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ABSTRACT
Adopting field-collected geologic data, rock substance physical
properties, and fracture strengths to finite element models of open-pit
slopes or other openings constructed in rocks is a difficult process. A
method is proposed to use field information by a quantification of the
rock mass parameters in the area under investigation. A two-part simu
lation process first develops a representation of the rock mass behavior
and then uses the calculated parameters in a predictive slope model.
The method should have general application to many different field ex
cavation conditions in rock masses where the response to the removal
of rock is needed.
A number of finite element models, termed rock mass models,
using the physical properties of the fractures between rock substance
blocks, show the effect of fracture orientation and fracture material
properties on the two derived rock mass parameters. These derived
parameters are the deformation modulus representing the stress-strain
relationship and the Poisson factor representing the strain-strain rela
tionship of the rock mass models. The deformation modulus varies sys
tematically with the fracture orientation, the stress level in the model,
and the fracture material properties. The rock mass deformation modulus
varies from near the fracture elastic properties to the rock substance
elastic properties. The Poisson factor is related to the orientation of the
fractures and the strength of the fracture materials. The higher values
for the Poisson factor are related to a fracture orientation of 37 degrees
xiv

to loading and to the lower strength of the fracture materials. The rock
mass model behavior is determined by the interrelationship of fractures,
fracture orientation and spacing, and rock substance properties and is
expressed in terms of the deformation modulus and Poisson factor.
The pit slope model is based on the Precambrian metasedimen
tary rocks and geometry for the Pikwe pit in Botswana, Africa. Geologic
structural details and physical testing on rocks and fractures are used
to originate the rock mass models for the two structural domains in the
pit area. Models using a randomly sampled fracture spacing distribution
better represent the rock mass than do models using an average fracture
spacing. The rock mass models are based on measured geologic struc
tural details, the rock substance elastic properties, and fracture stiff
ness. A pit cross section is used that approximates the assumptions of
the plane strain method used in the finite element analysis.
The displacements from the ground surface are compared to
finite element model displacements from the simulated excavations in
the pit. A normalization process was necessary to adjust values for
fracture physical properties to provide a model response similar to the
excavation-caused displacements of the ground surface. Measured frac
ture stiffness parameters determined from direct shear fracture testing
produced larger displacements than those calculated by the finite element
slope model. A systematic adjustment of the fracture normal stiffness as
a ratio of the rock substance elastic modulus while maintaining a con
stant fracture normal to tangential stiffness equal to the measured direct
shear values produced displacements similar to the excavation-caused
ground displacements. The footwall displacements at the end of the

xvi

normalization stage was 38 mm and the model predicts an additional
displacement of 2 mm at the final pit depth, which represents about
twice the present depth. The hanging-wall pit displacement to the pres
ent excavated depth is in the 16-37-mm range; an additional 1 mm is
predicted for the full pit depth.

CHAPTER 1

INTRODUCTION
Geologic features have long been recognized as having an im
portant controlling influence on rock mass behaviorial properties, such
as the response to excavations. Attempts, however, to incorporate qual
itative techniques of collecting geologic fracture data, such as spacing,
orientation, and continuity, are difficult on a large scale. The geologic
features, such as rock type and aerial distribution, are reasonably rep
resented in finite element model studies. The modeling of fractures on a
scale appropriate for a reasonable sized mining operation is not possible
because of the following features: strikes and dips of the fracture set do
not have a unique value but are better represented by a dispersion about
some central tendency estimate; the spacing of individual fractures with
in the fracture set is not a unique fixed values but again is better repre
sented by some distribution; and the deformation and strength parameters
as measured in testing procedures have a wide range of values for the
same rock type or fracture set.
It would appear that for too long developments have been con
centrated on refining the mathematical techniques of the finite element
method rather than on improving the methods of incorporating the geologic
data which can be reasonably collected. Hardy's (1976, p. 61) statement
that "many workers feel that far too much money and effort is being ex
pended on developing more and more sophisticated design tools when the
1

2

mechanical parameters needed for utilizing even the simple analytical
models are often not available" puts the use of finite element methods in
the correct perspective as far as the importance of obtaining basic geo
logic input information for more applicable model tests.
The following work describes the effect of geologic features on
the rock mass behavior in a two-stage effort. The first stage is to quan
tify the effects of fracture orientation and fracture material properties on
derived parameters that can be used in a more general open-pit slope
method. Finally, after normalization of the fracture physical properties
with field displacements, a projection of the surface movement effects
are made.
The excavation of the Pikwe open pit in Botswana provides the
physical setting for the comparison of the magnitude of the displacements
predicted by the finite element models and the actual magnitudes of dis
placements measured in the field. Detailed geologic information and
rock physical property data collected as part of a pit slope design study
furnished the information necessary for the first-stage models.
The first-stage, or rock mass, models provide a prediction of
the behavior of the rock mass. Since the rock mass models use geologic
data and rock physical property test information, they relate field condi
tions directly to the theoretical modeling process. The second-stage
model indicates the expected magnitude of the ground surface displace
ments caused by the excavation of the open pit. A comparison of the
model displacements provides a method of normalizing the model and
then a method of predicting the magnitude of displacements for the full
depth excavation of the pit.

