniform.

The pdf for H is not perfectly uniform because the pre-

ceeding argument ignored the lateral boundaries of the slope.

Figure 6.4 is a front view of a slope. None of the joints

from set 1 that lie to the right of joint B can form a wedge

of height H because joint set 2 is restricted by the right

boundary. As joints from set 1 approach the boundary they

form smaller and smaller wedges. Thus, for the whole slope,

small wedges are somewhat more likely to occur than large

ones. Nevertheless, the uniform distribution should provide

a reasonable approximation for the pdf of H.
* Veneziano (19xx) used his model (Sections 1.5 and 5.1) to
examine a related problem--the distribution of vertices on the
plane of the slope. He concluded that the location of vertices
did not constitute a Poisson process.
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Once all the pdf's for the appropriate input parameters

have been established P[U 6e,$ ] can be found through Monte

Carlo simulation. P[Ui 6 ,$ is the proportion of trials

that have an FS that falls below 1.0. In defining failure,

one must differentiate between FS and FS U. As discussed

in Section 4.4, FSI corresponds to initial movement (in any

direction) while FSU corresponds to movement down the line of

intersection. FSU may be more suitable for simulation because

there are fewer variables (and fewer pdf's) to define; how-

ever, either definition can be used in the analysis.

Every cell in the critical zone is characterized by a

unique pair of 6 and $ values. The simulation procedure

that examines kinetic instability must be repeated for each

of these orientations. The pdf's for P and 1 (as determined

by DAYLITE) will vary for each (.,$ ); the pdf's for the

other random variables may be varied at the discretion of

the individual performing the analysis.

As discussed in Section 2.2, Monte Carlo simulations

have a number of limitations. In particular, the simulations

are usually based on a number of assumptions concerning the

independence of random variables. The procedure described

above (and implemented in the SWARS-2MC program) relies on

many independence assumptions. The most important ones are:

1. Joints from different sets are uncorrelated. The

fact that a particular joint from set A is present

does not affect the marginal distribution of set B.
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(DAYLITE is based on this assumption.)

2. Joint orientation and joint strength parameters are

uncorrelated. Low strengths are not associated

with any particular joint orientation.

3. Joint length and joint spacing are uncorrelated.

(JOINTSIM, the program that computes apparent per-

sistence, is based on this assumption; however, the

program can be modified to accommodate such correla-

tion.)

Very little information is available to verify (or con-

tradict) these assumptions. In some instances (like strength

parameter) the data base is too small to discern correlations.

In other instances (like orientation) the data base is ade-

quate but the data is not usually gathered or recorded in a

manner that would disclose correlations. Improvements in

sampling techniques may provide some insight into the correla-

tion structure of the random variables that describe the

orientation and shape of wedges. Correlations involving the

mechanical properties of joints present a much more difficult

problem that may remain unsolved for the forseable future.

6.3 Calculating Pf

f is defined as the probability that any two intersect-

ing joints will form an unstable wedge. The wedge must be

both kinematically and kinetically unstable; hence, P is

computed as the product of the kinematic (P{eO, ]) and
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kinetic (P[U .iO, ]) probabilities. The product is summed

over all cells in the critical zone:

pf = E P[U. , Ie',]P[e.$ ] (6.4)
all i

P is actually a conditional probability based on the

premise that two and only two joints intersect to form a

wedge. Pf, the probability of failure for the entire slope,

could be either less than or more than P f If the rock mass

has widely spaced joints relative to the dimensions of the

slope there may be a high probability that no wedges form.

On the other hand, there are usually many intersections and

each one defines a potentially unstable wedge. Pf must be

adjusted to reflect the fact that there are many possible

failures.

6.4 Calculating Pf

Pf, the probability of failure for the entire slope,

is a function of P as well as k, the number of wedges in

the slope. Calculating Pf is a two-fold problem:

1. Determining the functional relationship

between k and P f*

2. Determining the distribution of the

random variable k.
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The first problem is the more difficult one to solve

because it is a problem in system reliability in which the

entire rock slope is treated as an engineering system. The

second problem can be handled (at least crudely) with the

approximation technique presented later in this chapter.

Figure 6.5 shows two hypothetical slopes each of which

contains joints from two sets. In Figure 6.5A there are two

joints from each set and they form two distinct wedges.

If the wedges were independent and their P 's were Pfl and

Pf2 respectively, Pf, the reliability of the entire slope,

would be

P = 1 - (1 - P f) (1 - Pf 2 ) (6.5)

if Pf = Pf 2  P f

P = 1 - (l - P ) (6.6)

On the other hand, if the wedges were perfectly cor-

related i.e. joints 1 and 3 (as well as the pair 2 and 4)

were identical in orientation and strength parameters,

P f f Pf ) (6.7)
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The fact that one wedge fails necessarily implies that its

twin must fail.

Equations (6.6) and (6.7) represent two limiting cases.

If the wedges were imperfectly correlated:

P 1 - (1 - P) (6.8)

where 1 < r < 2

The argument can be extended to systems involving n

wedges. The two limiting values for P would be:

P f= 1 - ( - n (independent wedges) (6.9)

Pf = P (perfect correlation) (6.10)

There are at least two forms of correlation: spatial

and functionaL Spatial correlation implies that the varia-

tion in properties between two different joints is a function

of the distance between the two joints. In other words,

given joint A and its attendant properties, the marginal dis-

tribution of the properties of joint B depends on the distance

between A and B. At the present time little is known about

the spatial correlation of mechanical properties. They are

generally assumed to be uncorrelated.
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Even if the joints are not spatially correlated the

wedges they form may be functionally correlated. Figure 6.5B

shows a typical case. Wedges ABC and CDE are related be-

cause they are both bounded by the same joint plane. The

P 's for the wedges are also related; the degree of depen-

dence depends on the relative importance of joint plane BDC

in determining the stability of the wedge. If, for example,

BCD contributes most of the resistance to both wedges, the

Sf's may be highly correlated. If BCD contributes little

to the respective resistances, the P 's may be virtually

uncorrelated.

As evidenced by Equations (6.9) and (6.10), correlation

among wedges can have an enormous impact on reliability cal-

culations. The difference between the upper bound (Equation

(6.9)) and the lower bound (Equation (6.10)) of Pf can

easily reach orders of magnitude in a heavily jointed rock

mass i.e., large n. The system reliability of a slope is

a complicated problem that depends on wedge geometries as

well as the correlations among individual parameters. At

the present time there is no rational method for assessing

the system reliability of a rock slope. The solution to

this problem is one of the crucial steps in developing a

rigorous reliability analysis technique.

A conservative approach would be to assume independence

and use the upper bound i.e.,
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P = 1 - (1 - P f) (6.9)

However, n is not a deterministic parameter; it is a random

variable. The term (1 - (1 - P)n ) can be conditioned on .n:

P = (1 -(l - P )n ) P[n] (6.11)

where P[n] is the probability that the number of

vertices is n.

Determining the pdf of n is no trivial matter. The

following procedure illustrates how the problem might be

approached. The procedure should provide a rough approxima-

tion of the pdf for some rather restrictive conditions.

There are a number of assumptions:

1. Joint planes are Poisson.

2. The pdf of joint plane orientation (for both

joint sets) has a relatively small dispersion.

3. The joint sets are roughly orthogonal.

4. The slope is relatively lightly jointed.

The pdf for n can be approximated as follows (Figure 6.6):

p = mean spacing of joint set 1 along the line OB

P 2 = mean spacing of joint set 2 along the line OA which

is the trace of the mean joint from set 1.

x, the number of intersections of joints from set 2

with the line OA, has a Poisson distribution.
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JOINT SET I JOINT SET 2

A

Distance O-A = L

Distance O-B = b

Figure 6.6 Derivation of f (x) and f (y)
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x -LP2
f Wx) = (6.12)

where L is the distance along OA from the crest to the

toe of the slope

y, the number of traces that appear on the slope also has

a Poisson distribution:

f y) = 1 )y ebpi (6.13)Y Y

where b is the width of the slope.

Finally,

*
n - x - y (6.14)

Knowing the pdf's for X and Y one can compute the pdf for

n. The approximation is crude and can become quite inaccurate

for closely jointed rock masses. Equation (6.14) assumes

that x, the number of intersections along any particular joint

in set 1, is an independent random variable for all joints

in set 1. If, however, two joints from set 1 are closely

spaced (Figure 6.7) the number of intersections for the two

joints are highly correlated.

* The derivation suggests that all joints must extend from the
crest to the toe of the slope. The assumption can be justified
if one treats joints as planar features with persistences less
than 100% i.e., all joints in set 1 have a length L but their
persistences vary. The persistence is a random variable that
would be incorporated into the kinetic stability calculations.
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Figure 6.7 Closely Spaced Joints From Set 1--

Correlation Between x's
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The procedure outlined above is not intended to serve as

a design guide; it merely illustrates the concept. The method

can (and should) be generalized to relax some of the limita-

tions. However, even a precise knowledge of f N(n) will not

guarantee a reasonable estimate of P F N(n) can be used to

calculate the upper bound of P but provides no information

as to the proximity of Pf to that upper bound. P cannot

be accurately determined until the system reliability problem

is resolved.

6.5 Summary

The purpose of this chapter was to show how the techniques

developed in Chapters 3 to 5 could be incorporated into a

reliability analysis. The techniques in themselves do not

provide a complete treatment of the problem; however, they

do represent an improvement over existing methods. In partic-

ular, the DAYLITE program provides information on the shape

and orientation of potentially unstable wedges. The SWARS-2PM

program gives some insight into the failure mode that involves

sliding along two planes. Finally, the JOINTSIM program pre-

sents a rational method for evaluating the resistance of

jointed rock masses.

There are still many problems in reliability analyses that

are not well understood. As indicated in the earlier sections

* The method presented in this section was concerned with
intersections between joints from different sets. Veneziano
(19xx) used his model to examine the distribution of vertices
when both of the intersecting joints come from the same set.
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of this chapter, two related problems are particularly

troublesome: possible correlations among random variables and

a systems approach to the reliability of a multiply jointed

rock slope. The problems are actually twofold: how can the

correlation information be obtained from survey data and how

can it be incorporated into the analysis? None of the current

reliability analyses (including those presented in Chapter 2)

directly address these questions. All the methods rely on

assumptions (usually involving independence of parameters) to

render the problem manageable. The P value calculated in

each case in necessarily an approximation of the reliability

of the slope. The credibility of Pf is directly related to

the validity of the respective assumptions i.e., how closely

they conform to reality. Unfortunately it is difficult to

judge the validity of some of the assumptions at the present

time. Many of the parameters used in rock slope stability

have very limited data bases. It is hard to establish typical

distributions or correlation coefficients for these variables.

The statistical properties of these parameters should become

more evident as additional data (and better procurement

techniques) become available. The system reliability problem

can be examined once the underlying correlation structure is

found.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

Probabilistic analyses provide an alternate approach to

assessing the stability of rock slopes. In a probabilistic

or reliabilty analysis the integrity of the slope is expressed

as its probability of failure rather than its factor of safety.

The primary advantage of reliabilty techniques is that they

explicitly consider the uncertainty associated with engineering

parameters. The parameters are treated as random variables

that can be characterized with probability distributions. The

method is ideally suited for rock slope analysis because many

of the critical parameters such as joint persistence are diffi-

cult to evaluate deterministically. These parameters must be

considered random variables to arrive at any realistic conclu-

sions concerning the stability of a rock slope.

Reliability analysis for rock slopes is still a relatively

new concept. As indicated in Chapter 2, there are a number of

analysis techniques currently available; however, none of the

methods provide a comprehensive treatment of the problem. This

thesis presents a new method that eliminates some of the limita-

tions of earlier techniques. In particular, the thesis concen-

trates on a few specific points and develops some tools to use

in examining slope stability from a probabilistic standpoint.

The method presented in this thesis uses a limiting

equilibrium approach as both the rock wedge and its parent
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rock mass are treated as rigid bodies. In such an approach,

two conditions must be met before failure can occur:

1. The wedge must be oriented in such a manner

that movement towards a free face is physi-

cally possible--a kinematic condition.

2. The destabilizing forces must exceed the

stabilizing forces--a kinetic condition.

The problem can be formulated probabistically as:

P = Probability of Failure

= Z P[A]P[B] (7.1)

where PEA] is the probability that a wedge is kinematically

unstable and P[B] is the probability that the wedge is

kinetically unstable. The product of the probabilities is

summed over all potentially unstable conditions.

PEA] is determined through a numerical procedure that

examines the zone of kinematic instability as defined on a

stereographic projection. The technique partitions the zone

into equal area cells and calculates the probability that the

line of intersection of two joint planes will pierce the

reference hemisphere in each cell. The technique also provides

information on the shapes of possible tetrahedrons that are

associated with each line of intersection.

PEB] is calculated through Monte Carlo simulation. The

simulation is based on an improved version of the conventional
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deterministic model for wedge stability. The conventional

model was modified by incorporating the effects of joint

stiffnesses and in situ stresses into the stability calcu-

lations. In a Monte Carlo simulation the input parameters must

be characterized by probability density functions (pdf's). The

pdf's for the orientation and shape of wedges can be derived

from the algorithm that examines kinematic instability. The

strength of a jointed rock mass (specifically, a rock mass

with en echelon joints) can be described through an "apparent

persistence" parameter which is obtained through a stochastic

model discussed in the thesis.

PEA] and P[B] must be calculated for each cell in the

zone of kinematic instability. The product summed over all

cells is P f--the probability that two joints will intersect to

form an unstable wedge. P is conditioned on the premise that

two and only two joints occur on the slope. The final step

in the analysis is to "adjust" P to reflect the fact that the

slope may contain many potentially unstable wedges. Evaluating

the behavior of a multiply jointed rock mass is actually a

problem in system reliabilty in which the entire slope is

considered an engineering system. The problem is discussed

briefly in Chapter 6.

As indicated earlier, this thesis addresses a number of

specific points that must be considered in formulating a general

method to evaluate the reliabilty of rock slopes. The techniques

presented in the thesis do not, in themselves, constitute a

complete analysis; however, they do clarify certain aspects of
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the reliability problem. Each individual technique provides

some new insight into the behavior of jointed rock masses.

The cumulative effect of all the techniques is to advance

the state of the art of rock slope stability analysis.

The procedure developed in Chapter 3 enables one to use

the data from joint surveys i.e., the pdf's of joint orienta-

tion, to derive the pdf's of parameters that characterize the

shape and orientation of tetrahedral wedges. The latter

distribution is particulatly useful because the orientation

of the wedge is an input to the test for kinematic stability.

The procedure involves a series a repetitive calculations

because the pdf's are derived through numerical integration;

however, the entire procedure has been programmed for use

with a computer.

The thesis also presents an improved analytical model

which describes the failure mode that consists of sliding

along both joint planes. The model examines the influence

of both in situ stresses and joint stiffnesses. As indicated

in Chapter 4, earlier researchers had investigated the effects

of both stresses and stiffnesses, but no one had established

the relationship between the two. The model unifies the two

approaches and extends the concepts to cover asymmetric wedges.

The model distinguishes between two factor of safety: FS1 , the

factor of safety against initial movement, and FSU, the factor

of safety against ultimate failure wherein the wedge slides

down its line of intersection. In general, the initial
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movement is not parallel to the line of intersection; it has

a component into or out of the notch bounded by the joint

planes.

The thesis also presents a possible solution to one of

the major unsolved problems in rock stability--joint persis-

tence. The stochastic model developed in Chapter 5 provides

a rational method for treating joint persistence. The model

uses Monte Carlo simulation to generate jointing patterns and

then analyzes each pattern to identify the weakest failure

path. The strength of the jointed rock mass is characterized

by a random "apparent persistence" parameter that can be used

in probabilistic stability calculations. Apparent persistence

is not a measure of absolute strength, it is an index that

compares the strength of the weakest path to the strength of

paths through intact rock. Apparent persistence appears to

be relatively insensitive to variations in the magnitude and

orientation of the stress field; however, it is sensitive to

the cohesion of intact rock as well as the distribution

parameters of joint spacing and joint length.
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Appendix A

Spherical Distributions

A.0 Introduction

One of the inputs to DAYLITE is the pdf of joint orien-

tation for each joint set. The user can choose from the six

distributional forms described in this appendix. None of the

six seem to be general enough to provide a good fit for any

arbitrary compilation of real orientation data. The choice

of an analytic form for a particular joint set should be

based on the specific characteristics of its data base. Der-

showitz (19xx) has developed a computer program that examines

orientation data to find the best fitting distribution (and

its requisite constants) from the six general forms.

Figure A.l shows the coordinate system used to describe

orientation data. Joint planes are defined by the lower

hemisphere projection of their poles. $ is the latitude while

e is the colatitude. e is usually measured clockwise from

North but other conventions are admissible.

Spherical coordinates are useful for describing joint

orientations; however, they can become troublesome in inter-

preting or visualizing pdf's. The problem involves spherical

surface areas: equal increments of latitude do not produce

equal increments of surface areas. Figure A.2 depicts a

spherical wedge of width . The wedge is divided into four

sections by small circles corresponding to $ values of r,
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and . A$ is a constant b.etween any two circles, but the

area between adjacent circles increases as $ increases.

Figure A.3 derives the general formula for the ariea of a

spherical segment on a unit hemisphere:

A = 27(l - cos $) (A.1)

A is the area of the entire segment (6 = 2 7). A, the area

of a wedge of width 6, is:

A = 27(l - cos $) (A.2)~2r

Taking the differential of each side:

dA = sin $ d~d6 (A.3)

Thus, a differential increment of surface area is not merely

the product of d$ and de. It is a function of $ i.e., where

the differential area is located on the hemisphere.

Sin $ is a correction factor that compensates for the

fact that differential spherical segments defined by constant

d$'s do not have equivalent areas. The sin $ term appears

in almost all the distributions discussed in this appendix.

The lone exception is the bivariate normal which is actually

defined on a plane rather than on a sphere.

The implications of the sin q term become apparent when

one examines specific pdf's. The simplest pdf to examine is
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the uniform distribution. In the uniform distribution every

infinitesimal element on the surface of the hemisphere has

an equal probability of containing a joint pole. The pdf has

a constant value of - over the entire surface. Consider

the marginal pdf of $. By definition:

f()= Lim P[(-Ao < $ +A$ (A.4)

Table A.l approximates f($) by dividing the domain of $ into

50 intervals and treating f($) as a constant over each inter-

val. P1$ - A$ < $ < $ t L ] is found by multiplying the area

between the small circles defined by $ - A$ and $ + A$ by

1/(2T). (As explained earlier, this area increases with $.)

The results are plotted in Figure A.4 as a histogram. If the

size of the interval were reduced to the point where A$ ap-

proached zero, the histogram would become f($) -- the curve

shown in Figure A.4.

f($) = sin $ (A.5)

The fact that f($ = 0) = 0 does not imply that there is

zero probability that a joint pole will be situated in the

differential area located at the bottom of the hemisphere.

That area, like any other area, has a probability of -

= 0 is a singularity because that one coordinate completely

defines the point; all other points require both a c and a e.
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Numerical Approximation of f(f)--Uniform Distribution

Interval Surface Density

A4 Area of P&MIN < <MAX

MIN M (101 pdf (j0-2)

0 5 5 0.239 1/ (2 T) 0.381 0.044

5 10 " 0.716 " 1.139 0.131

10 15 " 1.187 " 1.889 0.217

15 20 " 1.648 " 2.623 0.301

20 25 " 2.097 " 3.338 0.383

25 30 " 2.531 " 4.028 0.462

30 35 " 2.945 " 4.687 0.537

35 40 " 3.337 " 5.311 0.609

40 45 " 3.703 " 5.894 0.675

45 50 " -4.041 " 6.432 0.737

50 55 " 4.349 " 6.921 0.793

55 60 " 4.623 " 7.358 0.843

60 65 " 4.862 7.738 0.887

65 70 " 5.064 8.060 0.924

70 75 " 5.228 8.320 0.953

75 80 " 5.351 8.517 0.976

80 85 " 5.434 8.649 0.991

85 90 " 5.476 8.715 0.999
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Table A. 1
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$ = 0 is a unique point and the probability of finding a

joint pole at that one point (or any other point) is zero.

All other values of $ define small circles and there is a

finite value of f($) for each circle. As $ increases the

circles enlarge and f(4) increases.

The remainder of the appendix will discuss the charac-

teristics of specific distributions.

A.l Uniform Distribution

The uniform distribution suggests that joint poles have

no preferred orientation. The distribution has limited

applicability with respect to real data but it does serve

as a research tool because it represents the extreme limit

of dispersion in orientation data.

As derived in the previous section:

f () = sin $ (A.5)

Since 4 and 6 are independent random variables:

f( e,6) = f($)f(6) = sin 4 (A.6)

Figure A.5 is a 3-dimensional representation* of the

uniform distribution. It was developed by revolving the sin 

curve through a 6 angle of 2Tr about the # = 0 axis.

* For the sake of clarity, the curve is shown on an upper
hemisphere. This same convention will be used for other
pdf's in the appendix.
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Figure A.5 Uniform Distribution
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A.2 Fisher Distribution

The Fisher distribution is axially symmetric about its

mean pole (6, $0).

k k cos I .sinh, $))=e sin n (A.7)47T sinh (k.)

k is a dispersion coefficient and - is the angle between

(O, $) and (, $ol9 )*. As indicated in Figure A.6, the density

function begins at the origin, reaches a peak and then decays

to 0 at high values of n. I can assume values up to 7 i.e.,

the distribution is defined over the entire sphere (not just

a hemisphere). From a theoretical standpoint, the Fisher

distribution is improper for joint data because pole diagrams

only utilize a hemipshere i.e., 0 < TI < 7/2. However, the

distribution can be truncated at I = /2 and normalized so

that its integral over the hemisphere equals unity. A , the

normalizing constant, is the inverse of the cumulative

distribution function at - = 7/2.

A -2k (A.8)
1 - e

A does not appreciably affect the pdf for values of k greater

than 3. (A k of 3 corresponds to a A of 1.0025.)

Figure A.7 shows a Fisher distribution with a k of 5.

* r can be found through vector algebra:

I = cos 11(60 ,$:9) - (e,$)
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A.3 Arnold Distribution

The Arnold distribution is quite similar to the Fisher.

Like the Fisher, it is axially symmetric about its mean pole;

it does, however, have a slightly different form:

f(e,5) = k ek cos - sin T1 (A.9)
27T (e _ 1 )

The Arnold distribution is antipodally symmetric* so only

one half of the distribution is needed to describe orientation

data. The normalizing constant is 2 and has been included

in Equation (A.9).

Bridges (1977) pointed out that the Arnold and Fisher

distributions are virtually identical for dispersion coeffic-

ients (k's) greater than 10.

A.4 Bingham Distribution

In general, the Bingham distribution is axially asym-

metric; however, it is always symmetric with respect to two

great circles termed the "major" and "minor" axes.. The axes

are orthogonal to each other as well as to the mean pole.

The Bingham has five parameters: the orientation of the mean

pole (e ,$0), the orientation of the major axis (01 or

and two dispersion coefficients (k and k2 )

* Antipodal symmetry implies that the distribution is sym-
metric with respect to its equator.

** Since the mean pole and major axis are orthogonal, only
8 or must be specified.
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It is easier to work with the Bingham if the reference

axes are rotated so that the new axes coincide with the

major axis, minor axis and mean pole. (6 and $ define a di-

rection with respect to the axes shown in Figure A.l; that

same direction is described in the new system as 6 and $

The direction (61 = 0, $ = 90) corresponds to the major

axis while $ = 0 corresponds to the mean pole. In this

new reference system the pdf has the following form:

(A.10)

f(,) = Xe(kl cos2 a1 + k2 sin 2 el) sin 2 l sin$

where X is a normalizing constant.

The Bingham is antipodally symmetric; thus, X should

reflect the fact that joint poles are plotted in only one

hemisphere.

Figure A.8 depicts an anisotropic Bingham distribution

(k1 = -5,k 2 = -3).

A.5 Dershowitz Distribution

From an analytic standpoint, the Dershowitz distribution

resembles the Bingham*. The Dershowitz distribution decays

as cos $ rather than sin2 $. Like the Bingham, the Dersho-

witz involves a rotation of reference axes.

* From a probabilistic standpoint the Dershowitz distribu-
tion bears a closer resemblance to the Fisher than to the
Bingham.2 Dirshowitz (19xx) introduced the (k1 cos 2 el
+ k2 sin 6 ) term to make the Fisher anistropic.
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f(e1 $l) = Xe(k Cos e + k 2 sin2 e ) cos $sin $1

(A.ll)

Figure A.9 shows a Dershowitz distribution that has the

same dispersion coefficients (k and k as the Bingham in

Figure A.8.

A.6 Bivariate Normal Distribution

The bivariate normal is the Gaussian or normal distri-

bution that describes the interrelationship of two random

variables.

The distribution is not defined in terms of the points

on the surface of a reference hemisphere but rather in terms

of the projection of the points on a reference plane*. The

distribution is first rotated so that its mean pole lies at

the bottom of the reference hemisphere (Figure A.10). Next,

all the points on the hemisphere are projected on to a hor-

izontal reference plane through the relations

x = cos e (A.12)

y = sin e (A.13)

Finally, the x and y axes are rotated so that x and y co-

incide with the two axes of symmetry -- the major and minor axes.

* The distribution can be defined directly on # and 6. For
example, see Steffen and Jennings (1974).
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Figure A.9 Dershowitz Distribution
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Figure A.10 Bivariate Normal Distribution--Projection on Plane
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The distribution has the following form:

- ] 2 + - 2

f= 2xI - e 2 a- 2- (A.14)
x y

The bivariate normal distribution involves five para-

meters: the orientation of the mean pole (e0,$ ), the

orientation of the major axis (01 or $ and the variances

in the x and y directions (a2, a_2x y

The bivariate normal is not an ideal distribution to

use on orientation data because it assumes that both x and y

are unbounded i.e., both x and y can range from -w to m.

As suggested in Figure A.10, the distribution must be trun-

cated at the locus of points X2 + y2 = 1. The normalization

procedure is tedious because there is no closed form solu-

tion for the cumulative distribution function of a normal

distribution. The pdf must be integrated numerically over

the appropriate limits.

A.7 Summary

Table A.2 summarizes the six distributions described in

this appendix.

276



Table A.2 Summary of Distributions

Parameters

Distribution 
Total Number Antipodal

Vectors of Parameters Symmetry
Scalars

Mean Pole Major Axis

Uniform -- -- -- 0 yes

Fisher 0 -- k 3 no

Arnold 60 ,$ -- k 3 yes

Bivariate .or2 C 2
Normal 0'0 1 1 y r 5 no

Bingham 6 , $ or $ k A ,k 2  5 yes

Dershowitz o , $ or 1 k , 2 5 no

(D

I'.,

0

in

rt



Appendix B

Two Problems in Vector Algebra

This appendix solves two problems in vector algebra;

the solutions are used in DAYLITE to locate points along the

joint pole girdle (Section 3.2.4).

Problem 1

Given: the strike (x ,yl,o) and lower hemisphere

pole (x0 ,yO z ) of plane A.

Find: the point (x,y,z) on A where a line L with

a rake angle P pierces the unit hemisphere.

(Figure B.1)

A,B and C are shown in Figure B.l as the pole of the

plane A, strike of plane A and direction of line L respectively.

The three vectors have the following relationships:

A - x + y 0 y + z z = cos /2 = 0 (B.1)

=ixx + yly = cos n (B.2)

Also, by definition, C is a unit vector:

x2 + y2 + z = 1 (B.3)

The problems can be solved by using the law of sines for

spherical triangles. From Figure B.2:
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Figure B.1 Definition of -n
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B

D '*PLANE A

SPHERICAL TRIANGLE B C D

B, C, D, : Spherical Angles at Corresponding Vertices

b, cd : Arc Lengths of sides

Law of Sines:

sin B sin C sin D

b I d

Figure B.2 Law of Sines For Spherical Triangles
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sin B sin C sin D (B.4)
B & d

B, C and D are the spherical angles at the corresponding

vertices of spherical triangle BCD. b, c and d are the arc

lengths (in radians) of the respective opposite legs of the

triangle; they are measured by their angles subtended at the

center 0 of the sphere e.g., c = n

By definition (Figure B.2):

C = 7T/2

sin C

c

B = Dip of Plane A = (A) Dip

1 sin B sin (A) Dip

bI b

(B.5)

(B. 6)

(B.7)

b = sin (A) Di = (B.7A)

Figure B.3 is a section along the line CO. From Figure B.3:

z = sin = sin (rsin (A)Dip) (B.8)

From Equation B.2:
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Figure B.3 Derivation of z
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cos fl - x x

y = y

Substituting into Equation B.3:

2
2 (cos - x 1 X) 2

x + 2 +z =1

2 +x +

yl
2 2 2

cos 2 - 2x x cos n+ x2 x

2
yi

2+ z = 1

Collecting terms:

2 + x -2x co s n]
x2 + 2j + x 2

yl i

2
2

cos 2)
+ 2

yl

Equation (B.10A) can be solved with the quadratic formula.

-b + (b2 - 4ac) 2

2a

a + x2 Yj2

b = (-2x cos n)/ yl 2

.

(B.12)

(B.13)

2 2~2
c = z2 + Cos 2 ' = sin2 sin(A )- 1 + cos TI (B.14)

cnz - 1 + 2 f r n D ipE t 2

Finally, y can be found from Equation B.2A:
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(B.9)

(B. 10)

= 0 (B.10A)
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cos n - xxB
y = - B. 2A)

(The sign of the square root in Equation (B.11) can be deter-

mined by substituting the two roots into the relation

xx 0 + yy0 + zz0 = 0 i.e., A-C = 0. The root which fulfills

the equation is the correct one.)

Problem 2

Given: the point B with coordinates (xblyb,O) and.a

point D with coordinates (xd'yd'zd) that is

n radians from point B on a unit hemisphere.

Find: the point E with coordinates (x,y,z) that is

p radians from B and 6/2 radians from D

(Figure B.4).

Points B,D and E are shown in Figure B.l. 9,5 and B

are the vectors from the origin to the respective points. The

three vectors have the following relationships:

Sxbx + yby = cos P (B.15)

x - = x + ydy + zdz = cos 6/2 (B.16)

Also, by definition, E is a unit vector:

x2 + y2 + z2 = 1 (B.17)
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Figure B.4 Location of Points B, D and E
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Multiplying Equation (B.15) by ad and Equation (B.16) by xb:

Xb'Xd + YbYXd

xdxxb + ydYb + Zdzxb

= xd cos

= xb cos

Subtracting:

Y (ybd ~ Ydb) - Zdzxb

Letting P = xd cos n -

d cos x - Xb cos 6/2

cos 6/2 and solving for y;

zdzxb + P

y = Yd)

Multiplying Equation (B.15) by Yd and Equation (B.16) by yb:

+ zdzy b

= d Cos )

= Yb Cos 6/2

Subtracting:

x(xbyd - dy b) - z dzyb Yd Cos n - yb Cos 6/2 (B.19)

Letting q = yd Cos n) - yb cos 6/2 and solving for x:
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6/2

(B.15A)

(B.16A)

(B. 18)

(B.l8A)

xb XYd + yd

xd Xyb + yb

(B. 15B)

(B.16B)



zdzyb + q

(xbyd - XdYb)

Defining r as

(B.19A)

r (yb d Ydxb) (xbyd xdYb2 (B.20)

Substituting Equations (B.18A), (B.19A) and (B. 20) into Equation

(B.17) :

r(zdzxb + P)2 + r(zdzyb + q) + z2 = 1 (B.21)

r P2 + r2 Pzdzxb + r z z2 2

2 22 2
+ rq + r 2 qzdzyb + rzd z yb

+ z2 - 1 = 0 (B. 21A)

Grouping terms:

2[ 2 2 2 2  2
z rz d (xb + y b ) + 1 + z[2r zdpxb + gyb)J + (rP + rq - 1)

= 0

Since zb = 0, x + y

(B.21B)

(B.22)= 1
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Thus, Equation (B.20) can be simplified to:

(B.21C)

2 2 + 2 2
z (rzd + 1) + z 2 rzd (Pxb + Yb) + (rp + rq - 1) =0

Equation (B.21C) can be solved with the quadratic formula:

-b+ (b2 _ 4)2
Z =ac (B.23)

2a

a = rzd + 1 (B.24)

b = 2 rzd (Pxb + qb) (B.25)

c = rp2 + rq - 1 (B.26)

x and y can be found by substituting z into Equations

(B.19A) and (B.18A) respectively.

The positive and negative roots of Equation (B.23)

correspond to solutions for point E 6/2 radians above point

D and 6/2 radians below point D.
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Appendix C

Computer Program DAYLITE

DAYLITE calculates the probability density function

(pdf) for the orientation of the line of intersection of

two joint planes. The orientations of the planes are

characterized in terms of the spherical distributions dis-

cussed in Appendix A. The program uses the numerical inte-

gration technique that is presented in Chapter 3.' The pri-

mary input parameters to the program are the pdf's of the

two joint sets and the orientation of the slope face. The

output consists of the various probabilities defined in

Section 3.2.7:

P[e ,$ -] - the probability that a
wedge regardless of its shape) will
have a line of intersection oriented
in the (e.,$ ) direction.

P , $ - the probability that a
wedge witR a central angle of pj (re-
gardless of 1) will have a line of
intersection oriented in the (6,$5)
direction.

P(,i,$- f ,( l)k) - the probability
that a wedge with a central angle of
i- and a S1 of (5lk will have a line
or intersection oriented in the

(6 j,$i) direction.

, and 31 are defined in Figures C.l and C.2.
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Figure C.1 Definitions of e and 4
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SECTION PERPENDICULAR TO AC

Figure C.2 Definitions of T and
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C.l Coordinate System

All orientations are expressed in geologic notation:

strike and dip for a plane; strike and plunge for a line.

The directions of the lines of intersection are also de-

fined in terms of the x,y,z coordinate system shown in

Figure C.3. The computer program SWARS-2MC (Appendix F)

uses this same Cartesian system so that the output from

DAYLITE will be compatible with the input to SWARS-2MC.

C.2 Input

Unless otherwise noted the inputs do not have to be

right justified in their respective columns. The term

"integer" implies that the number is expressed without a

decimal point.

Angular input is always in degrees.

Card #1

Strike of the Slope (SlS, STRS, S2S) is entered in

geologic notation in columns 1 to 6. Geologic strike must

be expressed in the northern quadrants and the angle is

expressed with one decimal place. (Example: N45.OE)

Dip of the Slope (DIPS, DlS, D2S) is entered in geo-

logic notation in columns 11 to 16. Dip directions must

indicate a particular quadrant i.e., NE, NW, SE, SW. The

angle is expressed with one decimal place. (Example: 36.ONE)
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Figure C.3 Orientation of X, Y and Z Axes
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Card #2

Card #2 inputs the analysis criteria discussed in

Section 3.3.

c (DEGN) is an angular dimension which controls the

size of the cells in the critical zone. It is entered in

columns.1 to 10 with a maximum of 2 decimal places.

a (FRIC) is an angular dimension which enables the

user to shorten the analysis by ignoring lines of inter-

section with very shallow plunges. The program will not

examine any lines of intersection that plunge at an angle

less than a (Section 3.2.1). FRIC is entered in columns

11 to 20 with a maximum of two decimal places. The program

will default to FRIC = 0.0 if those columns are left

blank.

I (DEGMAN) is an angular dimension that enables the

user to ignore very narrow wedges. The program will not

examine any wedges that have a central angle less than J

(Section 3.3). DEGMAN is entered in columns 21 to 30

with a maximum of 2 decimal places. The program will de-

fault to DEGMAN = DEGN if those columns are left blank.

A (WEDINC) is an angular dimension that enables the

user to consolidate the output into ranges of K angles

rather than individual K angles (Section 3.3). WEDINC is

entered in columns 31 to 40 with a maximum of 2 decimal

places. The program will default to WEDINC = DEGN if

those columns are left blank.
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Card #3

The first two parameters on card #3 specify the dis-

tributional forms* of the two joint sets. The code is as

follows:

0 : Uniform Distribution

1 : Fisher Distribution

2 : Arnold Distribution

3 : Bingham Distribution

4 : Dershowitz Distribution

5 : Bivariate Normal Distribution

Pdf Code for Joint Set 1 (NDISTl) is entered as an

integer in column 10.

Pdf Code for Joint Set 2 (NDIST2) is entered as an

integer in column 20.

Wedge Code (NCODE) determines which sets of joints

should be combined to form wedges. If a '1' is entered in

column 30 the program will calculate the pdf of the line

of intersection of wedges formed by two joints from set 1.

If a '2' is entered in column 30 the program will calculate

the pdf of wedges formed by two joints from set 2. If a

'3' is entered in column 30 the program will calculate the

pdf of wedges formed by a joint from set 1 and a joint

from set 2. If any integer greater than 3 is entered in

column 30 the program will examine all three cases.

* The six distributions are discussed in Appendix A.

295



Cards #4 and #5

Cards #4 and #5 must contain all the parameters required

to analytically define the pdf's specified on Card #3.

Card #4 contains information relating to joint set 1 while

Card #5 contains information relating to joint set 2. The

information on the cards depends on the respective pdf's:

Uniform Distribution: The uniform distribution is

nonparametric so the program needs no additional information.

The input card i.e., Card #4 or Card #5 should be eliminated.

(If joint set 1 has a uniform distribution the program will

use the parameters on Card #4 to define joint set 2.)

