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PREFACE

This is the final report of a study performed by the University of
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the U. S. Army Engineer Waterways Experiment Station (WES), Vicksburg, Miss-
issippi. This work was sponsored by the Office, Chief of Engineers, U. S.
Army. This study, which was originally funded under the Civil Works Investi-
gation Study (CWIS) Program, "Materials-Structures," by the Missouri River
Division, Corps of Engineers, resulted in a report entitled "Rational Design
of Tunnel Supports: A Computer Model for Rock Mass Behavior Using Inter-
active Graphics for the Input and Output of Geometrical Data." Following
this preliminary study with its emphasis on rock mass behavior, the WES con-
tinued the contract under the CWIS Program, "Materials-Rock."

The study was conducted by Dr. M. D. Voegele, Department of Civil and
Mineral Engineering, University of Minnesota, under the supervision of Pro-

fessor Charles Fairhurst, Department Chairman. Technical contract monitor

for the WES was Mr. J. B. Palmerton, Research Civil Engineer, Engineering
Geology and Rock Mechanics Division (EG&RMD), WES. Dr. D. C. Banks, Chief,
EG&RMD, was the Contracting Officer's Representative.

During the period of this contract and preparation of the report, the
Directors of the WES were COL J. L. Cannon, CE, and COL N. P. Conover, CE.

Technical Director was Mr. F. R. Brown.
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CHAPTER 1 [-1

INTRODUCTION

The goal of engineering analysis is intelligent design. This is
true for disciplines which are based upon theoretical concepts discov-
ered literally centuries ago as well as for more recently recognized
disciplines such as Rock Mechanics engineering. Whereas the researcher
in most fields of engineering has at his disposal analytical techniques
which have been proven through decades of use and sound analytical
development, the Rock Mechanics researcher has a limited number of
analytical techniques at his disposal. Many of the problems encountered
in the field of Engineering Geology and Mining engineering require the
specification of the response behavior characteristics of a jointed
rock mass. Foundation design requires a knowledge of the stiffness of
the rock mass so that settlements and forces can be predicted accurately.
Highway cuts in rock must be designed so as to be completely safe from
slope failures. Mines, shafts and tunnels must all be designed with a
knowledge of the behavior of the rock mass. The economic design of
open pit mines relies heavily on the pit slope angle; a change of only
a few degrees in the slope angle has a significant effect on the strip-
ping ratio and thus the economic success of the mining venture. The
design of dam foundations or abutments is particularly sensitive to
the behavior of the rock mass. Settlements which can be tolerated by
dam foundations are quite small. .The failure to consider all of the
response characteristics of a rock mass in such situations has in the
past led to catastropic failures and the attendant loss of life. 1In all

of these problems the role of mass jointing can play a significant role
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in the mass response, but all too frequently the exact behavior of the
Joints is poorly understood. Intelligent design requires an understand-
ing of this behavior.

The analytic techniques at the disposal of the Rock Mechanics
engineer upon which the design must be based are quite limited, and
typically have been borrowed from other fields. The principles of
classical mechanics are often used as an aid in analysis but it is
frequently observed that the behavior of a rock mass cannot be char-
acterized by the assumptions inherent in these classical methods. The
fundamental assumptions of a continuum Characterization, homogeneity
and linearly elastic response, are often seen to be too limited in
scope to characterize adequately the behavior of a rock mass. That
group of materials which we classify as rock is typically non-homoge-
neous, anisotropic, and often discontinuous: of these characteristics
the discontinuous nature of the rock mass is certainly the most influ-
ential in governing the ultimate behavior of the mass when subjected
to some external stimulus. Constitutive relations can be generalized
to include the effects of anisotropic structure: for example, a recent
paper by Singh (1973) describes the development of an anisotropic
continuum model in which the average influence of planar features can
be taken into account.

Finite Element methods provide an accurate. approximate, method
of solving problems in elasticity. The formulation of a "joint"
element by Goodman et al. (1968) greatly increased the potential of

the Finite Element methods in Rock Mechanics problems. However,

Finite Element methods still strictly model a continuum and thus




I-3
large displacements are not possible except through iteration with
each new iteration utilizing parameters derived from the previous
iteration.

To portray adequately the response of a jointed rock mass requires
the correct modeling of the discontinuities present, that is, the
Joints must have both normal and shear stiffness, they must obey some
type of failure law and, most important, the blocks defined by the
joints must be free to undergo large displacements and rotations if
conditions so dictate. A computer model which satisfies all of these
criteria was presented by Cundall (1971b).

The computer model for simulating progressive large scale movements
in blocky rock systems which has since become known as the Distinct
Element method utilizes semi-rigid rock blocks to characterize the
behavior of a discontinuous rock mass. The interaction between the
blocks is governed by realistic friction laws and simple stiffness
parameters. There are no arbitrary limits on the amount of displacement
and rotation allowed to each block and any block is permitted to touch

any other block. True progressive failure is thus modeled and the mode

of failure is automatically selected by the program since the system
fails by that mode with the Towest stability. The program allows |
individual study of the effects of joint geometry, joint parameters,

loading conditions and excavation procedure,

The Distinct Element method portrays a rock mass as a two dimen-

sional assemblage of discrete blocks. There are no restrictions on
block shapes or magnitudes of displacements and rotations. In the

configuration used in this dissertation, the program 1is interfaced




with a graphics terminal so that movements of the blocks can be
observed as the computer calculates them.

The equation governing the behavior of the blocks is solved in
an explicit rather than implicit manner. Because the jointed rock
mass may fail in such a way that the movement of the blocks leads
to a new equilibrium position, an adequate block model must take
this into consideration. An implicit solution assumes path independ-
ence; that i1s, the final answer must be the same no matter how the
blocks move to get there. It seems safe to assume that path dependent
phenomena such as separation along joints, stick-slip behavior of
joint surfaces and block interlocking could not be modeled adequately
except by an iterative procedure using very small time increments.
It should be recognized that by using this approach, one would simply
be using an implicit solution to model the solution that would have
been obtained directly by an explicit approach.

The major approximation inherent in the Distinct Element method
is that deformations occur along the surfaces of the rock blocks. This
is acconplished by modeling each block as being rigid with what amounts
to a thin elastic region around the perimeter. A consequence of this
is that the program should produce the best solutions in situations
where deformation is governed by movement along joint surfaces. On
the other hand, those situations where elastic deformations of the rock
mass are of the same order of magnitude as the movement along the joint

surfaces are perhaps best modeled by elastic solutions of the Finite

Element type or by a continuum characterization.




Joint inclination and confining pressure play a significant
role in the determination of the failure mode. The combination of
the conditions of low confining pressures and favorable (or unfavorable
dependent on viewpoint) joint orientation can lead to failure modes
that are joint controlled., When viewed in terms of overall mass
stiffness (i.e., deformation resulting from the application of external
lToad), it can be seen intuitively that those failures in situations
of low overall stiffness are probably joint controlled while the
higher stiffness models exhibit failures that are essentially inde-
pendent of jointing.