CHAPTER 2

ROCK MASS TEST MODEL
Any type of analysis to determine the behavior of a rock mass
depends on describing and quantifying the significant features of the
material. A rock mass model cannot use a normal qualitative description
of rocks, such as used in geologic investigations. The problem is first
to determine the relevant geologic properties for the rock mass and then
to sample the rock mass for such properties. Existing techniques can
sample a small part of the total population of any geologic property and
the statistical significance of the sample population must be assessed
and evaluated. Sampling techniques must then evaluate the two sets of
features making up the rock mass: the rock substance and the structural
discontinuities or fractures.
Characteristics of the Rock Mass
Rock substance is defined by Coates (1970, p. B-17) as "the
solid part of the rock mass typically obtained as a drill core" and by
Hammel (1971, p. 19) as "the rock material which can be sampled and
tested in the laboratory, and which is free of the larger than sample size
structural features such as joints, faults, seams, bedding planes and
shear zones." Both descriptions are similarly dependent on the rock type
and the scale considered. A twofold separation is necessary for rock
mass classification, the major part of the solid materials, the blocks of
3

4

rock substance that keep their integrity in the analysis and the other
minor part of the solid materials, the rock materials between the blocks.
Some rock substance properties, such as elastic modulus, ap
pear unaffected by size variations when samples are above some critical
dimensions. However, other parameters, such as rock strength, de
crease as the samples become larger until a threshold value is reached,
after which the strength values remain constant (Bieniawski, 1968;
Skinner, 1959).
Rock Substance Physical Properties
Among the various physical characteristics of rocks only a few
are ever used in any design evaluation. Unit weight (r), cohesion (c),
and the angle of internal friction (^) are frequently used descriptives for
the classification of rock materials. These properties must be considered
in any rock mass model to allow the separation and identification of the
various rock types. The compressive and tensile strengths are indica
tions of the ultimate behavior of rock, but since the models do not evalu
ate such failures, these strengths are not incorporated. The unit weight
for the rock substance is taken as 160 lb/ft3, which is a representative
value for rock materials. Other properties are not considered for this
stage of modeling.
Elastic Properties
Equivalent elastic properties for the rock substance are the
elastic modulus (<5/ev) and a Poisson's ratio-type property relating the
horizontal strain (e^) to the vertical strain (e v ) for a specimen loaded in
the vertical direction. Above a minimum sample size, these parameters
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are relatively uniform for any given rock substance. Such a minimum
size is determined by the crystal or grain size, the fracture spacing and
its orientation with respect to the stress application direction in the
rock mass, or some combination of these factors.
The model test values are obtained by selecting values of the
elastic modulus for compression and tension. A compressive elastic
modulus (E c ) value of 5 x 10® psi was used corresponding to representa
tive values for granites, shales, mudstones, or similar rocks (Farmer,
1968). A correspondingly lower value for the elastic tension modulus
(Et) was used to simulate the significantly weaker strength of the rock
substance in tension as compared to the compressive rock substance
strengths employed for the model. The elastic tension modulus used is
1/13 of the compressive modulus, or 3.8 x 105 psi.
Physical Properties of the Fractures
The planar fractures and weak materials along them surrounding
the rock substance blocks in the rock mass are described in various
ways. Coates (1970, p. B-12) says that these are structural discontin
uities or structural features and that "in geology, a feature represent
ing a discontinuity of mechanical properties, such as a joint, fault, or
bedding plane." On the other hand, Call (1972) indicated that no gen
erally agreed on terms are available to describe the geologic structural
features that affect the gross mechanical behavior of rock. He, however,
after a comprehensive discussion, uses the term "fracture" to describe
these reasonably planar natural breaks in the rock mass. These surfaces
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between blocks of the rock substance will, following Call's work, be
classified as fractures.
In general, materials in which the parts are physically linked
together are called a continuum. A rock mass, on the other hand, is
classified as a discontinuum because the fractures physically separate
the rock substance blocks. Rock mass behavior is dictated by a linkage
of the parts, rock substance blocks and the intervening materials mak
ing up the fractures. The response of the whole depends on the inter
relationships between the various features of the two parts.
A variety of parameters—for example, those described by Call
(1972)—can be used to describe the properties of fracture sets and in
dividual fractures. This type of classification scheme is probably un
justified to quantify the physical properties of fractures in a rock mass
for this type of finite element study. In this context, only two groups
of descriptive fracture properties are necessary, one set to describe the
stiffness in the normal and tangential directions and a second group to
govern the sliding along the fracture. Stiffness parameters describe the
elastic response of the fractures and the strength parameters describe
a Coulomb-type movement criterion along the fractures.
Stiffness. Rock mass stiffness must be divided into two parts
to describe the behavior of fractures. Being a break in the continuum,
the fracture does not allow tension at right angles to the fracture and is
limited in compression by the adjacent rock substance properties. The
two stiffness parameters are unit normal stiffness (Kn) and tangential
stiffness (K-t). The first is across the fracture and the second is tangen
tial to it (Goodman, Taylor, andBrekke, 1968). Physically, normal
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stiffness represents the slope of the normal displacment—normal load
curve and tangential stiffness is the slope of the tangential displacementtangential load curve. A quantification scheme proposed by Goodman et
al. employs the following for both the normal and the related tangential
stiffness:
1.

High joint stiffness—displacements of joints are negligible
compared to the elastic displacements of the rock substance.

2.

Moderate joint stiffness—displacements of fractures are of the
same order of magnitude as elastic displacements of blocks.

3.

Low joint stiffness—displacements of fractures dwarf elastic
displacements of rock substance.
The two stiffness parameters are affected by various geologic

parameters. Normal stiffness is related to the contact area between the
walls of the fracture, the distribution and amplitude of the asperities
between the fracture walls, and the properties of the materials, if any,
that fill the fracture. Tangential stiffness is related to the irregularities
of the fracture walls, such as the presence or absence of asperities,
waviness of fracture surfaces, and the amplitude and undulations of
such features. The relevant properties of the filling materials or the
absence of such materials will also have an effect.
Shear Strength. Two shear strength parameters, cohesion and
angle of surface friction of the fracture zone, are used in a Coulombtype sliding criterion. Values for cohesion and angle of surface friction
are controlled by fracture geometry and properties of filling materials.
Two end-point conditions are readily discernible, one where the break
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in the rock substance occurs with little or no space and the other with
some distance between the sides of a fracture that is filled with some
type of rock material. Under the first condition, values for cohesion
and angle of surface friction approach results from rock-on-rock direct
shear tests, while under the second condition, values for the strength
parameters approach the intrinsic values of the filling materials. A
quantification based on the behavior of the fractures materials is given
by Goodman et al. (1968) as follows:
1.

High—fractures play a minor role in rock mass strength.

2.

Medium—fractures participate in rock mass behavior.