Fisher Distribution: The Fisher distribution has the

following form:

K K cos s
f(G,$) = 4 sinh (K) e sin n (C.l)

n is the angle between the mean pole of the distribution and

the (6,$) direction. The distribution requires three input

parameters - one is K, the dispersion coefficient, the other

two define the orientation of the mean plane.

Mean Strike: (FAlS, STRFA, FA2S) is entered in geologic

notation in columns 1 to 6 of Cards #4 and #5. Geologic

strike must be expressed in the northern quardrants

* The program will compute the normalizing constant to ensure
that the integral of the distribution over the surface of the
hemisphere is unity.
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and the angle is expressed with one decimal place. (Example:

N45.OE)

Mean Dip: (DIPFA, DlFA, D2FA) is entered in geologic

notation in columns 11 to 16 of Cards #4 and #5. Dip direc-

tions must indicate a particular quadrant i.e., NE, NW, SE,

SW. The angle is expressed with one decimal place. (Example:

36.ONE)

Dispersion Coefficient: (FAK) is entered in columns 21

to 30 of Cards #4 and #5 with a maximum of 5 decimal places.

Arnold Distribution: The Arnold distribution is very

similar to the Fisher:

K K cos af(,) = 2 K e sin n (C.2)
2 (e - 1)

Like the Fisher, the Arnold has three parameters: a disper-

sion coefficient and two parameters to define the orientation

of the mean plane. The format for inputting the parameters is

identical to that of the Fisher distribution.

Bingham Distribution: The Bingham distribution has the

following form: (C.3)

f(',$') = K e(K2 cos 6' + K 3 sin2 6') sin , sin q'

where 6' and $' are the colatitude and latitude in the spheri-

cal coordinate system in which $' = 0 is the mean pole and
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(6' = 0, $' = 90*) is the major axis. In general, the (6' ,$' )

system will not coincide with the conventional coordinate sys-

tem ie., the (e,$) system shown in Figure C.l. The program de-

velops transformation relations so that the pdf in the direction

expressed in the (6,$) system can be evaluated through Equation

(C.3). The input parameters include three coefficients (K1 ,

K2 and K3 as shown in Equation (C.3)), the orientations (in the

(8,$) system) of the mean plane and the major plane. The major

plane is the plane whose pole forms the major axis.

Mean Strike: (BlS, BS, B2S) is entered in geologic nota-

tion in columns 1 to 6 of cards #4 and #5. Geologic strike

must be expressed in the northern quadrants and the angle is

expressed with one decimal place. (Example: N45.OE)

Mean Dip: (BD, BlD, B2D) is entered in geologic notation

in columns 11 to 16 of cards #4 and #5. Dip directions must

indicate a particular quadrant i.e., NE, NW, SE, SW. The angle

is expressed with one decimal place. (Example: 36.ONE)

Major Strike:* (ABlS, BAS, AB2S) is entered in columns

21 to 26 of cards #4 and #5 in a manner similar to the mean

strike.

Major Dip: (ABD, ABD1, ABD2) is entered in colums 31

to 36 of cards #4 and #5 in a manner similar to the mean dip.

* Since the mean pole and major axis are orthogonal, either the
major strike or the major dip (in addition to the mean pole)
will completely define the reference axes. As a precaution
against inadvertent errors the user must input both the major
dip and strike. The program will check that the input is con-
sistent.
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K : (DISCO (1,2)) is a normalizing constant that is

entered in columns 41 to 50 of Cards #4 and #5 with a maxi-

mum of 3 decimal places. In selecting a value for K the

user should assure himself that the integral of the pdf

over the unit hemisphere in unity. (See Section A.4.)

K 2 : (DISCO (1,3)) is a dispersion coefficient that is

entered in columns 51 to 60 of Cards #4 and #5 with a max-

imum of 3 decimal places.

K 3 : (DISCO (1,4)) is a dispersion coefficient that is

entered in columns 61 to 70 of Cards #4 and #5 with a max-

imum of 3 decimal places.

Dershowitz Distribution: The analytic form of the

Dershowitz distribution is very similar to the Bingham:

f(e',$') = K e(K2 cos2 e' + K3 sin2 e')cos $'sin $' (C.4)

Like the Bingham, the Dershowitz has 3 coefficients, a mean

plane and a major plane. The format for inputting the

parameters is identical to that of the Bingham distribution.

Bivariate Normal Distribution: The bivariate normal

distribution has the following form:

1 =X2 + (7/a7)2
f(,Y =K e- _f (X/c/) */) (c.5)
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As discussed in Appendix A (Section A.6) I and Y represent

coordinates of projections from the reference hemisphere on

to a plane. R is the planar distance measured along the

projection of the major axis while Y is the distance along

the projection of the minor axis. The input parameters

include the 3 coefficients (K , X, and Gy), the orientation

of the mean plane and the orientation of the major plane.

The major plane is the plane whose pole forms the major axis.

Mean Strike: (BlS, BS, B2S) is entered in geologic

notation in columns 1 to 6 of cards #4 and #5. Geologic

strike must be expressed in the northern quadrants and the

angle is expressed with one decimal place. (Example: N45.0E)

Mean Dip: (BD, BlD, B2D) is entered in geologic nota-

tion in columns 11 to 16 of cards #4 and #5. Dip directions

must indicate a particular quadrant i.e., NE, NW, SE, SW.

The angle is expressed with one decimal place. (Example:

36.ONE)

Major Strike: (ABlS, BAS, AB2S) is entered in columns

21 to 26 of cards #4 and #5 in a manner similar to the mean

strike.

Major Dip:* (ABD, ABDl, ABD2) is entered in columns 31

to 36 of cards #4 and #5 in a manner similar to the mean dip.

K: (DISCO (1,2)) is a normalizing constant that is

entered in columns 41 to 50 of cards #4 and #5 with a maximum
* Specifying both the major strike and the major dip is redun-
dant. The subject is discussed in a footnote relating to the
Bingham distribution.
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of 3 decimal places. In selecting a value for K the user

should assure himself that the integral of the pdf over the

unit hemisphere is unity. As mentioned in Appendix A, the

bivariate normal must be truncated when used to describe

orientation data. (See Section A.6.)

2
a?: (DISCO (1,3)) is the variance along the X axis. It

is entered in columns 51 to 60 of Cards #4 and #5 with a

maximum of 3 decimal places.

2
a2: (DISCO (1,4)) is the variance along the Y axis. It

is entered in columns 61 to 70 of Cards #4 and #5 with a max-

imum of 3 decimal places.
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DAY LI TE
THIS PROGRAM CALCULATES THE PFOIJABILTTY DENSITY FUNCTION
OF THE OFIENTATION OF THE LINE OF ITNTELSECTION OF TWO
JOINT PLANES. THE PFOGEAM UTILIZES A LOWER HEMISPHERE
PFCJECTION OF JOINT POLES. THE COLATITUDE (AZIM) IS
MEASURED CLOCKWISU FROM NOETH. THU, LATITUDE (BETA)
EQUALS 90 - DIP.
FEAL NO
DIMENSION DISCO(2,13), PJT(10,23), ZZ(91), PLINED(3,10,20)
DIMENSION X(5), Y (5), Z(5), PRO9,(2,-5), SNBET (180)
DATA NO,SOETWT/'N','S','EvlW'/
NED = 5
NNE = 6
NOPT = 0
PI = 3.14159265
P12 = PI/2.0
PIF = 2I/180.
TPF0 1 = 0.0
TP f 02 = 0.0
TPF03 = 0.0
PEC1O = 0.0
PFO2M = 0.0
PRo31i 0.0
NN1 = 1
NN2 = 2

10 FOPMAT (A1,F 4.1, A1,I4X,F4. 1,A 1,A1,4X,F10.5)
11 FOb MAT (A1,F4.1,A1,l4XF4.1,A1,A1)
15 FORMAT (4P10.2)
20 FOPMAT (3110)
60 PORMAT (A1,F4. 1,A1,4XF4.l,A1,A1,4X,A1,F4.1,A1, 4XF4.1,A1,A 1,

1 4X,3F10.3)
1000 F C M A T ( 1' ,29X,********** SLOPE DATA **********,//

1 19X ,'STVIKi: ', 15X,'N 0, F4. 1, Al, 3X, ' DIP: ', 15XF4.1 ,A1 , A1)
10C2 FOLM AT (////30Xr****** ANALYSIS CRITERIA *******o,//,34X,

1 'EFFEENCE INTEEVAL:',5X,F5.2,//,34X,'MINIMUM DIP:',12XF.2,//
2 34X,'MINT3UM WEDGE ANGLE:',4X,F5.2,//,34X,'WEDGE ANr;LE ',

C

C
C
C

C

DYL T 0001
nYLT0002
DYLT0003
DYLT0004
DYLT0005
DYLT0006
DYLT0007
DYLT0008
DYLT0009
DYLT0010
DYLT0011
DYLT0012
DYLT0 13
DYLT0014
DYLT0015
DYLT0016
DYLT0017
DYLT0018
DYLT0019
DYLT0020
DYLT0021
DYLT0022
DYL7"0023
DYLT0024
DYLT0025
DYLT0026
DYLT0027
DYLT0028
DYLT0029.
DYLT0030
DYLTOO31
DYLT 00 32
DY LT0033
DYLT0034
DYLT0035
DYLT0036

PAGF 1

0



3 'TNCFEeENT:',2XF5.2)
1003 FUEMAT (///,10X,'INJUDICUS CHOICE OF ANALYSIS C.FIT3LIA -to

1 (18O)/(hhFEFENCE INTPiVAL) MUST 13F AN EVEN INTEGER - I,
2 'IUN TIE'MINATFD')

1004 FOUMAT (///,10X, 'INJ!UD1CIJS CHOiCE OF ANALYSIS ClITERTA -

1 ' (DIP - MINIMUM DI?)/(1EFELENC2 INTERVAL) MUST BE AN INTEGER -

2 'FUN TEFAINATED')
1005 FOFMAT (///,10X,'INJUDICItJS CHOICE OF ANALYSIS CFITERTA -

1 l (MINTIUM WEDGE ANGLT)/(FEiEACE INTERVAL) MUST BE AN INTEGER
2 '- 1iUN TERLINATED')

1006 FOEMAT (///,10X,'INJUDICO!JS CiD!CE OF ANALYSIS CRITERIA -

1 '(WED(;E ANGLE)/(REFERENCF TNTERVAL) MUST BE AN INTEGER -

2 'FUN TERAINATLD')

U,

I,

1008 FUrMAT (/// 32X,'****** JOINT SET 011,'
1 38X,'UN1FORM DISTFIBITION 6,/,'+',37X, __-)-

101) FORLAT (///, 32Xs****** JOINT SET 'I 1, * ,
1 39X,'FISHER DISTRIBUTION',/,'+',38X- t-'1/
2 18X,'MEANN STEIKE:',11X,'N',F4.1,A1,3X, EAN IPo ,13XF4.1,A1,A1)

1020 FOVIAT (//, 32X,'****** JOINT SET ',11, *****'//
1 39X,'ARNOLD DISTFI BUTNo',/, +,38X, ,/ I
2 18X,'IdAN STUE:i'K,11X,'NF4.Al1,3X.'MAN DIP: ,13X,F4.1,A1,Al1)

1026 FOEMAT (/,40X,'K FACTOR:',Ff.2)
1030 FO1AT (/////,20Xv************** LINE OF INTERSECTIN:

1 * *//, "XIS IIKE: ItI, A -I e5. 2 Al , 3x P LU G
2 20X,F5.2,//,18X,'X = ',F7.4,14X,'Y = 1,F7.4,1' X,*Z '7.4,
3 33X'APPARENT DIP OF SLCPE:',F9.2,//,23X, PDF INCLUDFS ALL ',
4 'LINES THAT INTERSB.CT SPHEFE FRM:,//,30X,' (,F5.2,' , I,F5.2,
5 ') *** (',F5.2,' , ,.2),/,7,'2Xtf/,7,
6 1* (STEIKE : PLUNGE) *',/,37x,'*,21X,',//,30X,'(I,
7 F5.2,' ',F.2,') *** ( P5.2, , ,FS.2,') )

10,35 FORMAT (///, 32X, ******
1 3 8Xf '3INGHAM DISTR 113T ION'
2 18XME"AN STF1KE:,11XrNI,
3 //,18X,' MAJOR STh1IKE:',10X,
4 F4.1,A1,!A1,//,18X,'K1 =,F

1036 FCImAT (//,18X,'Di 1 UI3UTIoN

JOIINT ST II, ******'
,/,' 0 ,37X l ,' . .. .. . .. ..t //
F4. l, Al, 3X,' KEAN D1P: r ,13XF4.1 , Al ,Al,
'N',F4.1,AI,3X,'MAJOR DIP:',12X,
7.2,13X,'IK2 = ',F7.2,11X,'K3 ',F7.2)

',11,': 1MEAN POLE AND MAJOR ,

DYLTO037
DY'LT 0038
DYLT0039
DYLT0040
DYLT0041
DYtt0042
DYLTO043
DYLT0044
DYLTO045
DYLT0046
DYIT0047'
DYLT0048
DYLT06P$
DYLT0050
DYLT0051
DYLT002
DYLT0053
DYLT0054

DYLT0056
DYLT0057
DYILT0057
DYLT0058
DYILTOO59
DYLT0060
DYLT0061
DYLT0062
DYLT0063
DYLT0064
DY LT0065
DYT.T0066
DY LT00'67
DYLT0068
DY LT0069
DYLT0070
DYLT0071
DYLT0072
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1 'AXIS AFE NOT OtTHAGCINAL')
104() I"RL'AT (//,32X,'*****,* JOINT SE,,T 11, ***t//

1 37X,'DEb.S1HOW1TZ IDISTIIBUT1CN',/,' ',
1 36 X, _ _ __ _ /
2 18X,'ImEAN STFIKE:I,11X,INY,F4.lA1,3X,'MEAN DIP:',13X4.1,A1,A1,
3 //,18,'1AJOF STRIKE:o,19X,'N',F4.1,A1,3X,vt1AJWR DIP.:',12X,
4 F4. 1,A 1,A 1,//, 18X,'K1 ', F7.2, 13X,' K2 ,F7.2,111,'K3 = ',F7.2)

1145 FtLhiAT (////, 32X,I****** JOINT SET v 11, * '
1 34X,'BIVARlATE NORMAL DISTfPUTIN',/,'+',
1 33X,'_ _
2 18X,'[EAN SThK:',1X,'1I',F4.1,A1,3X,'MVENN DIP:' ,13,F4l.1,A1A1,
3 //,18X,'I1AJOF STRIKE: ,1I,'N',F4.1vA1,3XIMAkJR DTIP:,12X,
4 F4.1,A1,A1,//,18X,'K1 ',7.2,13X,'K2 = -,F7.2,11t, K3 = ',F7.2)

1055 FGR1A-' (//,18X,'W EDGE ANGLE' ,5X,'P (WEDGE FO RiING TW O ',
1 'JOINT.3 AR E PFESENT) I/,19X,'MIN MAX ,4Xv S 1 & SET 1 ',

2 'sET 2 F, SEp 2 SET 1 & SET 2',//)
1060 FOF8MA T (18 X, F5.1, 3X, F5. 1, 3 X, G 13. 7, 3x,G13.7, 3.XG13. 7 '
1015 FORMAT ( +' ,34X,' ,

1 25X,'TOTAL: ',3XG13.73X,G13.7,3X,G13.7)
1070 FORMAT (///,21X,o******************* SUlMARY

1 I ******************** **')

1975 FORMAT (///,29X,'********* SLT ',i1,' & SF

1 /,31X,'TOTAL PROBABILITY: ,13.,7,/,33X F
2 30X, 'iAXI IUtM PROBABILITY: ' ,G13.,//, 35X, A
3 F5.2,A1,//,36X,'AND DIP: ',F5.'2)

1089 FORMAT (87X,'BETA 1 BETA 2 P1OB.
1 88X,'MIN. MAX. PROB.')

1085 FORMAT (87X,F6.2,4X,F6.2,2Xc1.4,2X,G1O.4)
READ (NRD, 11) S15,SRS,S2SD1PSD1S, D2S
WRIE (NWE,1000) STFS,S2S,DIPS,01S,D2S
LEAD (NRD,15) DEGN, FRIC, DEGMAN, WEDINC
IF ( WLDINC .LT. DEGN ) WFDINC =DEGN
IF ( DEGMAN .LT. DEGN ) DEGMAN = DiEGN
WRITE (NWR, 1002) DEGN, FRIiC, DEGMAN, W EDINC
fEAD (NhD,20) NDISTI, NDIST2, NCODE
IF ( NCODE .GT. 4 ) NCODL = 4

T ,Il *****
OF ALL LINS',//,
ID STRIKE: ', A,

COND.',/

***, 0

DYLT0 7 3
DYLT0074
DYLT0075
T)Y LT0076
DYLT0077
DYLT0078
DYLT0O79
DYLT0081
DYLT0081
DYLT093 2
DYLT0083
DYLT0084
DYLT0085
DYLTOO86
DYLT007
DYLT-088
DY LTOG9
DYLTOO9O
DYLTO091
DYLT0092
DY LT0093
DYLT0094
DY LT0095
DYLT0096
DYLT0097
DYLTOO98
DYLT0099
DY LT0 100
DYLT0101
DYLT0102
DYLTO103
DYLT0104
DYLT.0105
DYLT0106
DYLTTO 17
DYLT0108

DAGE 3

L%;

Co
U'



DLISCO (1,1) NDIST 1
DISCO (2,1) = NDIST2
DO 200 I 1, 2
IF ( DISC0(I,1) .tQ.
TP ( DISCO(1,1) .EQ.
IF ( DISCO(I,1) .GT.
hEAD (NUv,10) FAlS,
IF (DISCO(I,1). EQ.1.
IF (DISCO (I,1) . EQ.2.

0.0 ) WRITL (NWE,1008) I
0.0 ) GO TO 200
2.0 ) GO TO 150

STPA, FA2S, DIPPA, DiFA,
0) WRJETF (NWl, 1010) I,STiFA,
0) WKiTE (NWPr,1020),STRFA,

D2FA, FAK
FA 2SDTPFA
FA2SDIPFA

,D1FA,D2FA
,D1?AD2FA

WRITE (NW , 102b) FAK
DISCO (1,2) = FAK
FFACT1 = (EXP(FAK) - 1.0)/(EXP(FAK) - 7XP (-FAK))
DISCO (I,3) = FAK/(2.0*P*FACT1* (8XP(FAK) - .XP(-FAK)))
DISCO(I,4) FAK/(2.0*PI*(EXP(FAK) - 1.0))
CALL STRIKE (PIFSTFFAFA2S,DIPFAX,D1FAD2FA,DISCO (1,5) ,DTSCO(I,6),

1 DISCO(l,7))
GO TO 200

150 PEAD(NFD, 60) B1SBSB2SB D.,1D,12DAfB13SAs, AB2SABT),
1 ABD1, A BD2, DISCO (1, 2) ,DISCQ( It, 3) , DISCC (I,4)
IF ( DISCC9(I,1) .EQ. 3.0 ) WhIT, (NWR,1035) IBSB2S, BDB1D,1B2D,

1 BAS, AB2SABD, ABD 1, ABD2, D ISCO (T, 2) , DISCO (1,3) , DISCO (I ,4)
IF ( DISCO(1,1) .EQ. 4.0 ) WITE (NWR,1040) IBS,B2SBD,B1DB2D,

1 IJAS, AB2S, ABDABD1,ABD2, DTSCO (I,2) ,DISCO (1,3), DISC O (I,4)
IF ( DISCO(I,1) .EQ. 5.0 .AND. DISCO(1,4) .1Q. 0.0 )

1 DISCO(I,4) = 1.0/(2.0*PI*DtSCO(I,2)*DISCO,(1,3))
IF ( DISCO (I,1) .EQ. 5.0 ) WRITE (NW,,1045) 1,BS,32S,BD,B1D,B2D,

1 BA S, A B2S, ABD, ABD 1, BD2, DISCO (I , 2) , DISCO (I,3) TINCO (1 ,4)
C ALL STRIK E (P IF, BS, 2s, BD, B1Dv2D, DISCO'(15), isco (I,6)

1 DISCO(I,7))[
CALL STRIKF(PIF,BAS,AB2SvABDABDIA2,bIsc(I,8),

1 DISCO (I,9) ,rDISCO(I, 10))
TES TO DISCO (1,5) *DISCO (1,8) + DIS C(,6) *DISCO(1,9

1 DISCO (I,7) *DISCO (I, 10)
IF ( TESTO .GT. 0.01 ) WRITE (NWP,10O3) 1
LIISCO(Itl1) = DISCU(I,6)*P1SCo(1,10) -DISCO(1,7)*DISCC'(I,9)

DISCO (I, 12) = DISCO (I,7) *DISCO (I ,8) - DISCO (I,5)*oISCo (I, 10)

DYLT0 109
DYLTO110
DYLTO111
DYLT0112
DYLTO 111
DytT0 114
DYLTO 115
DYLTO 116
DYLT 0111
DYLT01B
DYLT0 119
DY LTO 120
DYLTO 121
DYLTC122
DYLTO 123
DYLTO124
DYLTO125
DYLTO 126
DYLT0127
DYLTO 128
DYLT0124
DYLT0130
DYLT0131
DYLT0132
DYLT0133
DYLT0 134
DY LT0135
DYLT0136
DYLT0137
DYLT0138
DYLTO 139
DYLT0140
DYL T0141
DYLT0142
DYLTO143
DYLT0144
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DISCC (1,13) = DISCO (I,5) *DISCO (I,9) - DISCO (1,6) *DISCO(T,8)
IF ( DISCO (I, 13) .LT. 0.0 ) Di SCO('1,11) = -DISCC (I, 11)
IF ( DISCO (I, 13) .LT. 0. 0 ) DISCC (1, 12) = -DISCO(l, 12)

IF ( DISCO(I, 13) .UT. 0.u ) DISCO(1,13) = -DISCO (L,13)
200 CONTIN'iE

IF (325 .EQ. 1;T .AND. D2S .I iT) A7TMT1 = STFS*PI/180.0
IF (S2S .EQ. ET .AND. D2S .E;. WT) AZTMTU = (180.0 + ;UTS)*-PI/180.
IF (32S .7Q. WT .AND. D23 .LQ. WT) AZIMTJI (180.0 - PTRS)*PI/180.
IF (S25 .FQ. WT .AND. D2S .PQ. ET) AZIT11 = (360.0 " RS)*P1/18Q.
IF (SThS .EQ. 90.0 .AND. D1 .EQ. NO) AZ.MT 1.5*Pi
IF (STES .iEQ. 90.0 .AND. ) IS .E!. 30 AZI.iTfl P1/2.0
F[OC = FPIC*PI/180.
NIDC = 1
NAZIM = 130./DLN
FLT1 = NAZIM
IF (FLT1*DEGN .NE. 180. ) NTDC = 2
IF ( (-1.0)**NAZIM .LT. 0.0 ) NIDC 2
NIAX = (DIPS - FPIC) /DEGN
FLT2 = NMAX
IF ( DIPS'- FilC .NE. FLT2*DEGN ) NIDC 3
NMAXW =,NAZIM - 1
NMINW D7GMAN/DLGN
FLT3 NMINW
IF ( FLT3*DEGN .NE. DiE'GMAN ) NIDC 4
NPERiWD = WEDINC/DEGN
FLT4 = NPERW D
IF ( FLT4*DEGN .NE. WLD1NC ) NTDC
IF ( NIDC .i.. 1 ) GO TO 2051
1k ( NIDC .EQ. 2 ) WRLTF (NWR,1003)
IF ( NIDC -Q. 3 ) WRITE (NWFf,1004)
I F NIDC .EQ. ) wRiTF (NFR,1 05)
IF ( NIDC .EQ. 5 ) WVITE (NWR,1006)
GC TO 9000

205 DEGIN = DEGN*PI/180.
DEGN2 = DEGN/2.0

C AREAG IS THE SURFACE AREA OF THE GIRDLE BUTWEEN F1.IC AND DIPS

DYLT0 145
DY LTO146
DYLTOl147
DYLTO 148
DYLT0149
DYLT0150
DYLT0 151
DYLT0152
DYLTO 153
DYLTO154
DYLT0 155
DYLT0 1,56
DYLTG 157
DYLTV1!i8
DY IT0 159
DYLTO160
DYLT-161
DYLT0162
DYLTOF163
DYLT0164
DYLTO'165
DYLTO166
DYLTO-167
DYLTO 168
DYL 0T69
DYLTO 170
DYLT0171
DYLT0172
DYLT0173
DYLTOI74
DYLTO 175
DYLTOT76
DYLT0177
D YLT 0178
DYLTO179
DYLT0180
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AFEAG = 2.O*PI*(SIN(DIP3*PI/180.) - SIN (FPIC*PI/180.))
AREAIN AFEAG/FLT2
C07ETA 1.0 - (AEEAIN*DEGN)/(4.0*PI**2)
SIZT TA SQRT (1.0 - COZETA**2)
ZETA = ATAN(SIZFTA/C0ZFTA)

C AIEAF IS ONE SIXTH TII2 AM7A OF A G1PDLF COMPONENT
AhEAF = 2.0*CCS(P12 -ZEA)*DGN/6.0

AIRFA 2.0*PI*(1.0 - CS (P2-PhOC)) + AFEIAIN/2.0)
BETAl = FliIC
DO 500 J = 1, NIAX
AFFA = AFEA - AREATN
COSDTP = (1.0 - APEA/(2.0*P1))
SINDIP = SQ[T (1.0 - COSDI**2)
PIP = ATAN(SINDP/COS'MP)
BE TIA2 = (PI2 - DIP)*180./PI
AREAX = AFEA - AREAN/2.0
FIFCOS = 1.0- ARAX/(2.0*PI)
FIlSTN = SQRT(1.0 - FIECOS**2)
t ET A3 = (P12 - ATAN(FIESIN/FIECOS))*180./PI
CHI = -DEGN2
DO 206 K = 1, 91
CHI = CHI + DEGN2
IF ( CHI .GT. P12 ) GO TO 207
ZZ (K) SIN (CIII*STNDIP)

206 CONTINUE
207 CONTINUE

ALPHAS TAN (FOC) /TAN (DIP)
AL.PHAC = SQh'"(1.0 - ALPHAS**2)
ALPHA ATAN (ALPHAS/ALPHAC) - DiGN2
N EGL ALPHA/DEGN
NNEGL NAZIM - NEGL
AZIM= AZIMTH - DEGN/2.0
ZET A = -DEGN/2.0
DO 400 I = NEGL, NNEGL
ZETA = ZETA + DEGN
AZIM = AZIM + DEGN

DYLT 181
DYLT0 182
DYLT018 3
DYtTO184
DYLT0 185
DYLT0186
DYT TO 18
DYLTO188
DYLTO09
DYLT0190
DYITO 191
DYLT0192
DYLT0193
DYtTO194
DYLT0195
DYLT0196
DYLTo 197
DYLTO 198
DYLT0199
DYLT0200
DYLT0201
DYLTO202
DYLTO203
DYLT0204
DYLTO205
DYLT0206
DYLTO207
DYLTO208
DYLTO209
DYLTO210
DYLT0211
DYLTO212
DYLTO213
DYLTO214
DYLT0215
DYLT0216
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ADIP = AT A N (TAN (DIPS*1?I/180.) *StIl ( AZI M-AZIMT I) ) *180./p I
208 IF ( AZIM .LT. P12 ) STRPT = AZ121* 180./PI

IF ( A7IM .LT. P12 ) STHPT1 = NO
IF ( AZIM .LT. P12 ) STFPT2 =T
1F ( AZIM .1T. P12 ) GO TO 210
IF ( A I .T. PT ) STEPT (PI - AZIM)*180./PI
IF ( AZIM .LT. PI ) STRPT1 = SO
IF ( AZIM .LT. PI ) STRPT2 = ET
IF ( AZIM .LT. PI ) GO TO 210
I ( AZIM . LT. 3.0*PI2 ) STRPT (AZIM - PI)*180./PT
IF ( AZuIA .LT. 3.0*PT2 ) STRPT1 SO
IF ( AZTh .LT. 3.0*P12 ) STIxPT2 WT
IF ( AZIM .LT. 3.0*PI2 ) GO TO 210
STPT = (2.0*PI - AZIM)*180./PI
STRPT1 = NO
STUPT2 = WT
IF ( AZ I M .GT. 2.0*PI ) AZIM! = AZIM - 2.0*PI
IF ( AZIM .GT. 2.0*P ) GO TO 238

210 STrMN = STRPT - DEGN*90./PI
STtMX = STRPT + DEGN*90./PI

C XPT, YPt', ZPT ARE THE UNIT VECTOE'S OF THE DAYLIGHTING LINE
XPT SIN (DIP) *CO (AZIM)
YPT = SIN(DIP)*S1tN(AZiM)
ZPT COS(DlP)

C X1, YR ARE THE UiITT VECTORS OF THE STRTKE OF THE "JOINT POLE" PLANE
Xh = COS(AZIM-PI2)
Yp = SIN(AZIM-P12)
IF ( HOPT .EQ. 1 ) GO TO 215
XSW = SIN(DIP)*COS(ZETA)
YSW -SIN(XP) *SIN(ZETA)
XSW, FTC. UP., UNIT VECTOLS F DAYLT. LINE W.1.T. SWAPS COOP. SYS.
WRITE (NWRr 1030) STRPT1, STRPT, STRPT2, BETA2, XSW, YSW, ZPT,
1 ADIP,STYMNrETA 1,STRMXBETA1,STEMNBETA3,STFMX,BETA3
WpR7IT ( NWR, 1055)

215 AA = (1.0 + (Xh/Yh)**2)
DO 250 K =1, NAZIM

D YL TO217
DYLTO218
DYLTO219
DYLTO220
DYLT0221
tYYLT0222
DYLT0223
DYLTO224
DYLV0225
DtLT0226
DYLTO227
DYLTO228
DYLTO229
DYLTO230
DYLT0231
DYLT0232
DYLT0233
DYLT0234
DYLT0235
DYLT0236
DYLT0237
DYLTO238
D~ITO 239
;)YLT024 0
DYLT0241
DYLT0242
DTLT0243
DYLT0244
DYLT024,5
DYLTO246
DYLT0247
DYLT0248
DYLTO249
DYLTO250
DYLTO251
DYLT0252
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G = K - 1
CHI = -DEGN2 + G*DEGN
DO 225 L = 1, 3
CII = CHI- + DEGN2
IF ( K .1NE. I .AND. L .Ey. 1 ) GC TO 225
COSCHI = COS (CHII)
IF ( L .PQ. 2 ) COSIN COSCHI
CIC CHI
IF ( CHO .GT. P12 ) CHO = PI - CHO
liZ = 1.0 + CHO/DEGN2
Z (L) = ZZ(NZ)
BB = -2.0*XE*COSChI/YR**2
CC = (COSC HI/YR) **2 + Z (L) **2 - 1 .0
DD = SQRT(ABS(BB**2 - 4.0*AA*CC))
X (1) = (-BB-DD)/(2.0*AA)
Y (L) *= (COSCIi - XB*X (L)) /YF
E L = AT AN (X (L) *XPT + Y (L) *YPT + (L) *Z PT)
IF ( EE .LT. 0.0100 ) GO TO 225
X (L) = (-BB+DD)/(2.0*AA)
Y (L) = (COSCIII - XE*X(L))/Yfi

225 CCNTINUE
X R = X (2)
Y FR= Y (2)
ZIR = Z (2)
H= 1.0/((XFE*YB - XR*YRR)**2)
3 = XPP*COSIN - XR*COZETA
,T = YfR*COSIN - YF*COZ.TA
A = l*ZRJ**2 + 1.0
B = 2.0*1I1*ZrR*(XR*S + YP*T)
C = I*(T**2 + S**2) - 1.0
) = SQhT(ARS(B**2 - 4.0*A*C))

Z (4) (-B+t)/(2. 0*A)
Y (4) (Xh*ZR*Z (4) + S)/(XrdI*Y( - Xi*YRR)
X (14) (COSIN - Y (4) *YE) /XP
Z (5) = (-B-D) / (2. 0*A)
Y(5) = (XF*ZRF*Z(5) + S)/(XEH*Y - XP*YVR)

DYLT0253
DYLT0254
DYLT0255
DYLT0256
DYLTO,257
D TLT 0258
DY LTO259
DYLTO260
DYLTO261"
DYLT0262
DYLTO 263
D TV"26 4
DYLT0265
DYLTO266
DYLTO267
DYtT0268
DYLTO269
DY LTO270
DYLT0271
DYLTO272
DYLT0273
DYLTO274
DYtIT0275
DYLT0276
DYLT0277
DYLT0278
DYLTO279
DYILT0280
DYLT0281
DYLT0282
DYLT0283
DYLT0284
DYLT0285
DYLT0286
DYLT0287
DYLTO288
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X (5) = (COSIN - Y (5) *YP) /XR
DO 245 L 1, 2
IF ( DISCO(L,1) .EQ. 0.0 ) PJT(t,K) AR AF*3.0/PI
IF ( DISCO (1, 1) E.LQ. 0 .0 ) GO TO 245
DO 240 LL = 1, 5
IF ( K .Nf. 1 ) P1OB(L,1) = PRO3(L,3)
IF ( K .Nr. 1 .AND. LL .FQ. 1 ) GO TO 2140
IF ( DlSCO(L,1) .GT. 2.0 ) GO TO 230
GA MMA = (DISCO (L,5)*X (1L)+DISCO (L,6) *Y (LL)+.ISCo (L,7) *Z (LL))
GAM11A = ATAN((SQbT(1.0 - GAMMA**2))/GAMfA)
IF ( GAMMA .LT. 0.0 ) GAMMA = PI - GAMMA
IF ( DISCO(L,1) .EQ. 1.0 ) PROB(LLL) = DISCO(L,3)*

1 SIT1(GAMMA)*EXP(DISCO(L,2)*COS(GAMMA))
IF ( DIS CO (L, 1) .EQ. 2.0 ) P ROB (L, LL) = DISCO (1, 4)*

1 STN(G AMMA) *LXP(DISCO (L, 2) *COS (G A MMA))
GO TO 240

C CMJ: COOP MAJO1 AXIS, CMR: C06F MINOR AXIS, CMN: CCOER MEAN AXIS
F 230 CMJ X(LL)*DISCO(L,8) + Y(LL)*DISCO(L,9) + Z(LL)*DISCO(L,10)

C1 R = .X(LL)*[JISCO(Lr1) Y(LL)*DISCO(L,12) + Z(LL) *DTSCO(L,13)
IF ( DISCO(L, 1) OEQ. 5.0 ) P ROB(LeLL) DISCO(L,4)*

1 EXP(0.5*(CMJ,/DISCO(L,2) + CMR/DISCO (L,3)))
IF ( DISCO (L,1) .LQ. 5.0 ) GO 'O 240
CMN = X(LL)*DISCC(L,5) + Y (LL)*DTSCO(Lb) + Z(LL)*DISCO(L,7)
AN(;Pf = ATAN (CMN)
IF ( ANGPH .LT. 0.0 ) ANGPI = PI - ANGPH
ANGTH = ATAN (CMR/CMJ)
TF ( DISCO(L,1) .EQ. 3.0 ) PBOB(LLL) =DISCO(L,2)*SIN(ANGPH)*

1 EXP ((SIN (ANGPH) **2) *(DISCO (L,3) *COS (ANGTH) **2 + DISCO (L,4)*
2 SIN(ANGTll)**2))
IF ( DISCO (L,1) .YQ. 4.0 ) PROB(LLL) = DISCO(L,2)*3IN(ANGPH)*
1 EXP (COS (ANGPH) *(DISCO(L,3)*COS (ANGTH) **2 + DISCO(L,4)*
2 SIN (ANGTH) **2))

240 CONTINUE
PJT(L,K) = (PFOB(L, 1) +POB (L,3) + PFOB (L,4) + PPOB (L,5) +

1 PFOrB(L,2)*2.0)*A.EAF
245 CONTINUE

DYLTC289
DYLT0290
DYLTO291
DYLT0292
DYLT0293
DYLT0294
DYLTO295
DYLT0296
DYLT0297
DYLT0298
DYLTO299
DYLTO 300
DYLTO3OI
D YLT0 302
DYLTO303
DYLTO304
DYLT0305
DYLT0306
DYLTO307
DYLT0308
DYLT0309
DYLT03 10
DYLT0311
DYLTOl3f2
DYLT0313
DYLT0314
DYLT0315
DY LT0 $16
DY LT0317
DYLTb318
DYLTO3 19
DYLT0320
DYLTO 321
DYLT0322
DYLT0323
DYLT0324
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250 CONTINU 1
270 NAZI 12 = NAZIM/2

DO 280 L 1, 2
DO 278 K = 1, NAZIM2
NA2K = NAZIM2 + K
DUP = PJT (L, K)
PJT(LK) = PJT(L, NA2K)
PJT(LNA2K) = DUMP

278 CCNTiNUE
280 CflN TI NU E

PE013 = 0. 0
PE02S = 0.0
Pro3s = 0.0
Phol = 0.0
Pi02 = 0.1
Ph 03 = 0.0
DEGMIN = DEGMAN
NNNN = 0
DO 325 N = NMINW, NMAXW
NNNN = NNNN + 1
NWEDGS = NAZIM - N
IF ( NCODF EQ. 1 .OR. NCODE .EQ. 4 ) NSET I = 1
IF ( NCODE .EQ. 1 .OR. NCODE .FQ. 4 ) NSET2 = 1