The research described in this dissertation has as its basis
two main goals. First, owing to the relative newness of the Distinct
Element method, a verification study has been undertaken to determine
whether or not the Distinct Element method calculates solutions
similar to other methods commonly used to analyze jointed rock masses.
The second goal of the research is to apply the Distinct Element method
to an engineering problem: in this particular case to the design of
supports and the behavior of the rock mass surrounding an underground
excavation. Underlying these two main research goals are several
attendant yet equally important goals. One underlying theme concerns
the application of computer interactive graphics to engineering analysis.
Another underlying theme concerns the potential perspective of the
Distinct Element method.

To introduce the investigations of the behavior of jointed rock
masses performed with the Distinct Element method, a brief survey of

the methods commonly used to analyze the behavior of jointed media is




1-6
presented. Common to those methods surveyed is the realization that
the observed behavior of a jointed mass is different than the behavior
of a continuum. Several of the methods adopt the approach that the
behavior of the jointed mass is fundamentally similar to that of a
continuum; the same basic equations are assumed to govern both models
but the constitutive relations are modified for the jointed models to
simulate the presence of jointing. Other methods typically propound the
fact that the jointing governs the mass behavior and thus postulate
governing equations based upon assumed or observed behavior. This
introductory section concludes with a brief overview of the Distinct
Element formulation and presents several examples illustrating applica-
tions of the Distinct Element program.

Confidence in the use of approximate numerical techniques such as
the Distinct Element method can best be developed by comparing calculated
results to known solutions, However, for the particular case of the
behavior of a jointed rock mass, comprehensive analytical solutions do
not exist. The second major portion of this dissertation summarizes the
results of numerous analyses, the sole purpose of which was to demonstrate
the validity of solutions calculated by the Distinct Element method. The
models chosen for comparison are typically simple and care was exercised
to ensure that the behavior of the chosen model was described adequately
by 1ts solution. Most of the models chosen for the comparisons were
based upon Limit Equilibrium principles, and the Distinct Element
calculated solutions were seen to agree quite well with the Limit

Equilibrium solutions in all cases. This general theme of comparison to

existing solutions is not limited to this portion of the dissertation,
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however. Wherever possible in the later portions of the dissertation,
Every attempt is made to compare Distinct Element calculated solutions
to other solutions.

The remainder of the dissertation is concerned with the behavior
of a jointed mass when disturbed by an excavation. The discussion
covers two broad topics: excavations which are stable without external
support; and, excavations which depend upon externally applied support
for stability. The interactive capabilities of the graphics terminal
are fully utilized in these studies, both to observe the behavior of
the mass and to modify the mode) while the program is running.

Chapter 4 presents the results of analysis of stable excavations
in jointed rock. The behavior is illustrated by means of contact
force distributions within the mass and interpreted as being governed
by the development of arches within the mass. The mechanisms responsi-
ble for the development of the arching behavior are investigated and
an interpretation utilizing arching theories is presented.

Chapter 5 presents the results of analyses of excavations in
Jointed rock which are not stable unless an external support is
provided. The behavior is described quantitatively by ground reaction
curves, relating the deflection of the excavation roof to the magnitude
of the required support force. These curves reflect the interaction
between the rock mass and the support system in an attempt to guide
the research along paths of investigation that are consistent with
current thought regarding rational modeling of tunnel behavior. The
results of these analyses are then compared to several methods,

primarily of an observational nature, commonly used to design support
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systems for excavations in jointed rock. The rationale governing
these comparisons is an attempt to provide some manner of analytic
support for these routinely used design schemes.

The dissertation concludes with a summary of pertinent results
and a critical assessment of the potential of the method in engineering
analyses and design. The assessment of the potential emphasizes the
limitation of the model in its present configuration with particular
reference to the mini-computer based configuration. Suggestions for

further development of the model are also presented, outlining areas of

potentially fruitful research.
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CHAPTER 11

THE ANALYSIS OF THE BEHAVIOR OF A ROCK MASS
CONTAINING PLANES OF DISCONTINUITY

2.1 Introduction

Before introducing the concepts underlying the Distinct
Element model, a brief, historical review of the methods of
analysis commonly used when dealing with the behavior of a
discontinuous rock mass is presented. An exhaustive bibliography
on jointed rock has been avoided, since a significant portion of
all publications dealing with Rock Mechanics would need to be
included. Rather, this chapter presents an overview of the
methods of analysis used when dealing with jointed rock, concen-
trating on those methods that are accepted by engineers involved
in actual design. The overview is relatively complete, including
examples of all methods recognized to be in use at the present
time.

A general survey of the response characteristics of a jointed
rock mass is presented first, to enumerate those behavior
mechanisms which must be incorporated in any analysis of a jointed
rock mass if it is to portray accurately the behavior of the mass.

An overview of the methods of analysis is then presented. The
methods lend themselves nicely to categorization in the following
groups:

1) Direct application of the principles of Soil Mechanics

to the behavior of rock masses;

2) application of elastic theory, both in the classical
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sense and by use of Finite Elements;

3) behavior models including direct physical modeling as well
as models based on observed behavior; and,

4) methods of analysis utilizing Limit Equilibrium theories
as developed in the fields of plasticity and soil
mechanics.

The chapter concludes with a brief introduction to the
Distinct Element method of calculating the behavior of a mass
separated into distinct blocks by jointing or other discontinuity
surfaces. The applicability of the model is discussed by way of a
short presentation of worked examples. It is hoped that the
examples selected give some insight into the scope and power of the

method as well as demonstrating typical problems which can be

analyzed by the method.
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2.2 The Response Characteristics of a Rock Mass

The obvious trend in the past several decades has been to
excavations, both in mining ventures and the construction of civil
works projects, on a scale never before attempted. The mining of
vein type deposits frequently takes place in poor quality rock; in
the case of the civil works projects, the best sites in terms of
rock quality have already been selected for previous construction.
Since it was no longer possible to ignore the rock behavior, the
traditional concept of the soundness and stability of a rock mass
had to be re-evaluated. In recognition of this requirement, a
study group, the International Study Group for Geomechanics, was
founded in Salzburg, Austria in 1951. The goal of this study group
was to develop relations among all workers dealing with construction
in rock and to develop a practical approach to the mechanics of rock
masses.

The findings of the study group, which was succeeded by the
International Society of Rock Mechanics in 1962, were presented by
John (1962), and the following few paragraphs, quoted directly from
John's paper, attempt to summarize the philosophy of the Salzburg
group.

"Because the particular properties of rock as foundation and

construction material deviate, in many respects, from those

of other foundation materials, rock mechanics i1s compelled to

follow its own course. The continuity of soil masses con

resulted in methods for analyzing a continuum, thus defining
the concept of soil mechanics. In situ rock, however,

contrary to the wide spread assumption in foundation engineer- 4

ing, is rarely homogeneous; rarely without mechanical discon- |

tinuities. Therefore, rock mechanics is, in most cases, to n
be a study of a jointed structure, of a discontinuum.
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The philosophy of the Salzburg group emphasizes the

collaboration between civil and mineral engineers and geologists.
The interrelation of engineers and geologists is readily apparent
in the fundamental concepts of Rock Mechanics as outlined by John:

1) "For most engineering problems, the technical properties
of a rock mass depend far more on the system of geological
separations within the mass than on the strength of the
rock material itself. Therefore, rock mechanics is to be
a mechanics of a discontinuum, that is, a jointed medium"

2) "The strength of a rock mass is considered to be a
residual strength that, together with its anisotropy, is
governed by the interlocking bond of the unit rock blocks
representing the rock mass"

3) "The deformability of a rock mass and its anisotropy
result predominately from the internal displacements of
the unit blocks within the structure of a rock mass."