3.

Low—fractures play a dominant role in rock mass behavior.
Obtainable Rock Mass Characteristics
A geological investigation at a site is probably the only way to

obtain detailed engineering information about the geologic information
necessary in a rock mass model study. The rock mass fabric contains
two types of engineering information that can be obtained from field
data: orientation data consisting of the strike and dip of fracture sets
and information about spacing and continuity of individual fractures.
Sampling each fracture in a rock mass is not a reasonable ap
proach, since the fractures are too numerous and many are not exposed.
The rock mass sample population is orders of magnitude smaller than the
occurrence of these features in the rock mass. Fracture grouping, spac
ing, and orientation and a unit block concept are used to portray the
rock mass characteristics that can be obtained in the field study.
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Fracture Sets
In field studies, fractures in any rock mass are not randomly
oriented, but these fractures, which represent failure of the rock caused
by an oriented stress field in the earth's crust, have a consistent pat
tern. A careful examination in any area can define the fracture set ori
entations .
The ranking of fracture sets, however, in terms of relative engi
neering behavior, is a difficult process. After this ranking is accom
plished, a representative orientation of the individual fracture sets is
selected for the model study, since it is not possible to use a large
variety of orientations for a model study. Available choices must repre
sent the central tendency of the distribution, as for example, the modal
center of the contoured area in a Schmidt equal-area diagram or the se
lection of the mathematical sum, representing the resultant mean vector
direction of the individual fracture orientation. The rock mass model
study assumes a unique value for the orientations of the fracture set for
each set considered. This simplification can be remedied by choosing
and examining the distribution end point values and evaluating the ef
fects of such changes. In the model studies, the fracture orientations
are evaluated over a range of values and thus indicate orientation change
results on determined values.
Fracture Orientation
A single-valued orientation of fracture sets is used in the model
investigation of the rock mass. The chosen orientation is measured from
the loading direction. Thus a 0-degree fracture set orientation is
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parallel to the loading direction and a 90-degree fracture set orientation
is perpendicular to it.
Fracture Spacing
Spacing, the distance between fractures, is measured perpen
dicular to the direction or plane of the fractures. Spacing is commonly
determined by using an arithmetic average of the measured distances;
however, this may not be the best estimate (Call, 1972).
In the rock mass model, one fracture spacing is chosen as a
unit dimension and all other fracture spacings are related to it. The
blocks thus formed by the repetitive fracture spacings in all directions
are termed "unit blocks."
Unit Blocks
In a model study, any two fracture orientations used produce a
unique shape dependent only on the orientation and spacing of the frac
tures. While the simple case is easily visualized, the addition of more
fractures does not basically complicate the problem as a unique shape is
inevitably outlined by the interrelationship of these features. The major
complicating factor introduced is the recurrence interval, which becomes
larger as the number of fracture systems increase. This unique pattern
is defined as the "unit block,"andonce the orientation and spacing are
assigned for each fracture set, the pattern is defined.
Fracture Properties
Differing fracture behaviors in a rock mass model are caused by
a number of external and internal factors. The fracture geometry, such as
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length, width, type of termination, and planarity or waviness, as well
as the filling materials can radically modify the behavior of the rock
mass. Piteau (1970) indicated that a sufficiently thick layer of fault
gouge (filling material) would cause a fracture behavior entirely depen
dent on the strength of the filling material. The length and planarity of
fractures determine whether intact rock, that is, rock substance, must
be broken to produce failure. If so, the cohesion and angle of internal
friction of the rock substance contribute to the fracture properties.
Testing the Rock Mass Model
It is important to test the behavior of the rock mass model in
relation to loading and boundary conditions to ensure that the values ob
tained are in accordance with physical conditions. Two situations pro
vide convenient observation points to compare model behavior with test
results. The first of these is the uniaxial compressive strength test
where the rock mass model values for strain parameters should converge
to the rock substance parameters as fracture properties approach rock
substance properties. The second condition

is that the values of the

rock mass elastic parameters should be subject to size degradation, that
is, the elastic modulus should become smaller and Poisson's ratio
should become larger as the rock mass increases in size. A direct re
sult of the latter feature is a decrease in rock sample strength as sample
size increases (Bieniawski, 1968; Bieniawski and Van Heerden, 1975).
The rock model analysis was based on the finite element pro
gram WILAX developed by Wilson (1963) and modified by Yu and

Attar-Hassan (1972). The WILAX program can be used for both the slope
model and rock mass models by Incorporating a joint element modifica
tion (Goodman et al., 1968).
Methods for Calculating Strain
Strain is the deformation per unit length or width (unit deforma
tion) (Coates, 1970). This is determined by dividing the change in length
(or width) between points by the distance between the points. The gen
eral relationship is
e = A//Z
where:

(1)

e = strain
Ai = change in length
I = original length.

Following engineering usage, the original length is used rather than the
instantaneous length for the strain determination.
In the fractured model, the nodal point displacements are calcu
lated by the finite element program. Two such displacements are present
for any fracture location, depending on the side of the fracture that is
examined. In Figure 1, where the strain direction is along one of the
fracture sets, the intersection of the fracture sets has four nodal point
values related to it. All of these nodal points were initially at the same
location. In terms of Figure 1, the strain equation becomes,
e = (&i + &2)/2d
where:

8>i = change in length between nodal points 1 and 8
&2 = change in length between nodal points 2 and 7

(2)

(a) Before displacement

Strain direction

(b) After displacement

-d+8i

Strain direction

-d+8r

Figure 1. Diagram of. a simple fracture set
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d = originally distance between the sets of nodal points 1 and 8
and/or 2 and 7.
The effect is the averaging of displacements for each set of nodal points
and finding the differential changes in length between the fractures.
While the above scheme is conceptually correct, the results
are inconsistent because two fractures are considered to be present
within one spacing interval. A better approach is to use a distance de
termined by using half the distance to the next fracture on each end of
the distance interval for a consistent relationship (Figure 2). This con
figuration is consistent even when the fracture spacings are unequal.
This approach gives the following expression for strain:
e = (&i + 62)/2dj