296 IF ( NCODE .EQ. 2 .OR. NCODE . EQ. 5 ) NSET1 = 2
IF ( NCODE .EQ. 2 .OR. NCODE .EQ. 5 ) NSET2 = 2

298 IF ( NCODE .EQ. 3 .OR. NCODE .FQ. 6 ) NSET1 = 1
TF ( NCODE .EQ. 3 .OR. NCODE .EQ. 6 ) NSET2 = 2
PlfC 0.0
NJE(i = 1
MMM 0
NB fT1 0
PFCLET e0.0
SlIMBT1 0.0
DO 300 M =1 1, NWEDGS
N1 -= FiT1
N2 = NSET2

DYLT0325
bYLT0326
DYLT0 327
DYLT0328
DYLTO329
DYLT0330
DYLT 0331
DILTO 332
DILT0333
DYLT0334
DYLT0135

~ 0YLT0336
DYLTO337
DYLT0338
DYLT0339
DYLT0340
DYLT03141
DYLT0342
DYLT0343
DYLT0344
DYLT0345
DYLTO3 4 6
DYLT0347
DYLT0348
DYLTO 349
DYLT0350
DYLT0351
DYLT0352
DYLT0353
DYLT0354
DYLT0355
DYLT0356
DYLT0357
DYLT0358
DYLT0359
DYLT0360

PAGE 10

+

(AJ

H
t~J



N = l + N
PFOPT PJT (N1,M) *PJT (N2, IN) + PJd (N1,NN) *PJT(N2,M)
PiC = PlOPT + PRO
TF ( NCOf .GT. 3 ) GO TO 300
NBET 1 NBET 1 + 1
PEOBPT = PPOBET + PO PTO
TF ( N[LT1 .NE. NPUFWD ) GO TO 300
MIN = IMi + 1
SNBET (.MM) PFOBET
SUMBTI = SUMRT1 + PFOBET
PbOBET = 0.0
NBET1 = 0

300 CONTINUE
IF ( NCODL .GT. 3 .O1. PFOBET .EQ. 0.0 ) GO TO 305
NJEG = 2
MMM +MM + 1
SNPI-IT(IMM) = PROTBET
shfGS = NWEDGS
EIGMAX = SWEGS*DEGN*1q0./PT
SlJMBT1 SUMBT1 + PFORET

3175 IF ( NCODE .EQ. 3 .OR. NCODE .PQ. 6 ) PF03 = Pro + PIW3
IF ( NCOD, .EQ. 6 ) GO TO 310
IF ( NCODE .EQ. 2 .OR. NCODE .V). 5 ) PBO2 = PRO + 1)H2
IF ( NCODE .FQ. 5 ) NCODE = 6
IF ( NCODE .EQ. 6 ) GO TO 298
IF ( NCODE .EQ. 1 .CR. NCCDE .TQ. 4 ) PRO1 = PRC + PRO1
1F ( NCODE .jV . 4 ) NCODL = 5
IF ( NCODE .EQ. 5 ) GO TO 296

310 IF ( NCODE .L. 6 ) NCODE = 4
IF ( NNNN .NE. NPERWD ) GO TO 325
P101S = PfOIS + PfC1
Pi2S = PPO2S + PBO 2
P103S = PE03S + PRO3
PEG!AX = tEGM1N + WEDINC
IF (NOPT .NF. 1) WRITE (NWR, 1060) DEGMINDEGMAXPhOl,PF0'2,PRO3
IF ( NCODE .GT. 3 ) GO TO 316

DYI-T0361
DYLT0362
DYLT0363
DYLT0364
DYLT0365
DYLT036f
DYLT0367
DYLT036B
DYLT0369
DYLT0370
DYLTO 371
DYLTO372
DYLT0373
DYlTJ0374
DYLT0375
DYLTO376
DYLT0377
DYLT0378
IVYLT0379
DYLT0380
DYLT038;1
DYLT0382
DYLT0383
DYLT 0384
DYLT0385
DYLT0386
DYLT0387
DYLT0388
DYLT0389
DYLTO39W
DYLTO391
DYLT0392
DYLT0393
DYLTO394
DYLT0395
DYLT0396
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WF T*P (NWE,1080)
DO 315 1I1 = 1, MMM
IF ( 1111 .EQ. 1 ) EGMIN = 0.0
IF I II1I1 . NE. 1 ) j G -IN = l';G MA X
B11Ti = NPE[WD*IIli
EGMAX B= EET1*DEGN/PLF
SSiET = SNBET (I1I1)/SUMBT1
IF ( II .EQ. MMJ .AdD. NJ.G .j. 2 ) EGMAX= EEGMAX
WET TE (NWR,1085) EGilNEGMAXSNBPT(II),BSST

315 CONTINUE
316 CCN'"1NuE

PbOl = 0.0
PEo2 = 0.0
PRON3 =0.0
DE;UtN = DFGMAX
NNNN = 0.0

325 CONTINUE
IF ( NTPi .NE. 1 ) WRTTE (NWE,165) PECISs, P'FU2S, PR03S
PLIN ED(1,JK) = PhIO1S
PLIt'ED(2,J,K) PI02S
PLTNLD(3,JK) = PPO3S
TPL01 = TPVO1 + PiO1S
TPRC2 = TPRO2 + PVC2S
TPRO3 = TPI3 + PPO3S
IF ( PhO1S .T. PIO1M ) GO TO 380
pF01fl = id)1s
P140131 = STFPT1
PFO1S2 STPPT
PiOS3 = SPT21
PF1OD BETA2

3 30 IF ( PPO2S .LT. P?02M ) GC TO 390
PhO2M = PRO2S
PPO2S1= STiP'i1
PF0232 STEPT
PF0233 -STFPT2
PF02D = b!3TA2

DYLT0397
DYLT0398
DYLT0399
DYLT0400
DYLTO401
DYLTO402
DYLT0403
DYLTO404
DYLTO405
DY LT0406
DYLT0407
DYLTO408
DYL104090
DYLT04 10
DYLT0411
DYLT0412
DYLT0413
DYLTO414
DYLT0415
DYLTO416
PYLT0417
DYLTO418
DY LTO419
DYLT0420
DYLT0421
DYLT0422
DYLTC423
DYLTO424
DYLT0425
DYLT0426
DYLTO427
DYLTO428
DYLTO429
DYLTO430
DYLTO431
DYLTO432
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390 iF ( PR03S .LT. PO3M ) GO TO 400
PF03M = PFO3S
PRO331 = STFPT1
PF03S2 = STEPT
PRO3S3 = STRPT2
PPO3D = BETA2

400 CONTINUE
BETA1 = BJETA3

500 CONTINUE
WEITE (NWk,,1070)
IF ( NCODE .FQ. 1 .OR. NCODE .EQ. 4 ) WFITE (NWE,1075)' NN1, NN1,
1 TPEO, PROiM, PhOlSi, PEO1S2, PEO1S3, POlD
IF ( NCODE .FQ. 2 .OF. NCODL .EQ. 4 ) WRITE (NWP,1075) NN2, NN2,

1 TPE02, PF02M, PRO2S1, PRO2S2, PRO2S3, PRO2D
IF ( NCODE .EQ. 3 .OR. NCODE .EQ. 4 ) WFITE (NWE,1075) NN1, NN2,
1 TPro3, PRO3M, PRO3S1, PEO3S2, PF03S3, PhO3D

W9000
-A-)

Hl

DYLTO433
DYLTO434
DYLTO435
DYLT0436
DYLTO437
DYLTO438
DYLT0439
DYLT0440
DYLT0441
DYLT0442
DYLT0443
DYLT0444
DYLT0445
DYLT0446
DYLT0447
DYLT0448
DYLT0449
DYLTO450
DYLTO451
DYLT0452
DYLT0453
DYLT0454
DYLT0455
DYLT0456
DYLT0457
DYLTO458
DYLT0459
DYLTO460
DYLTO461
DYLT0462
DYLT0463
DYLT0464
DYLTO465
DYLTO466

CONTI NUE
STOP
L ND
SUBPOUTINE STRIKE(PTFSTFFAFA2S,DIPFA,D1FAD2FAA,BC)
REAL NO
DATA NO,SO,ET,WT/'N','S','E','W'/
TF (FA2S .EQ. WT .AND. D2FA .EQ. ET) THOM = (270. - STRFA)*PIF
IF (FA2S .EQ. WT .AND. D2FA .EQ. WT) THOM = (90. - STPFA)*PIF
IF (FA2S .EQ. ET .AND. D2FA .FQ. ET) THOM = (270. + STFFA)*PIF
IF (FA2S .EQ. ET .AND. D2FA .EQ. WT) THOM = (90. + STEFA)*PIF
IF (STRFA .EQ. 90.0 .AND. DiFA .EQ. NO) THOM = 180.0*PIF
IF (STEFA .EQ. 90.0 .AND. DiFA .EQ. SO) THOM = 0.0
PHOM = (90. - DIPFA)*PIF
A = SIN (PHOM) *COS (THOM)
B = STN(PHOM)*SIN(TH 4)
C = COS (PHOM)
PTITJ R N

F ND
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Appendix D

A Generalization of the Stiffness Approach

The approach used by St. John to examine symmetric

wedges can be extended to handle more general conditions.

In particular, the extended solution considers asymmetrical

wedges and arbitrary loadings as pictured in Figure D.l.

The approach is predicated on a number of basic assumptions:

1. The rock wedge and parent rock mass are rigid

bodies compared to the joints. All the deformations

in the system occur at joints which are ideal-

ized as thin, pliant mediums.

2. There is a linear relationship between the stress-

es and displacements in the joint planes. The

shear and normal stresses can be related to the

corresponding displacements through the follow-

ing equations:

k shear stress _ T D1)
s shear displacement -D

S

k normal stress a n
n normal displacement F~ (D.2)

n

3. When subjected to loads the wedge will exper-

ience translational (but not rotational) move-

ments. These movements can be expressed in
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terms of two parameters: 6t', the magnitude of

resultant displacement and a, the direction of

resultant displacement (Figure D.2).

These assumptions make the problem statically determi-

nate. The various reactions at the joint planes (as well

as 6t and a) can be obtained by solving a set of six simul-

taneous equations. The six unknowns (N ,T1 ,N2, T2,6t and a)

are shown in Figure D.2).

6t can be resolved into horizontal and vertical com-

ponents: 6v = 6t cos a and 3h = 6t sin a.

The displacement pattern at the left joint (joint plane

'1') is shown in Figure D.3. One can derive the following

relationships:

area of joint '1' = h csc Sl (D.3)

T = T h csc 1

(6v sin 1 - 6h cos % )kls h csc 1

= 't (cos a sin 1 - sin a cos 1)kls h csc 1

= t (cos a - sin a ctn )kIs h (D.4)

positive T-

N = a h csc 1

= ('h sin 1 + 'v cos 1 )k1 n h csc 1

= 't(sin a sin 1 + cos a cos 1 )kln h csc%

= t (sin a + cos a ctn a1)k1n h (D.5)

positive N
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The right joint (joint plane '2') can be analyzed in

the same manner (Figure D.4):

area of joint '2' = h csc 2 (D.6)

T2 T h csc 2

= (6v sin 2 + 6h cos 52 )k2sh csc 2

= 6 t(cos a sin S2 + sin a cos 52 )k2sh csc 2

(D.7)= 6 t(cos a + sin a ctn 2)k2sh

positive T2 7

N2 =a 2h csc 2

= v Cos 62 - 6 h sin S2)k2nh csc 2

= 6 t(cos a cos 2 - sin a sin 52 )k2nh csc 2

= 6 t(cos a ctn 2 - sin a)k 2nh (D.8)

positive N .

The term 6 th is common to Equations D.4, D.5, D.7, and

D.8. The equations can be rewritten to isolate that term:

6 th =
(cos a - sin a ctn 51)kls

(D.4A)

(D.5A)
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6th = (cos a + sin a ctn 2)k2s
N2

(cos a ctn 2 - sin a)k 2n

(D.7A)

(D. 8A)

Next, one can examine the equations for force equili-

brium and sum forces in the x and y directions (Figure D.2):

N cos + T sin 1 + N2 cos 2 + T2 sin 2 X (D.9)

N sin - T cos 1 - N2 sin 2 + Tc2 2 Y (D.10)

Equations D.4A, D.5A, D.7A D.8A, D.9 and D.10 constitute

a set of six linear equations involving six unknowns: Ni, T2

T1 , N 2, 6 t and a. The solution procedure can be simplified

by expressing Ti, N 2 and T2 in terms of N and substituting

into D.9 and D.10.

From D.5A and D.4A:

(cos a - sin
T (sin a + cos

From D.5A and D.8A

a ctn 1 )kls
a ctn 1 )k ln

(cos a ctn 2 - sin a)k 2 n NN =2 (sin a + cos a ctn 5
1)kin
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From D5A and D.7A

(cos a + sin a ctn 2)k2 s N
ctn )k ln1(sin a + cos a

Substituting into D. 9 and D. 10:

N 1(coo$ +(cosa-sinactn )k lssin$ +(cosactn$ 2-sina)k 2nCosa 2+(cosa+sinactnB 2)k2s sin 2 ) .

(sinactosactn81 )ki

And

(sin 1+(sinactnB -cosa)k Cosa +(sina-cosactn2 )k 2n -2(cosasinactn$ )k Cosa )
(sina+cosactnO

1 )k1n

Equations D.14 and D.15 are of the form

N 1 (f(a)) = X

N 1 (g (a) ) = Y

where f(a) and g(a) are functions of the single unknown

and numerous constants. The term N can be isolated in

both equations:

N = X1 f (a)

N =
1 g (a)
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Equating the right sides of Equations D.14B and D.15B:

x Y
f~ g(a)

X f (a)
Y g (a)

(cosa-sinctctn )kssin$,+(cosactn 2-ina)k nCosa2+(cosa+sinactna2)k ssina2Cosa + s8- n 222
(sina+cosactn

1)k1n

(sinactnI-cosa)k l cos$1 +(sina-cosactn 8k 2 sin 2+(cosa+sinac tnO2)k2 cs :862
(sina+cosactn

1 )k in

Am

Multiplying by

(D. 16)

(D.16A)

(D. 16B)

(sin a + cos a~ ctn 1)kln and collecting terms:
(sin a + cos a ctn 1 )k n

2 2
sina(k cosa -k1 scos 1-k 2ncos82 +k2scoss2)+cosa(k Cos +k sinB +k21.Cos 2+k2 sin 2

sinB1 is sina2

2 2
sina(k sin+k cos 1k)sine +k 2)+cosa(k 1 cosa -k1 COS8 -k C082+k Cosa2siasknin 1 cs- 2n " 2 s 2n 2292

X =A sin ct+ B cos aTherefore, =C sin a + A cos a

A = (kn - k ls) cos l + (k2 s

Bkcos 2 6
B = k C-- -+ k sin +

ln sin 1  ls

2

C = kln + kls sinS +

+ k .o 2

2s sin 2

- k2n)cos a2

COS2 2k -M + k  sin2nsin 52 2s

k2n sin 2
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Vinally,

-' YB - XA
a = tan XC - YA (D.18)

Once a is obtained the remaining unknowns can be eval-

uated through substitution:

Equation D.14 - N1

Equation D.1l --

Equation D.12 N2

Equation D.13 - 2

Equation D.4A 6t

All of the equations derived in this appendix are also

valid for wedges in which or 2 is greater than 90*.

The results for these cases must be examined quite closely

because one of the normal forces may become tensile. This

problem is discussed in Section 4.3.

Special Case

When Y = 0, Equation D.18 simplifies to:

-l XA
a = tan - (D.19)
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or
(D.19A)

- (kls - kln) cos S1 + (k 2 n - k2s) Cos 2
a = tan 2

kln sin 1 + kls sin a + kC2n sin O2 + k2ssin 2

Section 4.2 examines this special case in connection

with some limiting values for the stiffnesses.

327



Appendix E

Computer Program SWARS-2PM

SWARS-2PM is an extended version of SWARS-2P that in-

cludes the effects of stiffnesses and in situ stresses as

discussed in Chapter 4. The two programs have precisely

the same options available for analyzing rock bolts, seismic

loads, point loads, and groundwater conditions. Campbell

(1974) documented the SWARS-2PM program; the SWARS-2P user

should consult Campbell's work for additional information on

the program logic and a more detailed description of the

loading and groundwater options. The only major difference

between SWARS-2P and SWARS-2PM is the manner in which they

calculate the factor(s) of safety (FS). SWARS-2PM computes

two FS's; FS1 , the factor of safety against initial movement,

and FSU, the factor of safety against ultimate failure. As

indicated in Sections 4.3 and 4.4, FSI is a function of the

in situ stresses and the joint stiffnesses. FSU applies to

movement down the line of intersection and is independent

of the original stresses and of the joint stiffness. FSU

is analytically identical to the residual factor of safety

(FSR) computed by SWARS-2P. (SWARS-2P also computes another

FS which is similar to (FSR) but includes the effects of co-

hesion and asperities in calculating the resistance.)

* FS and FS are only defined for failure modes that consist
of sliding oR both planes. If the failure modes involve slid-
ing along a single plane, SWARS-2PM will compute the factors
of safety in exactly the same manner as SWARS-2P, i.e., a peak
FS and a residual FS.
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E.1 Coordinate System

The coordinate system used in SWARS-2PM is shown in

Figure E.l. The positive X axis is horizontal to the right.

The positive Y axis is horizontal and 900 counterclockwise

from the positive X axis. (It is directed into the slope.)

The positive Z axis is vertical upward.

E.2 Units

All units used in the input must be consistent. Units

are generally in -feet or pounds, but any other system may

be employed as long as all other input is in consistent

units. Angular input is always in degrees.

Unless otherwise noted, input data does not have to be

right justified. The term "integer" implies that the para-

meter is expressed without a decimal point.

E.3 Inputs

Card #1

Case Number: (ICASE) is entered as an integer in columns

1 to 5. It must be right justified.

Number of Planes: (N) is entered as an integer in column

10. N may range from 2 to 8.

Cards #2 through #(N + 1)

Note: A separate card with the following data is

entered for each joint plane being analyzed.

Strike of the Joint Plane: (HlSTK, STK, H2STK) is

entered in geologic notation in columns 1 to 4. Geologic

strike must be expressed in the northern quadrants and the
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angle must be expressed as a two digit integer. (Examples:

N45E, N06W)

Dip of the Joint Plane: (DIP, HlDIP, H2DIP) is entered

in geologic notation in columns 6 to 9. Dip directions must

indicate a particular quadrant i.e., NE, NW, SE, SW. The

angle must be expressed as a two digit integer, (Examples;

30NW, 09NE)

Friction Angle: (PHX) on the joint planes is entered

in columns 11 to 15 with a maximum of two decimal places.

Asperties: (AQ), the angular value of additional shear-

ing resistance due to larger size irregularities of the joint

planes, is entered in columns 16 to 20 with a maximum of two

decimal places.

Cohesion of Intact Rock: (TAU) is entered in columns 21

to 30 with a maximum of two decimal places.

Normal Stiffness: (STIFFN) is entered in columns 31 to

40 with a maximum of three decimal places. STIFFN can also

be entered in scientific notation with a maximum of three

decimal places. (Examples: 173.2, 1.732E2) If columns 31

to 40 are left blank the program will default to STIFFN =

1000000.0.

Shear Stiffness: (STIFFS) is entered in columns 41 to

50 with a maximum of three decimal places. STIFFS can also

be entered in scientific notation with a maximum of 3 deci-

mal places. (Examples: 6789.6, 6.79E2) If the columns 41

to 50 are left blank the computer will default to STIFFS = 1.0.
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Joint Persistence:' (PCTJTG) is the percent of the area

of the total joint that is not intact rock. PCTJTG is en-

tered in columns 51 to 55 with a maximum of two decimal

places.

Depth to Water: (HU) is measured from the crest of the

excavation to a horizontal piezometric level (Figure E.1).

It is used in conjunction with Piezometric Options 3 and 4

(Ref.: Piezometric Option). HU is entered in columns 56

to 60 with a maximum of one decimal place.

Uniform Water Pressure: (UAV) is entered in columns 61

to 70 with a maximum of three decimal places. UAV is used in

conjunction with Piezometric Option 2 only (Ref.: Piezometric

Option).

Piezometric Option: (IU) is a code that indicates how

cleft water effects are to be incorporated into the analysis.

1: No effect from water; 2: Uniform pressure acting on

the joint; 3: Pressure determined by a horizontal phreatic

surface; 4: Pressure determined by an arbitrary phreatic

surface. The code is entered in column 71 as an integer.

Card #(N + 2)

Strike of the Slope: (HlAZl, AZi, H2AZI) is entered in

geologic notation in columns 1 to 4. Geologic strike must be

expressed in the northern quadrants and the angle must be

expressed as a two digit integer. (Examples: N45E, N06W)
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Dip of the Slope: (PLG, HlPLG, H2PLG) is entered in

geologic notation in columns 6 to 9. Dip directions must in-

dicate a particular quadrant, i.e., NE, NW, SE, SW. The

angle is expressed as a two digit integer. (Examples: 16NW,

07NE)

Height of the Slope: (HEX) is entered in columns 11 to

20 with a maximum of three decimal places. HEX is measured

from the crest of the slope to the bottom of the slope

(Figure E.1).

Length of the Slope: (XLEN) is entered in columns 21 to

30 with a maximum of three decimal places.

Angle of the Top Slope: (TPSLP) is entered in columns

31 to 40 with a maximum of three decimal places. TPSLP is

shown in Figure E.l.

Unit Weight of Rock: (UNIWGT) is entered in columns 41

to 50 with a maximum of three decimal places.

Unit Weight of Water: (WWGT) is entered in columns 51

to 60 with a maximum of three decimal places.

Uniform Vertical Surcharge: (SUR) is the uniform verti-

cal load acting per unit area on the top face of the wedge

(face BCD in Figure E.1). SUR is entered in columns 61 to

70 with a maximum of three decimal places.

Surcharge Option: (IS) There are two options available

to analyze the effects of the surcharge on the stability of

the tetrahedron in the dynamic case. Option 1 assumes that

the surcharge is a mass and that it is accelerated in the
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same directions as the wedge under dynamic loading. The

code 1 or 2 is entered in column 71 without a decimal.

Card # (N + 3)

Stress Ratio: (RATIO) is entered in columns 1 to 5 with

a maximum of three decimal places. RATIO is the ratio of

horizontal to vertical stresses within the wedge.

FS Option #1: (NDOP) is a code that indicates how the

program should compute FS . As indicated in Section 4.4

(q.v.), FSI is defined as

FS (E.l)

where R is the resultant of all resisting forces, D is the

resultant of all driving forces, and T is the direction of

impending movement. If a ' 0 ' is placed in column 15

T is the displacement that would occur in response to a ver-

tical load. If any other integer is placed in columns 11 to

15 A is the displacement that occurs in response to the re-

sultant of all external loads, i.e., all loads except the

weight.

FS Option #2: (LOPT) is an option that allows the user

to analyze all loads (including the weight of the wedge)

with the stiffness approach. If a ' 1 ' is entered in column

20 the program will use this option. If any other integer

is placed in colums 16 to 20 the program will analyze loads
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according to the "standard" procedure presented in Section

4.3, i.e., stress approach for gravitational loads, stiffness

approach for all other loads. If columns 16 to 20 are left

blank the program will default to the standard procedure.

Card # (N + 4)

Depth to Piezometric Level on the Slope: (HW) is en-

tered in columns 1 to 10 with a maximum of three decimal

places. HW is shown in Figure E.1 and is used in conjunction

with Piezometric Option 4.

Distance OPI: (OPI) is used in conjunction with Piezo-

metric Option 4. As shown in Figure E.1, it is the horizon-

tal distance from the face of the slope where the phreatic

surface exits to the point where the phreatic surface be-

comes horizontal. OPI is entered in columns 11 to 20 with a

maximum of three decimal places.

Seismic Coefficients X, Y, Z: (AKX, AKY, AKZ) Seismic

forces are entered as decimal fractions of the gravitational

force. Positive values will be forces acting at the centroid

of the wedge in the direction of the appropriate positive

coordinate, negative values act in the direction of the ap-

propriate negative coordinate. AKX, AKY and AKZ are entered

in columns 21 to 30, 31 to 40, and 41 to 50 respectively.

The three coefficents are expressed with a maximum of three

decimal places. If no seismic loads are to be ocnsidered

columns 21 to 50 may be left blank--the computer will default
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to AKX = AKY = AKZ = 0.

Point Loads: (PX, PY, PZ) can be used in the program.

PX, PY, and PZ as point loads acting at the centroid of the,

wedge. PX, PY, and PZ are entered in columns 51 to 60, 61 to

70, and 71 to 80 respectively. They are expressed with a

maximum of three decimal places. If no point loads are to be

considered columns 51 to 80 may be left blank--the computer

will default to PX = PY = PZ = 0.

Card # (N + 5)

Note: If no rock bolts are to be analyzed, a blank

card is inserted.

Plane Numbers Supporting a Tetrahedron: (III,JJJ) It

is anticipated that a user will run the program initially

without any rock bolts. After the primary stability analysis,

certain tetrahedrons may prove to need rock bolts. III and

JJJ and the respective joint plane numbers specified by the

user that support a particular tetrahedron that requires

rock bolting. They are entered in columns 5 and 10 respec-

tively as integers.

Number of Different Bolt Orientations: (NNN) The pro-

gram is designed to accommodate up to sixteen different bolt

orientations simultaneously; eight different orientations

for face bolting, and eight different orientations for top

bolting. The value of NNN may range from 1 to 8 and is enter-

ed in column 15 as an integer.
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Card # (N + 6) Through # (NNN + N + 6)

Note: If no rock bolts are to be analyzed, these cards

need not be entered.

Number of Top Bolts: (BTOP) is the total number of rock

bolts at any particular orientation acting on the top side of

the tetrahedron. BTOP may range in value from 1.0 to 9999.0

and is entered in columns 1 to 10 with a maximum of three

decimal places.

Azimuth of Top Bolts: (ORT) is the angle projection in

the XY plane of the angle the bolt set makes with the strike

of the slope measured from 0 to 360 counterclockwise from

the positive X-axis (Figure E.2). The value is entered in

degrees with a maximum of three decimal places in columns 11

to 20.

Plunge of Top Bolts: (DPT) is the angle the bolt set

makes with the positive Y axis measured from 0 to 360 in a

clockwise direction (Figure E.2). The value is entered in

degrees with a decimal in columns 21 to 30.

Load on a Top Bolt: (TEN) is the total working load of

a top bolt. It is entered with a maximum of three decimal

places in columns 31 to 40.

Number of Face Bolts: (BFAC) is the total number of

rock bolts at any particular orientation load acting on the

slope face of the tetrahedron. BFAC may range in value from

1.0 to 9999.0 and is entered in columns 41 to 50 with a max-

imum of three decimal places.
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Azimuth of Face Bolts: (ORF) is defined in the same

manner as ORT. It is entered in columns 51 to 60 with a max-

imum of three decimal places.

Plunge of Face Bolt: (DPF) is defined in the same iman-

ner as DPT. It is entered in columns 61 to 70 with a maxi-

mum of three decimal places.

Load on a Face Bolt: (FTEN) is the total working load

of a face rock bolt. It is entered with a maximum of three

decimal places in columns 71 to 80.
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SWARS-2PM Listing
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SWAPS-PM
SLIDING WEDG& ANALYSIS OF ROCK SLOPES -- TWO PLANES

THIS IS THE ROUTINE TO TREAT FAILURE WHEN TWO PLANES ARE
I NVOLVED.
DI M iNSION BETA(8),C(8)GAMMA (8) ,VX(8),VY (8
DIMENSION UX(8),UY (8), iZ(8),WX(8),WY(8),WZ
DIMENSION T (8) ,TX (8) ,TT f(8) ,TZ (8) , EN(8) ,PHI
DIMENSION SX (8),SY(8)iSZ(8), RSS(8),RR X(8),
DIMENSION H1STK(8) ,STK(8) ,H2STK(8) ,DIP(8),
DIMENSION INDEX (8) ,DUMMY (8), PIIX (8), AP (8) ,A
DIMENSION WWX(8),WY (8),WWZ(8), BET(8)
!)IMLNSION UAV(8),HU(8),UF(8),AR1A(8),IU(8)
DIIMEhNSION BTOP (8) ,O R (8) ,DPT (8) ,TEN(8)
DIMENSION BFAC (8),ORF(8),DPF(8),FTEN(8)
DIMENSION STIFFN(8), STIFFS (P), RATIOK(8)
DIMENSION UI(8)
REAL NORD, HXX, HXY
LOGICAL FLIM
DATA NORD,SOTH,EAST,WEST/'N','S','E','W'/
NWR = 5
NRD = 8
FLIM = .TRUE.
PI=3.141593
PI2=PI/2.
FACT=180./PI

10 FCPMAT(315)
11 FORMAT (215)
15 FOMAT (A1,F2. 0,A1,1afF3.0,A1 ,A1,6G10.3,11)
16 FORMAT (F5.3,2I5)
20 FORMAT (8G10.3)
25 FORMAT (A1,F2.0,A1,lxF2.0,A1,A1,lx, 2F5. 2,

1 F10.3,I1)
1001 FORMAT('0vT20,UFS =',F6.2,' FOR SLIDING 0
1002 FCRMAT (*1uT27,'****** CASE NUMBER IS

1 T30,'***** JOINT SETS ARE ',Il,' AND ',1I
2 T30,'******+* JOINT DATA

) ,VZ (8) ,TAU (8) ,PC
(8) ,B(8)
(8)
RRY (8) ,RRZ (8)
H1DIP(8) ,H2DIP (8)
Q (8) ,CH (8)

TJTG (8)

26920030
26920040
26920050
26920
26920
26920
26920
26920
26920
26920
26920
26920
26920

26920

F10.3,2G10.3,2F5.2,

26920
26920
26920
26920

26920

26920

26920N PLANE ',I1)

1,2,'*****,/
*I,///)

SWPMO001
SWPM0002
SWPM0003
SWPM0004

060 SWPM0005
070 SWPM0006
080 SWPM0007
090 SWPM0008
100 SWPIO009
110 SWPMO010
120 SWPM0011
130 SWPM0012
140 SWPM0013
150 SWPM0014

SWPMO015
SWPM0016
SWPM0017
SWPMO018

160 SWPM0019
SWPM0020
SWPM0021
SWPM0022

180 SWPM0023
190 SWPM0024
200 SWPM0025
210 SWPM0026

SWPM0027
220 SWPM0028

SWPM0029
230 SWPM0030

SWPM0031
SWPM0032

250 SWPM0033
SWPM0034
SWPM0035
SWP110036

PAGE 1
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1004 1ORMAT (29XI******** JOINT SET ',I1,5X,'********',///
1 18X,'STRIKE: ',16X,'NI',F3.0,A1,3X,'DIP:' ,8X,F3.0,A1,A1,//
2 18X,'PHI:' ,19X,F5.2,3X,'ASPEITIES:',l1XF5.2,//
3 1lX,'COHLSION:',9X,F10.2,3X,'PlESISTENCE:',I0X,F5.2,//
4 18X,'NOLMAL STIFFNESS: IG10.2,I SHEAR STIFFNESS: ',G10.2,//
5 34X,'STIFFNESS RATIO: ',F10.2,//
6 18X,'ilZOMETRIC OPTlON:',8XIl)

1006 FORKAT (37X,6 SEISMIC ACCELERATIONS:',//,18X,'AKX =',F7.3,12X,
1 'AKY =',F7.3,11X,'AKZ =',F7.3,/)

1007 FORAAT (40X,'POINT LOADS:',//,1$8X,'PX =',F9.2,12X,'PY =',F9.2,13X,
l 'PZ =',F9.2,/)

1008 FOPMAT('O',T20,'RESULTANT TENDS TO LIFT BLOCK OFF SUPPORTS')
1009 wO.RliAT('0',T20,'FS IS NEG. SINCE THE DIRECTIONS OF ADDITIONAL'/

1T20,'LOADS OR SEISMIC FORCES TEND TO DISPLACE THE WEDGE'/
2T20,'UP THE LINZ OF INTERSECTION OF THE TWO PLANES')

1010 FCIMAT('0',T20,'CIECK FOR TOPPLING ABOUT POINT 0')

1011 FORrlAT('0',42X,'SEISMIC DATA'//
1T20,'MINiUl-1 SEISMIC FORCE NEEDED IS ',F6.3/
2T20,'ACTING AT AN ORIENTATION OF ',F6.3,' ',F6.3,' ',F6.3)

1012 FCRLiAT(T20,'NO ROTATIONS OCCUR ON EITHER PLANE')
1013 FORIMAT(T20,'FS =',F6.2,' FOR ROTATIONS ON PLANE ',12)
1014 FOERMAT('0',T20,'LINE OF INTERSECTION AND EXCAVATION',

1' FACE AUE PARALLEL')
1015 FCRMAT('O',41X,'ROCK DOLT DATA')
1016 FORMAT (T20,'S(ULTIMATE) =',F6.2)
101P FORMAT ('9',T2C,'FS(TNITIAL) =',F6.2,1 FOR SLIDING ON BOTH I,

1 'PLANES')
1019 FORMAT('0',T20,'LINE OF INTLRSECTION DOES NOT INTERSECT',

1' TOP OF SLCPE')
1020 FORMAT('0',T20,' DIP OF THE LINE OF INTERSECTION',/

1T20,'IS GREATER THAN THE DIP OF THE EXCAVATION')
1021 FOblMAT('0',T20,'STRIKE OF PLANE AND EXCAVATION ARE THE SAME')
1022 FORMAT('0',T20,'DIP AND STRIKE OF JOINT ARE IN THE SAME',

1' DIRECTION')
1)23 fOidAAT('0',T20,'DIP AND STRIKE OF THE.EXCAVATION ARE IN THE',

1' SAME EIRECTION')

SWPM0037
SWPM0038
SWPM0039
SWPM0040
SWPM0041
SWPM0042
SWPM0043
SWPM0044
SWPM0045
SWPM0046
SWPM0047

26920480 SWPM0048
26920490 SWPM0049
26920500 SWPM0050
26920510 SWPM0051
26920520 SWPM0052
26920530 SWP20053
26920540 SWPM0054
26920550 SWPM0055
26920560 SWPM0056
26920570 SWPM0057
26920580 SWPM0058
26920590 SWPM0059
26920600 SWPM0060

SWPM0061
SWPM0062
SWPM0063

26920750 SWPLI0064
26920760 SWPM0065
26920770 SWPM0066
26920780 SWPM0067
26920790 SWPM0068
26920800 SWPM0069
26920810 SWPM0070
26920820 SWPM0071
26920830 SWPM0072

PAGE 2



1f)24 Fa HAT('U',
1T20,'IOP BO
2T20,'OFT =
3T20,'FACE B

1030 FORMAT ('+'
1031 FoRHAT ('+'
1032 FCRMAT ('+'
1033 FORMAT ('+'
1034 FCPR[AT (//,

1 18X,'BLTA
2 1PX,'AREA:
3 18X,'AREA:
4 37X,'VOLUM
5
6
7

1035
1
2

T20,'
LTS
',F5.
OLTS
* ,F5.

,48 X,
,48X,

BOLT SET NO. ',I1,//
',F5.O,' LOAD= ',F1O.0,/
1,' DPT = lF5.1,/
',F5.0o,' LOAD = IF10.0,/
1,' DPF = A,F5.1)
'NO EFFECT FROM WATERII,///)
UNI FO

*LEPTH
,48X, DEFIN
29X,'******
1 = ',F6.2,
J1. PLANE
TOP FACE:'

f: ,F17.2,/

26920840
26920850
26920860
26920870
26920880

R1M PRESSURE:',2XF8.3,///)
TO WATEE:v,4XF8.3,///)

ED PHREATIC SURFACE',///)
** WEDGE DATA ********I,//
8K,'PSI = ',F6.2,8X,'IBETA 2 = ',F6.2,//
1:',F10.2,3X,'AFEA: JT. PLANE 2:',F1O.2,//
,3XF10.2,3X,'AREA: EXCAV. FACE:',F1O.2,//
/

18.X,'HEIGHT TO CREST:',2X,F10.2,3X,'HEIGHT
37X,'LINl OF INTIlSECTION:',//,18X,'X = I,
14X,'Z = ',F6.3,//)

FORMA
18X,
//,3

3 34X,
1036 FORMA

I 18X,
2 18X,
3 31X,

200 CONTI
READ
IF (I

ABOVE CREST:lF9.2,//
F6.3,15X,'Y = #,F6.3,

T (29X,'******** LOAD DATA
'UNIT WEIGHT OF ROCK:',F8.2,3X,'UNIT WEIGHT OF WATER:
4X,'IN SIlU STRESS FATIO:#,F6.3,//
'VERTICAL SUFClIARGE:'F8.2,/)
T (29X,'******* EXCAVATION DATA
ISTR.IKE:l,16X,'NlF3.0, A1,3X,'DIP:",181,sF3.0,A1,A1,//
'[ILlGHT OF FACE:',F13.2,3X,'LENGTH OF FACE:',F12.2,//
'INCLINATION OF TOP SLOPE:',F8.2,///)
NUE
48,11) ICASE, N

CASF.EQ.0) GO TO 9000
DO 30 I=1,N
READ (8,25) H1STK(I

1 PHX (I) ,AQ (I) ,TAU (1
2 IJAV(I),IU(I)

UI(I) = 1U(i)
IF (PCTJTG(I) .LQ.