C. Jaeger (1964) presented a similar philosophy to that of

John and noted that engineering calculations should take a far
more detailed view of the actual state of the rock mass. Recog-
nizing the inadequacy of the (then) present state of the art, he
outlined a program of suggested research, emphasizing model tests
and investigations of stress distributions in Jointed media.

Fairhurst (1967), in assessing the influence of defects and

discontinuities on the behavior of a rock mass noted that failure
in a rock mass always begins at some structural defect and that
the analysis of the behavior of the mass must consider: the
orientation and distribution as well as the magnitude of the

applied forces; the distribution and orientation of structural

defects with respect to the applied forces: and the enerqgy

available to cause continuing movement in the mass.
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One final requirement of any method used to calculate the
response of a jointed mass is that it should incorporate all of the
kinematically possible failure modes. In addition to sliding on
discontinuity planes, rotation of individual blocks about their
centroids is also kinematically possible as reported in field
exposures by Muller (1964) and DeFreitas and Watters (1973) and on
a laboratory scale by Hoffman (1970). An analysis incorporating
only force equilibrium and ignoring moment equilibrium could easily

result in the neglect of an important response of the mass.
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2.3 Direct Application of Soil Mechanics Theories

Recognizing that large displacements preclude the use of
elastic theory, Seldenrath (1951) idealized the strata comprising
European coal measures as masses of loose structure, and attempted
to apply Soil Mechanics principles to the problems of calculating
fracture planes due to subsidence and calculating loads on props at
a working longwall face. To the extent that he assumed reasonable
values for friction coefficients, he was able to generate results
that were confirmed in practice.

Morrison and Coates (1955) presented a method for the
estimation of stresses surrounding a circular vertical shaft by
means of plastic flow relationships deduced from Mohr's circle of
stress. They questioned the utility of their method for practical
design and concluded that although the approach was better than a
simple elastic analysis, the actual material behavior was still
more complex.

Wilson (1959) applied general Soil Mechanics principles to the
problem of slope stability in open pit mines. He concluded that
failures of cut slopes in fractured and fissured rock were often
the result of uplift pressures in the water behind the slope face,
Observing that the strength of granular material appeared to be
independent of particle size provided that a constant degree of
compactness was maintained, Wilson extrapolated this result to the
analysis of the behavior of broken and fissured rock. Since the

scale of the jointing relative to the size of the pit was small,

Wilson analyzed the stability of cut slopes using the principles
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of Soil Mechanics.

Jaeger (1970) analyzed highly jointed and broken rock by
regarding the jointing as random and applying the laws of Soil
Mechanics to its behavior. His analysis suggested that values of
Youngs' modulus measured by plate bearing tests on jointed material
for which the plate covered several joints were in reasonable
agreement with laboratory values measured on actual specimens of

the material containing many joints.
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2.4 Elastic Theories Applied to Rock Masses

Elastic analyses of discontinuous or jointed masses can be
conveniently grouped into two classes although the difference
between the methods is one of application rather than fundamental
difference in the theory. The first class comprises methods of
analysis which directly utilize classical elastic theory;
frequently the input parameters are modified to reflect different
behavior modes due to the presence of discontinuities. The
second class comprises Finite Element type analyses wherein the
continuum is discretized and a stiffness relationship is formulated
for applied forces and nodal point displacements. This latter
class is obviously well suited to the situation of varying material

properties throughout the mass.

2.4.1 Classical continuum elastic theories

Obert, Duvall, and Merrill (1960) restricted their analysis
of the design of underground openings to competent rock but
included horizontally stratified rock provided that the bond between
layers was weak.

Beam and Plate theory were used for the analysis but it was
noted that requirements of an elastically perfect, homogeneous,
isotropic mass precluded the possibility of any fracturing in the
roof unless it was parallel to the span direction.

Barla (1970) presented constitutive relations for the non-

linear and time dependent behavior of rock masses but did not

present relations for discontinuous masses.




I1-9

Smart (1970) developed a continuum model consisting of rigid
cubical blocks set in a clay matrix and found good agreement with
field data.

Singh (1973a, 1973b) used strain energy principles to derive
general constitutive equations for a rock mass containing an
arbitrarily oriented set of orthogonal, discontinuous joints in
terms of a "stress concentration factor" matrix (which he computed
by Finite Element analysis). His model gave good results for
regions of low stress gradient but was found to give poorer results

in regions of high stress gradient.

2.4.2 Finite Element analyses

One particular type of elastic analysis has gained acceptance
since its inception. The Finite Element analysis, particularly in
light of the modifications described below, has become a routinely
used tool in Rock Mechanics problems.

Zienkiewicz et al. (1968) noted that linear elastic solutions
indicating regions of tension in a rock mass were probably
unrealistic for the general case of a cracked and fissured mass.
Using a Finite Element formulation with an included "stress
transfer" iteration they were able to calculate a solution with
no tension present in the mass. They also demonstrated that the
solution provided a lower bound to the load at failure.

Goodman, Taylor, and Brekke (1968) succeeded in incorporating
a zero thickness element with normal and shear stiffnesses within
the Finite Element formulation. With this special "joint element"

they modeled failure in tension and shear, rotation, arch develop-
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ment and collapse patterns in jointed rock.

Hoffman (1970) compared the results of model tests with the
results of Finite Element analyses and found that the larage
deformations and geometric changes in the jointed mass were not
compatible with the assumptions inherent in the Finite Element
method.

St. John (1972) analyzed the behavior of rock slopes in open
pit mines using Finite Element models incorporating joint behavior.
He concluded that the technique provided acceptable results
provided small displacement theory was relevant but stressed the
need for field data to verify the constitutive laws used in the
program.

Chappell (1974 a; 1974 b), and Burman, Trollope, and Philp
(1975) related the behavior of a jointed medium to rigid body
displacements of block centroids. The modified Finite Element
formulation replaced the elastic blocks with rigid ones and
connected the block centroids with "joint" elements capable of
modeling the combined block and joint responses of stress versus
strain and moment versus rotation. Appropriate moduli were obtained
by physical experiments.

Wang and Sun (1970 a, b) and Wang, Sun, and Ropchan (1972)
used Finite Element analyses to determine stresses in gravity
loaded open pit slopes. These stresses were then incorporated in

a Limit Equilibrium analysis to determine the safety factor of the

slope with respect to sliding on a preselected failure plane.
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Manfredini, Martinetti, and Ribacchi (1975) used Finite
Element analyses of slopes to demonstrate the inadequacy of Limit
Equilibrium methods in design. One interesting, though not
unexpected, conclusion from their study was that the intact
properties of the rock mass played very little .part in the

behavior of the jointed medium.
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2.5 Jointed Mass Behavior Models

The jointed mass behavior models have been arbitrarily
separated into three groups. The first comprises true physical
models including both those models where similitude requirements
are met and those whose purpose is simply to demonstrate the
kinematics of failure. The second group, photoelastic modeling,
1s a sub group of the first group but owing to the special type
of information it yields, is considered separately. The third
group comprises theories of behavior which are primarily based
upon either empirical data and the results of model tests or

postulated behavior mechanisms.