(3)

where dj is the distance between the fractures plus half the distance to
the next fracture at each end.
Since this approach is arbitrary, a variety of strain values are
possible from the same set of displacements caused by fractures dis
placing more than the rock substance. Therefore, an assumption to ex
tend the midpoints between the fractures for the distance intervals is
necessary to make different modeled fracture systems compatible.
Origination of the Test Models
A diagrammatic representation of a rock mass must fulfill two
conditions. The first condition is that a portion of the model behave in a
uniform manner to make the results independent of the boundary and load
ing conditions. A second condition, probably as important, is that the
model be small enough for expedient processing thus allowing the

( o ) Before displocement

S t r a i n direction-

(b) After displacement

Strain direction-

Figure 2. Diagram of a complex fracture set
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investigation of the numerous parametric relationships in the input data
for fracture materials. As the number of elements, represented by the
number of blocks in the model, increases so does the time required for
computer processing and data interpretation.
Because the effect of specimen size on uniaxial testing is well
documented, the model size was chosen to satisfy the normal widthheight requirements. The width-height ratio chosen was two to one or
greater. The model itself was fixed at one lower corner, allowed to move
horizontally along the base, and loaded at the top. The displacements
from nodal points within the model were reduced to strains for easier
comparison between models.
Model II was analyzed, based on equation (3), to determine the
amount of strain within various regions of the model. The basic mesh
(Figure 3) is 50 feet wide and 124 feet high, with a 4-foot end loading
section of strong, stiff fracture material to distribute the load effects
uniformly over the rest of the model. If fracture material properties are
different from rock substance properties, blocks at the loading interface
can displace unevenly, giving a nonuniform load distribution on the re
mainder of the model. The end loading section eliminates this unequal
load distribution for the remainder of the model. The two fracture sets
of this model are at 45 and 90 degrees to the direction of loading, and
the spacing within each set is 10 feet. This is the basic one-to-one unit
block spacing.
The model had a body load of 160 lb/ft^ and subsequent loads
of 400, 800, 1600, 2500, 5000, and 10,000 psi were applied at the top.
Horizontal and vertical strains were calculated for a number of regions
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Rock
Substance
Blocks

Fractures

Scale

10

Figure 3. Finite element mesh for Model II, using a 1:1 unit
block dimension with 45 and 90 degree fractures
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for each of the applied loads. The calculated values for vertical strains
are shown in Table 1 and for horizontal strains in Table 2.
Vertical Strain. Determinations of vertical strain over various
regions of the model show similar results. The longest interval tested
(between 10 and 100 feet) has, in general, smaller strains. This results
from the end effects caused by the interaction of the 45-degree fracture
set with the rigid restraint at the top of the model and the boundary con
ditions at the bottom. Considering regions near the center of the model,
the three intervals (20-100, 30-90, and 40-80 feet) give relatively uni
form results. The average from these three intervals were compared with
the values for the interval from 10-60 feet, which represents an area
where the fractures are free of end restraint. The summary is shown in
Table 3.
The average vertical strain values for the three intervals cor
relate well with values determined for the interval in which the fractures
are restrained (Table 3). The differences range from 24 percent for the
body-loaded model to 2 to 3 percent for the models with increasing addi
tional end loads. Yu and Coates (1970) indicate that a variation between
values from finite element models and photoelastic models may be up to
6 percent; therefore, an interval comparison error in the model of 2 to
3 percent is well within the accuracy of the method.
The calculated vertical strains for subsequent models are for
the region where the fractures are unrestrained by boundary and loading
conditions.
Horizontal Strain. For Model II (Figure 3), the horizontal
strains were calculated along all members of the 90-degree fracture set

Table 1. Vertical strain, Model II
Stress, psi
Interval

0

400

800

1600

2500

5000

10,000

10-110

.089 x10~ 3

.755 x10-3

1.35xl0-3

2.50x10-3

3.78x10-3

7.34xl0-3

14.4xl0-3

20-100

.101

.827

1.49

2.76

4.19

8.16

16.1

30-90

.094

.818

1.50

2.80

4.28

8.37

16.6

40-80

.083

.804

.149

2.79

4.27

8.38

16.6

Average .092

.801

1.45

2.71

4.13

8.06

15.9

10-60

.758

1.46

2.73

4.16

8.14

16.1

.122

a. Assumed middle representative value.

Table 2. Horizontal strain - Model II
Distance
from
Bottom
(ft)

Stress, psi
0

400

800

1600

2500

5000

110

.015xl0-3

.363 x10-3

.722xl0-3

1.47xl0-3

2.31x10-3

4.54xl0-3

100

.026

.490

.947

1.86

2.89

5.72

11.4

90

.040

.666

1 .32

2.66

4.16

8.32

16.6

80

.053

.706

1 .38

2.75

4.29

8.55

17.1

70

.069

.746

1 .44

2.86

4.46

8.91

19.1

60

.065

.733

1 .48

2.92

4.54

9.03

18.0

50

.133

.790

1 .50

2.95

4.58

9.12

18.2

40

.112

.747

1.37

2.31

3.98

7.79

15.4

30

.124

.735

1 .35

2.85

3.99

7.84

15.6

20

.125

.672

1 .23

2.37

3. 6 4

7.51

14.2

10

.111

.593

1 .09

2.10

3.24

6.42

12.7

10,000
9.33x10

Table 3. Vertical strain averages, Model II
Stress, psi
Interval

0

400

800

Mean

.093xl0"3

.816xl0-3

S.D.