30 CCNTIlNUE
vEAD (8,15) H1AZIAZ

IF6.2,

,STK(I),I12STK(I),DIP(I)),H1DIP(I),H2DIP(I),
,STIFFN(I),STIFFS(I),PCTJTG(I),HU(I),

0.) PCTJTG(I)= 100.

I,U2AZIPLG,H 1PLGH2PLG,

26920890

26920910
26920920

26920950
26920960
26920970

PAGE

SWPM0073
SWPM0074
SWPM0075
SWPI0076
SWPM0077
SWPM0078
SWPM0079
SWPM0080
SWPM0081
SWPM0082
SWPM0083
SWPM0084
SWPM0085
SWPM0086
SWPM0087
SWPM0088
SWPM0089
SWP10090
SWPM0091
SWPM0092
SWPM0093
SWPM0094
SWP0095
SWPM0096
SWPM0097
SWPM0098
SWPM0099
SWPM0100
SWPMO101
SWPM0102
SWPM0103
SWPM0104
SWPMO105
SWPM0106
SWPM0107
SWPMO108
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1 HEXXLEN,TPSLPUNIWGT,WWGT,SUR,1S
hEAD (NRD,
bEAD (8,20)
IEAD (8,10)
IF (11I. EQ.
Do 80 I=1,
kEAD (8,20)

16) RATIO, LOPT, NDOP
[1WIOP 19 AKX,AKY ,AKZ, PX, PY, PZ
III,JJJNNN

0) GO TO 65
NNTN

BTOP (I) ,ORT (I) ,DPT (I) ,TEN(I) ,BFAC (I) ,ORF(I),

26920980

26920990
26921000
26921010
26921020
26921030

SWPMO109
SWPMO110
swpmo 111
SWPM0112
SWPMO 113
SWPM0114
SWPM 0115

1 DPF (I) ,FTEN (I)
80 CONTINUE
65 IF (UNIWGT.EQ.0.) UNIWGT=1.0

IF (UNIWGT.EQ.1.0) WIWGT=0.0
S=AZI+90.
IF (H2AZ1.EQ.WhST) S=90.-AZI
PO 35 I=1,N
BLTA (I) =STK (I) +90.
IF (1I2STK (I). EQ.WEST) BETA (1) =90.-STK(I)
GAMMA (I) =DIP (1)
[3ET(I) = S-BETA (1)
1F (BETA (I) .GE.S) BET(I)=180.-BETA(I) +S
IF (H1PLG.EQ.WEST.OR.H2PLG.EQ.WFST) GO TO 40
IF (BETA(1).LT.S.AND. (H1DIP(I).EQ.WEST.OR.H2DIP(I)

1 GAMMA(I)=180.-DIP(I)
IF (BETA().GT.S.AND.(H1DIP(I).EQ.EAST.OR.H2DIP(I)

1 GAMMA(I)=180.-DIP(I)
GO TO 45

40 IF (13ETA(I).LT.S.AND.(H1DIP(I).Q.EAST.OR. H2DIP(I)
1 GAMMA(I)=18.-DIP(I)
IF (BETA(I).GT.S.AND. (Hl1DIP(I).EQ.WEST.OR.H2DIP(I)

1 GAMMA(I)=180.-DIP (I)
45 CONTINUE

S(I) =BET(I)/FACT
C (I)=GAMMA(I)/FACT
PHI (I) =PHX (I) /FACT
AP (I) =AQ (1)/FACT

35 CONTINUE
P=PLG/FACT

.EQ.WEST))

.EQ.EAST))

. EQ.EAST))

. EQ.WEST))

26921040 SWPHO116
26921050 SWPM0117
26921060 SWPM0118
26921070 SWPM0119
26921080 SWPM0120
26921090 SWPM0121
26921100 SWPM0122
26921110 SWPM0123
26921120 SWPM0124
26921130 SWPM0125
26921140 SWPM0126
26921150 SWPM0127
26921160 SWPM0128
26921170 SWPM0129
26921180 SWPM0130
26921190 SWPM0131
26921200 SWPM0132
26921210 SWPM0133
26921220 SWPM0134
26921230 SWPM0135
26921240 SWPM0136
26921250 SWPM0137
26921260 SWPM0138
26921270 SWPM0139
26921280 SWPM0140
26921290 SWPM0141
26921300 SWPM0142
26921310 SWPM0143
26921320 SWPM0144
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D=TSLP/F ACI
CALL ORDER (N,B,INDEX)
CALL SWITCH(N,C,INEEXDUMM1Y)
CALL SWITCH(NBETINEEXrUMMY)
CALL SWITCH(N,PHXINDEX,DUIM Y)
CALL SWITCH(NPHI,INEX, EllMMY)
CALL SWITCH(NAQ,INDEXDUMMY)
CALL SWITCHI(NAPINDEXDUMMY)
CALL SWITCH(NTAUINDEX,DUMMY)
CALL SWITCH(NoPCTJTGINDEXDU MMY)
CALL SWITCH(N,UIINDEX,DDUMMY)
CALL SWITCH (N, UAV, INDFX,DUM1Y)
CALL SWITCH (NHUL,INDEXDUMMY)
CALL SWITCH (N,STK,INDEX,DUMM Y)
CALL SWITCH (NH2STK,INDEXDUMMY)
CALL SWITCH(N,EIPINDEXDUMM Y)
CALL SWITCH (NH1DIPINDEX,DUMMY)
CALL SWITCH (N,H2DIPINDEXDUMMY)
CALL SWITCH(NSTIfFN,INDEX,DUMMY)
CALL SWITCH(NSTIFFS,INDEXD1MMY)
DO
I u
U X
U Y
Hz
vx
VY
vz
IN"X
V Y
Wz
UF
IF
IF
IF
iF

105 I=1,N
(I) = UI (I)
(1) =COS (B (I))
(I) =SIN (B (I))
(I) =0.
(1)=COS (C (I)) *UY (I)
(I)=-COS (C ()) *UX (I)
(1) =- S11(C (I ))
(I) = (Uy (I) *VZ(I) )-(UZ (I)
(1) = (UZ (I) *VX (I) )-(UX (I)
(I) =(UX (I)*VY(I))-(UY (I)
(I)=0.

( STIFFS(I) .NE. 0.0
( STIFFS (I) .EQ. 0.0
( RATIOK(I) .EQ. 100000
( RATIOK(I) .EQ. 100000

26921
26921
26921
26921
26921
26921
26921
26921
26921
26921

26921
26921
26921
26921
26921
26921
26921

26921

26921
26921
26921
26921
26921
26921
26921
26921
26921
26921

*VY(I))
*vz (I))
*VX (I))

RATIOK(I) =
RATIOK(I) =
0. ) STIFFS
0. ) STIFFN

STIFF N (1)/STIFFS (1)
1000000.

(I) = 1.
(I) = 1000000.

330 SWPM0145
340 SWPM0146
350 SWPM0147
360 SWPM0148
370 SWPM0149
380 SWPM0150
390 SWPM0151
400 SWPHO152
410 SWPM0153
420 SWPM0154

SWPdO155
440 SWPM0156
450 SWPM0157
460 SWPM0158
470 SWPM0159
480 SWPI40160
490 SWPM0161
500 SWPM0162

SWPM0163
SWPM0164

510 SWPM0165
SWPM0166

520 SWPM0167
530 SWPM0168
540 SWPM0169
550 SWPM0170
560 SWPM0171
570 SWPM0172
580 SWPM0173
590 SWPM0174
600 SWPM0175
610 SWPM0176

SWPM0177
SWPM0178
SWPM0179
SWPMO180
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105 COM TINUE 26921620
TAREX=). 26921630
FAHLX=0. 26921640
TBX=0. 26921650
TBY=O. 26921660
TBZ=0. 26921670
FBX=0. 26921680
FBY=O. 26921690
FBZ=,). 26921700
IF(III.NE.0) CALL BOLT(ILI,JJJNNNWXWYWZHEX,C,B,P,XLEN, 26921710
1 PLGDTPSLPETOPORT, EP ,TENTAREXTBXTBYTBZBFACORFDPFFTEN,26921720
2 FAEiX,FBX,FBYFBZFACT) 26921730
NN=N-1 26921740
DC 500 I=1,NN 26921750
11=1+1 26921760
DO 510 J=II,N 26921770
II=J-I 26921780
WRITE (5,1002) ICASE,I,J 26921790
DO 210 K=I,JID 26921800
WRITE (5,1004) K, STK (K), 112STK(K), DIP(K), H1DIP(K), H2DIP (K),

1 PHX(K), AQ
2 RATIOK (K)
IF (1IU(K)
IF ( EU(K)
IF ( IU(K)
IF ( 1U(K)
I F (H2STK (K)

(K), TAU(K), P
IU (K)

.EQ. 1 ) WRITE
.EQ. 2 ) WRITE
.EQ. 3 ) WRITE
.EQ. 4 ) WRITE
. EQ. I;AST. AND. H

CTJTG (K), STIFFN (K), STIFFS (K),

(NWR,1030)
(NWR,1031) UAV
(NWR,1032) HU
(NWR,1033)

1DIP (K) . EQ. S0TH. AND. H2DIP (K) . EQ. WEST)
1 WRITE (5, 1022)
IF (112STK(K) . EQ.EAST.AND. H1DIP (K) . EQ.SOTH. AND. H2DIP (K). EQ.WEST)

1 GO TO 510
IF (fI2STK (K) .EQ.EAST.AND. H1DI P (K). EQ.NORD.AND.H2DIP (K) .EQ.EAST)

1 WRITE (5, 1022)
IF (II2STK (K) .EQ.EAST.AND. H1DIP (K) .EQ. NORD. AN D.H2DIP (K) .EQ.EAST)

1 GO TO 510
IF(H2STK(K).EQ.WEST.AND.H1DIP(K) .EQ.NORD.AND.H2DIP(K) .EQ.WEST)

1 WHITE (5,1022)
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IF(H2STK(K) .EQ.WEST. AND.H1iDIP (K) .EQ. NORD. AND. H2DIP (K) . EQ.WEST)
1 GO TO 510
IF (H2STK(K) .EQ. AEST.AND. H1DIP(K) .EQ.SOTH.AND.H2DIP (K) .EQ.EAST)

1 WRITE (5,1022)
IF (H2STK (K) .EQ.WEST.AND. H1DIP (K) .EQ.SOTH.AND.H2DIP (K) .EQ.EAST)

1 GO TO 510
IF(DET(K).EQ.U..OR.BET(K).EQ.1tO.) WRITE (5,1021)
IF(BET(K).EQ.O..OF.BET(K).EQ.180.) GO TO 510

210 CONTINUE
WRITE (NWR,1036) AZI, H2AZI,PLG, H1PLG, H2PLG, HEX, XLEN, TPSL
WRITE (5,1035) UNIWGT, WWGT, RATIO, SUR
IF(AKX.NE.0.0.OR.AKY.NE.0.0.OR.AKZ.NE.O.0)

1 WRITE (NWR,1006) AKX, AKY, AKZ
IF(PX.NE.0.0.OR.PZ.NE.O.0.OR.PZ.NE.0.0) WRITE (NWR,1007) PXPY
IF(H2AZI. EQ.EAST.AND.H2PLG.EQ.EAST.AND.H1PLG.EQ.NORD) WRITE (5,1
IF(112AZ.EQ.EAST.AND.H2PLG.EQ.EAST.AND.H1PLG.EQ.NORD) GO TO 51
IF(H2AZI.EQ.EAST.AND.II2PLG.EQ.%EST.AND.H1PLG.EQ.SOTH)WRITE(5,1
IF(H2AZI.EQ.EAST.AND.H2PLG.EQ.WEST.AND.H1PLG.EQ.SOTH) GO TO 51
IF(H2AZI.EQ.WEST.AND.H2PLG.EQ.WEST.AND.H1PLG.EQ.NORD)WRITE(5,1
IF(l2AZI.EQ.WST.AND.H2PLG.EQ.WEST.AND.H1PLG.EQ.NORD) GO TO 51
1F(I12AZI.EQ.WEST.AND.H2PLG.EQ.EAST.AND.H1PLG.EQ.SOTH)WRITE(5,1
IF(H2AZI.EQ.WEST.AND.ii2PLG.EQ.EAST.AND.H1PLG.EQ.SOTH) GO TO 51
IF ( III .EQ. 0 ) GO TO 230
WRITE (5, 1015)
DO 255 K=1,NNN
WFITP(5,1024) KBTOP(K),TEN(K),ORT(K),DPT(K),BFAC(K),FTEN(K),

1 ORF(K),DPF(K)
255 CONTINUE
230 XX= (WY (J)*WZ(I)-WZ(J)*Wf(I))

X Y= (WZ (J) * WX(I) - WX(J)* WZ (I))
XZ= (WX (J) *WY (I)-WY (J)*WX (I))
X=SQRT (XX**2+XY**2 +XZ**2)
xx1 = XX/X
xY1 = XY/X
xZ1 = XZ/X
CDX = -HEX/TAN(C(I))*SIN(B(I))) + HEX/(TAN(P)*TAN(B(I)))

26921

26921
P

,PZ
023)
0
023)
0
023)
0
023)
0
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110 SWPM0244
190 SWPM0245
200 SWPH0246
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OCX = -HEX/(TAN(C(J))*SIN(B(J))
ODY = HEX/TAN(P)
DC=OCX-ODX
IF(EC.LE.XLEN) GO TO 95
I=XLEN*HEX/DC
ODX = -H /(TAN(C(1))*SIN(D (I))
OCX = -H/(TAN(C(J))*SIN(B(J)))
ODY =I/TAN(P)
IC=OCX-ODX
GO TO 100

95 H=H LX
100 CONTINUE

OC Y= 0DY
ODZ=H
OCZ=ODZ
IF(XY. EQ.0.)GO TO 50
TANE=XZ/XY
TAND=TAN(D)
IF(TANE.LE.TAND) GO TO 125
E=ATAN (TANE)
IF(E'l.LT.0.) E.=E+Pl
IF(E.GT.P) GO TO 155
GO TO 60

125 WITE(5,1019)
GO TO 510

50 WBITE(5,1014)
GO TO 510

155 WhITE(5,1020)
GO TO 510

+ HEX/(TAN (P)*TAN (B (J)))

) + H /(TAN(P)*TAN(B(I)))
+ H/(TAN(P)*TAN(B(J)))
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26922590
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60 AAA=1.
IF (PLG.NE.90.) AAA=1.-TANE/TAN(P)
HH=HPAAA*TAND/(TANE-TAND)
CCC= (H+Hl) /XZ
OBX = CCC*XX
OBY = CcC*xY
OBZ = CCC*XZ
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OD=SQRT (ODX**2+ODY**2+ODZ**2)
OC=S(QhT (OCX** 2+OCY** 2+OCZ**2)
OB=SQRT (OBX**2+OBY**2+OBZ**2)
OBBY=BY-ODY
1F(TPSlTP.NE.0.) ODBY=lii/SIN(D)
TARRA=OBBY*DC/2.
AZ=H/SIN(P)
FAREA=DC*AZ/2.
13 X=ODX-OBX
IF (JUDX. LT. 0.) BDX=-BDX
DB=0BBY
V 1=ATAN2 (BDX, OB3Y)
IF(TAN(R) .NE.0.) DB=OLBY/COS(R1)
CBX=OCX-OBX
IF(CBX.LT.O.) CBX=-CBX
CE=0BBY
?=ATAN2 (CBXOBBY)
IF (TAN (R) . NE. C.) CB=OB.BY/COS (R)
CCP=li/XZ
DEPY=CCP*XY-OUY
VOL=DBPY*DC*(H+HH)/6.
OSX= (OBX+OCX+0 CX) /4.
OSY= (0BY+OCY+DY)/4.
0S3Z= (OBZ+OCZ+ODZ) /4.
TEIMP=VOL*UNIWGT
DUMMYT = TEMP*COS(E)*1.OE-10
SURG=SUR*TAREA/COS (D)
SUil=(OD+00+DB)/2.
S UM2= (OC+OB+CB) /2.
AIEA (1) =SQRT (SUM 1* (SUM 1-OD) * (SUM 1-0B)* (SUM 1-DB))
APEA(J)=SQ iT(SUMi2* (SUM2-OC)* (SUM2-OB)*(SUM2-CB))

CH (1)=TAU (1) *(100.-PCTJTG (I))*(01) *AREA (1)
C H(J)=TAU(J)*(100.-PCTJTG(J) )*(.01)*AREA(J)
CH1=C (I)
C[12=CH(J)
TA[l=TAREA
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IF(TAREX.LT.TAREA) TAR=TAREX
FAR=FAREA
IF(FAFEX.LT.FAREA) FAR=FAREX
Ii BX=TBX *TAR +FBX*FAR
RBY=TBY*TAR+FBY*FAR
P BZ=TIZ*TAR+FEZ*FAR
EX = PBX + PX + TEMP*AKX
RY = RBY + PY + TEMP*AKY
RZ = RBZ + PZ -SURG - TEMP*(1.0 - AKZ)
IF ( IS .EQ. 2 ) RX RX + SURG*AKX
IF ( IS .EQ. 2 ) RY =BY + SURG*AKY
IF ( IS .EQ. 2 ) RZ = RZ + SURG*AKZ
CALL WATER (RX,RY,RZ,LE,P,PLG,[1UIU,UAV,0P1,HW,UF,HII,PI,

1 AREAWWGTIJIDWXWYWZTPSLP)
OIRX=OSY*RZ-OSZ*RY
O1pY=osz*pX-OSX*RZ
OIRZ=OSX*RY-OSY*HX
EMX=XX*OIRX+XY*OIFY+XZ*OIRZ
DO 110 K=LJ,ID
)EN(K)=RX*WX (K)+RY*WY (K) +RZ*WZ(K)
TX (K)=1X-EN (K) *WX (K)
TY (K)=RY-EN(K)*WY (K)
TZ(K)=RZ-EN (K) *WZ (K)
T(K)=SQRT(TX(K)**2+TY(K)**2+TZ(K)**2)

110 CONTINUE
ENN=).
IF (EN(l).GT.0.0.OR.EN(J).LT.0.0) GO TO 120
WRITE (5,1008)
(0 TO 400

12' DO 115 K=I,J,ID
SX(K)=(XY*WZ(K)-XZ*WY(K))
SY (K) = (XZ*WX (K)-XX*WZ (K))
SZ (K) = (XX*WY (K)-XY*WX (K))

SS(K)= X*SX (K)+RY*SY (K)+RZ*SZ(K)
115 CONTINUE

T12 = tRX*XX1 + RY*XY1 + RZ*XZ1
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T12P = IX*XX1 + RY*XY1 + (RZ +TEMP)*XZ1
SILEN = SQRI (SX(I)0*2 + SY(I)**2 + SZ(I)**2)
SJLEN = SQET(SX(J)**2 + SY(J)**2 + SZ(J)**2)
ETACOS (SX(J)KSX(I) .+ SY (J)*SY(1) + SZ(J)*SZ(I))/(SILEN*SJLEN)
ETA = ACOS(ETACOS)
IF ( ETA .LT. 0.0 ) ETA = PI + ETA
ETO = ETA*180./PI
HUR1ZL =SQRT(XX**2 + XY**2)
CO3BT2 = (XY*SX(J) - XX*SY(J))/(SJLEN*HORIZL)
SINBT2 = SQRT(1.0 - COSBT2**2)
BETA2 = ATAN(SINBT2/COSBT2)
IIET02 = BETA2*180./PI
BETA1 = PI - BETA2 - ETA
BETO1 = BETA1*180./PI
SINBT1 SIN(BETA1)
COSBT1 = COS(BETA1)
WRITE (NWR,1034) BETO1, ETO, BETO2, AREA(), AREA(J), TAREA,

1 FAREA, VOL, H, HH, XX, XY1, XZ1
iF (RSS(i).LT.0.0) GO TO 130
IF (RSS(J).LT.0.0) GO TO 140
PERP1 0.0
TANG1 0.0
PERP2 = 0.0
TANG2 0.0
IF ( LOPT .EQ. 1 ) GO TO 78

C THIS SECTION CCMPUTES THE EFFECT OF IN SITU STRESSES
WTCO = TEMP*COS(E)
IF ( RATIO .NE. 1.0 ) GO TO 76
PERP2 = WTCO/(COSBT2 + SINBT2*COSBT1/SINBT1)
PERP1 = PERP2*SINBT2/SINBT1
GO TO 78

76 fAT1.= (RATIO+(1.0-RATIO)*COSBT1**2)/((1.0-RATI0)*SINBT1*COSBT1)
PAT2 =(ATIO+ (1 .0-RATIO) *COSBT2*t2)/ ((1.0-RATIO) *SINBT2*COSBT2)
RAT12 = (RAT2*SINBT2 - COSBT2)/(RAT1*SINBT1 - COSBT1)
TANG2 = WTCO/(RAT12* (RAT1*CUSBT1 + SINBT1)+ (IRAT2*COSBT2+SINBT2))
TANG1 RAT12*TANG2
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PERP1 = RAT1*TANG1
PERP2 = TANG2*ERAT2

C THIS PART COMPUTUS THE EFFECT OF JOINT STIFFNESSES
78 IIXX = XY1/(SQRT(XX1**2 + XY1**2))

HXY = -XX1/(3QRT(XX1**2 + XY1**2))
RH1OhiZ =RX*HXX + RY*IXY
VVERT = -1.r(RX*HXY*XZ1 - IRY*HXX*XZ1 + RZ*(IIXX*XY1 - XX1*HXY) )
lJR1A = RVERT/(COSBT1 +COSBT2*SINBT1/SINBT2)
UJ2A = UR1A*SiNBT1/SINBT2
UP1B = FHORIZ/(SINBT1 + SINBT2*COSBT1/COSBT2)
LR2B = fRlB*COSBT1/COSBT2

C FSLR IS THE 'ULTIMATE' F.S. FOR SLIDING DOWN THE LINE OF INTERSECTION
tSLI? = ((URIA + U1DB) *TAN (PRI(I) ) (UP 2A + UR2B)*T AN (PHI (J))) /T12
FVMhTi = RVERT - TEP* (HXX*XY1 - XX1*HXY)
IF ( LOPT .EQ. 1 ) RVERT1 = RVERT
IF ( RVERT1 .NE. 0.0 .OR. RHORIZ NE. 0.0 ) GO TO 79

167 RVERT1 -= DUNMYT
79 STlN = STIFFN(I)*ARLA(I)

STlS STIFFS(I)*AREA(I)
ST2N = STIFFN(J)*AREA(J)
ST2,S STIFFS(J)*AREA(J)
FACTAA = ST1N*SINBT1 + S11S*COSBT1**2/SINBT1 +

1 ST2N*SINBT2 + ST2S*COSBT2**2/SINBT2
FACTBB = (STlN-ST1S)*COSBT1 + (ST2S-ST2N)*COSBT2
FACTCC = STlN*COSBT1**2/SINBT1 + ST1S*SINBT1 +

1 ST2N*COSBT2**2/SINBT2 + ST2S*SINBT2
ALPHA = ATAN((FACTCC*RBORIZ - FACTBB*RVERT1)/

1 (FACTAA*RVERT1 - FACTBB*FHORIZ))
COSALP = COS(ALPHA)
SINALP = SIN(ALFHA)
FACTDD ST1N*(SINALP + COSALP*COSBT1/SINBT1)
FACTEr = ST1S*(COSALP*SINBT1 - SINALP*COSBT1)
FACTFF = ST2N*(COSALP*COSBT2**2/SINBT2 - SINALP*COSBT2)
FACTGG= ST2S*(COSALP*SINBT2 + SINALP*COSBT2/SIN BT2)
PRRP11 = IRVERT1*FACTDD/(COSBT1 + FACTEE + FACTFF + FACTGG)
DISP = PERP11/FACTDD
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PERP1 = PERP11 + PERP1 SWPM0433
TANG1 PErP11*FACIi8/(SINDT1*'ACTDD) + TANG1 SWPMO434
PER2= PERP11*FACTFF/(COS BT2*FACTDD) + PERP2 SWPM0435
TANG2 PERP11*FACTGG/(SINBT2*FACTDD) + TANG2 SWPM0436
IF (.NOT.FLIIM) GO TO 166 SWPM0437
IF ( NDOP .NE. 0 ) GO TO 166 SWPM0438
PPERP1 = PERP1 SWPM0439
PPERP2 = PERP2 SWPM0440
TTANG1 = TANG1 SWPMO441
TTANG2 = TANG2 SWPM0442
FILM = .FALSE. SWPM0443

11111Z = 0.0 SWPMO444
GO TO 167 SWPM0445
TilIS PART COMPUIES THE FACTOR OF SAFETY: THE RATIO OF THE SWPM0446
COAPONENTS OF DRIVING TO RESISTING FORCES IN THE DISPLACEMENT DIRECTION SWPHO447

166 IF ( RVERT1 .EQ. DUMMYT ) T12P = DUMMYT*TAN(E) SWPM0448
ADISP = T12P/(ST1S + ST2S) SWPH0449
BDISP = DISP*SINALP SWPM0450
CDISP = -DISP*COSAIP SWPMO451
DISP SQRT(ADISP**2 + BDISP**2 + CDISP**2) SWPM0452
ACISP = ADISP/DISP SWPM0453
BDISP = BDISP/DISP SWPM0454
CDISP = CUISP/LISP SWPM0455
IF (FLIM) GO TC 168 SWPM0456
PERP1 = PPERP1 SWP0457
PERP2 = PPERP2 SWPM0458
TANG1 = TTANG1 SWPM0459
TANG2 = TTANG2 SWPM0460

168 FLIM = .TRUE. SWPM0461
ADRF1 = T12*STIS/(ST1S + ST2S) SWPM0462
BDRF1 = -TANG1COSBT1 SWPMO463
CDHF1 = -TANG1*SIN3T1 SWPM0464
AURF2 = T12 - ADRF1 SWPM0465
13D F2 = TANG2*COSBT2 SWPM0466
CDRF2 = -TANG2*SINBT2 SWPM0467
DRF = (ADRF1+AERF2)*ADISP+(BDRF1+BDRF2)*BDISP+ (CDRF1+CDRF2)*CDISP SWPM0468
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FACTHH = (AD F1*ALISP+i3DLF1*BDISP fCDRiF1*CDISP)/
1 (SQRT(ADRF1**2+BrRF1**2+CDRF1**2))

FACTJJ = (ADEF2*ADISP+BDEF2*BDLISP+CDRF2*CDISP)/
1 (SVRT(ADRF2**2+BDRF2**2+CERF2**2))
REST2 = PERP2#TAN(F1I(J)+AP(J))+ C112
REST1 = PERP1*TAN PIiI(I)+AP(I))+CH1
FSL = (REST1*FACTIHl + REST2*FACTJJ)/DRF
WRITE(5,1018) FSL
IF(FSL.LT.0.) WRITE(5,1009)
WEITE (NWLi,1016) FSLR

245 IF(FSL.LT.1.) GO TO 300
w WX(1) =- W X(1)
WWY(I)=-WY (I)
WWZ (I) =-WZ (1)
WwX (J) =WX (3)
WWY(J)=WY(J)
WWZ (3) =WZ (J)
DO 41) K=1,JID
COSP=COS(PHI (K) +AP (K))
SINP=SIN (PHI (K)+AP (K))
.rEX (K) =WWX (K) *COSP-XX*SINP/X
V RY (K)=WWY (K) *COSP-XY*STNP,/X
RTRZ (K) =WWZ (K) *COSP-XZ*SINP/X

410 CONTINUE
CRPX= RRY (I) *R RZ (J)-RRZ (I) *BRY (J)
CRPY=RRZ (I) *RRX (J) -RRX (I) *RRZ (J)
CRPZ=RRX(I)*RRY(J)-RRY (I)*RRX(J)
CIIR=SQRT(CRPX**2+CRPY**2+CRPZ**2)
C RRX=-CBPX/CR R
CRRY=-CRPY/CRR
CR RZ=-CRPZ/C RR
ENN=(RX*CRRX+RY*CRRY+RZ*CRBz)/(TEMP)
GO To 300

130 IF (EN(1).LT.O.0) GO TO 150
FLS = 0.0
K=1

SWPM0469
SWPM0470
SWPM0471
SWPH0472
SWPM0473
SWPHO474
SVPM0475
SWPM0476
SWPM0477
SWPM0478

26923500 SWPM0479
26923510 SWPMO480
26923520 SWPHO481
26923530 SWPM0482
26923540 SWPM0483
26923550 SWPH0484
26923560 SWPM0485
26923570 SWPM0486
26923580 SWPHO487
26923590 SWPH0488
26923600 SWPM0489
26923610 SWPM0490
26923620 SWPM0491
26923630 SWPM0492
26923640 SWPM0493
26923650 SWPM0494
26923660 SWPM0495
26923670 SWPM0496
26923680 SWPMO497
26923690 SWPMO498
26923700 SWPH0499
26923710 SWPM0500
26923720 SWPM0501
26923730 SWPM0502

SWPM0503
26923750 SWPM0504

PAGE 14

w



GO TO 145
140 IF (EN(J).G 1.0.0) GO TO 150

FSL= 0.
K=J
EN (K)-EN (K)

145 CONTINUE
FSS= (EN (K) *TAN (PHI (K) +AP (K)) +CH (K) )/T (K)
WRITE (5,1001) FSS,K
IF (Cii. NE. 0..OR.CH2.NE.0. .OR .AP (I) .NE. 0..OR.AP (J). NE.0.)
Gc TO 240

70 FSSR=EN (K) *TAN (PHI (K)) /T (K)
WRITE(5,1016) FSSR
GO TO 240

150 WRITE (5,1010)
GO TO 400

240 IF(FSS.LT.1.) GO TO 300
ENN=SIN(PHt(K)+AP(K)-ATAN2(T(K),EN(K)))
AA=B(K)-90./FACT
IF(TX(K).NE.0.) AA=B(K)-ATAN2(TY(K),TX(K))
AB=C(K)
IF(DIP(K).NE.90.) A8=ATAN(TAN(C(K))*SIN(AA))
PlUN=P11I(K)-AD
CliRH=SQRT (TX (K) **2+TY (K) **2)
CE,=CfRH*TAN (PLUN)/T (K)
CRRX=TX (K)/T (K)
CRRY=TY (K)/T(K)

300 IF(FSL.NE.0.) FSS=O. -

IF(FSS.NE.0.) GO TO 400
IF(IUJ(I).NE.1 .AND.IU(J).NE.1 ) GO TO 400

AK1COS = ((ODX*OBX+ODY*OBY+ODZ*OBZ)/(OD*OB))
AK10 = ATAN(SQRT(1.0 - AK1COS**2)/AK1COS)
AK2COS = ((OCX*0BX+OCY*OBY+CZ*0BZ)/(OC*OB))
AK20 = ATAN(SQHT(1.0 - AK2COS**2)/AK2COS)
EM1O=-(WX(I)*OI:RX+WY (I)*OIRY+WZ(I)*OIRZ)
EM20=-(WX(J)*OIRX+WY (J)*OIRY+WZ(J)*OIPZ)
IF (EMX.LE.0.0.OB.EM10.LE.O.0)) GO TO 310
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IF (AK20.GT.PI2) GO TO 310
IF (iTA.LT.PI2.AND.AK 10. GT.P12. AND.

1 (TAN(AK20)/TAN(PI-AK10)).GT.(1./COS(PI-ETA)))
K=I

305 TOP=osX*wX(K)+OSY*WY (K)+OSZ*WZ(K)
BOT= RX*WX(K)+ RY*WY (K)+ BZ*WZ(K)
VJP=-TOP/BOE
OQX=OSX+VJP*RX
OY=0SY+VJP*RY
OQZ=0SZ+VJP*RZ
OQWX=OQY*WZ (K)-OQZ*WY(K)
OQWY=OQZ*WX (K)-OQX*WZ (K)
OQWZ=OQX*WY (K) -OQY*WX (K)
D ET=-OQY*OQWZ+OQZ*CQWY
C2=(-TZ (K) *CQY+TY (K) *OQZ) /DE71
TT=C2*S2RT(OQWX**2+OQWY**2+OQWZ**2)
FSR=(EN(K)*TAN(PHI(K)+AP(K)) +CH(K))/TT
WRITE(5,1013) FSR,K
TIL(Cf1.NE...OR.CH2.NE...OR.AP().NE.0..OR.AP(
GO TO 420

75 FSRfR=EN(K)*TAN(PHI(K))/TT
WEITE(5,1016) FSRR
GO TO 420

310 IF (EMX.GL.0.0.O1R.EM20.Lf.0.0) GO TO 320
IF (AK1O.GT.P12) GO TO 320
IF (ETA.LT.P12.AND.AK20.GT .P12. AND.

1 (TAN(AK10)/TAN(PI-AK20)).GT.(1./COS(PI-ETA)))
K=J
EN (K) =-EN (K)
GO TO 305

320 WITE(5,1012)
FSR=).
GO TO 400

420 IF(FSR.LT.1.) GO TC 400
ENNR=SIN (PHI (K) +AP (K) -ATAN2 (TT, EN (K)))
CRRRX=C2*OQWX/TT

GO TO 310

J).NE.0.)- GO TO 75

GO TO 320
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C F U PY= C2*0Q WY/ IT 26924470 SWPM0577
CPRPZ=C2*OQWZ/ T T 26924480 SWPH0578

IF(ENNR.L T.ENN) GO TO 405 26924490 SWPI0579
GO TO 400 26924500 SWP0580

405 ENN=ENNR 26924510 SWPM0581
CRhKx=CRRX 26924520 SWPM0582
CPBY=CRRRY 26924530 SWPM0583

CRRZ=CRRRHZ 26924540 SWPH0584
40'J CONTINUE 26924550 SWPM0585

DCX=-ODX 26924560 SWPM0586
DBX=OB X-0DX 26924570 SWPM0587
IF(AKX.N.O..OR.AKY.NE.0..Oil.AKZ.NE.O.) GO TO 510 26924620 SWPM0588

IF'(ENN.EQ.0.) GO TO 510 26924630 SWPM0589
W ITE(5,1011) ENNChRfX,Ci RYCRrhZ SWPM0590

510 CONTINUE 26924650 SWPM0591
500 CONTINUE 26924660 SWPM0592

GO TO 200 26924670 SWPM0593
9 000 CCNTINUE 26924680 SWPM0594

STOP 26924690 SWPM0595
END 26924700 SWPH0596
SUBROUTINE ORDER (N,B,INDEX) 26924710 SWPM0597

DIMENSION B (8) ,INDEX (8) 26924720 SW Pt0598
LOGICAL FIN 26924730 SWPM0599

DO 10 I=1,N 26924740 SWPM0600

10 INDEX(1)=I 26924750 SWPM0601
NN=N-1 26924760 SWPM0602

DO 15 J=1,NN 26924770 SWPM0603
M=N-J 26924780 SWPM0604
il N=. TR UE. 26924790 SW PM0605

DO 20 I=1,M 26924800 SWP0606

IF (B (I). LE.B (1+1)) GO TO 20 26924810 SWPM0607

FiN=. FALSE. 26924820 SWPM0608
BE= B (1+ 1) 26924830 SWPM0609

B (I+1)=B(I) 26924840 SWPI0610

B(l) =BB 26924850 SWPM0611
IN=lNDEX (I) 26924860 SWPM0612
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INDEX (1)=INDEX (1+1)
INDLX(1+1)=IN

2) CONTINUE
IF (FIN) RETUEN

15 CONTINUE
IETURN
EN )
SUBROUTINE SWITCH (NAINDEX,D
DIMENSION A(8),INLEX(8),DUMMY(
DO 10 I=1,N

10 DDMMY (I) =A(I)
DC 15 I=1,N
il=INDEX(I)

15 A (I)=DUMMY (II)
LETURN
END
SUBPOUTINE WATER(XPY,oZ,11,E,

1 AREAWWGTI,J,ID,WXWYWZTPS
DIMFNSION fiU(8), IU(8),LJAV(8) ,A

DO 15 K=I,JID
KK=IU (K)
HiHI=IiU (K)
IF (TPSLP.LT.0. .AND. HHH.LT.-HH)
D1=H-ilHH
IF(DII.LE.0.) GO TO 15
TEM= (D/l) (DH/(1+HhI)
GO TO (15,20,25,30),KK

20 UF(K) =ARE A (K) *UAV(K)
Go TO 35

25 PER=1.
GO TO 40

3:) AZZ=DH/SIN(P)
AXX=0.
IF (PLG. Nr.90.) AXX=DH/TAN (P)
AX=Di/IAN(E)-AXX
PA=PI-P

UMmIY)
8)

P,PLG,
LP)
REA (8)

HUIUUAVOP1,HwUJF,IH,PI,

,UF (8), WX (8) ,WY (8) ,WZ (8)

IHhI=-HHl
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ART=AZZ*AX*SIN (PA)/2.
TF(Iw.NE.0.) GC TO 45
EA=P/2.
I1 (EA.L .h) GO TO 15
ARA=AZZ*AZZ*S] N (PA) /2.
ARB=ART-ARA
PLR=AFB/ART
GO TO 40

45 HP=JW-HU (K)
AY=OP1-AXX
AZW =HP/I1N (P)
IF(HP.GT.Eli) GO TO 50
ARA1=AZ64*AY*SIN (PA)/2.
AFB1=ART-ARA1
IF(AY.GT.AX) GO TO 55
PER=ARB1/ART
GO TO 40

55 IF(HP.LQ.DH.AND.AY.GE.AX) GO TO 15
110 AYY=AXX*AZW/AZZ

ZA=ATAN2 (HP, (AY+AYY))
ZE=AY- AX
ZC=PI-E
ZD=PI-ZC-ZA
ARF=ZB*ZB*SIN (ZA) *SIN (ZC) /(2.*SIN (ZD))
PFR= (ARIB1+ARF)/ART
GO TO 40

50 IF(AY.GE.AX) GO TO 15
ZG=AX-AY
ZE=ATAN2 (OP1i,HP) +PI/2.
ZF=PL-ZE-ZG
ARB2=ZG*ZG*SIN (ZE) *SIN (E) /(2.*SIN (ZF))
PER=ARB2/ART

40 CONTINUE
UF (K) =PER*TEM*AREA (K) *WWGT*DH/3.

35 IF(K.EQ.J) UF(K)=-UF(K)
UFX=WX(K)*UF(K)
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UFY=WY (K) *UF (K)
U1 Z'=WZ (1) UF (K)
RX=X-j FX
D Y=tq Y-UFY
RZ =IZ-IJFZ

15 CONTINtU E
S!TU R N

END
SrIUOUTINE BOLT(III,JJJNNN, WX,WYWZrIEX,C,B,P,XLEN,.PLG,D,TPSLP,

1 TUP,OhTDPT, EN, rAREX,T1X,TBYTBZBFACORFDPFFTENFAREX,
2 tBXFBYiHBZFACT)

DINLNSION BTOP(8),0T(8),DPT(8),TEN(8),BFAC(8),O1rF(8)
DIMfVNSION DPF(8),FTEN(8),WX(8),WY(8),WZ(8),C(8),B(8)
IF(III.GT.JJJ) GO TO 20
GO To 25

20 TE=III
II1=jIJ

JJJ=TI 7
25 CONTINUE

XY=WZ (JJJ) *WX (111)-WX (JJJ)*
XZ=WX (JJJ) *WY (III)-WY (JJJ)*
ODX = -1EX/(TAN (C(III))*SIN
OCX = -HEX/(TAN(C (JJJ))*-'SIN
ODY = EX/ITAN(P)
DC=0CX-0DX
iF(DC.LE.XLEN) GO TO 30
i= XLL N"*fIEX/DC
0DX = -H /(AN(C(III))*SIN
OCX = -H /(TAN(C (JJJ))*SIN
OLY = H/TAN (P)
DC=OCX-0D(X
Go TO 35

30 i=HEX
35 CONTINUE

TAN =XZ/XY
TA ND =TAN (D)

(III)
WA (III)
(B (Il)
(B(JJJ)

(B (III)))
(B (JJ)))

+ HEX/(TAN(P)*TAN(B(11I)))
+ hEX/ (TAN (P)*TAN(B (JJJ)))

+ 1f
+ H

/ (TA N (P) *TAN (B (III)))
/ (TAN (P)*TAN (B (JJJ)) )
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AAA=1.
IF (PLG.NE.90-) AAA=1.-TANE/TAN(P)
Ii=It*AAA*TAND/ (TANE-TAND)

CCC= (li+ IH)/XZ
OEY = CCC*XY
0 0BY =OBY-01)Y
I F('IP SL P. NE . 0. 0 V Y= HH/ 5.14(D)
TAREX=OBbY*DC/2.
AZ 1=H/SIN (P)
FAREX=DC*AZ 1/2.
AX=O.
AY=0.
AZ=D.
AFX=0.
AFY=0 .
A FZ=0.
DO 10 K=1,NNN
3T=BTOP (K) *TE N (K)
IF(BT.EQ.0.) GO TO 15
13XY=BT*COS(DPT (K)/FACT)
IF(B-XY.LT.0.) BKY=-BXY
BX=Bf3(Y*COS (ORT (K)/FACT)
BY=BXY*6 SIN (OFT(K) /FACT)
13Z=13*SIN (DPT (K)/FACT)
AX=AX +3X
AY= Af+BY
AZ=AZ-BZ

15 CONTINUE
BF=BFAC (K) *FTE.N(K)
IF(BF.tU.3.) GO TO 10
13FXY= B3F*COS (DPF (K)/FACT)
IF(bFXY.LT.0.) BFXY=-BFXY
i3iX=BFXY*COS (ORF (K)/FACT)
3FY=EXY*SIN (ORF(K)/FACT)
JF,= BF* SIN (LPF (K) /FACT)
ArX=AHL BFX
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A,' Y=AFY+BFY
A FZ=A FZ-BFZ

10 CONTINiUE
TBX=AX/TAREX
TUY= AY/TAREX
TDZ=AZ/TABEx
F13X = AFX/FAREX
FBY AFY/FAREX
FBZ = AFZ/FAFEX

R ETU R N
L ND
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Appendix F

Computer Program SWARS-2MC

SWARS-2MC is a modified version of SWARS-2PM that enables

the user to determine the probability of failure (P ) through

Monte Carlo simulation. The program will compute the factor

of safety (FS) for many sets of input parameters--P is the

proportion of FS values that fall below 1.0. Any (or alll of

the parameters that define the shape and size of the wedge or

characterize the shear resistance along the joint planes can

be considered random variables. The values for these random

variables should be selected in accordance with their respec-

tive probability density functions. (Section 2.2 outlines the

principles of Monte Carlo simulation.)