2.5.1 Physical models

Lang (1964) used physical models for assistance in understand-
ing the behavior of underground power stations. The most
significant result of this research was aid in visualizing
deformation behavior of jointed media.

Krsmanovic and Milic (1964) undertook a comprehensive series
of tests to determine pressure distribution in a discontinuum
subjected to external loads. Their results demonstrated that the
pressure distribution was most sensitive to the original state of
stress of the mass.

Trollope (1966) examined the behavior of a trapezoidal opening
in a jointed rock mass. His work indicated two zones above the

opening: a triangular "suspended zone" above the opening and a

stable region outside of the "suspended zone".
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Goldstein et al. (1966) investigated the behavior of models of
Jointed slopes by using a centrifuge. The goal of their research
was to investigate the different failure conditions of slopes cut
in jointed rock.

Fumagalli (1968) outlined the general principles of mechanical
similitude including the incorporation of discontinuity surfaces
for the proper physical scale modeling of problems in rock.

Edwards (1968) constructed a model of an open pit slope with
wooden blocks as an aid to the interpretation of deformation
measurements obtained in the field. An important conclusion of
his work was that even though the models were not truly scaled they
reproduced the measured phenomena better than an elastic analysis.

Gaziev and Erlikman (1971) embedded strain gauges in plaster
blocks and built models to examine pressure distributions in
discontinuous masses. They concluded that the state of stress is
characterized by two "streams" of stresses following the directions
of the principal joint sets.

Erguvanli and Goodman (1972) stressed the importance of
kinematic models to observe possible failure modes, as well as
scale models which could more accurately predict true behavior
patterns.

Goodman (1972) outlined the use of the base friction model to
observe the kinematic behavior of rock masses containing
discontinuities.

Barton (1974) examined the deformation of discontinuous models

consisting of approximately 40,000 blocks. Cut slopes were
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excavated in the model after consolidation. The outcome of the
experinents was compared to Finite Element analyses and photcelastic
studies reported in the literature at that time. In all cases the

"reasonable" behavior as predicted by theory failed to materialize.

2.5.2 Photoelastic models

Lang (1961) used photoelastic models to study the effects of
the presence of joints in the roof of an underground opening. He
also presented some quidelines for rock bolting based upon patterns
of stress transfer observed in bolted photoelastic models.

Maury (1970) examined the distribution of stresses in
horizontally stratified masses by means of photoelastic models. He
noted that the observed behavior was fundamentally different from
that predicted by continuum theory.

Brcic and Nesovic (1970) analyzed detailed two dimensional
models of dam foundations by photoelastic models. Their results
suggested that the presence of discontinuities was a most
significant parameter in the definition of the foundation bearing
capacity.

Ergun (1970) performed a photoelastic analysis of a biaxially
loaded plate with orthogonal joints and noted that the stress
distribution was affected by: voids in the joints, the ratio of
applied pressure, the joint inclination, and the stress history.

Chappell (1973) investigated the interactions of underground

openings in jointed media photoelastically. His conclusion was

that the mechanisms of slip, rotation, and interlock controlled
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the load distribution. Furthermore, he noted that the interaction

between a number of openings tended to accentuate these mechanisms.

2.5.3 Observational models

The observation of the behavior of discontinuous masses as
well as the behavior of laboratory models has led to several
theories of behavior which for lack of a better name are herein
termed observational models. These observational models attempt
to_predict behavior in light of stress disruption/or redistribution
across planes of discontinuity such as joints, or, in the case of
soils, grain contact. They often utilize the information gained
from model experiments or collected from real situations and
extract response patterns which are postulated to hold for a large
class of problems.

Terzaghi (1946) carried out tests in railroad tunnels in
the eastern Alps by inserting wooden blocks of known strength
properties in timber sets. On the basis of the results of these
tests, he postulated the expected loads on tunnel supports as a
function of the degree of jointing of the rock mass under
consideration.

Trollope (1957, 1961) developed an arching theory of force
distribution within granular masses by a statical equilibrium
analysis of a mass consisting of systematically packed, smooth,
rigid spheres. He applied this theory to block jointed models to
deduce general design principles. The same approach was used by

Trollope and Brown (1965) to develop general equations for the
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distribution of pressure in a discontinuous mass beneath a strip
loaded foundation.

Hyashi (1966) formulated an approach to determine the distribu-
tion of stresses in a fissured foundation in terms of the combined
Pascal distribution. The effects of cohesion and frictional
resistance were incorporated by means of an iterative application
of Bousinesq's equation. His model recognizes a transient depth
below which s1ip no longer occurs along joint planes. In the
absence of cohesion or frictional resistance his model reduces to
that postulated by Froelich (1933) who idealized the contact
stresses in stacked cylinders as an assemblage of tiered, simple
beams.

Lane (1961) and Lutton (1970) presented empirical charts
relating slope height to inclination. Their data indicated trends,
but they recognized that adverse geologic structure could
invalidate the use of the charts.

Abel (1966) constructed a statistical model for the
estimation of support loads in a tunnel from measured steel set
loads, geologic and construction factors. He noted that although
the principles of analysis were general, every tunnel must be
considered as a separate problem.

Ross-Brown (1973) collected data concerning the stability of
cut slopes in open pit mines throughout North America. He
concluded that stability problems were too complex to be summarized

by statistical relationships and that each mine needed to be

considered as a separate entity in 1ight of the experience obtained




I1-17

in other mines.

More recently, Wickham, Tiedemann, and Skinner (1972),
Bieniawski (1973), and Barton, Lien, and Lunde (1974) have presented
empirically derived rock mass classification schemes for predicting
loads on tunnel supports. The classification schemes result from
the statistical manipulation of data collected during construction
in rock and consider parameters such as joint spacing, orientation,

infilling, and the presence of water.



I1-18

2.6 Limit Equilibrium Analyses

The basic principles of Limit Equilibrium applied to jointed
rock masses are basically not different from the principles of the
analysis of soil slopes as advocated by Fellenius (1936) or Bishop
(1955). Owing to the degree of indeterminacy in the problem,
assumptions must be made regarding the magnitude of some forces as
well as their point of application.

A large portion of the literature on the stability of rock
slopes comprises work on the analysis of the sliding behavior of
tetrahedral wedges of rock by means of stereographic projection
(e.g. John, 1968). Although two dimensional problems can be
handled by this method, the amount of work required in the
calculation as opposed to a simple graphical solution hardly
merits the effort. Limit Equilibrium of three dimensional wedges
is not considered in this review.

John (1962) presented a graphical analysis of the stability of
a wedge of rock defined by joint planes and a cut surface. To
determine the magnitude of rock anchor forces, he utilized
conditions of 1imiting equilibrium by assuming that full frictional
resistance would be developed along the plane of sliding -
effectively allowing him to specify the force polygon.

Bray (1966, 1967 a, b) substituted the equations for principle
stress in the Mohr-Coulomb-Navier relation to develop the ratio of
principle stresses at failure by sliding in a jointed mass as a

function of the orientation of the principle stresses and the

friction coefficient. An interesting outcome of this analysis
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comes by superposing a system of multiple fractures; in this model
the value of the stress ratio approaches that of the active pressure
coefficient as used in soil mechanics.