.009

.012

10-60

.122

.758

1.46
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2

1600

2500

5000

10,000

2.78xl0-3

4.27xl0-3

8.30xl0"3

16.4xl0-3

20-100

30-90
40-88

% Dif
ference

1.48xl0-3
.006

.020
2.72

2

.046
4.16

3

.121
8.14

2

.270
16.1

2

from the bottom to the top of the model. The results are shown In Table 2.
A systematic variation is indicated; the horizontal strains increase to
ward the center of the model, become almost uniform, and then decrease
again toward the bottom of the model. The strains at the less restrained,
10-foot position in the model are larger than at the corresponding 110foot position.
Comparison of the average horizontal strains at the 50, 60,
and 70-foot levels with strains at the 60-foot level (Table 4) indicates
that strains at the 60-foot level are good estimators of the average
values for horizontal strains over the mid range of the model. As indi
cated in Table 4, the difference between the average values and the
estimator ranges from 13 percent for the body-loaded case to less than 1
percent for most of the others. The body-loaded case is anomalous be
cause the applied load is not high enough to provide or force a uniform
behavior on the fractured rock mass. The strain values, except for those
in the body-loaded case, are well represented by the estimator for the
horizontal strain at the 60-foot level in the model. Mid-range values
are used in subsequent examinations to determine horizontal strains in
the other models examined.
Results of Model Testing
The finite element program output comprises nodal point dis
placements, stresses at the element centers, and normal and tangential
stresses on the fractures. Because the purpose of the study was to ex
amine the overall behavior of the sample , the derived parameters , hori
zontal strain, vertical strain, deformation modulus (5/e v ), and Poisson

Table 4. Horizontal strain averages, Model II
Distance
from
Bottom
(ft)

Stress, psi
0

400

800

1600

2500

5000

10,000

Mean

.096xl0~3

.770xl0"3

1.47xl0"3

2.91xl0-3

4.53xl0-3

9.02xl0-3

18.4xl0-3

S.D.

.033

.022

.085

.773

50
60
70

60
% Dif
ference

13

<1

.030
1.48

<.1

.043

.059

.105

2.92

4.54

9.03

<T1

<1

<^1

.580
18.0

2
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factor (eh/e v ), were analyzed. The effects of changing fracture proper
ties, fracture orientations, and unit block size were evaluated.
Parameters
The deformation modulus and Poisson factor investigate the re
lationships between loading, fracture orientation and stiffness, and unit
block dimensions. Fracture orientations and spacings are given in Table
5; a one-to-one unit block configuration was used.
Horizontal and Vertical Strains. Horizontal and vertical strains
were first determined. The horizontal strain (e^) was determined perpen
dicular to the body-loading direction or the applied load. The vertical
strain (e v ) was determined parallel to the loading direction. These
strains were determined over a modeling region where the fracture sets
were not hindered by the end constraints. This modeling region produced
constant strains within the accuracy of the technique. These strains
were calculated from the rock mass model displacements and were used
to derive the deformation modulus and the Poisson factor.
Deformation Modulus. The deformation modulus is defined by
Coates (1970, p. 1-3) as "... the ratio of normal stress to normal strain
for a particular material where the increase in strain is caused by the
increase in stress." In the rock mass model, the term "deformation
modulus" (E) rather than the elastic modulus or Young's modulus is used
because stress and strain do not follow a linear elastic relationship ac
cording to Hooke's law. This modulus is calculated by dividing the ap
plied stress (6) by the vertical strain (e v ), or
E

=

C/6y .
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Table 5. Fracture model configurations
Model No.

Fracture Orientation

Fracture Spacing

I

45

Single fracture
continuous across
model

II

45-90

1:1

III

60-90

1:1

IV

30-90

1:1

V

0-90

1:1

VI

75-90

1:1

VII

37.5-90

1:1

VIII

37.5-90

1:1

26

Poisson Factor. Chappel (1974) and Walsh (1965) refer to a
Poisson's ratio-type parameter as the "effective Poisson's ratio." The
analogous relationship between horizontal and vertical strain in the rock
mass model is defined as the Poisson factor (P),
P =

e h/ £ v

It should be noted that P is the capital Greek rho.
The use of this relationship between horizontal and vertical
strain has a limited range (Love, 1927). Brace (1965) indicates that
neither the axial strain (e v ) nor the lateral strain (e^) are proportional
to the stress in some rock materials, such as the Westerly Granite.
Furthermore he believes that the examination of an "effective" Poisson's
ratio depends on the incremental examination of the strain relationships
at one location. His argument that no loss in generality is incurred by
t

proceeding from incremental strains to the complete body strains by
integration is not generally true for the rock mass models examined.
The strains occur as step functions, which must be integrated to find
the model strains in the incremental approach, and are not continuous
across the fractures.
In the Poisson factor determination, the ratio of the horizontal
strain to vertical strain over a uniformly behaving rock mass model re
gion makes the integration unnecessary. The Poisson factor describes
the horizontal-to-vertical strain relationship caused by a load increment.
Graphically, the Poisson factor—load increment plot indicates the model
behavior in directions transverse to the loading direction.

Deformation Modulus Analysis
The model deformation modulus can be degraded from near the
elastic modulus values used for the rock substance to less than a tenth
of these values. The deformation modulus variations are systematically
related to the orientation of the fractures and to the applied load (Fig
ure 4). The changes are further related to the applied loads in the fol
lowing way: As the load for any fracture orientation increases, so does
the value of the deformation modulus until at some point in the loading
the deformation modulus becomes almost asymptotic to a limiting value.
This is shown in Figure 4 for the fracture set at 60 and 90 degrees to
the load. From a load of 400 psi to one of 2500 psi, the modulus in
creases from 6.32 x 105 to 10.18 x 105 psi. A further increase in load
to 10,000 psi gives an increase to only 10.99 x 10^ psi. Similar trends
are present in all fracture orientations, a rapid increase in deformation
modulus at low loads followed by an approach to an asymptotic value at
higher loads.
A second factor is the behavior of fracture materials. The
strengths of the fracture materials radically affect the deformation mod
ulus. The deformation modulus increases systematically with higher
strength values. The systematic variation for a 45-degree single frac
ture model is shown in Figure 5. The lower curve represents fracture
material with a low strength value. The second curve represents frac
ture material of medium strength for which the cohesion is increased
f r o m 1 4 t o 5 0 p s i , t h e t a n g e n t i a l s t i f f n e s s (K-t) f r o m 2 . 5 x 1 0 ^ t o 2 . 0 x
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60-i

o
E
20-

60°

1037.5°
30°

2.3

7.5

Stress (psi x 10 3 )
All models have two fractures, one at 90° to the loading and the
other at the indicated angle.