SWARS-2MC is virtually identical to SWARS-2PM with respect

to its computational algorithms. Both programs compute two

FS's: FS, the factor of safety against initial movement,

and FSU, the factor of safety against ultimate failure.

(The distinction between the two values is discussed in Sec-

tion 4.4.)

There are three major differences between SWARS-2PM and

SWARS-2MC.

1. In SWARS-2PM the user inputs individual

planes. He can specify up to 8 planes.

Some combinations of planes will form kine-

matically stable wedges; the program will
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indicate that these combinations do not

constitute stability problems. The user

does not specify the size of the wedges.

The program identifies (and analyzes) the

largest wedge that can form given the overall

height and width of the slope. In SWARS-2MC

the user inputs pairs of planes and the

height of the resulting wedge. In effect,

the user specifies the shape and size of

the wedge to be analyzed. Thus, SWARS-2MC

is based on wedges rather than individual

planes. SWARS-2MC is designed to complement

the computer program DAYLITE (Appendix C) in

that the input for SWARS-2MC uses the same

format as the output from DAYLITE. Since

DAYLITE only considers kinematically un-

stable wedges, the input for SWARS-2MC will

not identify any wedges which are kinemati-

cally stable.

2. In SWARS-2PM the user identifies planes by

their strike and dip. As indicated above,

SWARS-2MC is concerned with wedges rather

than planes, so the user inputs the orienta-

tion of the line of intersection of planes

(XX,XY, XZ) and the central angle of the
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wedge (). (XX, XY, and XZ) and can be

obtained from DAYLITE.

3. The input from SWARS-2PM includes a detailed

description of the wedges formed by each

pair of planes and the two FS values for

each wedge. Since the SWARS-2MC user pre-

scribes the size and slope of each wedge,

the output from the program consists of just

the two FS values (as well as a recapitula-

tion of the input parameters).

SWARS-2MC maintains most of the versatility of SWARS-

2PM with respect to loading conditions and ground water con-

conditions but not all the conditions can be varied in each

set of input parameters. In particular,

1. SWARS-2MC will not consider rock bolt loads.

2. SWARS-2MC will compute cleft water pressures

with respect to a specified phreatic surface;

however, (unlike SWARS-2PM) both planes which

bound the wedge must have the same surface.

In addition, all the wedges in any one compu-

ter run must have the same phreatic surface.

(The user can specify "Piezometric Option 2"

i.e., the same uniform hydrostatic pressure

on both joints, and then let the pressure

vary for each wedge.)

* A computer run consists of a series of FS calculations
based on a single set of computer cards as prescribed in
Section F.3. 365



3. SWARS-2MC will consider pseudo-static seis-

mic loadings but the same seismic coefficients

must be used for all wedges in a particular

run.

4. SWARS-2MC (unlike SWARS-2PM) will not compute

the minimum seismic accelerations required to

cause failure.

5. SWARS-2MC will consider point loads but the

same lbads will be applied to all wedges in

a particular run.

Some of these restrictions can be circumvented by condi-

tioning the results on the loading condition. For example,

suppose there is a 0.05 probability that a design earthquake

will occur. Two computer runs can be made: one with the

appropriate seismic accelerations and one without. If one

assumes that the design earthquake is the only earthquake

that can occur, Pf can be calculated as:

1 2
P = (0.05)Pf + (0.95)Pf (F.1)

where P 1 is the probability of failure with the seismic

loads and Pf2 is the probability of failure without the seis-

mic loads.

The user must specify the number of wedges to be analyzed

and he must provide input data for each wedge. This input is

listed on cards #5 and #6 (see Section F.3) so a pair of
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cards must be provided for each wedge (or "realization").

The lone exception to this rule occurs when the user only

wishes to investigate FSU. If this is the case, he inputs

1 ' for ISTIFF (card #4) and can disregard card #6 for

each realization. (Card #6 contains information on the in

situ stress ratio and joint stiffnesses--none of the data is

required for the FSU computations.)

The format for inputting data is designed so that the

user can vary one parameter at a time. In analyzing the ith

th
wedge the program will use all the parameters from the (i - 1)

wedge except those parameters which are specified on the ith

pair of cards #5 and #6. For example, if H, the height of

the wedge, is specified as 15.0 for the first realization,

the computer will continue to use H = 15.0 for all subse-

quent wedges until the user specifies another value for H.

If in analyzing two consecutive realizations the user wishes.

to change the value of a parameter from a non-zero number to

zero he must input ' -1.0 '. For example, in the ith realiza-

tion the uniform hydrostatic pressure might be 124.8. If the

uniform hydrostatic pressure in the (i + 1)th realization

should be zero, the user must input ' -1.0 ' in the appro-

priate columns in the (i + 1)th pair of cards #5 and #6.

F.l Coordinate System

The coordinate system used in SWARS-2MC is shown in

Figure F.l. The positive X axis is horizontal to the right.

367



D~ c

D / C

0
HEX

PLG

HW

1!j

I-

(D

LiJ

0:,

0

(D

0

(D

+ Z

+ X

TPSLP

HU

A'

I



The positive Y axis is horizontal and 90' counterclockwise

from the positive X axis. (The positive Y direction is di-

rected into the slope.) The positive Z axis is vertical

upward.

DAYLITE uses this same coordinate system in describing

the orientation of the line of intersection.

F.2 Units

All units used in the input must be consistent. Units

are generally in feet or pounds but any other system may be

employed as long as all the other input is in consistent

units. Angular input is always in degrees.

Unless otherwise noted, input data does not have to be

right justified. The term "integer" implies that the para-

meter is expressed without a decimal point.

F.3 Inputs

Card #1

Strike of the Slope: (HlAZI, AZI, H2AZI) is entered in

geologic notation in columns 1 to 4. Geologic strike must

be expressed in the northern quadrants and the angle must

be expressed as a two digit integer. (Examples: N45E, N06W)

Dip of the Slope: (PLG, H1PLG, H2PLG) is entered in

geologic notation in columns 6 to 9. Dip directions must in-

dicate a particular quadrant i.e., NE, NW, SE, SW. The angle

is expressed as a two digit integer. (Examples: 16NW, 07NE)

Height of the Slope: (HEX) is entered in columns 11 to
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20 with a maximum of three decimal places. HEX is measured from

the crest of the slope to the bottom of the slope (Figure F.1).

Length of the Slope: (XLEN) is entered in columns 21 to

30 with a maximum of three decimal places.

Angle of the Top Slope: (TPSLP) is entered in columns 31

to 40 with a maximum of three decimal places. TPSLP is

shown in Figure F.l.

Unit Weight of Rock: (UNIWGT) is entered in columns 41 to

50 with a maximum of three decimal places.

Unit Weight of Water: (WWGT) is entered in columns 51 to

60 with a maximum of three decimal places.

Uniform Vertical Surcharge: (SUR) is the uniform vertical

load acting per unit area on the top face of the wedge (face

BCD in Figure F.1). SUR is entered in columns 61 to 70 with

a maximum of three decimal places.

Surcharge Option: (IS) There are two options avail-

able to analyze the effects of the surcharge on the stability

of the tetrahedron in the dynamic case. Option 1 assumes

that the surcharge is accelerated only in the vertical direction.

Option 2 assumes that the surcharge is a mass and that it is

accelerated in the same directions as the wedge under dynamic

loading. The code 1 or 2 is entered in column 71.

Card #2

X Coordinate of the Line of Intersection: (XX) is entered

in columns 1 to 10 with a maximum of five decimal places.
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Y Coordinate of the Line of Intersection: (XYI is

entered in columns 11 to 20 with a maximum of 5 decimal places.

Z Coordinate of the Line of Intersection: (XZ) is enter-

ed in columns 21 to 30 with a maximum of 5 decimal places.

Note: (XX, XY, XZ) should be a unit vector i.e., (.XX 2

+ YX2 + XZ 2 ) 1.0.

Card #3

Piezometric Option: (IU) is a code that indicates how

cleft water effects are to be incorporated into the analysis.

1. No effect from water; 2. Uniform pressure acting on the

joint; 3. Pressure defined by a horizontal pheatic surface;

4. Pressure determined by an arbitrary phreatic surface.

IU is entered in column 5 as an integer. (Unlike SWARS-2P or

SWARS-2PM, SWARS-2MC requires that the same code be used for

both planes. In addition, the phreatic surfaces defined in

Options 3 and 4 must be identical for both planes.)

Depth to Water: (HU) is measured from the crest of the

slope to a horizontal phreatic surface (Figure F.l). HU is

used in conjunction with Piezometric Options 3 and 4. HU is

entered in columns 6 to 10 with a maximum of 1 decimal place.

Depth to Piezometric Level on the Slope: (HW) is enter-

ed in columns 11 to 15 with a maximum of 1 decimal place. HW

is shown in Figure F.l and is used in conjunction with Piezo-

metric Option 4.
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Distance OPi: (.OPl) is used in conjunction with Piezo-

metric Option 4. As shown in Figure F.l, it is the horizon-

tal distance from the face of the slope where the phreatic

surface exits to the point where the phreatic surface becomes

horizontal. OPl is entered in columns 16 to 20 with a maxi-

mum of 1 decimal place.

Seismic Coefficients X,Y,Z: (.AKX, AKY, AKZ) Seismic

forces are entered as decimal fractions of the gravitational

force. Positive values will be forces acting at the centroid

in the direction of the appropriate positive coordinate, nega-

tive values set in the direction of the appropriate negative

coordinates. AKX is entered in columns 21 to 25, AKY is en-

tered in columns 26 to 30, and AKZ is entered in colmns 31 to

35. The three values are expressed with a maximum of three

decimal places. If no seismic loads are to be considered

columns 21 to 35 may be left blank--the computer will default

to AKX = AKY = AKZ = 0.

Point Loads: (PX, PY, PZ) can be used in the program.

PX, PY, and PZ are the X, Y, and Z components of a point load.

The program treats PX, PY and PZ as point loads acting at the

centroid of the wedge. PX is entered in columns 36 to 45, PY is

entered in columns 46 to 55 and PZ is entered in -columns 56 to

65. The three values are expressed with a maximum of three

decimal places. If not point loads are to be considered columns

36 to 65 may be left blank--the computer will default to PX =

PY = PZ = 0.
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Card #4

Number of Realizations: (NOREAL) is entered as an

integer in columns 1 to 5. NOREAL must be right justified.

Note: The user must provide a set of input parameters i..e.,

cards #5 and #6 for each realization.

FS Option #1: (ISTIFF) If a ' 1 is entered in column

10 the program will compute FSU only. If any integer greater

than 1 is entered in columns 6 to 10 the program will compute

both FSI and FSU'

FS Option #2: (NDOP) is a code that indicates how the

program should compute FS1 . As indicated in Section 4.4 (.q.v.),

FSI is defined as;

FS= - = (F.2)

where R is the resultant of all resisting forces, D is the

resultant of all driving forces, and T is the direction of

impending movement. If a ' 0 ' is placed in column 15, I

is the displacement that would occur in response to a ver-

tical load. If any other integer is placed in columns 11 to

15 1 is the displacement that occurs in response to the re-

sultant of all external loads i.e., all loads except the

weight.

FS Option #3: (LOPT) is an option that allows the user

to analyze all loads (including the weight of the wedge) with
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the stiffness approach. If a ' 1 ' is entered in column

20 the program will use this option. If any other integer

is placed in columns 16 to 20 the program will treat loads

according to the "standard" procedure presented in Section

4.3 i.e., stress approach for gravitational loads, stiffness

approach for all other loads. If columns 16 to 20 are left

blank the program will default to the standard procedure.

Card #5

Note: A separate card is used for each of the NREAL

realizations--see the introductory discussion

to this appendix.

Central Wedge Angle: (PSI) is entered in columns 1 to

5 with a maximum of 1 decimal place. PSI is shown in Figure

F.2 as 4.

Orientation Angle #1: (BETAl) is entered in columns 6

to 10 with a maximum of 1 decimal place. BETAl is shown in

Figure F.2 as 10

Height of Wedge: (H) is entered in columns 11 to 15

with a maximum of 1 decimal place. H is measured from the

crest of the slope to the vertex of the wedge i.e., in the

same manner as HEX in Figure F.l.

Friction Angle on Joint Plane 1: (PHX(l)) is entered in

columns 16 to 20 with a maximum of 1 decimal place.

Asperities on Joint Plane 1: (AQ(1)), the angular value

of additional shearing resistance due to larger size
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SECTION PERPENDICULAR TO AC

Figure F.2 Definitions of T and S1
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irregularities on the joint plane, is entered in columns

21 to 25 with a maximum of 1 decimal place.

Cohesion of Intact Rock onJoint Plane 1: (TAU(l)) is

entered in columns 26 to 33 with a maximum of 1 decimal

place.

Joint Persistence on Joint Plane 1: (PCTJTG(l)) is the

percent of the area of the total joint plane that is not

intact rock. PCTJTG(l) is entered in columns 33 to 38 with

a maximum of 1 decimal place.

Uniform Water Pressure on Joint Plane 1: (UAV(l)) is

entered in columns 39 to 45 with a maximum of 1 decimal place.

UAV(l) is used in conjunction with Piezometric Option 2.

Friction Angle on Joint Plane 2: (PHX(2)) is entered

in columns 46 to 50 with a maximum of 1 decimal place.

Asperities on Joint Plane 2: (AQ(2)), the angular value

of additional shearing resistance due to larger size irregu-

larities on the joint plane, is entered in columns 51 to 55

with a maximum of 1 decimal place.

Cohesion of Intact Rock on Joint Plane 2: (TAU(2)) is

entered in columns 56 to 62 with a maximum of 1 decimal place.

Joint Persistence on Joint Plane 2: (PCTJTG(2)) is the

percent of the area of the total joint plane that is not in-

tact rock. PCTJTG(2) is entered in columns 63 to 67 with a

maximum of 1 decimal place.
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Uniform Water Pressure on Joint Plane 2: (UAV(2)) is

entered in columns 68 to 72 with a maximum of 1 decimal place.

UAV(2) is used in conjunction with Piezometric Option 1.

Card #6

Note: A separate card is used for each of the NREAL

realizations unless ISTIFF = 1 in which case

Card #6 is deleted for each realization.

Stress Ratio: (RATIO) is entered in columns 1 to 10

with a maximum of 5 decimal places. RATIO is the ratio of

horizontal to vertical stresses within the wedge.

Shear Stiffness on Joint Plane 1: (STIFFS(l)) is en-

tered in columns 11 to 20 with a maximum of two decimal

places. STIFFS(l) can also be entered in scientific nota-

tion with a maximum of two decimal places. (Examples:

678.54, 6.78E2)

Normal Stiffness on Joint Plane 1: (STIFFN(l) is enter-

ed in columns 21 to 30 with a maximum of two decimal places.

STIFFN(l) can also be entered in scientific notation with a

maximum of two decimal places. (Examples: 45678.2, 4.57E4)

Shear Stiffness on Joint Plane 2: (STIFFS(2)) is en-

tered in columns 31 to 40 with a maximum of two decimal places.

STIFFS(2) can also be entered in scientific notation with a

maximum of two decimal places. (Examples: 567.9, 5.68E3)
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Normal Stiffness on Joint Plane 2: (STIFFN(2)) is

entered in columns 41 to 50 with a maximum of two decimal

places. STIFFN(2) can also be entered in scientific nota-

tion with a maximum of two decimal places. (Examples:

10000.0, 10.0E4)
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C

0C

10
11
12
13
14
15
16
17
20
25

1001

SLIDING
DIMENSION
DIME NSION
DIMENSION
DIMENSION
DIMli'NSION
DIMENSION
DIMENSION
DIMENSION
REAL NORD,

SWARS-MC
WEDGE ANALYSIS OF ROCK SLOPES -- MONTE CARLO

BTCOP (8) ,OrT(8) ,DPr (8) ,TEN(8) ,IUAV (8) , UF(8) ,AREA (8) ,IU (8)
TAIl (2) , PCTJTG (2), PUFFY (30) , WX (2) , WY (2) , WZ (2)
T (8) ,TX (8) , TY (8) ,T Z (8) , EN (8) ,PH1 (8)
SX (8), SY (8) v37 (8), RSS(8) , RRX (8) , RRY (8) ,RRZ (8)
INDEX (8) ,DUMMY (8) ,PHX(8) ,AP (8) ,AQ(8) ,CH(8)
WWX (8) ,WWY (8) , WWZ (8) , BET (8) , B (2) , C (2)
BF A C (8) , OR F (8) , DPF (8) , F TE N (8)
STIFFN (8) , STIFFS (8) , RATIOK (8)
HXX, HXY

LOGICAL FLIM
DATA NORD, SOTH, E AST, WEST/' N'
NWR = 6
NPD = 5
FLIM = .TRUE.
PI=3.141593
P12=PI/2.
FACT=180./PI
FORMAT
FORMAT
FOEMAT
FORMAT
FORMAT
FOR M AT
FORMAT
FORMAT
FORMAT
FORM AT

(415)
(215)
(3F 10.5)
(5F5. 1,F8. 1,F5. 1,F7.1
(F10. 5,4G10.2)
(A 1, F2. 0, A 1, lx, F2. 0, A
(F5.3,215)
(6F 10.5)
(IS, 3F5. 1, 3F5. 3, 3F 10.
(A1 ,F2 . 0, A 1 1X,F2 . 0,A

1 FlO. 3,I1)
FORMAT('0',T20,'FS =',F6.2,'

1006 FORMAT
1 'AKY

1007 FORMAT
1 'PZ =

1008 FORMAT

, IS', 'E' , I We/

26920080
26920090
26920110

26920150

26920160

26920180
26920190
26920200

,2F5. 1,FJ7. 1, F5. 1 ,F7.1)

1, Al, lX,6F10.3, I1)

3)
1,A l,1 X,2F5.2, Fl0.3,2G10. 3,2F5. 2,

FOR SLIDING ON PLANE ',i1)
(37X,'SEISMIC ACCELERATIONS:',//,18X,'AKX =',F7.3,12X,

=,fP7.3,11X,'AKZ =',F7.3,///)
(40X,'POINT LOADS:',//,18X,'PX =',F9.2,12X,'PY =',F9.2,

lF9.2,1///)

('0',T20,'PESULTANT TENDS TO LIFT BLOCK OFF SUPPORTS')

26920250

13X,

26920480

SWMCooo1
SWMC0002
SWMC0003
SWMC0004
SWMC0005
SWMC0006
SWMC0007
SWMC0008
SWMCO009
SWmC0o 10
SWmCoO11
SWMC0012
SWMC0013
SW MC0014
SWMC0015
SWMC0016
SWMC0017
SWMC0018
SWMC0019
SWMC0020
SWMC0021
SWMC0022
SWMC0023
SWMC0024
SW MC0025
SWMC0026
SWMC0027
SWMC0028
SWMC0029
SWMC0030
SWMC0031
SWMC0032
SWMC0033
SWMC0034
SWMC0035
SWMC0036



1010 FORMAT ('0' ,T20,'CHECK FOR TOPPLING ABOUT POINT 0')
1013 FCEMAT(T20,'FS =',F6.2,' FOR ROTATIONS ON PLANE ',12)
1016 FORMAT
1018 FORMAT
1019 FORMAT(

1' TOP 0
1030 FORMAT
1031 FORMAT
1032 FORMAT
1033 FORMAT

1 F6.2,'
1035 FORMAT

1 18X,'U

(3F6. 2)
(3 F6.2)
'',T20,'LINE OF TINTERSECTION DOES NOT INTERSECT',
F SLOPE')
('+',48X,'NO EFFECT FROM WATEr',///)
('+',148X,'UNIFORM PRESSURE',///)
('+',48X,'DEPTII TO WATER: ',4XF8.3,///)
('+',48X,'DEFINED PHREATIC SURFACE: HU = IF6.2,

OPi = 'F6.2,///)
(29X,f******** LOAD DATA
NIT WEIGHT OF ROCK: ,F8.2,3X,'JUNIT WEIGHT OF WATER:

26920520
26920570

26920750
26920760

HW = 1,

',F6.2,
2 //,34X,'VERTICAL SURCf1ARGE:',F8.2,/)

1036 FORMAT (29X,'******* EXCAVATION DATA
1 18X,'STRIKF:',16X,'N' ,F3.0, A1,3X,'DIP:',18XF3.0,A1,A1,//
2 18X,'UEI(;HT OF FACE:',F13.2,3X,'LENGTH OF FACE:',F12.2,//
3 31X,'TNCLIINATION OF TOP SLOPE:',F8.2,//
4 37X,'LINE OF INTEFSECTION:',//,18X,'X = ',F6.3,15X,'Y = ',F6.3,
5 14X,'Z = ',F6.3,//,18X,'PIEZOMETRIC OPTION:',8XI1)

1040 FORMAT (' NO. PSI BETA1 H PHI(1) AQ(1) TAU',
1 '(1) 2J(1) UA(1) PHI(1) AQ (1) TAU(1) PJ(2)',
2 ' UA (2) FS(I) FS(U)')

1041 FORt.1 AT (§5,3X,F.1,3X,F5.1,3X,FS.1,3XF5.1,3XF5.1,3XF7.1,
1 3XF5. 1,2XF7.1,2XFS.5.1,3X,F5.1,3XF7.1,3XF5.1,2XF7.1,
2 2XF6.4,2XF6.4)

1045 FORMAT (29X,'* NUMBER OF REALIZATIONS: ',15,8 *I,//,
1 29X,'* ISTIFF: ,15,1, *I,//,
2 29X,'* NDOP: f,15,1 *I,//,
3 29X,'* LOPT: ',15,' *1,////)

DO 1 I = 1, 30
1 PUFFY (I) = 0.0

READ(NRD,15) H1AZI, AZI, H2AZI, PLG, fi1PLG, H2PLG,
1 HEX, XLEN, TPSLP, UNIWGT, WWGT, SUR, IS

READ (NRD,12) XX, XY, XZ
READ (NRD,20) IU(1), 11U, HW, OP1, AKX, AKY, AKZ, PX, PY, PZ

SWMC0037
SWMC0038
SWMC0039
SWMC0040
SWMC0041
SWMC0042
SWMC0043
SWMC0044
SWMC0045
SWMC0046
SWMC0047
SWMC0048
SWMCO049
SWMC0050
SWMC0051
SWMC0052
SWMCO053
SWMC0054
SWMC0055
SWMC0056
SWMC0057
SWMC0058
SWMC0059
SWMC0060
SWMC0061
SWMC0062
SWMC0063
SWMC0064
SWMC0065
SWMC0066
SWMC0067
SWMC0068
SWMC0069
SWMC0070
SWMC0071
SWMC0072

C.-
0,
p



READ (NRD,
bEAD (NBD,

1 PIIX(2),AQ
IF (ISTIFF

1 STIFFS(2)
65 IF (UNIWGT

IF (UNIWGT
11 (2) = IU
WRITE

1 XX, X
IF ( I
IF ( I
IF ( I
IF ( I
WRITE
IF (AKX

1 WRiTE
IF(PX.
WRITE
IF ( I

(NWR
Y, X

U (1)
U1(1)
i(1)
(1(1)
(NW?,
.NE.0

(NW R
NE.Q.
(NWR,
STIFF

10) NOPEAL, ISTIFF, NDOP, LOPT
13) PSIBETA1,If,PiX(1) , AQ (1) ,TAJ (1) ,PCTJTG7(1) ,UAV (1)
(2) ,TAU (2) ,PCTJTG (2) ,UAV (2)
.NE. 1 ) READ (NhD,14) RATIO, STIFFS(1) , STIFFN(1),

STIFFN(2)
.EQ.0.) UNIWGT=1.0
.EQ.1.0) WWGT=0.0
(1)
,1036) AZI, H2AZIPLG, I1fPLG, 112PLG, HEX, XLEN, TPSLP,
Z, IU(1)

.EQ. 1 ) WRITE (NWR,1030)

.EQ. 2 ) WRITE (NWR,1031)
.EQ. 3 ) WRITE (NWR,1032) HU
.EQ. 4 ) WRITE (NWR,1033) HU, H
1035) UNIWGT, WWGT, SUR
.0.OR.AKY.NE.0.0.O3.AKZ.NE.0.0)
,1006) AKX, AKY, AKZ
0.OR.PZ.NE.0.0.OR.PZ.NE.0.0) WE
1045) NOREAL, ISTIFF, NDOP, LOP

.EQ. 1 ) RATIO = 1.')
P=PLG/FACT
D=TPSLP/FACT
TANE=XZ/XY
TAND=TAN(D)
IF ( TANE .LT. TAN
IF ( TANE .LT. TAN

ATAN (TANE)
IF(E.LT.O.) E=E+PI
NREAL = 0
WRITE (NWP,1040)
DO 5000 I-JOHN =1,
NREAL = NREAL + 1
IF ( IJOHN .EQ. 1
hEAD (NRD,13) (PUF
IF ( PUFFY (1) .NE.
IF ( PUFFY(2) .NE.

26921060
26921070

W, OPi

ITE
T

(NWR,1007) PX, PY, PZ

26921320
26921330
26922400
26922410

26922430
26922440

D ) WRITE (NWR,1018)
D ) GO TO 9000

NOREAL

) GO
FY (I)

0.0
0.0

TO 50
,I=1, 13)

PSI = PUFFY (1)
) BETAl = PUFFY(2)

SWMC0073
SWMC0074
SWMC0075
SWMC0076
SWMC0077
SWMC0078
SWMCO079
SWMC0080
SWMC0081
SWMC0082
SWMC0083
SWMC0084
SWMC0085
SWMC0086
SWMC0087
SWMCO088
SWMCO089
SWMCO090
SWMC0091
SWMC0092
SWMC0093
SWMC0094
SWMC0095
SWMC0096
SWMC0097
SWMCO098
SWMCO099
SWmclo100
SWmColol
SWMC0102
SWMC0103
SwMC0104
SWMC0105
SWMC0106
SWMC0107
SWMCO108

co
N,



IF ( PUFFY (3)
IF ( PUFFY(4)
IF ( PUFFY(5)
IF ( PUFFY (6)
IF ( PUFFY (7)
IF ( PUFFY (8)
IF ( PUFFY (9)
IF ( PUFFY(10)
IF ( PUFFY (11)
IF ( PUFFY(12)
IF ( PUFFY (13)
IF ( BETAl .EQ
IF ( PHI(1) .E
IF ( PHI(2) .E
IF ( AQ(1) .EQ
IF ( AQ(2) .EQ
IF ( TAU(1) .E
1.F ( TAU(2) .E
IF ( PCTJTG(1)
IF ( PCTJTG(2)
IF ( UAV(1) .E
IF ( UAV(2) .E
IF ( ISTIFF .E
PEAD (NRD,14)
IF ( PUFFY(14)
IF ( PUFFY (15)
IF ( PUFFY(16)
IF ( PUFFY(17)
IF ( P TJFFY(18)
IF ( RATIO .EQ
IF ( STIFFS(1)
IF ( STIFFS(2)
IF ( STIFFN(1)
IF ( STIfFN(2)

50 CONTINUE
DO 60 I = 1, 2

.NE.
.NE.
.NE.
.NE.
. NE.
.NE.
.NE.

. NE.

. NE.

.NE.

.NE.
. -1.

Q. -1
Q. -1
. -1.
. -1.
Q. -1
Q. -1

. EQ.
.EQ.*

Q. -1
Q. -1
Q, 1
(PUFF

.NE.

.NE.
.NE.

NE.
NE.

.- 1.
EQ.

.EQ.
EQ.

.EQ.

0.0 ) H = PUFFY (3)
0.0 ) PHI (1) = PUFFY(4)
0.0 ) AQ(1) = PUFFY(5)
0.0 ) TAU(1) = PUFFY(6)
0.0 ) PCTJTG(1) = PUFFY (7)
0.0 ) UAV(1) = PUFFY(8)
0.0 ) PHI(2) = P1FFY(9)

0.0 ) Ao(2) = PUFFY(10)
0.0 ) TAUJ(2) = PUFFY(11)
0.0 ) PCTJTG(2) = PUFFY(12)
0.0 ) UAV(2) = PUFFY(13)

0 ) BLTA1 = 0.0
.0 ) PHI(1) = 0.0
.0 ) PHI(2) = 0.0
0 ) AQ (1) = 0.0
0 ) AQ(2) = 0.0
.0 ) TAU(1) = 0.0
.0 ) TAU(2) = 0.0

-1.0 ) PCTJTG (1) = 0.0
-1.0 ) PCTJTG(2) = 0.0

.0 ) UAV(1) = 0.0

.0 ) UAV(2) = 0.0
) GO TO 50
Y (1), I=14,18)
0.0 ) RATIO = PUFFY(14)
0.0 ) STIFFS(1) = PUFFY(15)
0.0 ) STIFFN(1) = PUFFY (16)
0.0 ) STIFFS(2) = PUFFY (17)
0.0 ) STIFFN(2) = PUFFY (18)

0 ) RATIO = 0.0
-1.0 ) STIFFS(1) = 0.0
-1.0 ) STIFFS(2) = 0.0
-1.0 ) STIFFN(1) = 0.0
-1.0 ) STIFFN(2) = 0.0

SWMC0109
SWNCO110
SWMCO111
SWMC0112
SWMC0113
SWMCO 114
SWmCo1 15
SWMC0 116
SWMC0117
SWMCO118
SWMCO 119
SWMC0120
SWMCO 121
SWMC0122
SWMC0123
SWMC0124
SWMCO)25
SWMC0126
SWMC0127
SWMC0128
SWMC0129
SWMC0130
SWMC0131
SWMC0132
SWMC013
SWMC0134
SWMC0135
SWMC0136
SWMC0137
SWMC0138
SWMC0139
SWMC0140
SWMCO14 1
SWMC0142
SWMC0143
SWMC0144

w
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IF ( I .EQ. 1 ) ANGLE = BETA1/FACT
IF ( I .EQ. 2 ) ANGLE = PI - (BETA1 + PSI)/FACT
SINGLE = SIN(ANGLE)*SQRT(XX**2 + XY**2)/XY
AA = XX/XY
BB = XX*AA + XY
CC = BB**2 + XZ**2 +XZ**2*AA**2
DD = 2.0*SINGLE*(BB*XX + AA*XZ**2)
EE = (XX*SINGLE) **2

= (-DD -
= SINGLE
=-SQRT (1

I .EQ. 1
I .EQ. 2

= ABS(XX
ATEST .LT

= (-DD +
= SINGLE
=-SQRT (1

I .EQ. 1
I .EQ. 2

59 CONTINUE
B(I) = ATAN((-WX (1))
IF ( WY(I) .LT. 0.0
C(I) = ATAN((SQRT(1.
IF ( WZ(I) .GT. 0.0
P HI(I)=PHX (I)/FACT
AP(I)=AQ(I)/FACT
IF ( ISTiFF .EQ. 1
IF ( STIFFS(T) .NE.
IF ( STIFFS(I) .EQ.
IF ( RATIOK(I) .EQ.
IF ( RATIOK(I) .EQ.

60 C ON T. NIT E
I = 1
J = 2
XX1 = XX

SQ T
+ WY

.0 -
.AND.
.AND.

- XZ**2 +
(DD**2 - 4.
(I) *AA
WX(I)**2 -

ANGLE .GT.
ANGLE .LT.

((Z*SINGLE)**2
0*CC* EE) ) /(2.0*CC)

WY (I)
P12
P12

**2)
) WZ(T)

WZ(I)
= -WZ(I)
= -WZ(I)

*WX (I) + XY*WY (I) + XZ*WZ (I))
, 0.01 ) GO TO 59
SQBT(DD**2 - 4.C*CC*EE))/(2.0*CC)
+ WY(I)*AA

.0 - WX(I)**2 - WY(I)**2)
.AND. ANGLE .GT. P12 ) WZ(I) = -WZ
.AND. ANGLE .LT. P12 ) WZ(1) = -WZ

/WY

0-
) C

(1)
(I)

(I)
(I) = PI - ATAN(WX()/WY(I))
WZ (1)**2) )/(-WZ(I)))

(I) = ATAN(WZ(I)/(SQRT(1.0-WZ (I) **2)))

26921300
GO TO 60

0.0 ) PATIOK(I) =
0.0 ) RATIOK(1) =
1000000. ) STIFFS
1000000. ) STIFFN

STIFFN (I)/STIFFS (I)
1000000.

(I) = 1.
(I) = 1000000.