Jennings (1970) noted that failure in rock slopes did not
necessarily follow a single plane. Rather, the failure surface that
developed was often stepped. Utilizing Limit principles, the
equations he presented incorporated sliding on a discontinuity as
well as failure through intact rock.

Calder (1970) used Limit principles to analyze the stability
of slopes in jointed rock. His analysis demonstrated that contrary
to the case of slope failure in soils, significant changes in cut
slope angle in jointed masses often have no effect on the degree of
stability.

Hoek (1970) presented design charts, based on Limit Equilibrium
principles, for the rapid assessment of the stability of slopes
excavated in jointed rock. The assumptions necessary to produce
the charts are conceded to be severe but are common to all
analyses of this type.

Rosengren (1971) presented the results of a comprehensive
analysis of the stability of blocks and wedges formed by the joint
systems. Whereas the factor of safety as used by most investigators
relates total driving force to total resisting force, Rosengren's
definition of factor of safety contains one term relating available
friction to required friction and another term relating required

cohesion to available cohesion.
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Pentz (1971) investigated the situation where the failure
Criterion was not linear; a simple power law was used to relate
normal stress to shear stress in place of the commonly used Mohr-
Coulomb-Navier relationship.

Gaziev and Rechitski (1974) used Limit Equilibrium principles
to analyze a rock slope with multiple slip modes possible. Their
analysis located the layer with the minimum stability factor. The
overall stability of the mass was then related to the individual
layer stabilities.

Statistically based modifications of Limit Equilibrium methods
have also been presented by several authors.

McMahon (1971) introduced design procedures that determine the
probability that a rock slope will be undercut by Joints that lie
in unstable orientations. On the basis of these assumptions, and
utilizing Limit Equilibrium principles, he arrived at curves
relating probability of failure to slope angle.

Serrano and Castillo (1974) introduced probability density
functions for the strength of discontinuities and the matrix as
well as for block size and combined them with Limit Equilibrium

principles to generate a stability curve for a rock slope in terms

of probability of failure.
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2.7 An Evaluation of the Techniques Commonly used in

Jointed Mass Modeling

The preceding literature survey dealt with the numerous
methods commonly used to predict the behavior of rock masses
containing planes of weakness. It is of interest to present a
brief summary of this survey that emphasizes what, in particular,
advantages each of the methods offer.

The observational type methods are typically the first
"analytical" method associated with engineering analyses. It is
to the credit of men like Terzaghi that they recognized that the
degree of jointing present in a rock mass could be the most
significant factor to be considered in a design. However, most
investigators pursuing this method noted that although the method
usually worked quite well for a given problem, the information
gained was generally not of use at other sites. Most recent
investigators have tried to overcome this shortcoming by statistical
manipulation of a large amount of data.

Elastic solutions, and in particular, modified elastic
solutions are recognized as having shortcomings, but are usually
conceded to be fairly accurate in those cases where the jointing
is homogeneous throughout the rock mass. The modified solutions
usually attempt to account for the jointing by anisotropic mass
behavior. It is interesting to note that one of the leading
proponents of this method of solution "... has now abandoned his
earlier view ... that an 'equivalent orthotropic medium' can be

constructed to fairly represent the deformability of regularly
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jointed rock ..." (Goodman, 1974). Goodman makes this statement
on the basis of dilatancy and stress dependent behavior of the
Joints and suggests that the more influential discontinuities
should be treated as individual rock mass components.

The application of soil mechanics theories to the analysis of
the behavior of jointed rock masses has been successful in those
cases where the scale of the jointing relative to the problem
was sufficiently small. However, if detailed analysis, on the
scale of the jointing, is required, the method lacks validity.

The use of Limit Equilibrium principles holds much promise
if it is possible to reduce the intricacies of the problem to
the point where a "handleable" number of equilibrium equations
can be written, and if the joint behavior may be represented as
simply as is done in Limit Equilibrium methods. The main problem
with this type of approach is that the necessary assumptions often
tend to oversimplify the problem - if too many assumptions need
to be made to reduce the indeterminacy, then the model may no
longer be representative of the problem to be solved.

Physical modeling seems to offer the best solution to modeling
the behavior of jointed rock masses, since the behavior is exactly
modeled if similitude requirements are met. However, it is
virtually impossible to set up the identical physical models which
are necessary for parametric variation, and the cost of a detailed
model can be prohibitive.

The Distinct Element method offers a combination of the

capabilities required to predict the behavior of jointed rock
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masses. The joints are modeled as the most significant components

of the problem. There is no need to oversimplify the problem and

the data structures can be stored permitting a given geometry to

be analyzed as many times as desired.

It is in the context of a reproducible "physical" model that

the Distinct Element method is used in this dissertation.
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2.8 The Distinct Element Method

The Distinct Element method introduced by Cundall (1971 a, b)
is a computer based analysis that simulates the behavior of a
system of discrete, semi-rigid rock blocks. Block interactions
are governed by realistic friction and stiffness laws. Each block
may undergo unlimited displacement and rotation while progressive
failure is modeled. In its present formulation the program is
run in an interactive mode on a dedicated mini-computer coupled to
a cathode ray tube (CRT) graphic output device. The CRT is used
both for the input of geometric and material information as well
as for the output data which consists of drawing the movements of
the blocks as a function of time. The description presented
follows Cundall (1971 b).

The program calculation cycle comprises force-displacement
relations for the block contacts and laws of motion for the block
centroids. Very simple relationships are used to relate normal
force to normal displacement and shear force to shear displacement.

The normal force-displacement relationship owes its simplicity
to the assumption that the normal stiffness of a Joint plays a very
small role in the failure process of the rock mass and that shear

force does not affect normal force. Thus normal force is assumed

proportional to the overlap between two blocks. Diagramatically,
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Frn = Kndp

where constant of proportionality K, is the joint normal stiffness
and the resultant force acts upon both blocks. In the more likely |
case where two faces together form a joint, equilibrium is

maintained by two point contacts, thus:

I

Cundall argues for the validity of representing a joint by two
point contacts by noting that owing to irregularities present on
a real joint, contact will occur only at discrete points, quite

possibly only two.
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The shear force-displacement relationship cannot be described
by such a simple formulation because the shear force depends upon
the past history of movement of the blocks as well as the amount
of normal force. To account for this, the shear force must be
calculated incrementally with the incremental amount of shearing
force assumed proportional to the relative movement of a block
corner along another block face. The incremental shear force is
then added, noting the sense of movement, to the shear force already

existing between the two blocks. Diagramatically:

new position

where the proportionality constant Ks 1s the joint shear stiffness.

Although not strictly necessary from a physical standpoint,

the normal force is also calculated incrementally in the program
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so that all forces are derived from incremental displacements.

This formulation does, however, simplify the task of incorporating
nonlinear phenome:a, such as dilatation, associated with the normal
stress.

Two failure laws are incorporated in the program. Since it is
probably unrealistic to have tensinﬁa] resistance across a joint,
a "no tension" criterion is adopted at each time step, by simply
setting normal forces that become negative to zero. The criterion
governing shear failure is the Mohr-Coulomb-Navier law. At every
time step, the shear force at each contact point is tested and
limited to a maximum force, which is dependent upon the normal
force.