Figure 4. Effect of stress and fracture orientation on deforma
tion modulus

29
Rock substance properties
Eg = 5 x I0 6 psi
Ef = 3.8 x 10® psi
Poisson's ratio =0.25
75

Fracture material properties

= 30°

» 50-

? racture

K,

s

2.0 x I0 5 psi

r racture

*

material properties

material properties

= 30°

Stress (psi x I0 3 )

Figure 5. Effect of physical properties of fracture materials and
stress on the deformation modulus for a 45-degree single fracture model
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10$ psi and the normal stiffness (Kn) from 5.0 x 10$ to 5.5 x 10 5 psi.
The results of these changes, as indicated in Figure 5, are systematic,
approximately 8 times increase in the deformation modulus.
A further increase to make the normal stiffness and tangential
stiffness the same as the rock substance elastic modulus at 5.0 x 10^
psi for both tension and compression gives the upper curve in Figure 5.
The test model produces deformation moduli that approach the values
initially used for the rock substance as the fracture stiffness ap
proaches the rock substance stiffness.
This rock mass model indicates a systematic variation in the
deformation modulus caused by fracture orientation. Fracture orienta
tions at small angles to the loading direction degrade the deformation
modulus the most from the rock substance modulus. Fracture orienta
tions at large angles to the loading direction give values closer to the
rock substance modulus. The model deformation modulus approaches
the rock substance elastic modulus when the angle between the fractures
and loading direction is 90 degrees.
The fracture strength parameters control the deformation modu
lus. An increase in fracture strength parameters causes a corresponding
increase in the model deformation modulus. When the fracture properties
are similar to the rock substance properties, the deformation modulus
approaches the elastic modulus.
Variations in the fracture-related deformation modulus are a
results of two factors: the orientation and properties of the fractures. A
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rock mass model must take both factors Into account because of the interre latlonships pre sent.
Poisson Factor Analysis
As with the deformation modulus, values for the Poisson factor
vary systematically with fracture orientation, but the variation is more
complex because a cyclical maximum related to the maximum stress
direction in the rock mass model is superimposed on load effects.
For the series of models, the maximum Poisson factor values
due to orientation is around 37 degrees (Figure 6). The size of the Pois
son factor then decreases in both direction related to the fracture orien
tations . This illustrates the systematic variation of the Poisson factor
with orientations at a constant stress.
Figure 7 shows the effect of stress on the Poisson factor. As
the stress increases, so does the Poisson factor. This increase is at
first rapid, then asymptotic to some terminal value. The 45-degree
curve in Figure 7 shows the general form of the curves. From 0 to 1600
psi stress, the Poisson factor increases from 0.186 to 0.878, while an
additional increase to 10,000 psi stress, the further increase is only to
0.908, indicating an asymptotic approach to the end value.
As shown in Figure 7, the Poisson factors range from a high
produce d b y t h e 3 7 . 5 - d e g r e e f r a c t u r e s e t t o a l o w p r o d u c e d b y t h e 9 0 degree fracture set. The latter value approaches the value of the Pois
son's ratio of 0.25 for the rock substance. The overlapping of the
intermediate values, for example, the 45, 30, 75, and 60-degree frac
ture orientations, is caused by the variations illustrated in Figure 6

.9-

1600 psi stress level

.6-

.3-

30

45

60

Fracture angle from load (degrees)

Figure 6. Effect of fracture orientation on Poisson factor
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90
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«
a

.6-

e
<n
«

o

£

.4-

90°

2.3

All models have two fractures, one at 90° to the loading and the
other at the indicated angle.

Figure 7. Effect of stress and fracture orientation on Poisson
factor
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where the maximum Poisson factors are related to the 37.5-degree frac
ture set, and the values for fracture sets on each side become smaller
around this mid-range maximum.
The fracture strength parameters modify the Poisson factors by
increasing their value as the strength parameters become lower. Figure 8
indicates that as the fracture strength parameters change from low, rep
resented by the top curve, to intermediate, and then to high in the lower
curve, the rock mass model's Poisson factor approaches the rock sub
stance Poisson's ratio.
Correlations between Model Test Results
and Physical Tests Results
Triaxial tests by Donath (1961) of the Martinsburg Slate show
a systematic variation of breaking strength as related to the inclination
of cleavage to the applied load. A graphic depiction of these tests are
shown in Figure 9.
The rock mass model exhibits a similar systematic relationship
of strains as a result of orientation of the fractures. Strain-fracture
angle graphs are presented for loads of 2500 and 10,000 psi in Figure 10.
The strains are greatest in the 30-40-degree to loading direction where
D o n a t h i n d i c a t e s t h e m i n i m u m s t r e n g t h o cc u r s f o r t h e M a r t i n s b u r g S l a t e .
Strain is inversely related to the ultimate strength of a rock, a
rock will fail or have failure caused by a given amount of strain. The
amount of strain is a direct measure of the strength of a rock. The ori
entation direction that gives the larger strains will have the lower
strengths.
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Figure 8. Effect of physical properties of fracture material
and stress on Poisson factor
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Figure 9. Relationship between breaking strength and incli
nation of cleavage for the Martinsburg Slate—From Donath (1961)
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Figure 10. Effect of size of angle between load and fracture plane on horizontal
and vertical strains
CO

A good correlation is shown between Donath's results (Figure 9)
and results from the rock mass model (Figure 10). The maximum strain
orientation directions produce the lowest breaking strengths.