SWMC0145
SWMC0146
SWMC0147
SWMC0148
SWMC0149
SWMC0150
SWMC0151
SWMC0152
SWMCO 153
SWMC0154
SW MCO 155
SWMC0156
SWMC0157
SWMC0158
SWMCO159
SWMC0160
SWMC0161
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Xy1 = XY
XZ1 = XZ
HEX = H
CDX = -iEX/(TAN(C(I)
oCX = -IlEX/(TAN(C(J)
CODY = HEX/TAN (P)
DC=CCX-ODX

*SIN (B (I)))
)*SIN (B(J)))

+
+

IF(DC.LE.XLEN) GO TO 95
=XLFN *IIEX/DC

CDX = -H /(TAN(C(I)) *SIN(B(I))) +
OCX = -H/(TAN(C(J))*SIN(B(J))) + H
ODY = hI/TAN(P)
DC=OCX-ODX

95 CONTINUE
OCY=UDY
ODZ=H
OCZ=ODZ
AAA = 1.0
IF (PLG.NE.90.) AAA=1.-TANE/TAN(P)
HH=FI*AAA*T AND/ (TA NE-TAND)
CCC=(H+IfH) /XZ
OBX = CCC*XX
OBY = CCC*XY
OBZ = CCC*XZ
OD=SQRT (ODX**2+ODY**2+ODZ**2)

C=SQRT (OCX**2+OCY**2+OCZ**2)
0B=SQRT (OBX**2+OBY**2+OBZ**2)
OBBY=CBY-ODY
TF(TPSLP.NE.0.) OBBY=IH/SIN(D)
TAREA=03BY*DC/2.
AZ=H/SIN (P)
FARbA=DC*AZ/2.
BDX=ODX-OBX
IF(BDX.LT.0.) BDX=-BDX
DB=0BY
R1=ATAN2 (BDX,OBBY)

HEX/(TAN(P) *TAN(B (I)

HEX/ (TAN (P) *TAN (B (J)
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IF(TAN(R1) .NE.0.) DB=OBBY/COS(P1)
CBX=OCX-OBX
IF(CBX.LT.0.) CBX=-CBX
C B=013BY
R=ATAN2(CBXOBBY)
IF (TAN (R) .NE.0.) CB=OBBY/COS (R)
CCP= f/XZ
DBPY=CCP*XY-ODY
VOL=DBPY*DC* (H+IIH) /6.
OSX= (OBX+OCX+ODX) /4.
0SY= (OBY+0CY+ODY) /4.
CSZ= (OBZ+OCZ+ODZ) /4.
TEIP=VOL*JNIWGT
DUMMYT = TEMP*COS(E)*1.OE-10
SUR(;=SUR*T AB EA/COS (D)
SUM1 =(OD+OB+DB) /2.
SUM2= (OC+OB+CB)/2.
AREA (I) =SQRT(SUM1* (SUM 1-OD)* (Sfi1-OB) * (SUM1-DB) )
ARE IA (J) =SQRT (SUM2* (SUM2-OC) * (SM12-OB) * (SUM2-CB) )

C H (1) =TAU (I) * ( 100.-PCTJTG (I) ) * (.01) *AP EA (I)
C H (J)=TAU (J) * (100. -PCTJTG (J) )*(.01) *A REA (J)
C H 1=C I (I)
CH2=CH (J)
RX = PX + TEMP*AKX
RY = PY + TEMP*AKY

Z= PZ - SURG
IF ( IS .EQ. 2
IF ( IS .EQ. 2
IF ( IS .EQ. 2
CALL WATER (RX,

1 APEA,WWGTWX,

- TEMP*(1.0 - AKZ)
) RX = PX + 3URG*AKX
) hY = RY + SUPG*AKY

RZ = RZ + SURG*AKZ
FY, FZv I, E, P, PLG,IHU, IU, UAV, OP1 , HW, UF, 1, PIt,

WYWZ, TPSLP)
0oThX=OSY*hZ-OSZ*BY
OIRY=OsZ*rix-osx*Rz
OIRZ=OSX*R Y-OSY*RX
EMX=XX*0IRX+XY*0IpY+X7*OIRZ
DO 110 K=1,2
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EN (K) =RX*WX (K) +RY*WY (K) +EZ*WZ (K)
TX (K) =RX-EN (K) *WX (K)
TY (K) =RY-EN (K) *WY (K)
TZ (K) = RZ-EN (K) *WZ (K)
T (K) =SQRT (TX (K) **2+TY (K) **2+TZ (K) **2)

110 CONTINUE
ENN=O.
IF (EN(I).GT.0.0.OF.EN(J).LT.0.0) GO TO 120
WRIT7E (5,1008)
GO TO 5000

120 DO 115 K=1,2
SK(K)=(XY*WZ(K)-XZ*WY(K))
SY (K)= (XZ*WX (K) -XX*WZ (K) )
SZ(K)= (XX*WY (K)-XY*WX(K))
RSS (K) =RX*SX (K) +RY*SY (K) +RZ*SZ (K)

115 CONTINUE
12 RX*XX1 + RY*XY1 + RZ*XZ1

T12P RX*XX1 + VY*XY1 + (RZ+TF3P)*XZ1
IF (0SS(I).LT.0.0) GO TO 130
IF (RSS(J).LT.0.0) GO TO 140
SINBTI = SIN(BETA1/FACT)
COSBT1 = COS(BETA1/FACT)
BETA2 180. - BETAl - PSI
SINBT2 = SIN(BETA2/FACT)
COSBT2 = COS(BETA2/FACT)
PE$P1 = 0.0
TANG1 = 0.0
PERP2 = 0.0
TANG2 = 0.0
IF ( LOPT .EQ. 1 ) GO TO 78

C THIS SECTION COMPUTES THE EFFECT OF IN SITU
WTCO = TEMP*COS(E)
IF ( RATIO .NE. 1.0 ) GO TO 76
PERP2 = WTCO/(COSBT2 + SINBT2*COSBT1/SINBT1)
PERP1 = PERP2*SINBT2/SINBT1
GO TO 78
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76 FAT1= (RATIO+( 1.0-1 ATIO) *COSBT 1**2) /( (1. 0-E ATTC) *SI NBT1*COSBT1)
R AT 2= (RATIO+ (1 .0-R AT I() *COSB T2**2)/( (1 .0-R A TIO) *SIN BT2*COSBT2)
FAT12 = (RAT2*SINBT2 - CoSBT2)/(PAT1*SINBT1 - COSBT1)
TANG2 = WTCC/(RAT12* (FA T1 *COSBT1 + SINBT1) + (RAT2*CCStBT2+SIN9T2))
TAN(;1 = BAT12*TANG2
PE PI = RAT1*TANG1
PERP2 = TANG2*KAT2

C THi; PART CUMPUTES THE EFFECT CP JOINT STIFFNESSES
78 HXX = XY1/(SQRT(XX1**2 + XY1**2))

UXY = -XXI/(SQFT(XX1*4'2 + XY1**2))
PHOI'TZ RX*1IXX + RY*HXY
FVE[T = -1.0*(RX*HXY*XZ1 - PY*HXX*XZ1 + RZ*(HXX*XY1 - XX1*HXY)
UF 1 A = RVEPT/ (COSBT1 +CJ3SBT2 *SH NBT1/S1NBT2)
r.Ji2A = UR1A*SINBT1/SINBT2
UR 1 H = RHORIZ/(SINBT1 + SINL1T2*C0SBT1/COSBT2)
UR2B = UJ1B*COSBT1/COSBT2

C FSLU IS THE ' ULTIMATE' F.S. FOR SLIDING DOWN THE LINE OF INTERSE
FSL( = ((UR A + U 1B) *TAN (PHi(I) +(UF2A + UF2B) *TAN (PHI (J))) /T
iF ( ISTIFF .EQ. 1 ) G;O TO 400
EVERT1 = RVERT - TEMP*(HXX*XY1 - XX1*HXY)
IF ( LOPT .EQ. 1 ) RVERT1 = BVERT
IF ( FVERT1 .NE. 0.0 .0[. RHOR1Z .NE. 0.0 ) GO TO 79

167 EVEFT1 = DUMMYT
79 ST 1N = STIFFN(I) *A PEA (I)

ST1S = STIFFS(I)*AREA(I)
ST 2N = STIFFN(J) *AREA(J)
ST2S = STIFFS(J)*AREA(J)
FACTAA = ST1N*SINBT1 + ST1S*COSBT1**2/SINBT1 +

1 ST2N*SINBT2 + ST2S*COSI3T2** 2/SINBT2
FACTB3 = (ST1N-ST1S)*COSBT1 + (ST2S-ST2N)*COSBT2
FACTCC = ST1N*COSBT1**2/SNBT1 + ST1S*SINBT1 +
1 ST2N*COSBT2**2/SINBT2 + ST2S*SINBT2

ALPHA = ATAN((FACTCC*PHDiFZ - FACTBB*PVERT1)/
1 (FACTAA*RVFPT1 - FACTBB*EllORIZ))

COSALP = COS (ALPHA)
SINALP = SIN (ALPHA)

)

CTION
12
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FACTDD = ST1N*(SINALP + COSALP*COSBTI/SINBT1)
FACTEE = ST1S*(COSALP*SINBT1 - SINALP*COSBT1)
FACTFF = ST2N*(COSALP*COSBT2**2/SINBT2 - SINALP*COSBT2)
FACTGG = ST2S*(COSALP*SINBT2 + 3INALP*COSBT2/SINBT2)
PEPP11 = IVET1*FACTDD/(COSBT1 f FACTEE + FACTFF + FACTGG)
DISP = PERP11/FACTDD
PI#RP1 = PERPil + PErP1i
T.ANG1 = PERP11*FACTEE/(SINBT1*F'?ACTDD) + TANG1
PERP2 = PERP11*FACTFF/(COSBT2*FACTDD) + PERP2
TANG2 = PERP11*FACTGG/(SINBI2*FACTDD) + TANG2
IF (.NOT.FLIM) GO TO 166
IF ( NDOP .NE. 0 ) GO TO 166
PPERP1 = PERD1
PPERP2 = PERP2
TTANG1 = TANG1
TTANG2 = TANG2
FLIM = .FALSE.
RHORIZ = 0.0
GO TO 167
THIS PART COMPUTES THE FACTJR OF SAFETY: THE RATIO OF THE
COMPONENTS OF DRIVING TO RESISTING FOECES IN THE DISPLACEMENT DIRECTION

166 IF ( RVEPT1.EQ. DUMMYT ) T12P = DUMMYT*TAN(E)
ADISP = T12P/(ST1S + ST2S)
IDISP IISP*SINALP
CDISP = -DISP*COSALP
DISP SQRT(ADISP**2 + BDISP**2 + CDISP**2)
ADISP= ADISP/DISP
BDISP = BDTSP/DISP
CDIS,.= CDISP/DISP
IF (PLIM) GO TO 168
'PEP1 = PPERP1
PLEP2 = PPEFB2
TANGI = TTANG1
TANG2 = TTANG2

166 FLIM= .T=RUE.
ADEF1 = T12*STlS/(ST1S + ST2S)
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BDRF1 = -TANG1*COSBT1
CDFF1 = -TANG1*SINBT1
ADRF2 = T12 - ADFF1
BDRF2 = TANG2*COSBT2
CDRF2 = -TANG2*SINBT2
VrF = (ADRF1 +ADRF2) *ADISP+ (BDEF1+BDPF2) *BDISP+ (CDFF1+CDRF2) *CDISP
FACTHH = (ADPF1*ADISP+BDEF1*BDISP+CDF1*CDISP)/

1 (SQRT(ADFF1**2+BDRF1**2+CDRF1**2))
FACTJJ = (ADPF2*ADISP+BDRF2*BDISP+CDF2*CDISP)/

1 (SQRT(ADRF2**2+BDRF2**2+CDRF2**2))
PEST2 = P1TP2*TAN(PH1(J)+AP(J)) + CH2
FFST1 = PEfiP1*TAN(P[I(I)+AP(I))+CH1
FSL = (REST1*FACTHH + REST2*FACTJ.J)/DRF

245 IF(FSL.LT.1.) GO TO 300
WWX(I)=-WX(T)
WWY (I)=-WY (I)
WWZ(I)=-WZ(I)
WW x(J) =WX (J)
WWY (J) =WY (J)
WWZ (J) =WZ (J)
DO 410 K=1,J,1D
COSP=COS (Pi1 (K) +AP (K))
SINI?=SIN (PHI (K)+AP (K))
RRX (K)=WWX (K) *COSP-XX*SINP/X
PRY (K) =WWY (K) *COSP-XY*SINP/X
RFZ (K)=WWZ (K) *COSP-XZ*SINP/X

410 CONTINUE
CRPX=RRY (I)*RPZ(J)-PRZ(i) *PRY(J)
C EPY=PRZ (1) *BX(J) -ERX (I) *pEz(J)
CUPZ=R RX (I) *RE Y (J) -RRY (I) *RR X (J)
CRF=SQhT(CRPX**2+CRPY**2+CRPZ**2)
CRFX=-ChPX/CPR
CRR=-CFPY/CPR
C PPZ=-CRPZ/CR
ENN= (PX*CPRX+ RY*CrRY+R*CPRZ)/(TEIM P)
GO TO 300
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130 IF ( 1 N(I).LT.0.0) GO TO 150
FLS = 0.0
K=I
GO TO 145

140 IF (EN(J).GT.O.0) GO TO 150
FSL= 0.
K =J
hN (K) =-EN (K)

145 CONTINUE
FSS= (EN (K) *TAN (PHI (K) +AP(K)) +Cli(K) )/T(K)
WRITE(5,1001) FSS,K
IF(CII1.NE.0..OF.CH2.NE.O..OR.AP() .NE.0..OR.AP(
GO TO 240

70 FSSE=EN (K) *TAN (PHI (K)) /T (K)
GO TO 240

150 WRITE (5,1010)
GO TO 400

24) IF(FSS.LT.1.) GO TO 300
300 IF(FSL.NE.0.) FSS=0.

IF(FSS.NE.0.) GO TO 400
TF(IU (I).NE.1 .AND.IU(J).NE.1 ) GO TO 400
AKICOS = ((ODX*OBX+ODY*OBY+ODZ*BZ)/(OD*OB))
AK10 = ATAN(SQT(1.0 - AK1COS**2)/AK1COS)
AK2COS = ((OCX*OBX+OCY*OBY+CZ*BZ)/(OC*B))
AK20 = ATAN(SQRT(1.0 - AK2COS**2)/AK2COS)
EM10=-(WX(I)*OIRX+WY (I)*OIY+WZ(I)*OTPZ)
EM20=-(WX(J)*OIRX+WY (J)*OIRY+WZ(J)*OIZ)
IF (EMX.LE.0.0.OI.Efl10.LE.0.0) GO TO 310
IF (AK20.GT.PI2) GO TO 310
IF (ETA.LT.P12.AND.AK1O.GT.PT2.AND.

1 (TAN (AK20) /TAN (PI-AK10)) .GT. (1 ./COS (PI-ETA)))
K=1

305 'OP=0SX*WX (K) +OSY*WY (K)
BOT= RX*WX(K)+ RY*WY (K)
VJP=-TOP/BOT
OQX=OSX+VJP*RX

J) .NE.0.)

GO TO 310

+CSZ*WZ (K)
+ FZ*WZ(K)
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OQY=OSY+VJP*FY
OQZ=OSZ+VJP*RZ
OQWX=OQY*WZ(K)-OQZ*WY (K)
OQWY=OQZ*WX(K)-OQX*WZ(K)
OQWZ=OQX*WY (K) -OQY*WX (K)
DET=-OQY*QWZ+OQZ*OQWY
C2= (-TZ (K) *OQY+TY (K) *OQZ)/DET
TT=C2*SQT (OQWX**2+OQWY**2+DQWZ**2)
FSR= (EN (K) *TAN (PHI (K) +AP (K) ) +CH (K) )/TT
WhLTE(5,1013) FSRj,K
IF(CH1.NE.0..Ob.C2.NE.0..CR.AP(I).NE.0..CR.AP(J).NE.O.)
GO TO 420

75 FSFR=EN (K) *TAN (PHI (K) ) /TT
GO TO 420

310 IF (EMX.GE.00.OE.EM20.LE.0.0) GO TO 320
IF (AK1O.GT.PI2) GO TO 320
IF (ETA.LT.P12.AND.AK20.GT.PI2.AND.

1 (TAN(AK10)/TAN(PI-AK20)).GT.(1./COS(PI-ETA))) GO TO 32
K=J
EN (K) =-EN (K)
GO TO 305

320 CONTINUE
400 CONTINUE
405 CONTINUE
420 CONTINUE
510 CONTINUE
500 CONTINUE

WPITE ( NWE,1041)
1 PCTJTG(1) ,UAV (1)
2 FSL,FSLP

5000 CONTINUE
9000 CONTINUE

STOP

GO TO 75
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END
SUBROUTINE WATER (hX,RY,rlZ,H,E,P,PLGIIU,IU,JAV,OP1,HIW,UF,HllPI,

1 AhEAWWGT,I,J,IDWXWY, WZTPSLP)
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DIMENSION
DO 15 K = 1,
KK=IU (K)
HHi =H U (K)
iF (TPSLP.LT.
DiH-=HHH
TF(DII.LE.0.)

2

0..AND.HHH.LT.-HH) H H H = - H H

GO TO 15
TEM= (DH/H) *(DII/(H+HH))
GO TO (15,20,25,30),KK

20 UF (K) =AREA (K) *UAV (K)
GO TO 35

25 PFR=1.
GO TO 140

30 AZZ=DH/SIN(P)
A XX= 0.
IF(PLG.NE.90.) AXX=DH/TAN
AX=DH/TAN (E) -AXX
PA=PI-P
A[T=AZZ*AX*SIN (PA)/2.
IF(HW.NE.J.) GO TO 45
EA=P/2.
IF(EA.LE.E) GO TO 15
AP A=AZZ *AZZ*SIN (PA) /2.
APB=ART-ARA
P rR = AF 1B/A 13 T
GO TO 40

45 IIP=HW-HU (K)
AY=OP 1-AXX
AZW=HP/SIN(P)
IF(HP.GT.DH) GO TO 50
ARA1=AZW*AY*SIN (PA)/2.
ARB1=AET-AfiA1
IF(AY.GT.AX) GO TO 55
PER=AHB1/ART
GO TO 40

55 IF(iP.EQ.DH.AND.AY.GE.AX)

(P)
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26925250
26925260
26925270
26925280
26925290
26925300
26925310
26925320
26925330
26925340
26925350
26925360
26925370
26925380
26925390
26925400GO TO 15

IUJ(8),vUAV (8) ,ARE A(8),vUF(8),pWX(8),rWY(,9),WZ (9)

w
(A

SWMC0469
SWMC0470
SWMC0471
SWMC0472
SWMC0473
SWM0474
SWMC0475
SWMC0476
SWMC0477
SWMC0478
SWMC0479
SWMC0480
SWMC0481
SWMC0482
SWMC0483
SWMC0484
SWMC0485
SWMC0486
SWMC0487
SWMC0488
SWMC0489
SWMC0490
SWMC0491
SWMC0492
SWMC0493
SWMC0494
SWMC0495
SWMC0496
SWMC0497
SWMC0498
SWMC0499
SWMC0500
SWMC0501
SWMC0502
SWMC0503
SWMC0504



AYY= AXX* AZW/AZZ
ZA=ATAN2 (HP, (AY+AYY))
ZB=AY-AX
ZC=PT- FA
ZD=PI-ZC-ZA
AFF=ZB*ZB*SIN (ZA) *SIN (ZC) /(2.*SIN (ZD))
PER= (ARB1+ARF)/ART
GO TO 40

50 IF(AY.GE.AX) GO TO 15
Z(;=AX-AY
ZE=ATAN2(OP1,HP) +PI/2.
ZF=PI-ZE-ZG
ARB2=ZG*ZG*STN(ZE) *SIN(E)/(2.*SIN(ZF))
PEF=ARB2/ART

40 CONTINUE
[IF (K) =PE*TEM*AREA (K) *WWGT*D[/3.

35 IF(K.EQ.J) UF(K)=-UF(K)
UFX=WX(K)*IJF(K)
IIFY=WY (K)*UF(K)
UFZ=WZ (K)*UF (K)
RX=RX-UFX
RY=FY-UFY
PZ=RZ-UFZ

15 CONTINUE
R ETU P N
END

26925410
26925420
26925430
26925440
26925450
26925460
26925470
26925480
26925490
26925500
26925510
26925520
26925530
26925540
26925550
26925560
26925570
26925580
26925590
26925600
26925610
26925620
26925630
26925640
26925650
26925660

SWMC0505
SWMC0506
SWMC0507
SWMC0508
SWMC0509
SWMC0510
SWMC0511
SWMC0512
SWMC0513
SWMC0514
SWMC0515
SWMC0516
SWMC0517
SWMC0518
SWMC0519
SWMC0520
SWMC0521
SWMC0522
SWMC0523
SWMC0524
SWMC0525
SWMC0526
SWMC0527
SWMC0528
SWMC0529
SWMC0530

'.0



Appendix G

Strength Derivations for Mechanical Model

The mechanical model described in Chapter 5 uses a

Griffith-Modified Griffith envelope to define the strength

of intact rock. The orientation of the failure surface is a

critical feature in the strength determination. The model

investigates numerous paths with different orientations in

order to find the one with the minimum strength. Figure G.1

shows a typical path from Point A to Point B inclined at an

angle 0. The objective is to find the resistance which must

be overcome to create a failure path between the two points.

The Mohr stress circle is used in solving this problem. The

Mohr circle for the state of stress at failure must be tangent

to the Griffith-Modified Griffith envelope at a point such

that the failure plane develops in the direction e (Figure

G.1). The critical stress condition is obtained by superim-

posing upon the ambient stress field both negative horizontal

normal stresses (Aah) and shear stresses (AT) in the horizontal

and vertical planes.* (The vertical normal stress is assumed

to be constant.) The problem is essentially a geometrical

exercise in which the Mohr circle at failure is the unknown

while 0, the failure envelope, avo and aho (the ambient stress

field) are the knowns.

* Intact rock will generally fail in tension given the re-
latively low range of stresses encountered in most engineering
problems.
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The mechanical model places some constraints on the

values that 8 can assume. The angle the failure path makes

with the lower joint plane must be less than or equal to 90*

(Figure G.2). However, the joint planes are inclined at

an angle a relative to the horizontal so that the maximum

value that e can reach is 90* + a.

The formation of a failure path potentially lets the

upper portion of the rock mass slide down the direction of

the joint planes. When 8 :S 90* this impending movement im-

plies that the shear stresses on the failure path are

counterclockwise; hence, the point of tangency for the Mohr

circle at failure will be above the a axis. Similarly,

when 0 1 90, the point of tangency will be below the a axis.

G.1 Griffith-Modified Griffith Envelope (Figure G.1)

The Griffith-Modified Griffith Envelope is composed

of a parabola in the tensile range and a straight line in

the compression range. It is completely defined by two

parameters: at' the tensile strength of the intact rock,

and 4r, the friction angle. The envelope intercepts the

T axis at 2iat*

Circles tangent to the parabola can be characterized

by an angle y where y is the acute angle between the hori-

zontal and line of tangency (Figure G.3). There is a unique

one-to-one correspondence between y values and failure circles.
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The circle tangent at a = at and T = 0 has a Y = 900.

Similarly, the circle tangent at a = 0 and T = 2 a tI has

a Y = 450.

The point (0,21at1) is common to both the linear and

parabolic portions of the envelope. The change from para-

bola to line is not necessarily a smooth transition. The

tangent to the parabola at (0,2L t|) is inclined at 450*.

If 4 r = 450, the envelope will be smooth, i.e., its first

derivative will be continuous. On the other hand, if Dr # 450,

the first derivative will be discontinuous and the envelope

will be kinked. The implications of the singularity are

discussed in the two succeeding sections.

G.1.1 < 4.50
r

*

For 5 < 450, there is one circle which is tangent to

both the straight line and the parabola. It is important

to analytically define this circle because it serves as

a transition between two distinct families of failure cir-

cles--those that are tangent to the parabola and those

that are tangent to the line. The circle with dual tangency

can be characterized by two parameters: r, the radius, and

x, the distance along the a axis from the origin to the

center of the circle.

* For the sake of convenience the "r" subscript will sub-
sequently be dropped from Dr'
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Figure G.4 shows a typical circle with dual tangency. As

noted in Figure G.4, a = -2a . The equation of the parabola

is:

2
T = 4a (a -a )t t n

since at = -a/2

2 2T = a + 2aa
n

(G.l)

(G.lA)

Hoek (1969)

x - a
n

derived the following relation:

= 2a (

or

x - a
n

= -a

or

a = x - an

Substituting into Equation (G. lA);

2 2 -a 2
T = a + 2a(x - a) = 2ax -a

Using the Pythagorean Theorum:
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2 22
r = T2 + (x - )

2 2 2
r = T + a

Combining Equations (G.4A) and (G.3):

r2 = 2ax - a2 + a2 = 2ax

(G.4)

(G. 4A)

(G.5)

r and x are also related to the parameters defining the linear

envelope:

Examining the triangle ABC:

r = sin D (x + a/tan 4 )

2 . 2r = sin @ (x + a/tan

(G.6)

)2
(G.6A)

Combining Equations (G.5) and (G.6A):

2ax = sin 2 @ (x + a/tan D ) 2 (G.7)

Equation (G.7) is a quadratic equation which can be solved

for x:

(G.8)

_ a[(l - sin D cos ) - (1 - 2 sin 4 cos D ) j
. 2sin 5
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The y value for the circle with dual tangency has partic-

ular interest and is defined as Ti.

From Figure G.4:

sin T = a
r

From Equation (G.5):

r = (2ax) h

Substituting for r in Equation (-G.9):

sin n= a
(2ax)

D and n are uniquely related:

'n

250

30*

350

400

450

54.930

52.050

49.490

47.160

45.00*
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G.1.2 D > 450

For D > 45*, the failure envelope has a cusp (Figure G.5).

As indicated in the figure there is a family of failure cir-

cles which touch the envelope at the point (0,a). The family

includes all circles whose centers lie between the points

x and xL
*

XP

45 0

500

550

600

65D

700

1.0

1.0

1.0

1.0

1.0

1.0

XL

1.0

1.192

1.428

1.732

2.145

2.747

* x and xL are expressed as multiples of a.

G.2 Classes of Failure Circles

All failure circles fall within one of four generic

classes:

1. Circles tangent to the linear envelope.

2. Circles tangent to the parabolic envelope (y < 90*)

3. Circles tangent to the parabolic envelope at (at,0),

i.e., Y = 9 0*.

4. Circles touching the cusp.

Class 4 is applicable only when $ > 45*. Circles with

dual tangency are exceptional cases in that they qualify for
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both Classes 1 and 2.

The succeeding sections will examine each of the classes

and derive general solutions to the fundamental problem:

Given: 6

a

v

Find: x

r

(the inclination of the failure surfacel

(vertical stress)

(center and radius of the failure circle)

G.2.1 Circles Tangent to the Linear Envelope

Figure G.6 shows a failure circle with 45 + 0/2 <e <90o.

From triangle ABC:

r = (a ctn 4 + x) sin 0' (G.11)

From triangle ADE:

r 2  r2 (sin 2 (20 -90 - o)) = (av - X)

r (1 - sin 2 (2 - 9 0 - 4)) (O - X)

2 2 2(1 --sin (26 - 90 - 4) ) = cos (20 - 90 - 5))= sin (20 - )

(G.12)

(G.12A)

(G.13)
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Letting A = sin (2e - 4) and substituting into (G.12A):

2 22X r = (a - x) (G.14)

Ar = v- x (G.14A)

Combining Equations (G.ll) and (G.14A):

A(a ctn 4 + x) sin 4 = a - x (G.15)

Finally,

a v - a cos

X = 1 +A sin 4 (G.15A)

T = r2 + (av - x)2  (G.16)

A similar analysis can be performed for other ranges of e.

In all cases, the solution has the same general form as Equa-

tion (G.16); however, the expression for A varies.
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range of e

0 < 6 < 45 + cI/2

45 + D/2 < 0 < 90

90 < e < 135 - 4/2

135 - D/2 < 6 < 180

sin(20 - D)

sin(26 - C)

-sin(2e + D)

-sin(20 + 4)

*
sign of TC

+

+

G.2.2 Circles Tangent to the Parabolic Envelope at (at'0)

Y = 90*

Figure G.7 shows a typical failure circle tangent to

the envelope at (at,O). The geometric relations shown in

Figure G.7 and the equations derived below are valid for e

between 00 and 450*.

From triangle ABC:

2r = , Csin 0 cos 0

diameter of circle = + a s c
1 2= sin 6CosO

From Figure G.7:

T T T
v tan ~ 2 sin e cos e 2 sin 6 cos e

a -
-f v

(G.17)

(G.18)

(G.19)

* A positive T implies shear stresses on horizontal planes
that tend to rotate an element counterclockwise.
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a +

(G. 20)
1___ 1

sin Ocos - tan _

r=x+ = 2 sin cos 0 (G.21)

Substituting T from Equation (G.20) into Equation (G.21):

x + a= 12 2 ~sineco s-

a
7 V

1 s(sin e cos e
1 

tan e

a+a

x + a = 2 v
2 2 sin2 e

(G.22)

(G. 22A)

Finally,

x = 1 2 v - a)
2 (sin2 e

(G. 23)

A similar analysis can be performed for other ranges of e.

The results indicate that Equation (G.23) is valid for all

values of 6 between 0 and 180*. The general expression for

T, the shear stress on a horizontal plane is

a + a
- =v 2

(Isin e cos 6F Itan el

Range of 6

0 e 9e 0

90 < 0 < 1800

Sign of T

+
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G.2.3 Circles Tangent to the Parabolic Envelope n < y < 900

There is no closed form solution to relate x to e and a

when the circle is tangent to the parabola. The problem must

be solved by using iterative techniques. Various points of

tangency and their corresponding failure circles are examined.

For a given 0 value one can calculate the "a " associated

with each circle. The circle whose "a " corresponds to the

true av is the requisite circle. The convergence on the

solution is very rapid and a good (+ 0.1%) approximation.can

be found within 5 trials.

The parameter y is a convenient way of identifying the

trial circles. As noted earlier, f < y < 90*. Once a trial

value for Y is chosen the problem reduces to an analysis in-

volving a circle tangent to a straight line whose slope is

tan Y. This analysis was discussed in Section G.2.1. The

relations used to obtain the results below are borrowed in

part from that section with the modification that n replaces

and that the unknown is "a " rather than x.v

From Figure G.6 and as derived in Section G.2.1:

r - r (sin (20 - 90 - = (a - X) (G.12)

r sin (20 - -) = av - x (G.14A)
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Substituting y for D and "a " for a ,V

rsin (2e - y) = "a " - x

From Figure G.4:

sin y = a
r

r = a csc y

As shown earlier,

r2 = 2ax

2 2. 2 a 2 a 2 a
sin y= -= -=

r2 2ax 2x

Solving for x:

2a a csc y
2 22 sin y

Substituting Equations (G.26A) and (G.28) into Equation

(G.25):

a csc y sin (2e - y) = "a "
V

2
a csc Y

2

414
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(G.5)
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Rearranging terms:

(G.29A)"a" 1= csc2 y + a csc y sin (26 - y)

Equation (G.29A) is valid for 6 between 0 and 90*. Equation

(G.30) is valid for 0 between 90* and 1800.

a 2
av = 2 csc y - a csc y sin (26 + y) (G.30)

Once the proper y is found, all the remaining properties

of the failure circle can be found. Equation (G.26) can be

used to find r while (G.28) will yield x. T is a function of

2 2 2
r = r + a (G.31)

T = (r2 + a2) (G.31A)

The sign of T depends on 6

e

0 < 6 < 45 + y/2

45 + y/2

Sign of y

+

< 0 < 90

90 < e < 135 - y/2 +

135 - y/2 < 6 < 180

and y :
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G.2.4 Circle Touching the Cusp

If the requisite failure circle touches the cusp its

center must lie between the limits x, and xL discussed in

Section G.2.1. The solution requires iterative techniques.

Numerous circles must be examined to find the one with the

proper "a v." Figure G.8 shows a typical trial circle. Once

a value for x is chosen the procedures developed for linear

envelopes are applicable. The parameter w replaces D of the

linear envelope solution.

tan w = x/a (G.32)

Since x can vary from a to a-tan D, w will vary from

450 to 4. All the equations of Section G.2.1 are valid:

("a " - aX cos D)

(1 + Xsin 0)

Substituting w for 0 and rearranging the equations to reflect

the fact that "a " rather than x is the unknown:v

"a " = aX cos w + x(1 + , sin w) (G.33)

a X

00 < 0 < 90 sin (2e -w)

90* < 0 < 1800 -sin (20 +w)
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Once the proper w is obtained r can be calculated.

r = (a ctn w+ x) sin w (G.34)

G.3 General Solution Procedure

As indicated in Section G.1, the most general form of

the problem is:

Given: a,4,uy ,0

Find: x and r (or x and T)

One typically does not knowa priori which part of the

envelope the requisite circle touches. Part of the solution

is to determine into which of the four categories listed

in Section G.2 the problem falls.

The solution procedure outlined below provides a logical

means of identifying the critical circle based solely on the

"given" information described above.

For 4 < 450

Step 1: Find the circle with dual tangency.

x = center of circle with dual tangency

X af(1 - sin # cos D) - (1 - 2 sin ( cos (G.35)
sin 2
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S -1l
S=sin

(a)

(2- )
(G..36)

Step 2: Compute "av" for the circle with dual tangency. The

equations are similar to Equations (G.29) and (G.30) except

rn replaces y.

2"a"= (a/2) csc rn - acS csc r

6

(G. 37)

6

0 < a < 90

90 < e < 180

sin (26 - r)

-sin (20 + T)

Step 3: If av > "a v" the requisite circle must be tangent

to the linear envelope. Therefore, go to Step 6.

Step 4: Examine circles tangent to the parabola at x = -a/2;

y = 0 .

a +-a
x = 1/2 ( 2 2 - a)

sin 0

Compute the maximum principal stress for that circle

(see Figure G.7).

a = x + (x + 2x + (G. 39)1~ 2x+a(G 9

419
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If a1  1.5 a, the circle centered at x is the requisite

circle. t can be found from Equation (G.24).

If a1 > 1.5 a, go to Step 5.

Step 5: The requisite circle must be tangent to the para-

bola with r < y < 900. Use the iterative technique described

in Section G.2.3 to find y and x.

Step 6: The requisite circle is tangent to the linear en-

velope.

(a - aX cos D)

(1 + A sin 4)

e

(U. 4U)

I

0 < e < 90*

90 < 6 < 1800

r = (a ctn D + x) sin 4)

sin (20 - )

-sin (20 + 1)

(G.6)

For @ > 450

Step 1: Compute "a " for the largest circle tangent to the

parabola. The circle has a y of 450*.

Iaf a 2 0S - csc 450 - 6a csc 450
p

(G.41)
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= a - (1.414)a6

0

0 < 0 < 90

90 < 0 < 180

6

sin (20 - 45)

-sin (20 + 45)

Compute the "a v" for the smallest circle tangent to

the straight line. Use Equation (G.33) with w = D.

x = a-tan D (G.42)

"a " = aX cos 1 + x (l
VL

0

90

+ A sin D)

0

< 0 < 90

< 6 < 180

(G.43)

x

sin (20 - D)

-sin (26 + f)

Step 2: If av > av " the requisite circle must be tangent
VL

to the linear envelope. Go to Step 6 described for $ < 45'.

If av < 'v " the requisite circle must be tangent to the
p

parabola. Go to Step 4 described for $ < 45*. If

"av to < a< " ", the requisite circle must touch the cusp.vp -v- L k
Use the iterative technique described in Section G.2.3 to

find x and r.

421

(G. 41A)



GA Failure Along Joints

Failure along joints is easier to analyze than failure

through intact rock. Continuous joints cannot maintain a

tensile stress so the failure envelope is defined solely in

the compression region. The failure envelope is assumed to

be linear and is characterized by a friction angle, 0.,
J

and a cohesion, c. (Figure G.9). The problem is to find the
J

failure circle whose failure plane is oriented at the proper

e angle. For joints, e equals a (Figure G.9). The requisite

circle is found by reducing the horizontal stress while hold-

ing the vertical stress (a ) constant. (Unlike the intact

rock, no shear stresses need to be introduced in the horizon-

tal and vertical planes.) The problems can be stated as:

Given: .,c., I = a a = a

Find: the failure circle.

Figure G.10 shows a typical failure circle.

u + v + w = c ctn 0. + a (G.44)
J v

Examining the line AB, one can express its length two

ways:

A - B = wtan (90 -6) (G.45)
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A - B =.(c. ctn 0. + C - w) tan .G.4

Combining Equations (G.45) and (G.46) and solving for

(c. ctn 4. + a ) tan D.
W = (G.4

tan (90 - e) + tan (.

a - a = diameter 2 (G.4
V w cos (90 - G)

Substituting w into Equation (G.48):

(a v - a ) cos2 (90 - e) =
(c. ctn + a ) tan 4.

tan (90 - e) + tan .
J

Rearranging terms:

ah =v -

(c. ctn D. + a) tan (. (G.50)

(tan (90- e) + tan D ,) cos 2 (90 - 6)

Equation (G.50) is valid for all values of 0 between

0* and 90*.
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Appendix H

Computer Program JOINTSIM

JOINTSIM (Joint Simulation) is designed to assess the

strength of a jointed rock mass. The geometry of the jointing

pattern is treated as a random variable. The results of the

analysis are expressed in terms of the mean and standard de-

viation of an "apparent persistence" parameter. The program

simulates a specified number of jointing patterns and calcu-

lates the minimum strength of each pattern. Jointing is model-

ed as a multi-dimensional Poisson process that can be character-

ized by three parameters: mean joint plane spacing, mean

joint length, mean length of rock bridges. The dimensions and

orientation of the block, the strength parameters of the joint

and intact rock and the in situ stress field are deterministic

inputs.