The force-displacement relations are thus used to calculate
the set of forces acting on each block solely due to the geometric
position of each block relative to its neighbors. The forces
acting on each block may be resolved into an equivalent force
vector and a moment acting on the block centroid. If a law of
motion is now implemented (in this case Newtons second law) the
linear acceleration vector can be calculated as the quotient of
the resultant force and the mass of the block. Similarly, the
rotational acceleration is the quotient of the resultant moment
and the rotational moment of inertia of the block. By choosing a
suitable time step, these accelerations may be numerically
integrated twice to give the displacement of the block. For

example, in the x direction:
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new 0 v = velocit
vx _ v, 1d i Fx il Y
2 u = displacement
new old new m = mass
-~ + I
Ux ux vx At

Fx = Force on block in x dir

with similar equations for the y direction and rotation. The time
step cannot be made arbitrarily large, or rapid geometric changes
would not be modeled accurately. However, a more subtle reason for
the Timit on the time step is that owing to numerical instabilities
in the solution of the equations, there is a 1imit to the maximum
time step. This is discussed in more detail by Cundall (1971 a)
along with the damping requirements of the equations.

The complete calculation cycle can be summarized as:

force boundary Furce/$;5p1acement
conditions .

forces displacements

displacement boundary

In addition to the main calculation cycle, routines are needed
to keep track of the coordinates of contacts; the use of arbitrarily

large displacements and the attendant large number of possible

contact points requires the implementation of a dynamic memory
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allocation scheme. This scheme is discussed in Appendix B along
with a more complete listing of the equations comprising the main
calculation cycle. A complete discussion of the fundamental

algorithm of the program is given by Cundall (1974).
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2.9 Applications of the Distinct Element Method

As a conclusion to this chapter, several examples illustrating
the application of the Distinct Element method to problems involving
the response behavior of jointed rock masses are presented. The
problems range in complexity from modeling a rock slope as a single
block bounded by a joint plane and a tension crack at the crest, to
examining the behavior, as failure progresses, of a jointed mass
being mined by caving techniques. The examples chosen illustrate
most of the salient features and capabilities of the Distinct
Element method; however, the potential of the method extends much
farther. Particular examples of extended applications could
include true blasting analysis, coupled fluid flow behavior and
incorporation of elastic stresses and strains.

The problem of the correctness of the solutions obtained by
the Distinct Element method will be addressed in the next chapter;
for the present time the correctness of the solutions should be
accepted. Alternatively, the examples can be viewed in light of
kinematics only with calculated displacement modes and forces

interpreted in 1ight of experience and intuition.

Example 1 - Stabilization of a Failing Rock Slope

The rock slope illustrated in Figure 2.1(a) consists of a

single block bounded by a joint plane dipping approximately 25u out

of the face of the slope and a vertical tension crack at the crest

of the slope. The friction coefficient of the joint plane is .15,
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corresponding to an angle of 8.5 ; thus the block should be
unstable and is seen to move on the screen as illustrated in
Figure 2.1(b). Note that the block centroids are identified by a
dot and that an "F" at a centroid means that the block is fixed in
space, that is, not free to move.

To investigate the affect of inclination of an applied
stabilizing force, a small block is placed on the slope and forces
are applied at various angles. As can be seen in Figures 2.1(c)
and (d), the smallest force required to stabilize the slope
corresponds to an angle of inclination equal to the dip of the
joint. Also, the required stabilization force increases as the
bolt inclination becomes perpendicular to the joint plane.
However, the length of bolt or cable required for stabilization is
a minimum when this length is normal to the joint. By assuming a
simple relationship governing bolting costs, it is possible to
determine the optimum inclination for installation of stabilizing
forces. A simple, yet reasonable estimate of relative cost is
obtained by assuming that cost increases linearly with length and
force relative to some base cost (in this case the horizontal bolt

was chosen), this can be expressed as:

131
i -

H

-n

Cost . = Cost i)
1 T
H
Assigning an arbitrary figure of 1 to the cost of the horizontal

bolt, Figure 2.1(e) which relates the bolt cost to inclination, can

be plotted. From this figure it can be seen that based upon the
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assumed cost relationship, the optimum angle of inclination of the
stabilizing force is approximately 30°,

Realistic cost data can be used to refine the cost relation-

ship and much more complicated slope geometries can be modeled with

the Distinct Element method.

Example 2 - Horizontally Stratified Mine Roof

Figure 2.2 illustrates a horizontally stratified mine roof;
there are no joints exposed within the span of the roof. The only
information that can be obtained by using the Distinct Element
method in a problem such as this is the weight distribution on the
pillars which in this case could readily have been obtained by
inspection. The Distinct Element method in its present formulation
does not incorporate elastic behavior of the elements; all
deformations occur on joint surfaces. For problems where elastic
deformations are important an elastic analysis such as Finite
Element analysis should be used. For this particular problem
however, beam theory could have been used to determine the bending
moments and deflections (see, for example, Obert, Duvall, and

Merrill 1960).

Figure 2.2 A Horizontally Stratified Rock Mass
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Example 3 - A Gravity Retaining Wall

I1lustrated in Figure 2.3(a) is a retaining structure which is
required to prevent movement of the jointed mass to its left.
Three friction coefficients are involved in a problem such as this:
¢, the friction angle of the joints within the mass; Dy, s the
friction angle for sliding on the base of the wall; and, Dyp? the
friction angle for sliding of the rock mass along the wall. By
selectively varying these parameters it is possible to illustrate
several aspects of the behavior of the wall in response to loading.
Figure 2.3(b) illustrates the behavior of the wall when ¢ = 26D and
Oy =0y = 45n; as the blocks begin to move outward, the wall cannot
slide along its base and thus begins to rotate as evidenced by the
single contact vector at the lower right hand corner of the wall.
The lower left hand corner of the retaining wall is actually lifted
off the plane of sliding. The situation is, however, stable.

In Figure 2.3(c) another stable situation is illustrated. In
this case, ¢ = ¢, = 19" while ¢ =45 . The "9" printed on a
surface indicates that that surface is assigned the friction
behavior specified for material type 9. This analysis indicated
that as the rock mass moved outward the base of the retaining wall
moved until sufficient frictional resistance to maintain stability
was generated along the base. Some rotation of the retaining wall
has occurred and is indicated by the differing lengths of the
contact vectors along the base of the retaining wall.

As a final variation of this example, illustrated in Figure

2.3(d), an analysis with by = Py =0 = 19° is presented. This
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(b)
(d)

(c)

Figure 2.3 A gravity retaining wall
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case is not stable - note the settlement of the mass and the gap
at the lower left hand corner of the wall. Failure has occurred
because sufficient resistance could not be developed along the
base of the retaining wall. Also, the reduction of the frictional
resistance between the mass and the wall reduced the overturning
moment on the wall which in the previous cases had acted to
increase the shearing resistance along the base of the wall. This
is easily understood in terms of a simple analogy - trying to move

the retaining wall by a single force acting through its centroid.

The two sketches represent the extremes in terms of orientation of
contact forces along the wall. In the first sketch, representing
the case ¢, = 0, the force exerted by the mass on the retaining
wall, Fw‘ has no vertical component while in the second sketch,
representing the case Dy 45a, the force exerted by the mass on

the retaining wall, F_, has a vertical component. The vertical

w'l
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component of Fw acts to increase the normal force on the base of

the retaining wall, thus increasing resistance to sliding movement.

The effect of increasing the coefficient of friction P is thus to

stabilize the retaining wall against translational sliding.