CHAPTER 3

PIT SLOPE TEST MODEL
Pit slope models were constructed for the Pikwe open-pit mine
from which Bamangwato Concessions Ltd. is mining and processing
copper-nickel sulfide. The mine is located near Francistown in eastern
Botswana near both Rhodesia and South Africa.
Geology and Physical Properties
of the Pit Area
Regional Geology
The Pikwe open-pit mine is in an area of Precambrian metasediments termed the Messian Formation by Haughton (1969). He originally
described the formation in the Messina region of South Africa and later
extended it to exposures of similar rock types in eastern Botswana. The
structural pattern of the region is dominated by the Limpopo orogenic
belt, as indicated in Figure 11 (Hickman and Wakefield, 1975). The
mine area rocks are representative of the central core of the orogenic
belt. The general location of the mine is shown on Figure 11.
The regional structural sequence and rock descriptions as shown
by Hickman and Wakefield (1975) are given in Table 6. The anorthosites
and copper-nickel sulfides were intruded into the preexisting sedimentary
host rocks prior to the earliest deformations, according to Hickman and
Wakefield.
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TECTONIC IMPLICATIONS OF NEW GEOCHRONOLOGIC DATA, SOUTHERN AFRICA
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Figure 11. Limpopo orogenic belt--Adapted from Cox et al. (1965) by Hickman and
Wakefield (1975)
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Table 6. The Pikwe succession—From Hickman and Wakefield (1975,
p. 1470)
Unit

Name

10

Upper metasedimentary group

Calcite-dolomite marble and im
pure quartzite with minor pelite,
ironstone, and amphibolite
horizons

9

Pelitic schist

Cordierite -s illimanite -garnetbearing biotite schist with local
gneissic intercalations

8

Diopside amphibolite

Banded diopside-hornblende am
phibolite with hornblende gneiss
and garnetiferous amphibolite

7

Biotite and hornblende gneiss

Variously migmatized gray gneiss
with local sillimanite-bearing
horizons

6

Ore horizon

Host amphibolite with pyrrhotite,
chalcopyrite, pentlandite, and
magnetite

5

Banded pink gneiss

Migmatitic granitoid gneiss with
subordinate gray gneiss and thin
horizons of cordierite-sillmanitebiotite gneiss

4

Hornblende gneiss and am
phibolite

Gradational contact with unit 5 as
hornblende content increases

3

Anorthositic gneiss

2

Quartzofeldspathic gneiss

Quartz-rich, pink banded gneiss

1

"Basement" granite gneiss

Homogeneous pink, locally porphyroblastic granite gneiss

Description
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The first recognizable deformational event is the regional
gneissic foliation, which is for the most part parallel to the composi
tional layering in the rocks. A series of deformations are described by
Hickman and Wakefield (1975) consisting of intrusive rocks, structural
deformations, and other features. The timing and relationship of the
various structural events are shown in Table 7. The refolding of pre
viously folded features and the foliation jointing are the primary mani
festations of the deformation in the mine area.

Table 7. Summary of structural, metamorphic, and intrusive events —
From Hickman and Wakefield (1975, p. 1470)
Intrusive Rocks

Structure
D3b
Cataclastic deformation,
Lethakane shear zone

Metamorphism
Amphibolite to low
greenschist facies

D3a
Major folds trending
northeast

Amphibolite facies

D2b
Flat-lying cataclastic
foliation

Amphibolite facies

D2a
Northeast-facing
recumbent folds

Upper amphibolite
facies, local anatexis

?D2a
Minor shear zones
Majante dikes
Monachane granite
(syn-Dl to postDl)

D1
Development of regional
gneissic foliation and
lineation, major trend
?north-northea st

Interme diate -pre s sure
granulite facies,
770°C, 7.6 kb

Rock Types in the Mine Area
Four general rock types are present in the open pit. These cor
respond to units 4, 5, 6, and 7 of Table 6. Gordon (1972) in his unpub
lished company report indicates the general thickness and composition of
the mine area. The rock-unit descriptions and thicknesses are listed in
Table 8, which compares the generalized rock units used in the finite
element pit slope model with those described by Hickman and Wakefield
(1975) and shows the rock sequence described by Gordon. His detailed
description follows.
Quartzo-feldspathic gneisses.
A thick succession of gneisses which vary slightly in
mineral content and habit. The gneisses form the entire
hangingwall succession and also the immediate footwall of
the orebody. The rock type forms a good competent mining
ground that will not decompose rapidly on exposure.
Ore body/host Amphibolite.
The amphibolite host can be divided into two parts, a
coarse-grained amphibolite and a schistose feldspathic am
phibolite, both form good mining ground, but the latter va
riety, on exposure will decompose more rapidly.
Mineralisation is for the most part confined to the
coarse-grained amphibolite in the form of disseminations
and irregular blebs of sulphides with no well defined concen
trations. Zones of massive sulphides, however, have been
noted, mainly towards the southern limits of the pit, where
they tend to concentrate at or near the hangingwall contact.
Footwall Amphibolite.
This rock type is similar to the host amphibolite but is
generally more schistose and contains more quartz and biotite. Narrow intercalated biotite rich bands between 1 cm
and 15 cm thick and in places up to 0.5 metres, are common
in this horizon. On exposure these bands decompose rapidly
becoming friable and talcose, and near surface results in bad
mining ground.
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Table 8. Comparison of descriptions of Pikwe rock units
Bomangwato Concessions Ltd.
(Gordon, 1972)
Generalized
Description
Hanging-wall
gneiss