H.1 Coordinate System

JOINTSIM uses a coordinate system as shown in Figure H.l.

The origin is located at the upper right corner of the block.

a is the inclination angle of the joints.

H.2 Units

All units used in the input must be consistent. "Units are

generally in feet or pounds, but any other consistent system

may be employed.
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Figure H.1 Coordinate System for JOINTSIM
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H.3 Inputs

Unless otherwise noted the inputs do not have to be right

justified in their respective columns. The term "integer"

implies the number is expressed without a decimal point.

Card #1:

Width of Block (XDIM) is entered in Columns 1 through 10

with a maximum of two decimal places.

Height of Block (YDIM) is entered in Columns 11 through 20

with a maximum of two decimal places.

Inclination of Block (ALPHA) is entered in Columns 21

through 30 with a maximum of two decimal places. The angle is

expressed in degrees.

Card #2:

Joint Friction Angle (PHIJT) is entered in Columns lthrough

10 with a maximum of two decimal places. The angle is express-

ed in degrees.

Joint Cohesion (COJT) is entered in Columns 11through 20

with a maximum of two decimal places.

Intact Rock Friction Angle (PHIRK) is entered in Columns 21

through 30 with a maximum of two decimal places. The angle is

expressed in degrees.

Intact Rock Cohesion (CORK) is entered in Columns 31 through

40 with a maximum of two decimal places. In the 'Griffith-

Modified Griffith' envelope used by the program the cohesion is

twice the tensile strength of the rock.
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Card #3:

Initial Vertical Stress (SIGl) is entered in Columns 1

through 10 with a maximum of 2 decimal places.

Initial Horizontal Stress (SIG3) is entered in Columns 11

through 20 with a maximum of 2 decimal places.

NOTE: The program assumes that the initial principal stresses

are in the horizontal and vertical directions (see Figure

H.l). The major principal stress can be in either di-

rection.

Card #4:

Mean Joint Spacing (SP3) is entered in Columns 1through

10 with a maximum of two decimal places.

Mean Joint Length (SPJTLN) is entered in Columns.11through

20 with a maximum of two decimal places.

Mean Length of Rock Bridges (SPRKBR) is entered in Columns

21 through 30 with a maximum of two decimal places.

Card #5:

This card designates which technique or techniques should

be used to evaluate the results. The user can select any one

(or all) of three different methods.

Method #1 (Enter '-1' in Columns 9 and 10). The results

are expressed in terms of the percent continuity (or per-

sistence) required on a hypothetical joint if that joint

were to have the same resistance as the weakest path
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through the rock mass. The hypothetical joint is inclined

at the same angle as the real joint planes.

Method #2: (Enter '0' in Column 10). This method also

computes the persistence of a hypothetical joint with the

same minimum resistance as the rock mass. However, the

hypothetical joint is inclined at the same angle as the

net failure path.

Method #3: (Enter 'l' in Column 10). This method is

based on the concept that the jointed rock mass can be

treated as a homogenous medium whose strength parameters

can be related to those of the intact rock through a re-

duction factor. This material has the same friction angle

as the intact rock. Method #3 computes the ratio of co-

hesion of homogeneous material to cohesion of intact rock

in order for the homogeneous material to have the same

minimum resistance as the jointed rock mass.

NOTE: The program will compute the results according to all

three methods if any positive integer greater than 1 is

entered in Columns 1 through 10.

Card #6:

Seed Number (ISEED) for the routine to generate random

numbers is entered in Columns 1 through 10. The number can be

chosen arbitrarily but must be an integer less than 2147473647.
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Card. #7:

This card controls the amount of information given in the

output. The user must enter 3 integers in Columns 1 through

10, 11 through 20 and 21 through 30 respectively. In deciding

which options to use, the user should refer to the sample out-

put included in this appendix.

Integer #1 (NOTPOP): If a 1 is entered in Column 10 the

program will print the coordinates of the left and right

ends of each joint segment and a sequential listing of the

X coordinates. (See "Section Al" and Section A2" in the

sample output.) None of this information will be printed

if any other number or numbers are printed in Columns 1

through 10. (Blanks in Columns 1 through 10 will also

suppress the information.)

Integer #2 (NOTPOT): If a 2 is entered in Column 20 the

program will print the detailed strength data labeled

"Section Bl" , "Section B2" and "Section B3" in the sample

output. "Section Bl" lists the strengths for all points

along the row y = 1 while "Section B3" details the loca-

tion of the path with the minimum strength. "Section B2"

is a summary of all possible failure paths that originate

from the point at the lower left corner of the joint grid.

(See Point A in Figure H.1). If a 1 is entered in Column 20

the program will print failure path summaries similar to
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"Section B2" -for all points in the joint grid. None of

this information will be printed if any other number or

numbers are printed in Columns 11 through 20. (Blanks in

Columns 11 through 20 will also suppress the information.)

Integer #3 (NOTPOD): Serves as a safety mechanism to elim-

inate undesired output. The volume of output can be enor-

mous if the number of realizations (see card #8) is large

and Integers #1 and #2 are both 1. A 1 entered in Column

30 will print all information as prescribed by Integer

#1 and Integer #2. None of the information will be printed

if any other number or numbers is printed in Columns 21

through 30. (Blanks in Columns 21 through 30 will also

suppress the information.)

Card #8:

Number of Realizations (NOREAL) may range from 1 to 400.

This integer must be right justified in Columns 8, 9, and 10.

A minimum of 200 realizations is usually required to get a good

estimate of the mean and standard deviation of apparent per-

sistence.

The next two parameters (DMIN and NJUMP) are used to re-

duce the number of failure paths the program must examine at

each grid point.

Minimum Distance (DMIN) is entered in Columns 11 through

20 with a maximum of 2 decimal places. The program will not
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examine a failure path whose transition point is within DMIN

of the previous transition point (Figure H.'2). If, however, the

point happens to be the left or right end of a joint segment

the program will check it anyway. If Columns 11 through 20

are left blank the program will default to DMIN =.0.00001 and

check essentially every point.

Maximum Joint Plane Transition (NJUMP) is entered as an

integer in Column 30. The program will not examine any failure

paths that jump more than NJUMP planes in one transition. If

Column 30 is left blank the program will check failure paths

with transitions to all the eligible joint planes.
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Sample Output
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THE DIALNSICNS OF THE BLOCK ARE

THE INCLINAIION OF THE JOINTS I3 40.0 DOGIRZES

STRfdNG7H PARA3ETERS:

Pill (JOINT) =
COHESION (JOINT)
Pill (ROCK) =
COHISSION (ROCK)

THE VERTICAL CONPlNING STRESS IS'
THE HORIZONTAL CONFINING STRESS IS

DISTRIBUTIONAL PARA!ETERS FOR JOINTS:

MEAN SPACING BETUEE9 PLANES =
HEAN SPACING BETWEEP JOINTS =
MLAN JOINT L3NGTIl =

THE INITIAL RANDOM NUMBER IS

ThIA NUMBEE OF REALIZATIONS IS

30.OC EGRFoi.,s

j. 00
30.4J0 DiEGR'2S

50.CO

50.30
50. tc

2.30
5.00
2.50

124513

-1

PATH CRITERIA:

MINIMUS SPACING =
NAXIIUX TRANSITION

2.00
3

I

I.10. 'u" li Il B Y 21.Cc WiDE

"tfi I A



NIMBEP CF
JOINTS

3

3

4

JOINT
PLANE

1

2

3

4

C 0A 1 EN 1 T T

.. 4

Y
COOR

1.06

6. 38

7.31

8.66

SY COOR IS

Y COOP is

Y COOP IS

Y COOR IS

Y COOP IS

Y COOR IS

Y COOR IS

Y COOP Is

Y COOP IS

Y COOP IS

Y COOR IS

Y COOR is

Y COOR IS

1.055

1 . 055

1.055

6. 377

6.377

6.377

7.314

7.314

7.314

7.314

8. b58

8.658

6.658

X COOR OF RIGHT uLND IS
K CCOR OF LEF END IS

x COOR OF Ritar END IS
A CCOR OF L.EF END IS

X COOR OF hIG1IT END 1S
X COUR OF LEF'" END IS

X COOP OF hIGiIT END IS
X COOR OF LEFT END IS

X COOR OF RIGHT END IS
X COOP OF LEFT END 15

X COOR OF RIGHT END IS
X COOR OF LEFT END IS

X COOR OF RIGHT END IS
X COOP OF LEFT END IS

X COOP OF RIGHT END 1:;
X COOR OF LEFT END IS

X COOP OF EIGHT END IS
.COOR CF LEFT END IS

X COOR OF RIGIT END IS
X COOR CF L9FT END IS

X COOP OF VIGHT END IS
X COOR OF LEFT END IS

X COOR OF RIGlIT END IS
X COOP OF LEFT END IS

X COOR OF RIUHT END IS-
X COOP OF LLFT END IS

*** TIlE NUMBLR OF INDLP.NUzNT X CUORDINATES IS 26 ***

3

42.3

22.5

RA DP1 N1Jkt:3

6

10

a

4 .11 c
4.263

9. 18
10.232

16.21d
16. 2d4

0. 000
. 824

11.816
14.366

15.058
17.144

0.000
0.738

5.-233
8. 289

9.801
13.971

15.914
19.559

3.179
7.390

13.648
13.770

13. 897
14.050

-4

0
"4

0
U)

j



Cin E 7 ' C0C1:1)NAT'.'s:

= 1.055

1.055

= 1.055

1.055

= 1.055

= 1.055

1.055

= 1.055

1.055

= 1.055

= 1.055

1.C55

= 1.055

C . ()"
3. 73d

.3 . 824
4. 110
4 . 263

7. 390
8. 28
9. 764
9. be 1
10.232
11 . 16
1 .646
13.770
13.897
13.971
14.056
14. 3bJ
15.058
15.914
16.218
lb. 284
17. 144
19.559
20.0(0

AND X COOP

AND X CCOR

AND X COOii

AND X COOR

AND X COch

AND X CCOR

AND X COOP

AND X COCR

AND X Co e.

AND X COOR

A5D X C3OR

AND X COC'

AAD X COCR

= 0.003

= 0.738

= 3.179

= 3.624

= 4.110

= 4.263

= 5.233

= 7.390

= 8.289

= 9.768

= 9.801

- 10.232

- 11.816

T HE

THE

THE

THE

THE

THE

THE

T HE

THE

THE

THE

THE

THE

IINI Il m

MINIMUM

MINIMUM

m I IN I ?lJ um
?IINIAUNMININUM

MINIHUM

MINIMUM

MINIMUM

HININUr

MINIMUM

MININUM

TOTAL

TOTAL

TOTAL

TOTAL

TOTAL

TOTAL

TOTAL

TOTAL

TOTAL

TOTAL

TOTAL

TOTAL

TOTAL

STENGTH

STENGTH

STINGT1

ST;NGTH

STLNGTII

STENGTHii

STLNGT I

STENGTH

STENGTII

STE llTH

STENiTi

STENGTH

STFNGIII

FOR

FOR

FOR

FOR

FOR

FOR

FOR

FOR

FO H

FOR

FOR

FOR

FO R

COO"

COOP

COUR

COOR

COOR

COOR

COONR

COC R

COO R

COOR

ccOOR

COOR

COOP

C

c

m

4-

En

c
0

4-,

is

is

IS

Is

Is

Is

IS

Is

IS

I.:3

Is

is

IS

0.00

48.70

209. 82

252.36

271.24

276.42

340.48

482.84

542.12

639.75

640.85

655.03

763.03



TIlE MIbIMUM TOIA1 ST.. :IGTl FOR Y C00i =

THE

T HE

THE

THE

THE

TilE

T HE

THE

THE

TilE

THE

MiNI LfUlL

Hi N I MU K

MINI MIMUM

MiNIMUM

d I NI MU I

MINIMUM

MINIrUM r

MINI mum

MINI MU P

MINiMUM

MINI HU H

10TAL

TOTAL

TOTAL

TOTAL

TOTAL

TO [A"'

TOTAL

TOTAL

TOTAL

TOTAL

TOTAL

STENGINi

STL NGTh

SILNGTH

STE NGIh

STENGTHI

STENGTH!

STENGTII

STE N ('1

STENGTlI

STENGIII

Fop

Fub

FO i<

FOR

FOR

FOR

FOR

FOR

rO P

FLf

FOR

COOF

Cocd%

COC I

coo P

COCP

Co 

COOR

COOR

c0 (f

COO R

COOR

1.055 AND X Cnh% -

= 1.055

= 1.055

= 1.055

= 1.c55

= 1.055

1.055

= 1.055

= 1.055

= 1.055

= 1.055

A N I

AiD d

A 1 )

AND

A N J

A.4 D

A ND

Ad D

A U 0

Ato U

AND

1J. 64 3.

Cr 1 = 13.7)3

CO l = 1j .91

00f) - = 114. 05b

C0C = 14.3bk

CoOP = 15.05$

COOi = 15.9114

CO0; - 16.21$

C000 = l1.2$4

CjOi = 17.144

cooi = 19.559

THE MININUM TOTAL STENGT) FOR Y CORl = 1.055 AND X COOF = 20.J0O IS 1298.00

Ii

.J3

IS

13

Is

880.90

?W. 97

. ;7. J 6

.72 21

907. W4

928. 4')

973.94

1030. 4.3

1050.51

1052.14

1109.52

1268.89



POINT CONSlDERi.D*

JOINT PLANE =
Y COOhDINATL =
X COOPDINATE =

-- JUNCTION POINT -- A NGL P S'TIE01d S'i R!IlI,Tii ur Ey:,% ilt
JT. PL. Y COOR X COOlS TO JCf. ia Jr pri Tc EVG l

1
2
3
4
5
6
7
a
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
2 f)
27
28
,29

3(,
31

U. 65o
1.055
1.055
1.055
1.055
1.055
1.055
1.055
1. 055
6.i77
t.3 7 7
6.377
6.377
6.)77
6.377
6.377
6.377
6.377
6.377
7.314
7.314
7.314
7.314
7.314
7.314
7.314
7.314
7.114
7.314
7.314
7.314

19.559
0.000
3.179
4.11C
4.263
7.i90
9.7t d

10.232
13.t4 u
-C. i'00

3. 179
3. L324
7. 39C
9.760

11.816
13.897
14.368
15.050
17. 144

0.000
0.73
3.179
5. 233
7.390

9.U01
11.b16
13.897
13.971
15.914
19.559

40.(,,0
60.81
64.32
65.57
65.78
71.J9
76.1)1
77 .90
90. 12
46. 51
47.72
4b.03
56.25
52.57
55.57
bC .49
62.05
64. 77
78.61
43.R4
43.99
44.57
45.20
46.0 b
46.55
47.51
49.33
52.42
52.57
5b.21

111 .83

29. 10
1436.22
129t. 55
125o.2c,
1251.64
111;. 20
1 ,13.2t0

cI'4 !. 14
d45. 24

134>. 1d
1132.10
1G9J. 37
857.48
702.99
569.74
435. 31
414.95
36S.07
294.73

1329. 1 J
1460. 61
112'0. 17
985.14
C43 3. 62
784.84
685.94
551J.31
418.98
4 14. 22
280.23
119.09

TCI.&l

966.21
3.00

239.62
27 1 .24
216.4 2
4482. 64
039. 7,
655.48
4100.901.33
10 7).67
1..9.53
364.9-
521.80
656. 99
727.4
743.40
7dl.95
659. 6 1

0.0 )
24.99

163. 80
260.81
333. 87
364. 2
464. '"7
532. 33
6C2.82
0Us. 31

733.57
u57.01

T IEs S

995.31
1436. 22
150 J.3"
1529.50
1523. (5
1595. U-4
1653. c a
16443. 62
1726. 14

12 S .77
1219.57
1222.313
1224. 79
1226.73
1162.79
1138.35
1174.02
1154.33
1329. 9
1305. 6)
1303.91
1245.95
1177.48
1141). 12
115ZC1
1086.64
1621.80
10 19.53
1020.81
976.90

PATH NO.

8.658 AND X COOR = 20.000 IS 976.90

LMN5ENT TC

PA17ABOLA
P01 NT
P01 NT
POINT
1P01 'N TI

POINT
?' 17 1
?CINT

PARABCLA
PAii'3LA

P AR A aOLA
PAP A BOLA
PAdABCLA

PCIN 11
?01NT
POIHT
POiNT

PARABOLA

PARABOLAPAP A lrMTA

PAI A ROL A
PAR'AflLA

PAPA30LA
PARABOLA
PARABOLA
PAIARCLA
PAYABOLA

POI NT

4

20.0

-24.54
-25.
-25.1.)
-25. 00

-25.-3

-5.0 --25.03
-25.00
-2g. 68
-24.91
-24.92
-24.96
-24. 49
-25.00
-25.0'
-25.
-25.30
-25. 00
-24.78
-24.79
- 24. 1
-24.84
-24.87
-24.38
-24.91
-24.95
-24.98
-24.9
-25.00
-25.00

Or
0b
CD

m

C

0
*l

THE MlNlMUK TOTAL STENGTH FOR Y COOR =



THE HINILUM SIRENGTII IS: 886.11

HE NULB!R SAIOULD ijL BETWELN:

A ND
S146.99 (TIIE VALUE FOF A 58.0f CONT1NUOU JCNI)
b77.25 (THE VALUL FOR A CONTINUci3 Ci:)

THE FAILURE PATh PiOCILDS FRO-4:

(LEFT END)

(RIGHT END)

TO
TO
TO
TO
TO
TO
TO
TO
TO
T 0
TO
TO
TO
TO
TO
TO
TO
TO
TO
TO
TO
TO
TO
TO

Y
y

y

COCk
COOP
COOP
COOP
COOP
COOp
COO B
COOP
COOP
CCOUi
COOR
CooH
Coo P
COOR
COO
C)OOR
COOR
COO R
COOR
COOR
COOR
COOP
COOR
COOR
COOP

7. 314
7. -14
7.314
7.314
7.314
7.314
7.314
7.314
7.314
7.314
7.,>14
7.314
7.314
7.314
7. 314
7.314
7.314
7.314
7.314
7.314
u. 377
6.377
6.377
6.377
t.37 7

THE AVERAGE INCLINATION OF IE FAILURE PATH IS 42.60 DEGPELS

REALIZATION
NUMBER

1

NO. OF PERSISTENCE
JT PLS MIN. MAX.

4 3.4 58.0

ANLE Ck
FAIL. PATH

42.7

NINT r i'DTICTION 3rTIONS
STRfNGTh (1) (2) (3)

d8f.11 67.5 68.1 29.0

UPDATED ?EAN
I1) 12)

(47.5 68.1 29.0

VALUES TRANSITIONS
UJ UNIT::TOTAL

1 1

CODL FOR TiLOUCl10N CPTICNS:

PERCENT CONTINUITY FOR A FAIA.UE SIWP AC" 1NCLIN:'D AT TIlE SAL& ANGLE AS TIlE JOINT'
PELCNT CC-NTINUI1Y FOR A kAtIP#-: SU14ACE 11CLIND AT 1IE jAME ANGLE AS TilL FAILUIE PATH
PERC'NT COHESION OF INTACT ROCK FOE A FAILUPE SURFACE INCLINED AT TIE SAdE AN3LE AS TiF FAILUPEPATH

COG s
k .:0 i.
C) W.
COO .
COUR

C33i
COOR i003

COOP

COCO
COO R
c (0 Pi

COOP
coc R

COOR
C 00 RCOO Ri

C00

COO I
cc V
CcOn

1 ).%9

17. 144
16. 2 i4
I o . 2 13
19.914

14.036w
14. 05t)
13.971
13. 89 7
13. 17n
13.648
11.616
1-.232

9. 0 1
9. 76 6
8. 2H9
7. 3907 . 3 3c5.233
3.324
3.179
0.738

0.00)

COco
c0

.6q
41

93

(1)
(2)
(3)

=
=
=
=
=
=
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C JOINTSIM
C THIS PROGRAM EVALUATES THE MINIMUM STRENGTH OF A RAN
C JOINTING PATTERN AS DEFINED IN D. VENEZIANO'S MODEL
C PROGRAM LIMIT: 400 REALIZATIONS

DIMENSION R(400), IIR (400), REALBD(400), PSI(400), JJPL
1 APPER1 (400), APPER2(400), APPER3(400), PERMIN(400), PE
2 APiMEN(400), AP2MEN(400), AP3MEN(400), STAISM(400), NT
3 NTRAN(400)

C PROGRAM LIMIT: 20 JOINT PLANES
DIMENSION YRAND(20), Y(20), NPT(20), IR(21)

C PROGRAM LIMIT: 50 X COORDINATES PER JOINT PLANE
DIMENSION CJOINT (20,50)

C PROGRAM LIMIT: ( 20 X 300 ) PATH GRID
DIMENSION AISM(20,300), TAUSM(20,300), MINPTH (20,300),
EQUIVALENCE (IIR(400), REALBD(400)), (XCOOR(300), IR(21
LOGICAL FIN, FAM, FLIM, FLAM, FAD, FUD
READ (5, 1000)
READ (5, 1001)
READ (5, 1002)
READ (5, 1000)
READ (5, 1004)
READ (5, 1004)
READ (5, 1006)
READ (5, 1007)

1000 FORMAT (F10.2,
1001 FORMAT (F10.2,
1002 FORMAT (F10.2,
1004 FORMAT (110)
1006 FORMAT (110,I1
1007 FORMAT (I10, F
1010 FORMAT ('1',10

1 ' HIGH BY ',F
1011 FORMAT ('0',10

DOMLY GENERATED

(400)
RMAX (400),
RANS(400)

XCOOR(300)

XDIM, YDIM, ALPHA
PHIJT, COJT, PHIRK, CORK
SIGi, SIG3
SP3, SPJTLN, SPRKBR
NREDOP
ISEED
NOTPOP, NOTPOT, NOTPOD
NOF.EAL, DISTMN, NJUMP
F10.2, F10.2)
F10.2, F10.2, F10.2)
F 10.2)

0,110)
10.2,
xITHE
8. 2,'
X,'THE

I 10)
]DIMENSIONS OF THE BLOCK ARE lF8.2,

WIDE')
INCLINATION OF THE JOINTS IS ',F4.1,

1 ' DEGREES')
1012 FORMAT ('0',10X,'STRENGTH PARAMETERS:'//

1 T20,'PHI (JOINT) = ',T50,F10.2,' DEGREES'/

JTSM0001
JTSM0002
JTSM0003
JTSM0004
JTSM0005
JTSM0006
JTSM0007
JTSM0008
JTSM0009
JTSM0010
JTSM0011
JTSM00 12
JTSM0013
JTSMOO 14
JTSM0015
JTSMOO 16
JTSM0017
JTSM0018
JTS M00 19
JTSM0020
JTSM0021
JTSM0022
JTSM0023
JTSM0024
JTSM0025
JTSM0026
JTSM0027
JTSM0028
JTSM0029
JTSM0030
JTSM0031
JTSM0032
JTSM0033
JTSMO034
JTSM0035
JTSM0036
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2 T20,'COHESION (JOINT) = ',T50,F10.2,/
3 T20,'PHI (ROCK) = ',T50,F10.2,' DEGREES'/
4 T20,'COHESION (ROCK) = ',T5 ,F10.2)

1013 FORMAT ('0',1OX,'THE VERTICAL CONFINING STRESS IS ',T50,FJO.2,/
1 11X,'THE HORIZONTAL CONFINING STRESS IS ',T50,F10.2)

1014 FORMAT ('0',10X,'LISTRIBUTIONAL PARAMETERS FOR JOINTS:'//
1 T20,'MEAN SPACING BETWEEN PLANES ='.T50,F1O.2,/
2 T20,'MEAN SPACING BETWEEN JOINTS = ',T50,F1O.2,/
3 T20,'MEAN JOINT LENGTH = ',T50,F10.2)

1015 FORMAT (//,1OX,'PATH CRITERIA:',r//
1 T20,'MINIMUM SPACING =',T50,F10.2,/
2 T20,'MAXIMUM TRANSITION =',T50,110)

1016 FORMAT (//,10X,'TIE NUMBER OF REALIZATIONS IS ',T50,I10)
1017 FORMAT (//,1OX,'THE INITIAL RANDOM NUMBER IS ',T50,I10)
1018 FORMAT (1',T1O,'JOINT',14X,'Y',12X,'NUMBER OF',10X,' PERCENT ',

1 10X,'RANDOM NUMBERS'/
2 T10,'PLANE',13X,'COOR',11X,'JOINTS',12X,'CONTINUITY',14X,'USED')

1020 FORMAT ('0',T1OI3,14X,F6.2,11X,13,17XF4.I,17X,13)
1021 FORMAT (T10,'REALIZATION NO. ',I4,': NOT ENOUGH RANDOM NUMBERS',

1 ' AVAILABLE TO DEFINE ALL THE JOINT SEGMENTS ON A PLANE')
1022 FORMAT (TO,'REALIZATION NO. ',I4,': NOT ENOUGH RANDOM NUMBERS',

1 ' AVAILABLE TO DEFINE ALL THE JOINT PLANES')
1024 FORMAT (T10,'REALIZATION NO. ',14,': NO JOINT PLANES WITHIN THE ',

1 'BLOCK')
1025 FORMAT (TJO,'REALIZATION NO. ',14,': REDUCTION OPTION NO. 2 ',

1 'REQUIRES THE TENSILE STRENGTH OF THE JOINT - NOT COMPUTED')
1050 FORMAT ('0','Y COOP IS ',F10.3,' X COOR OF RIGHT END IS ',

1 F10.3)
1060 FORMAT (T27,'X COOR Of LEFT END IS ',F10.3)
1061 FORMAT ('0','Y COOR IS ',FlO.3,5X,'*** NO JOINTS IN THIS ',

1 'PLANE ***')
1070 FORMAT (///,27X,'*** THE NUMBER OF INDEPENDENT X COORDINATES',

1 ' IS ',14,I ***',///,44X,'THE ORDERED X COORDINATES:',//)
1072 FORMAT (T50,F10.3)
1080 FORMAT (///,'FAILURE ALONG JOINT REQUIRES TENSILE STRENGTH OF',

1 ' JOINT - UNDEFINED- CONDITION - RUN TERMINATED')

JTSMOO-37
JTSM0038
JTSM0039
JTSM0040
JTSM0041
JTSM0042
JTSM0043
JTSM0044
JTSM0045
JTSM0046
JTSM0047
JTSM0048
JTSM0049
JTSM0050
JTSMO051
JTSM 0052
JTSM0053
JTSM0054
JTSM0055
JTSM0056
JTSM0057
JTSM 0058
JTSM0059
JTSM0060
JTSM0061
JTSM0062
JTSM0063
JTSM0064
JTSM0065
JTSM0066
JTSM0067
JTSM0068
JTSM0069
JTSM0070
JTSM0071
JTSM0072

PAGE 2



1090 FORMAT (1',1OX,'POINT CONSIDERED:'//,T20,'JOINT PLANE = ',12X,
1 15,/,T20,'Y COORDINATE = ', 9X,F1O.3,/,T20,'X COORDINATE = l,9X,
2 F10.3,///,' PATH NO.',8X,'-- JUNCTION POINT --',7X,'ANGLE ',
3 4XISTRENGTH',L4X,'STRENGTH',4X,'STRENGTHI',06X,'MINOR PRIN.',4X,
4 'TANGENT TO',/,14X,'JT. PL.',3X,'Y COOR',4X,'X COOR',3X,
5 'TO JCT.',4X,'TO JT PT',4X,'TO EDGE' ,6XlTOTAL',lOX,'STRESS',/)

1092 FORMAT (15,7X,15,2X,F1O.3,F10.3,5XF6.2,4X,F8.2,4XF8.2,4XF8.2,
1 7X,F7.2)

1093 FORMAT ('
1094 FORMAT ('
1095 FORMAT ('
1096 FORMAT ('
1097 FORMAT ('
1099 FORMAT ('

1 F10.3,'
1100 FORMAT ('

1 'SHOULD

+' ,T110 ,'POINT')
+4',T109,'PARABOLA')
+',T111, 'LINE')
+',T109,'* JOINT *')

+' ,T111,'CUSP')
0','THE MINIMUM TOrA
AND X COOR = ',F10.3
lI,'THE MINIMUM STR E

L STENGTH FOR

,' IS ',F10.2)
NGTH IS: ',F10

BE BETWEEN:' ,//,T20,F10.2,' (THE
'1% CONTINUOUS JOINT)',/,T16,'AND ',FIO.2,
' (THE VALUE FOR A CONTINUOUS JOINT) ')

1101 FORMAT
1 T10,'

1102 FORMA
1103 FORMAT
1104 FORMAT

1 F6.2,
1110 FORMAT

('0', 'THE
(LEFT END)
T (T25,'TO

('+' ,TIO,
('0',' THE
DEGREES'

(//,' REA

I
FAILURE
,T31, 'Y
,731 ,' Y

PATH
COOR
COO H

Y COOR = ,

VALUE FOR

PROCEEDS FROM:'//
= ',F10.3,T61,'X COOR

',F10.3,T61,'X COOR

E NUMBER '
A ',iF4.1,

= ',F10.3)
= ',F10.3)

*(RIGHT END) ')
AVERAGE INCLINATION OF THE FAILURE PATH IS ',

,//)
LIZATION

MiNIMUM REDUCTION
TRANSITIONS'/

3 ' NUMBER
4 'STRENGTH
5 ' UNIT:

1111 FORMAT (3X,I
1 F5.1,2XF5.

1112 FORMAT (3XI

JT PLS
(1) (2)

:TOTAL',//)
4, 10X,12,6XF5.1
1,4X,F5. 1,1XF5.
4,T30,'***** SEE

NO. OF
OPTIONS

MIN. MAX
(3) {

PERSISTENCE
UPDATED MEAN

FAIL.
(2)

ANGLE OF
VALUES',

,

I

JTSM0073
JTSM0074
JTSM0075
JTSM0076
JTSM0077
JTSM0078
JTSM0079
JTSM0080
JTSM0081
JTSM0082
JTSM0083
JTSM0084
JTSM0085
JTSM0086
JTSM0087
JTSM0088
JTSM0089
JTS0090
JTSM0091
JTSM0092
JTSM0093
JTSM0094
JTSM0095
JTSM0096
JTSM0097
JTSM0098
JTSM0099
JTSM0100
JTSM0101
JTSM 0 102
JTSM0103
JTSM0104
JTSM0105
JTSM 0106
JTSM0107
JTSM0108

PAGE 3

,

P.AT H

(3)',

,2XF5.1,6X,F4.1,7XF7.2,3XF5.1,2X,
1,1 X, F5. 1, 7X,12,2XI2)

BELOW *****')
1113 FORMAT (///,T40,'CODE FOR REDUCTION OPTIONS:',//,TIO,

1 '(1) PERCENT CONTINUITY FOR A FAILURE SURFACE INCLINED AT',

Ln

2
3

I1
2

. 2,//,§TH

I



2 ' THE SAME ANGLE AS THE JOINTS',/,T1O,' (2) PERCENT CONTINUITY'
3 ' FOR A FAILURE SURFACE INCLINED AT THE SAME ANGLE AS THE ',
4 'FAILURE PATH',/,T1O,'(3) PERCENT COHESION OF INTACT ROCK FOR'
5 1 A FAILURE SURFACE INCLINED AT THE SAME ANGLE AS THE FAILURE'
6 #PAT[' ,/////)

1122 FORMAT (///,45X,'***** INCLINATION OF FAILURE PATH *****W,///
1 52X,'NO. OF REALIZATIONS: l,14,//
2 52X,'MEAN VALUE:',13X,F4.1,/,52X,"MINIMUM VALUE:',10X,F4.1,/
3 52X,'MAXIMUM VALUE:',10X,F4. 1,//,52X,'STANDARD DEVIATION:',5X,
4 F4.1,//////////)

1123 FORMAT ('O',45X,'***** MAXIMUM PERSISTENCE
1 52X,'NO. OF REALIZATIONS: i4,//
2 52X,'MEAN VALUE:',13XF4. 1,/,52X,'MINIMUM VALUE:',O0X,FL4.1,/
3 52X,'MAXIMUM VALUE:',10xF4.1,//,52X,'STANDARD DEVIATION:',5X,
4 F4.1)

1124 FORMAT (///,45X,'****** REDUCTION OPTION NUMBER ',I2,' *
1 ///,52X,'NUMBER OF REALIZATIONS: ',I4,//
2 52X,'MEAN VALUE:',13X,F4.1,/,52X,'MINIMUM VALUE:',1OX,F'4.1,/
3 52X,'MAXIMUM VALUE:',1XF4.1,//,52X,'STANDARD DEVIATION:',5X,
4 F4.1,//,52X,'COEFF. OF CORRELATION',/,52X,
5 'WITH INCLINATION ANGLE: ',F6.3)

PI = 3.14159265
P14 PI/4.0
P12 = PI/2.0
ALPHO = ALPHA*PI/180.
PHOJT = P[IIJT* PI/180.
TANJT = TAN(PHIJT*PI/180.)
PHORK = PHIRK*PI/180.
SINRK = SIN(PHORK)
COSRK = COS(PHORK)
TANRK TAN(PHORK)
P = SPJTLN/(SPJTLN + SPRKBR)
CORK2K = COLK/200C.
IF ( NJUMP .EQ. 0 ) NJUMP = 1000
IF ( DISTMN .EQ. 0.0 ) DISTMN = 0.00001

ETA AND XCTETA EEFINE THE CIRCLE WITH DUAL TANGENCY

,

,U

,

*

JTSM0109
JTSM01 10
JTSM01 11
JTSMO 112
JTSM0113
JTSMO 114
JTSM01 15
JTSM0116
JTS M0117
JTSM0118
JTSMO 119
JTSM 0120
JTSM0121
JTSM0122
JTSM0123
JTSM0124
JTSM0125
JTSM0126
JTSM0127
JTSM0128
JTSM0129
JTSM0130
JTSMO131
JTSM0132
JTSM0133
JTSM0134
JTSM0135
JTSM0136
JTSM0137
JTSM0138
JTSM0139
JTSM0140
JTSMO 141
JTSM0142
JTSM0143
JTSM0144

PAG E 4

4ab

0*

C



XCTETA = CORK* ((1.0-SINRK*COSRK) - (1.0- (2.0*COSRK*SINRK)) **0.5)
1 /SINRK**2.0
IF ( PHIRK .GT. 45.0 ) ETA = P14
IF ( PHIRK .GT. 45.0 ) ETASIN = SIN (PI4)
IF ( PHIRK .LE. 45.0 ) ETASIN = (CORK/(2.0*XCTETA)) **0.5
IF ( PHIRK .LE. 45.0 ) ETA = ATAN(ETASIN/((1.0 - ETASIN**2.0)

1 **0.5))
AFACT 0.5*CORK/ETASIN**2
BFACT = CORK/ETASIN
XCTPTF = CORK/2.0
IF ( COJT .EQ. 3.0 ) THETAJ = P12
IF ( COJT .NE. 0.0 ) THETAJ = ATAN(SIG1/COJT)
IF ( ALPHO .GT. THETAJ ) WRITE (6, 1080)
IF ( ALPHO .GT. THETAJ ) GO TO 2000
WRITE (6, 1010) YDIM, XDIM
WRITE (6, 1011) ALPHA
WRITE (6, 1012) PHIJT, COJT, PHIRK, CORK
WRITE (6, 1013) SlG1, SIG3
WRIT E (6, 1014) SP3, SPRKBR, SPJTLN
WRITE (6, 1017) ISEED
WRITE (6, 1016) NOREAL
WRITE (6,1015) DISTMN, NJUMP
FLAM = .TRUE.
IF ( NOTPOD .EQ. 1 ) FLAM =.FALSE.
CALL GGUB(ISEELNOREALR)
DO 17 I = 1, NOREAL

17 11R(I) = R(I)*10**8.0
TAN90 = 5.0
NREAL = 0
NBUM = 0
NNBUM = 0
SUMAP1 = 0.0
SUMAP2 = 0.0
SUMAP3 = 0.0
PSISUM = 0.0
CONSUM = 0.0

JTSI 0145
JTSM0146
JTSM0147
JTSMO 148
JTSM 0149
JTSMO 150
JTSM0151
JTSMO 152
JTSM0153
JTSMO 154
JTSM0155
JTSM0156
JTSM0157
JTSM0158
JTSMO 159
JTSM0160
JTSMO 16 1
JTSM0162
JTSM0163
JTSM0164
JTSM0165
JTSM0166
JTSMO 167
JTSM0168
JTSM0169
JTSM0170
JTSM0171
JTS MO 172
JTSM0173
JTSM0174
JTSM0175
JTSM0176
JTSM0177
JTSM0178
JTSIO 179
JTSM0180

PAGE 5



AP1MAX = 0.0
AP2MAX = 0.0
AP3MAX 0.0
PSIMAX = 0.0
CONMAX 0.0
AP1MIN = 100.0
AP2MIN 100.0
AP3MIN = 100.0
PSIMIN = 180.
CONMIN 100.0
DO 1950 MM = 1, NOREAL
YSUM = 0.0
PERCMN 100.0
PERCMX = 0.0
NREAL NREAL + 1
ISEED =IIR (M)
CALL GGUB(ISEED,21,R)
Do 20 I = 1, 21