Example 4 - A Rock Slope Which Fails by Toppling

The assessment of the stability of a cut slope in light of
translational kinematics often makes use of the fact that if the
major joint set dips into the slope, failure by sliding is 'not
possible. Althoucgh this statement is true, the fact that a rock
mass meets this criterion does not automatically ensure the
stability of the cut slope as this example illustrates.

Presented in Figure 2.4 are several stages of the progressive
failure of a cut slope where the major joint set dips into the
slope face. Figure 2.4(a) represents the case before running
the program while Figure 2.4(b) illustrates the situation just as
failure begins; as can be seen from the figure, the toe block
must move before the mass can fail. Thus the toe block represents
a "keystone" and in the absence of fracturing, the behavior of the

entire mass depends upon the behavior of this block. Any remedial

action designed for a cut such as this must be based upon knowledge

of which blocks or sections of the slope act as keystones. With
the Distinct Element method it is a simple matter to determine
which blocks can best be utilized to stabilize the mass.

Figure 2.4(d) illustrates another physically observed feature

which is accurately modeled by the Distinct Element method. After
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a significant amount of movement has occurred, stable equilibrium

of the mass is reached. (Blocks which moved away from the mass

were erased as the program progressed).

Example 5 - Anchoring a Large Force in Rock Mass

This example presents a comparison of the failure loads
calculated when a large external force, such as an anchorage force
for a transmission tower, is applied to a jointed mass in two
different directions. The rock mass in question and the two
loading directions are illustrated in Figures 2.5(a) and 2.5(c).
The force vectors which cause failure, drawn to a common scale, are
also illustrated; the deformed geometries are illustrated in
Figures 2.5(b) and 2.5(d).

If the scale of the problem is such that the bedding planes
are spaced at three feet, the visible jointing is spaced at six
feet, the jointing parallel to the plane of projection is spaced
at five feet, and the mass density is 160 pcf; then the failure
loads are approximately 160 kips for the case where loading
parallels the jointing, and 230 kips for the case where loading
crosses the jointing.

The modes of failure are also markedly different in the two
cases. In the case where the loading parallels the jointing,
failure of the mass occurs essentially by slip along the joints.
However, in the situation where the loading crosses the jointing,
failure encompasses a larger volume of the rock mass and is more

of a rotational failure than a slippage failure.
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Figure 2.5 Anchoring a large force in a rock mass
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Example 6 - A Pressure Tunnel Near a Free Surface

This example examines a hypothetical situation where a
pressure tunnel is located near a free surface. A situation such
as this could be encountered, for example, in a diversion tunnel
for a dam.

The failure of the rock mass in this particular case depends
upon the penetration of water into the joints at fairly high
pressures. Hopefully, in a real situation, water pressure testing
would have been performed to assess the permeability of the mass
and appropriate remedial action such as grouting and lining
undertaken to prevent water loss. Nevertheless, the example is
instructive and is presented in spite of its lack of realism.

Figure 2.6(a) illustrates the tunnel under consideration:
the diameter of the tunnel is 20 feet and the internal pressure,
which is assumed to penetrate all joints intersecting the tunnel,
is 100 psi. The initial failure with the friction angle equal to
22 degrees on the joint planes is illustrated in Figure 2.6(b). In
this type of problem the water pressure does not decrease as the
joints open, for there is a practically unlimited supply of water
to move out into the joints as they open.

Figure 2.6(c) shows a later stage of the progressive failure
while Figure 2.6(d) illustrates the pressure distribution in the
joints as indicated by an asterisk on those joints where water
pressure is applied. The water pressure units illustrated are
internal computer units and are seen to follow a parabolic trend,

decreasing in intensity from the tunnel to the free surfaces. The
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chosen pressure distribution has led to an unexpected displacement
field as evidenced by the open joint one block away from the tunnel
in the first row of blocks. Evidently, the effects of the free
surface and the water pressure were sufficient to cause movement of
the two righthand blocks in the first row of strata but, owing to
the increased overburden load, the block nearest the tunnel

remained stable.

Example 7 - A Shear Zone in a Tunnel Roof

Example 7 is concerned with a problem of roof stability in a
tunnel intersected by a plane of weakness having a noticeably lower
friction coefficient than the rest of the mass and dipping at a
less favorable orientation than the main joint set. In addition,
the plane directly above the main failure plane was also assigned
a low friction coefficient to better model a shear zone.

The tunnel under consideration has a width of 24 feet and is
illustrated in Figure 2.7(a); the planes considered as the
boundaries of the shear zone are assigned friction type 5 (¢ = 5°)
as indicated in Figure 2.7(d). The mode of failure, which can be
compared to squeezing material into the excavation by movement along
the planes defining the shear zone, is illustrated in Figure 2.7(b)
and 2.7(c). The disruption of the integrity of the roof defines a
volume of rock which must be restrained by the support system. At
a unit weight of rock of 160 pcf, the weight of this volume of rock

is approximately 100 kips per foot of tunnel length.
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Figure 2.7 A shear zone in a tunnel roof
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Recognizing that the block exposed in the upper right hand
corner of the tunnel acts as a keystone upon which the behavior of
the roof depends, the force necessary to stabilize this block (and
thus the entire system) was determined. By placing a small block
in contact with the desired block and applying various forces it is
possible to determine the force that will maintain equilibrium of
the mass. The forces could equally have been applied at the
centroid of one of the failing blocks, but by utilizing a small
block acting along the edge of one of the failing blocks the
effects of rotation due to eccentric loading are better modeled.
One such force is shown in Figure 2.7(d). This force, which has a
magnitude of approximately 20 kips per foot of tunnel length
demonstrates that it is possible to keep masses in equilibrium
with forces that are small when compared to the weight of the mass

which is failing.

Example 8 - Behavior of a Jointed Mass During Mining by Caving

The final example presented in this section illustrates the
movements of blocks and the forces developed during these move-
ments as progressive failure occurs in a large, jointed mass being
mined by caving techniques. The block configurations as mining
progresses are illustrated sequentially in Figures 2.8(a) through
2.8(j). The figures present the situation beginning some time
after mining had commenced; in addition, as soon as individual
blocks had moved sufficiently far from the mass so that they no

longer influenced the behavior of the mass, they were erased. In
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other words, the problem of Jamming or arching at the draw point
was not considered.

After the first two introductory illustrations (Figures 2.8(a)
and 2.8(b)) alternate illustrations show only the contact forces,
for the block outlines would only make the drawing more difficult
to interpret.

The factors that influence the behavior of the mass include
a relatively low friction angle on the joint planes (¢ = 1?0) and
rigid boundaries. The four independent, intersecting joint sets
are not claimed to be representative of conditions at a particular
mine site. Rather, they were selected solely to give the mass more
freedom to move, as two intersecting joint sets were found to have
a tendency to lock and stabilize as the individual blocks moved.

Examination of Figures 2.8(a), 2.8(b), and 2.8(c) illustrate
the expected movement of the Jower unconfined blocks. Figure 2.8(d)
illustrates that two separate arches have developed, indicating that
the blocks in the lower part of the mass are failing as a unit and,
Judging from the magnitude of the forces in the upper part of the
mass, providing enough resistance to keep the upper part of the
mass stable,

This conclusion is reinforced by Figure 2.8(e) where it can
be seen that the lower blocks are Separating significantly from
the mass. Figure 2.8(f) shows the continued development of two
separate arches. The thrusts developed in the Jower arch are not
of sufficient magnitude to stabilize the mass, as evidenced by the

progression of raveling up into the mass as illustrated in
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Figure 2.8(g) and the collapse of the lower arch as shown in

Figure 2.8(h). Fiqure 2.8(i) illustrates the continued movement

of the mass toward the draw point. The uppermost layer is still
maintaining its integrity due to the slight confining effect at

the arch abutments. The lower arch has completely failed as can be
seen in Figure 2.8(j). Although not illustrated, the upper arch
eventually collapsed when a sufficient movement of the lower mass

blocks caused a loosening at the arch abutments.
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Figure 2.8 Behavior of a jointed mass during mining by caving
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Figure 2.8 Continued
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Figure 2.8 Continued
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CHAPTER IT1
VERIFICATION OF THE ACCURACY OF RESULTS CALCULATED
BY THE DISTINCT ELEMENT METHOD

3.1 Introduction

As the Distinct Element method is, in fact, an approximate
method to obtain the response behavior of a block jointed system,
an attempt must be made to verify that the calculations performed
in the method yield results that are acceptable. What is required
of a solution to a problem involving the inclusion of joints in a
rock mass is that it incorporate and assign most influence to
the significant parameters affecting the behavior of the mass. If
in doing so, some small elastic strain is overlooked, the solution
cannot be classified as exact but, needless to say, if the
important responses of the block system are modeled correctly, the
solution certainly must be classified as acceptable.

Confidence in the use of an approximate numerical technique
such as the Distinct Element method can best be developed through
comparison to existing solutions to problems which include the
significant parameters which the numerical technique models. A
high degree of confidence is obtained if the numerical model
duplicates the results of proven analytical solutions. Somewhat
less confidence in the model is developed if the comparisons are
made to approximate solutions, although the degree of confidence
in the approximate solutions, as evidenced by their level of

acceptance by practicing engineers and designers, obviously must

__ —
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be considered in the comparisons.

The problem of verifying the accuracy of solutions calculated
by the Distinct Element method is compounded by the lack of
analytical solutions that describe the behavior of a jointed rock
mass. Instead, when dealing with the behavior of a jointed mass,
most analytical solutions invoke approximations which draw upon
empirically observed behavior models, soil mechanics theories and
classical elastic solutions with the elastic parameters modified
to reflect joint behavior. These types of models are severely
limited in their applicability; for example, the elastic analyses
are probably most valid for the case of very close jointing and
the case of a very regular degree of jointing that can be
characterized as an anisotropy. More general models for calculat-
ing the behavior of a jointed mass typically attack the problem by
assuming simplified relationships between the parameters selected
to typify the behavior. This type of model suffers in that the
full implications of the roles these parameters play in the
behavior of the mass are not yet fully understood.

What is needed then to perform a truly accurate comparison
unfortunately does not exist. Rather, the very nature of the
problem dictates that a choice be made between approximate tech-
niques of analysis which often contain vastly simplified,
empirically adjusted assumptions regarding the overall mass
behavior which could possibly only be valid for a distinctly
limited range of material properties.

One group of approximate techniques, which is limited in its
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scope to geometrically ideal problems, is acceptable for a
comparison of this type. Limit Equilibrium solutions are
concerned with the static equilibrium of bodies at the point of
failure. Under this assumption, the frictional forces are
assumed to be fully developed and thus force diagrams can be
drawn and equilibrium equations written. This method requires
the knowledge of the location of the failure surface and a minimal
number of interacting blocks. Provided that the geometry of the
mass can be represented simply, Limit Equilibirum principles are
routinely used to calculate the response of a jointed mass.

In the sections that follow, five simple approximate models
for the behavior of jointed masses are presented and the calculated

responses are compared to that generated by the Distinct Element

method. Included in these models are Limit Equilibrium analyses of:

one block on an inclined plane with s1iding and rotation possible;
two interacting blocks, one in an active state, the other in a
passive state; and, multiple interacting blocks both with and
without the possibility of rotation. Also included are comparisons
to physical models examined with a base friction apparatus,
presented primarily for qualitative observations on the kinematics
of large displacements, as well as a simple pressure distribution
in a jointed mass where simplifying assumptions regarding material
behavior have reduced the problem to an application of the
principles of static equilibrium.

Common to the models chosen for comparison to the Distinct

Element model are simple geometric properties and minimal

S ——
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assumptions regarding matcrial behavior. As a result of this the
models possess the additional feature that an intuitive insight
into the ultimate response behavior is often possible. If it is
possible to demonstrate that the simple models give the correct
response, then it is much more meaningful if the Distinct Element

model gives the same response,
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3.2 The Base Friction Method

The base friction or base shear modeling technique is a
physical, scale modeling technique described by Goodman (1972)
that developed from the suggestion that the effect of gravity on
a jointed rock slope could be simulated by shear forces on the
base of the model as it was pushed over a plane surface.
Alternatively, as in demonstrations attributed to Dr. E. Hoek
(Goodman, 1976) the base may be moved while the model is restrained.
The advantage of a horizontal assemblage of blocks 1ies in the
fact that complex, unstable models may be constructed and failure
observed as gravity is suddenly "switched on". Disadvantages
arise due to the fact that accurate modeling of a real situation
requires that a model material having the exact frictional
properties of the real material must be found. In practice, exotic
mixtures of flour, sand, salt and cooking 0il are used to make a
cuttable, semi-rigid modeling material. A material of this type
has the advantage that discontinuities may be cut into it at
arbitrary orientations; for the purposes of this investigation,
however, as rigidity was of prime importance, 1 cm cubes of
commercially available plexiglass were used to construct the
models. The inability to orient discontinuities at arbitrary
angles was not considered a severe 1iability in this investigation
as the end result was simply to demonstrate qualitatively that the
Distinct Element method would reproduce the expected modes of
failure in several models where the failure modes were obvious.
Figure 3.1 illustrates the small base friction apparatus used to

study the behavior of the jointed models.
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Figure 3.1 Diagramatic sketch of base friction apparatus used

in comparison ,

Modeling techniques such as base shear are typically
kKinematic in that they reproduce the geometric features of the
geologic structure and the excavation to a sufficient degree to
establish possible modes of failure. However, they are not
exactly scaled dynamically. For example, the base shear method
does not give the correct response when a moving body acquires
lateral momentum since in the base friction model, real accelera-

tions are proportinnal to the driving belt velocity (Goodman 1976).
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The implication of this is that in the absence of block to block
contact, the only accelerations permitted in the model would be
in the direction of the belt velocity as indicated in Figure 3.2.
The Distinct Element model of this situation is included to
demonstrate that momentum is indeed properly modeled.

However, several qualitative observations of a kinematic
nature can be made: blocks which receive no supporting resistance
must move downward under the effect of gravity; unconfined,
geometrically unstable blocks must rotate and topple; and confined,
geometrically unstable blocks must induce sliding in neighboring
blocks as they rotate and topple. These three behavioral features
of jointed systems can readily be simulated on a base shear
apparatus by a laterally unsupported mine roof, an overhanging
cliff and a cut slope in a jointed mass, respectively. These
three failure models were chosen because, due