20 IR(I) = R(I)*10**8.0
ISEED =Ir(21)
CALL GGUB (ISEED,20,R)
DO 30 I = 1, 20

30 YRAND (I) = R(I)
IF ( .NOT. FLAM ) WRITE ( 6, 10

31 Do 200 1 = 1, 20
YSUM = YSUM + (SP3)vALOG(1.0/(1
Y(I) = YSUM
IF ( Y (I) .GT. YDIM ) GO TO 250
ISEED = 1R (1)
CALL GGUB(ISEED,51,R)
IF ( R(51) .LT. P) CJOINT(I,1)
IF ( R(51) .GE. P ) CJOINT(I,1
IF ( CJOINT(1,1) .GE. XDIM ) C

FOR ODD N: CJOINT(
IN THE I TH JOINT
FOR EVEN N: CJOINT

C
C
C

1) )

.0-YRAND(I)))

0.0
)= SPRKBR*ALOG(1.0/R(1))
JOINT(I,1) = XDIM
IN) IS THE RIGHT END OF THE
PLANE
(1,1N) IS THE LEFT END OF THE

JTSM0181
JTSM0182
JTSM0183
JTSM0184
JTSM0185
JTSM0186
JTSM0187
JTSM0188
JTSM0189
JTSN0190
JTSMO 19 1
JTSM0192
JTSM0193
JTSM0194
JTSM0195
JTSM0196
JTSM0197
JTSM0198
JTSM0199
JTSMO200
JTSM0201
JTSMO202
JTS10203
JTSM0204
JTSM0205
JTSM0206
JTSM0207
JTSMO208
JTSM0209
JTSM0210
JTSMO211
JTSM0212
JTSM0213

(N+1)/2 JOINT JTSM0214
JTSMO215

1/2 JOINT JTSM0216
PAGE 6



C IN THE I TH JOINT PLANE
DO 80 J = 2, 50, 2
CJOINT(I,J) = CJOINT(IJ-1) + SPJTLN*ALOG(1.0/R(J))
IF ( CJGINT(IJ) .GE. XDIM ) GO TO 90
CJOINT(IJ+1) = CJOINT(IJ) + SPRKIBR*ALOG(1.0/R(J+1))
IF ( CJOINT(IJ+1) .GE. XDIM ) GO TO 120

80 CONTINUE
REALUD(MM) 1.0
GO TO 1948

90 CJOINT(IJ) XDIM
NPT(I) = J
NJOINT = J/2.0
NRN = J + 1
GO TO 150

120 CJOINT(IJ+1) XDIM
NPT(I) = J + 1
NJOINT = J/2.0
NEN = J + 2

150 CONTINUE
SUMJTL = 0.0
DO 160 J = 1, NJOINT
NNJT = 2*J

160 SUMJTL = SUMJTL + CJOINT(INNJT) - CJOINT(I,NNJT - 1)
PERCON = SUMJTL*100.0/XDIM
IF ( PERCON .GE. PERCMX ) PERCMX = PERCON
IF ( PERCON .LE. PERCMN ) PERCMN = PERCON

190 IF (FLAM) GO TO 200
IF ( CJOINT(I, 1) .EQ. XDIM ) NJOINT = 0
WEITE (6, 1020) I, Y(I), NJOINT, PERCON, NRN

200 CONTINUE
BEALBD(MM) = 2.0
GO TO 1948

250 JJPL(MM) = I - 1
IF ( JJPL(MM) .EQ. 0 ) REALBU(MM) = 4.0
IF ( JJPL(MM) .EQ. 0 ) GO TO 1948
JPL = JJPL(MM)

JTSM0217
JTSM0218
JTSM0219
JTSM0220
JTSM0221
JTSM0222
JTSMO223
JTSM0224
JTSM0225
JTSMO226
JTSM0227
JTSM0228
JTSM0229
JTSM0230
JTSM0231
JTSM0232
JTSM0233
JTSM0234
JTSM0235
JTSM0236
JTSM0237
JTSM0238
JTSM0239
JTSM0240
JTSM0241
JTSM0242
JTSM0243
JTSM0244
JTSM0245
JTSM0246
JTSM0247
JTSMO248
JTSM0249
JTSM0250
JTSM0251
JTSM0252
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255 IF (FLAM) GO TO 310
IF ( NOTPOP .NE. 1 ) GO TO 310
DO 300 1 = 1, JPL
NOPT = NPT (I)
DO 280 J =1, NOPT
IF ( (-1.0) **J ) 260, 260, 270

260 IF ( CJCINT (I,1) .EQ. XDIM ) WRITE (6, 1061) Y (I)
IF ( CJOINT(IJ) .EQ. XDIM ) GO TO 280
IF ( CJOINT(I,1) .NE. XDIM ) WRITE (6, 1050) Y(I), CJOINT(IJ)
GO TO 280

270 IF ( CJOINT(I,1) .NE. XDIM ) WRITE (6, 1060) CJOINT(IJ)
280 CONTINUE
300 CONTINUE

C THE FOLLOWING ROUTINE ARRANGES THE X COORDINATES IS ASCENDING' ORDER

310 NXCORS = 0
DO 345 1 = 1, JPL
NPTI = NPT(I) - 1
DO 345 J = 1, NPTI
IF ( CJOINT(IJ) .EQ. 0.0 .OR. CJOINT(IJ) .EQ. XDIM ) GO TO 345

NXCORS = NXCORS + 1
XCOOR(NXCORS) = CJOINT(IJ)

345 CONTINUE
NXCORS = NXCORS + 1
XCOOR(NXCORS) = XDIM
NN = NXCORS - 1
DO 390 J = 1, NN
M = NXCORS - J
FIN = .TRUE.
DO 380 I = 1, M
IF ( XCOOR (I) .LE. XCOOR(I+1) ) GO TO 380
FIN .FALSE.
XX = XCOOR (1+1)
XCOOR(I+1) = XCOOR(I)
XCOOR(I) = XX

380 CONTINUE
IF (FIN) GO TO 400

I.J1
0

JTSM0253
JTSM0254
JTSM0255
JTSM0256
JTSM0257
JTSMO258
JTSM0259
JTSM0260
JTSM0261
JTSM0262
JTSM0263
JTSM0264
JTSM0265
JTSM0266
JTSM0267
JTSM0268
JTSM0269
JTSM0270
JTSM0271
JTSM0272
JTSM0273
JTSMO274
JTSM0275
JTSM0276
JTSM0277
JTSM0278
JTSM0279
JTSM0280
JTSM0281
JTSM0282
JTSMO283
JTSMO284
JT SM0285
JTSM0286
JTSM0287
JTSM0288
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390 CONTINUE
400 DO 410 I = 1, NXCORS

L = NXCORS + 1 - I
410 XCOOR(L+1) = XCOOR (L)

XCOOR(1) = 0.0
NXCORS = NXCORS + 1
PERMIN (MM) = PERCMN
PERMAX(MM) = PERCMX
IF ( PERCMX .Lf. CONMIN ) CONMIN = PERCMX
IF ( PERCMX .GE. CONMAX ) CONMAX = PER CMX
IF (FLAM) GO TO 431
WRITE (6, 1070) NXCORS
DO 427 I = 1, NXCORS

427 WhRITE (6, 1072) XCOOR(I)
THE FOLLOWING ROUTINE COMPUTES THE VALUES OF AISM(I,J) - THE
MINIMUM APPARENT INCREMENTAL SAFETY MARGIN REQUIRED TO INITIATE
A FAILURE CRACK FROM THE ITH JOINT PLANE AT THE JTH X COORDINATE.

431 DO 450 1 1, JPL
TAUSM(I,1) 0.0

450 AISM (1,1) 0.0
THIS PART COMPUTES THE AISM FOR A UNIT LENGTH OF
JOINT (AISMJT) AND INTACT ROCK (AISMRK).

IF ( NREAL .GT. 1 .AND. PSISUM .NE. 0.0 ) GO TO 499
457 SINALP = SIN(ALPIJO)

COSALP = CCS(ALPIIC)
DENOMJ = SINALP*COSALP + (SINALP**2)*TANJT
SIG3FJ = SIG1*(1.0 - TANJT/DENOMJ) - COJT/DENOMJ
DLTNJT = (SIG3 - SIG3FJ)*SINALP*COSALP
DLNOJT = (SIG3 - SIG3FJ)*SINALP**2
AISMJT = DLNOJT*TANJT + ELTNJT
CALL ROCK(CORKPHORKSINRKCOSRKTANRKSIG1,SIG3,PI4,PI2,

1CORK2KALPHOAFACTBFACTETA,XCTPTFDELTA3,TAUFRTANIDY,PRIM3R)
F3FR = DELTA3*SINALP + TAUFR*COSALP
F1Fh = TAUFR*SINALP
DLNORK = F3FR*SINALP + F1FR*COSALP
DLTNRK = F3FR*COSALP - FFR*SINALP

JTSM0289
JTSM0290
JTSM0291
JTSM0292
JTSM0293
JTSM0294
JTSM0295
JTSM0296
JTSM0297
JTSM0298
JTSM0299
JTSM0300
JTSM0301
JTSM0302
JTSM0303
JTSM0304
JTSM0305
JTSM0306
JTSM0307
JTSM0308
JTSM0309
JTSM0310
JTSM0311
JTSM0312
JTSM0313
JTSM0314
JTSM0315
JTSM0316
JTSM0317
JTSM0318
JTSM0319
JTSM0320
JTSM0321
JTSM0322
JTSM0323
JTSM0324

PAGE 9
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AISMRK = DLNORK*TANJT + DLTNRK
THIS PART COMPUTES THE VALUES OF AISM(1,J)

499 STR = 0.0
TAU = 0.0
NPT1 = NPT
INDX = 1
DO 570 I =
IF ( XCOOR
STR = STE
TAU = TAU
AISM (1,1)
TAUSM (1,1)
GO TO 570

510 CONTINUE
NPTO = IND]
DO 560 J =
IF ( XCOOP
IF

520 STR
TAU =

GO TO
530 STR =

TAU =
550 AISM(

TAUSM

NXCORS
.GT. CJOINT (1,

ISMR K* (XCOOR (I)
LTNRK*(XCOOR(I)
TR
TAU

NPTO, NPT1
(I) .GT. CJOINT

(-1.0)**J ) 52
STR + AISMRK*
TAU + DLTNRK*
550
STR + AISMJT*
TAU + DLTNJT*
1,I) =ST
(1,1) = TAU

0, 520
(XCOO R
(XCOOR

1)

(1,J
, 53
(I)
(I)

(XCOOR (I)
(XCOOR (I)

r)
It)

) GO TO 510
XCOOR (1-1))
XCOOR (I-1))

) GO TO 560

- XCOOR (I-1))
- XCOOR(I-1))

- XCOOR(I-1))
- XCOOR(I-1))

INDX = J-
GO TO 570

560 CONTINUE
570 CONTINUE

STRXXX = AISM(1,NXCORS)
INDY = 1
IF (FLAM) GO TO 590
IF ( NOTPOT .NE. 1 .AND. NOTPOT .NE. 2
DO 580 J = 1, NXCOFS

580 WRITE (6, 1098) Y(1), XCOOR(J), AISM(1,J)
590 IF ( JPL .EQ. 1 ) GO TO 703

C

GO TO 590

JTSM0325
JTSM0326
JTSM0327
JTSM0328
JTSM0329
JTSM0330
JTSM0331
JTSM0332
JTSM0333
JTSM0334
JTSM0335
JTSM0336
JTSM0337
JTSM0338
JTSM0339
JTSM0340
JTSM0341
JTSM0342
JTSM0343
JTSM0344
JTSM0345
JTSM0346
JTSM0347
JTSM0348
JTSM0349
JTSM0350
JTSM0351
JTSM0352
JTSM0353
JTSM0354
JTSM0355
JTSM0356
JTSM0357
JTSM0358
JTSM0359
JTSM0360

PAGE 10

t\3



C
C
C
C

C
C
C
C

THIS PART COMPLETES THE AISM(I,J) MATRIX. EACH POINT (IJ)
HAS N FAILURE PATHS - EACH PATH HAS AN APPARENT INCREMENTAL
SAFETY MARGIN, STRCSE, ASSOCIATED WITH IT. AISM(,J) IS
THE MINIMUM OF ALL THE STRCSE VALUES

NTRAN (MM) = 0
DO 700 J 2, JPL
IF ( CJOINT(J,1) .EQ. XDIM ) GO TO 700
DO 680 I = 2, NXCORS
FLIM = .TRUE.
IF ( NOTPOT .EQ. 1 ) FLIM = .FALSE.
IF ( NOTPOT .EQ. 2 .AND. J .EQ. JPL .AND. I .EQ. NXCORS )

1 FLIM = FALSE.
IF ( .NOT.FLIM .AND. .NOT.FLAM ) WRITE (6,1090) J, Y(J), XCOOR(I)

THE FIRST PATH TO CONSIDER IS THE ONE THAT PROCEEDS FROM
(JI) TO (J,1-1) -- IT IS OFTEN THE CRITICAL PATH --

IT IS ALSO THE ONLY PATH THAT NEED BE EVALUATED
IN THE JTH ROW

NCASL = 1
IF ( XCOOR (I) .GT. CJOINT(J, 1) ) GO TO 593
PRIMIN = PRIM3R
STR = AISMRK*(XCOOR() - XCOOR(I-1))
STRLOW = STR + AISM (J,I-1)
TAUCSE = TAUSM(J,I-1) + DLTNRK*(XCOOR(I) - COOR(I-1))
ITHCSE = J*NXCORS + I - 1
GO TO 603

593 NPTI = NPT(J)
DO 602 K = 1, NPTI
IF ( XCOOR(I) .GT. CJOINT(JK) ) GO TO 602
iF ( (-1.0)**K ) 600, 600, 598

598 STR AISMJT*(XCOOR(I) - XCOOR(I-1))
PRIMIN = SIG3FJ
GO TO 601

600 STR = AISMRK*(XCOOR(I)-XCOOR (I-1))
PRIMIN PRIM3R

601 STRLOW STR + AISM(JI-1)
IF (PRIMIN .EQ. SIG3FJ )

JTSM0361
JTSM0362
JTSM0363
JTSM0364
JTSMO 365
JTSM0366
JTSM0367
JTSM0368
JTSM0369
JTSM0370
JTSM0371
JTSM0372
JTSM0373
JTSM0374
JTSM0375
JTSM0376
JTSM0377
JTSM0378
JTSM0379
JTSM0380
JTSM0381
JTSM0382
JTSM0383
JTSM0384
JTSM0385
JTSM0386
JTSM0387
JTSM0388
JTSM0389
JTSM0390
JTSM0391
JTSMO392
JTSM0393
JTSM0394
JTSM0395
JTSM0396
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1 TAUCSE = TAUSM(J,I-1) + DLTNJT* (XCOOR(I) - XCOOR(I-1))
IF (PRIMIN .EQ. PHIM3IR )

1 TA UCSE = TAUSM(J,I-1) + DLTNRK*(XCOOR (I) - XCOOR (I-1))
ITHCSE J*NXCORS + I - 1
GO TO 603

602 CONTINUE
603 IF ( FLIM .OR. FLAM ) GO TO 604

WRITE ( 6, 1092) NCASE, J, Y (J), XCOOR(I-1), ALPHA, STR,
1 AISM(J,I-1), STRLOW, PRIMIN
IF ( PRIMIN .EQ. SIG3FJ ) WRITE (6,1096)
IF ( PRIMIN .NE. SIG3FJ .AND. TANIDY .EQ. -1.0 ) WRITE (6,1093)
IF ( PKIMIN .NE. SIG3FJ .AND. TANIDY .EQ. 0.0 ) WRITE (6,1094)
IF ( PRIMIN .NE. SIG3FJ AND. TANIDY .EQ. 1.0 ) WRITE (6,1095)
IF ( PRIMIN .NE. SIG3FJ .AND. TANIDY .EQ. 2.0 ) WRITE (6,1097)

604 J1 = J - 1
11 =I
IF ( I .EQ. NXCORS ) 1= I - 1
DO 635 N = 1, JI
IF ( J - N .GT. NJUMP ) GO TO 635
IF ( CJOINT(N,1) .EQ. XDIM ) GO TO 635
INDEX = 1
DO 634 M = 1, I1
IF ( M .EQ. I .ANE. N .NE. J1 ) GO TO 635
IF ( STRLOW .LT. AISM(NM)) GO TO 634
IF ( N .EQ. 11 .ANE.. N .EQ. 31 ) GO TO 608
NPTO = INDEX
NPTN = NPT(N)
IF ( M EQ. 1 ) GO TO 608
DO 605 K = NPI0, NPTN
IF ( CJOINT(NK) .EQ. XCOOR(M) ) INDEX = K
IF ( CJOINT(NK) .EQ. -XCOOR(M) ) GO TO 608

605 CONTINUE
IF ( (XCOOR(M) - XCOOR(INXLPT) ) .LT. DISTMN ) GO TO 634

608 NCASE = NCASE + 1
XDIST = XCOOR(I) - XCOOR(M)
IF ( XDIST .EQ. 0.0 .AND. TAN90 .NE. 5.0 ) GO TO 627
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YDIST = Y(J) - Y(N)
IF ( XDIST .NF. 0.0 ) CHI = ATAN((Y(J) - Y(N))/XDIST)
IF ( XDIST .EQ. 0.0 ) Ci = P12
XYDIST = (Y(J) - Y(N))/SIN(CHI)
BETAR CHI + ALPHO
VERTZ = XYDIST*SIN(BETAR)
HORIZ XYDIST*COS(BETAR)
IF ( XDIST .NE. 0.0 ) GO TO 610
CALL ROCK(CORK, FHORKSINRK,COSRK, TANRKSIG1,SIG3,P14,PI2,

1CORK2KBETARAFACtBFACT,ETAXCTPTFDELTA3,TAUFRTAN90,PRI90)
TAU90 = ((DELTA3*VERTZ+TAUFR*fIORIZ)*COSALP - TAUFR*VERTZ*SINALP)/

1 YDIST
STR90 = ((DELTA3*VERTZ+TAUFR*HOIZ)*SINALP + TAUFR*VERTZ*COSALP)*

1 TANJT/YDIST + TAU90
GO TO 627

610 BETA = (CHI + ALPHO)*180.0/PI
CALL ROCK (CORK,PHORKSINhKC0SRKTANRKSIG1,SIG3,P 1 I4PI2,
1CORK2KFBETARAFACTBFACTETAXCTPTFDELTA3,TAUFRTANIDXPRIMIN)

F3FR = DELTA3*VERTZ + TAUFR*HORIZ
lFf = TAUFR*VERTZ

TAU = F3FR*COSALP - F1FR*SINALP
PER = F3FR*SINALP + FFPR*COSALP
STR = PER*TANJ + TAU
GO TO 628

627 BETA = 90.0 + ALPHA
PRIMIN = PR190
TANIDX = TAN90
STR = STR90*YDIST
TAU = TAU90*YDIST

628 STRCSE = STR + AISM(N,M)
IF ( STRCSE .LE. STRLOW ) STRLOW STRCSE
IF ( STRCSE .EQ. STRLOW ) TAUCSE TAU + TAUSM(NM)
IF ( STRCSE .EQ. STPLOW ) ITHCSE = N*NXCORS + M
IF ( STRCSE .EQ. STRLOW .AND. J-N .GT. NTRAN(NM) ) NTRAN(MM) J-N
INXLPT = M
IF ( FLIM .OR. FLAM ) GO TO 634
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WRITE (6, 1092) NCASE, N, Y(N), XCOOR(L), BETA, STR, AISM(NM),
1 STRCSE, PRIMIN
IF ( TANIDX .EQ. -1.0 ) hRITE (6,1093)
IF ( TANIDX .EQ. 0.0 ) WRITE (6,1094)
IF ( TANIDX .EQ. 1.0 ) WRITE (6,1095)
IF ( TANIDX .EQ. 2.0 ) WRITE (6,1097)

634 CONTINUE
635 CONTINUE

AISM(JI) = STRLOW
MINPTHi(JI) ITHCSE
TAUSM(J,I) TAUCSE
IF ( I .EQ. NXCORS .AND. AISM(J, I) .LE. STRXXX ) STRXXX=AISM (JI)
IF ( . .EQ. NXCORS .AND. AISM( ,I) .LE. STRXXX ) INDY =. J

IF ( FLIM .OR. FLAM ) GO TO 680
WRITE (6, 1098) Y(J), XCOOR(I), AISM(JI)

680 CONTINUE
700 CONTINUE

THIS PART FINDS THE MINIMUM VALUE OF STRENGTH FOR THE
SECTION AND THE CORRESPONDING FAILURE PATH.

703 FIN .FALSE.
FAM = .FALSE.
STAISM(MM) = STRXXX
INDYY = INDY
INDX = NXCORS
IF (FLAn) GO TO 720
STEREF = AISMJI*XEIM
STREG STRREF*PERCMX/100.0 + AISMRK*XDiM* (1.0-PERCMX/100.0)
WRITE (6, 1100) STRXXX, STREG, PERCMX, STYREF
WRITE (6,1101) Y(INDY), XCOOR(NXCORS)

720 IF ( INDY .EQ. 1 ) GO TO 725
INDPTH = MINPTH(INDYINDX)
INDY = INDPTH/NXCORS
INDX = INDPTH - INLY*NXCORS
IF ( .NOT. FLAM ) WRITE (6,1102) Y(INDY), XCOOR(INDX)

725 IF ( INDY .EQ. 1 ) FIN = .TRUE.
IF ( INDX .EQ. 1 ) FAM = .TRUE.
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IF ( FIN .AND. .NOT. FLAN ) WRITE (6,1102) Y(1), XCOOR(1)
IF (FIN) GO TO 775
IF ( FAM.AND. .NOT. FLAM ) WRITE (6,1102) Y(INDY), XCOOR (1)
IF (FAM) GO TO 775
GO TO 720

775 IF (.NOT.FLAM) WRITE (6, 1103)
DO 780 I = 1, JPL
IF ( Y(INDY) .EQ. Y (I) ) NTRAN1 = I
IF ( Y(INDYY) .EQ. Y(I) ) NTRAN2 I

780 CONTINUE
NTRANS(MM) NTRAN2 - NTRAN1
RHO = ATAN((Y (INDYY) - Y (INDY))/XDIM)
PSO = RHO + ALPHO
SINPSO = SIN(PSO)
COSPSO = COS(PSO)
PSI(mm) = PSO*180./PI
IF ( PSI(MM) .LE. PSIMIN ) PSIMIN PSI(MM)
IF ( PSI(MM) .GT. PSIMAX ) PSIMAX PSII(MM)
PSISUM = PSISUM + PSI(Mm)
CONSUM = CONSUM + PERMAX (MM)
IF (.NOT. FLAM) WRITE (6,1104) PSI(MM)
PER = (STAISM(MM) - TAUSM(INDYYNXCORS))/TANJT
FORTAN = TAUSM(INDYYNXCORS)*COS(RHO) - PER*SIN(RHO)
FORNOR = TAUSM(INEYY,NXCORS)*SIN(RHO) + PER*COS(RIO)
DISTFD = XDIM/COS (RHO)
APPER1(MM) = 0.0
APPER2(MM) = 0.0
APPER3(MM) = 0.0
AP1MEN(MM) = 0.0
AP2MEN(MM) = 0.0
AP3MEN(MM) = 0.0
IF ( NREDOP .GT. 1 ) GO TO 790
IF (NE EDOP) 790, 820, 850

790 NRED1 = -1
APPER1(MM) = 100.*((STPXXX /XDIM)-AISMRK)/(AISMJT-AISMRK)
SUMAP1 = SUMAP1 + APPER1(MM)
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AP1MEN(MM) = SUMAP1/(NREAL-NBUMI)
IF ( APPER1 (MM) .LE. APiMIN ) AP1!IIN = APPER1 (MM)
IF ( APP ER 1 (MM) GE. AP1iMAX ) AP MAX = APPER1 (MM)
IF ( NREDOP .LT. 1 ) GO TO 860

820 NRLD2 = 0
IF ( PSO .GT. THETAJ ) REALBD(MM) = 3.0
IF ( PSO .GT. THETAJ ) GO TO 840
DENOJ = SINPSO*COSPSO + (SINPSO**2)*TANJT
SIG3JJ = SIGi*(1.0 - TANJT/DENOMJ) - COJT/DENOMJ
AISMJJ = (SIG3 - SIG3JJ)*(TANJT*SINPSO**2 + SINPSO*COSPSO)
CALL ROCK(CORK,PHORK,SINRK,COShK,TANRKSIG1,SIG3,PI4,Pl2,

1CORK2K,PSO,AFACT,BFACT,ETA,XCTPTF,DELTA3,TA UFR,TANIDXPRIMIN)
DLNORR = DELTA3*SINPSO**2 + 2.0*TAUFP*SINPSO*COSPSO
DLTNRR = DELTA3*SINPSO*COSPSO + TAUFR*(COSPSO**2 - SINPSO**2)
AISMRR = DLNORB*TANJT + DLTNRR

825 STR2DX = FORTAN + FORNOR*TANJT
APPER2 (MM) = 100.*((STR2DX/DISTFD)-AISMRRi)/(AISMJJ-AISMRR)
SUMAP2 = SUMAP2 + APPER2(Ml)
AP2MEN(MM) = SUMAP2/(NREAL-NBUM-NNBUM)
IF ( APPER2(MM) .GE. AP2MAX ) AP2MAX = APPER2(MM)
IF ( APPER2 (MM) .LE. AP2MIN ) AP2MIN = APPER2(MM)

840 IF ( NREDOP .LE. 1 ) GO TO 860
85) NRED3 = 1

STRTAN FORTAN/DISTFD
STRNOR = FORNOR/DISTFD
TANPSO = (SIG1 - SIG3)*SINPSO*COSPSO
PERPSO = SIG1*COSPSO**2 + SIG3*SINPSO**2
TSTTAN = TANPSO + STRTAN
TSTPER = PERPSO - STRNOR
PHOCMB = P*PIICJT + (1.0 - P)*PHORK
APPER3(MM) =(TSTTAN - TSTPER*TAN(PHOCMB))*100./CORK
SUMAP3 = SUMAP3 + APPEB3(MM)
AP3NEN(MM) = SUMAP3/(NREAL - NBUM)
IF ( APPER3(MM) .GE. AP3MAX ) AP3MAX = APPER3(MM)
IF ( APPER3(MM) .LE. AP3MIN ) AP3MIN = APPER3(MM)

860 IF ( PSO .LE. THETAJ OR. NVEDOP .EQ. -1 .OR. NREDOP .EQ. 1 )
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1 REALBD (MM) = 0.0
GO TO 1950

1948 NBJUM = NBUM + 1
1950 CONTINUE

WRITE ( 6, 1110)
DO 1960 MM = 1, NOREAL
IF ( REALBD(MM) .NE. 0.0 ) WRITE (6,1112) MM
IF ( REALBD(MM) .EQ. 9.0 .OR. REALBD(MM) .EQ. 3.0 )

1 WRITE (6,1111) MM, JJPL(MM) , PE RMIN(MM), PERMAX(MM), PSI(MM),
2 STAISM(MM), APPER1(MM), APPER2(MM), APPER3(MM), AP1MEN(Mm),
3 AP2MEN(MM), AP3MEN(MM), NTR AN(MM), NTR ANS(MM)

1960 CONTINUE
WRITE (6, 1113)
DO 1970 MM = 1, NOREAL
IF ( REALBD(MM) .EQ. 0.0 ) GO TO 1970
IF ( REALBD(MM) .EQ. 1.0 ) WRITE (6, 1021) MM
IF ( REALBD (MM) .EQ. 2.0 ) WRITE (6, 1022) MM
IF ( REALBD(MM) .EQ. 3.0 ) WRITE (6, 1025) MM
IF ( REALBD (MM) .EQ. 4.0 ) WRITE (6, 1024) MM

k 1970 CONTINUE
NHEAL1 NOREAL - NBUM
NREAL2 NOREAL - NBUM - NNBUM
IF ( NREAL2 .LT. 3 ) GO TO 2000
IF ( NREDOP .EQ. -1 .OR. NREDOP .GT. 1 ) APiMAN = SUMAP1/(NREAL1)
IF ( NREDOP .EQ. 0 .OR. NREDOP .GT. 1 ) AP2MAN SUMAP2/(NREAL2)
IF ( NREDOP .GE. 1 ) AP3MAN = SUMAP2/(NREAL1)

1974 PSIMAN = PSISUM/(NREAL1)
CONMAN = CONSUM/NREAL1
VARAP1 = 0.0
VARAP2 = 0.0
VARAP3 = 0.0
VARPSI = 0.0
VARCON = 0.0
CCAP1 = 0.0
CCAP2 = 0.0
CCAP3 = 0.0
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DO 1980 I = 1, NOREAL
IF ( REALBD (I) .EQ. 1.0 .OR. REALBD(I) .EQ. 2.0 .Ori.

1 REALBD(I) .EQ. 4.0 ) GO TO 1980
VARPSI = VARPSI + (PSI(I) - PSI3AN)**2
VARCON = VARCON + (CON3AN - PERMAX(I))**2
IF ( NREDOP .EQ. -1 .OR. NREDOP .GT. 1 )
1VARAP1 = VARAP1 + (APPER1(I) -AP1MAN)**2
IF ( NREDOP .EQ. -1 .OR. NREDOP .GT. 1 )

1CCAP1 = (APPER1(I) - AP1MAN)*(PSI(I) - PSIMAN) + CCAP1
IF ( NREDOP .GE. 1 )

1VARAP3 = VARAP3 + (APPER3(I) -AP311AN)**2
IF ( NREDOP .GE. 1 )

1CCAP3 = (APPER3(I) - AP3MAN)*(PSI(I) - PSIMAN) + CCAP3
IF ( REALBD(I) .EQ. 3.0 ) GO TO 1980
IF ( NREDOP .EQ. 0 .OB. NREDOP .GT. 1 )

1VARAP2 = VARAP2 + (APPER2(I) -AP2MAN)**2
IF ( NREDOP .EQ. 0 .OR. NREDOP .GT. 1 )

1CCAP2 = (APPER2(I) - AP2MAN)*(PSI(I) - PSIMAN) + CCAP2
1980 CONTINUE

SD1 (VARAP1/NREAL1)**0.5
SD2 (VARAP2/NREAL2)**0.5
SD3 = (VARAP3/NREAL1)**0.5
SEPSI = (VARPSI/NREAL1)**0.5
SDCON = (VARCON/NREAL1)**0.5
IF ( SDPSI .EQ. 0.0 ) GO TO 1983
IF ( VARAP1 .NE. 0.0 ) CC1 = CCAP1/(SD1*SDPSI*NREAL1)
IF ( VARAP2 .NE. 0.0 ) CC2 = CCAP2/(SD2*SDPSI*NREAL2)
IF ( VARAP3 .NE. 0.0 ) CC3 = CCAP3/(SD3*SDPSI*NREALl)

1983 WRITE (6,1122) NREAL1, PSIMAN, PSIMIN, PSIMAX, SDPESI
WRITE (6,1123) NRFAL1, CCNMAN, CONMIN, CONMAX, SDCON
IF ( NREDOP .EQ. -1 .OR. NREDOP .GT. 1 )

1WRITE (6, 1124) NRED1, NREAL1, APiMAN, APlMIIN, AP1MAX, SD1, CCI
IF ( NREDOP .EQ. 0 .OR. NHEDOP .GT. 1 )
1WRITE (6, 1124) NRED2, NREAL2, AP2MAN, AP2MIN, AP2MAX, SD2, CC2
IF ( NREDOP .GE. 1 )
1WRITE (6, 1124) NRED3, NREAL1, AP3MAN, AP3MIN, AP3MAX, SD3, CC3
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2000 CONTINUE
STOP
END
SUBROUTINE ROCK (CORKPHORKSINRKCOSRKTANRKSIG1,SIG3,PI4,PI2,

1CORK2KBETAR,AFACTBFACTETA,XCTPTFD.ELTA3,TAUFi4,TANIDX,PRIMIN)
LOGICAL FAM
FAM= .FALSE.
IF ( BETAR .LE. P12 ) XMNTLN = AFACT + BFACT*SIN(2.0*BETAR - ETA)
IF ( BETAR .GT. P12 ) XMNLN = AFACT - BFACT*SIN(2.0*BETAR + ETA)
IF ( SIG1 GT. XMNTLN ) GO IO 619

THIS PART EXAMINES CIRCLES WITH PURE TENSILE FAILURES
TANIDX = -1.0
IF ( BETAR .EQ. P12 ) XCTR = (SIG1 - XCTPTF)*0.5
IF ( BETAR .NE. P12 ) XCTR = 0.5*((SIG1 + XCTPTF)/

1 ((STN(BETAR))**2.0) - CORK)
IF ( XCTR .GT. XCTPTF ) GO TO 614
RADIUS = XCTPTF + XCTR
IF ( BETAR .GT. P12 ) FAM = .TRUE.
GO TO 625

THIS PART EXAMINES CIRCLES TANGENT TO THE PARABOLA
614 TANIDX = 0.0

ZETA1 = P12
VERT1 2.0*CORK*(SIN(BETAR))**2.0 - XCTPTF
ZETA2 = ETA
VEFT2 = XMNTLN

615 ZETA = (ZETAl + ZETA2)/2.0
XCTR = (CORK*0.5)/((SIN(ZETA))**2.0)
IF ( BETAR .LE. P12 ) VEFT = XCTR + CORK*SIN(2.0*BETAR - ZETA)/
1 SIN(ZETA)
IF ( BETAR .GT. P12 ) VERT = XCTR - CORK*SIN(2.0*BETAR + ZETA)/
1 SIN(ZETA)
IF ( SIG1.GT. VERT .AND. SIG1 .LE. VERT2 ) VERT1 = VERT
IF ( SIG1 .GT. VERT .AND. SIG1 .LE. VERT2 ) ZETAl = ZETA
IF ( SIG1.GT. VERT1 .AND. SIG1 .LE. VERT ) VERT2 = VERT
IF ( SIG1 .GT. VERT1 .AND. SIG1.LE. VERT ) ZETA2 = ZETA
ADVERT = ABS(VERT - SIGi)
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IF ( ABVERT .GE. CORK2K ) GO TO 615
RADIUS = CORK/SIN(ZETA)
ZETA45 = "ETA*0.5 + PI4
ZETA35 = 3.0*PI4 - ZETA*0.5
IF ( BETAR .GT. ZETA45 .AND. BETAR .LE. P12 ) FAM = .TRUE.
IF ( BETAR .GT. ZETA35 ) FAM = .TRUE.
GO TO 625

THIS PART EXAMINES CIRCLES TANGENT TO THE STRAIGHT LINE
619 IF ( BETAR .LE. P12 ) QFACT = SIN(2.0*BETAR - PHORK)

IF ( BETAR .GT. P12 ) QFACT -SIN(2.0*BETAR + PHORK)
XMXTIN = CORK*QFACT*COSRK + CORK*TANRK*(1.0 + QFACT*SINRK)
IF ( PHORK .LE. PI4 .OR. SIG1 .GT. XMXTLN ) GO TO 624
TANIDX 2.0
ZETAl = PI4
VERT1 = XMNTLN
ZETA2 PHORK
VERT2 = XMXTLN

622 ZETA = (ZETA1 + ZETA2)/2.0
IF ( BETAR .LE. P12 ) RFACT = SIN(2.0*BETAR - ZETA)
IF ( BETAR .GT. P12 ) RFACT = -SIN(2.0*BETAR + ZETA)
VERT = COPK*RFACT*COS (ZETA) +COhK*TAN (ZETA)* (1 .0+RFACT*SIN (ZETA))
IF ( SIGi .GT. VERT .AND. SIG1 .LE. VERT2 ) VERT1 = VERT
IF ( SIG1 .GT. VERT .AND. SIG1 .LE. VERT2 ) ZETA1 = Z-8TA

IF ( SIG1.GT. VERT1 AND. SIG1 .LE. VERT ) VERT2 = VERT
IF ( SIG1 .GT. VERT1 .AND. SIG1 .LE. VERT ) ZETA2 = ZETA
ABVERT = ABS (VERT - SIG1)
IF ( ABVERT GE. CORK2K ) GO TO 622
XCTR = CORK*TAN(ZETA)
RADIUS = (XCTR**2.0 + CORK**2.0)**0. 5
ZETA45 = ZETA*O.5 + P14
ZETA35 3.0*PI4 - ZETA*0.5
IF ( BETAP .GT. ZETA45 .AND. BETAR .LE. P12 ) FAM = .TRUE.
IF ( BETAR .GT. ZETA35 ) FAM = .TRUE.
GO TO 625

624 TANIDX = 1.0
XCTR = (SIG1 - CORK*QFACT*CDSRK)/(1.0 + QFACT*SINRK)
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RADIUS = (CORK/TANPK + XCTR)*SINRK
IF ( BETAR .GT. P14 +PHORK*0.5 .AND. BETAR .LE. P12 ) FAM = .TRUE.
IF ( BETAR .GT. 3*F14 - PHORK*0.5 ) FAM = TRUE.

625 TAUFR = ( ABS(EADIUS**2 - (SIG1-XCTR)**2))**0.5
PRIMIN XCTR - RADIUS

626 IF (FAM) TAUFR = (-1.0)*TAUFR
DELTA3 = SIG3 - (2.0*XCTR - SIGi)
RETURN
END
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