Description

Thick
ness

Hickman and
Wakefield's (1975)
unit

Quartzo-feldspathic gneiss
i. Grey gneiss

210 m

ii. Pink gneiss

100 m

iii. Hanging-wall grey
gneiss

20 m

Ore

Orebody/schist amphibolite

14 m

Amphibolite

Footwall grey quartzofeldspathic gneiss

12 m

5

Footwall amphibolite

20

4
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In open pit mining this horizon is likely to form bad
ground as down dip movement can be expected along the
biotite rich bands.
Structural Domains
The ore divides the mine area rock sequence into two distinct
structural domains: a footwall domain with three basic fracture direc
tions and a hanging-wall domain with four fracture directions. The frac
ture sets change in orientation and intensity across the more massive
rocks in the sulfide zone that makes up the ore horizon.
A generalizing assumption is made for the finite element pit
slope model that the hanging-wall and footwall structural domains ex
tend a sufficient distance from the ore zone and pit walls to eliminate
the model boundary effects on displacement results at the edge of the pit.
Fractures
The Bomangwato Concessions Ltd. geologic staff at Pikwe sam
pled fractures at a number of individual locations in the pit. A study of
the collected data shows that the two major structural domains are sep
arated by the ore and that they consist of a hanging-wall and a footwall
domain. The footwall domain has three significant fracture set orienta
tions and the hanging-wall domain four fracture set orientations. The
gross geologic change across the ore zone supports the differentiation
of the structural domains (Table 9).
Orientation. The data from each of the two structural domains
were processed individually. Schmidt equal-area diagrams (lower hemi
sphere stereographic plots) for each structural domain were used to de
termine the modal center and dispersion for each fracture set. A criterion
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Table 9. Modal orientations for Pikwe fracture sets
Structural
Domain
Hanging wall

Footwall

Fracture Set

Modal Strike

Modal Dip

foliation

N-S

50° W

45°

N 30° E

40° SE

flat

N-S

10° E

N-S

N 20° E

78° SE

foliation

N 10° W
range

50° W

N 10° E
N-Sb

N 140 E

vertical

flat +450

N-S

10° E
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based on the larger percent peak values of the stereographic projections
was used as a guide to determine the principal fracture sets.
Several methods are available to estimate the central tendency
or average values for the dip and strike of a fracture set. Either arith
metic averages of orientation features, vector addition, or area consider
ations can be used to determine a representative value for strikes and
dips.
The averaging and vector addition methods are greatly influenced
by outlier values and place a large emphasis on accurately selecting the
fracture set boundaries. Modal estimation methods or area methods are
less influenced by outlier features and are thus more representative of
the fracture population with limited numbers of fracture measurements.
Fracture set modal strikes and dips are used in the rock mass models for
each of the structural domains as the best estimate of fracture set orien
tations .
The pit cross section (28S) analyzed is perpendicular to the
foliation strike at the cross-section location. The other, nonperpendicular fracture sets are adjusted to give the fracture dips in the plane of the
section. The fracture set adjusted dips are indicated in Table 10; these
dips were used for the construction of the rock mass models.
Spacing. During collection of the field data, three fracturespacing measures were determined for each fracture measured at the
chosen location. The maximum and minimum spacings were measured in
meters, and the model spacing was measured as the number of fractures
per meter. An examination of the three fracture-spacing measurements
indicate that the modal values more closely resemble the fracture set

Table 10. Adjusted dips of fractures in the plane of cross section 28S,
Pikwe pit
Structural Domain

Fracture Set

Hanging wall

foliation

50° W

450

240 E

flat

10O E

N-S

58° E

foliation

50O W

N-Sb

87° E

flat + 45°

10°E

Footwall

Dip in plane of section 28S

character as determined from field and photographic examination than did
either the minimum or maximum spacing measurements.
The histogram shown in Figure 12 is a representative example
of the fracture set spacing distributions. Either an exponential or lognormal distribution can be employed to approximate this histogram.
Because the fracture-spacing data were collected at discrete
locations in the pit, they represent a limited sample of the fracture popu
lation in each of the pit's structural domains. In Figure 13, an "or great
er than" cumulative frequency diagram for the hanging-wall foliation
fracture spacing is compared with an exponential least squares curve
fit of the form:
y = a e^ x

(a > 0).

This curve fit equation can be linearized into the form,

10-1

0.1

Q2

0.3

"3T

0.5

-~i

0.6

Spacing (m) of foliation fractures

Figure 12. Histogram for spacing of the hanging-wall foliation
fractures

to
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"or greater than" cumulative fracture frequency

Fitted exponential curve
* Y s 40.742e" 3,041

0.1
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—r-t—
04
02
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Spacing (m) of foliation fractures

0.5

—I

0.6

Figure 13. "Or greater than" cumulative frequency distribution and fitted
exponential curves for spacing of hanging-wall foliation fractures

In y = In a + bx.
The calculated exponential curve is a reasonable representation of the
data for mid-range values, but in two areas the theoretical curve pre
dictions are of concern: the end of the curve where "zero" fracture
spacing is present, and the end of the curve representing very large or
infinite spacing.
The two situations are not easily resolved; therefore, a natural
log transformation was used on the data to normalize the fracture spacing
histogram. The natural log transformation for the hanging-wall foliation
is shown in the histogram in Figure 14.

—*"•

The log transformation produces a more nearly normal distribu
tion than originally existed. By using the log mean as the best estimate
of the mean and relating the sample standard deviation (SDs) to the popu
lation standard deviation (SDp) by the following relationship,
SD s = SDp/fN) 1 / 2
where N is the sample size (Spiegel, 1961; Hogg and Craig, 1972), the
population standard deviation is generated by multiplying the sample
mean by the square root of the sample size. Population parameters for
the Pikwe fracture sets generated by this method are shown in Table 11.
Physical Properties of Rock Substance
The physical properties of the rock substance were determined
for the footwall gneiss, amphibolite, ore, and hanging-wall gneiss in
the rock mechanics laboratory in the Department of Mining and Geolog
ical Engineering of The University of Arizona (Abel, 1974).
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Figure 14. Histogram for spacing of the hanging-wall foliation fractures
after logarithmic transformation
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Table 11. Sample and population parameters for Pikv/e fracture sets
Structural
Domain

Fracture
Set

Log of
Mean

Mean
(m)

Sample Standard
Deviation

Population Standard
Deviation

Hanging wall

foliation

-2.08

.12

0.55

2.39

45°

-1.04

.35

0.38

1.70

flat

-0.95

.39

0.45

1.73

N-S

-0.93

.39

0.49

1.76

foliation

-2.20

.11

0.51

2.41

N-Sb

-1.00

.73

0.73

2.03

flat + 45°

-1.34

.26

0.36

1.83

Foot wall
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Elastic Modulus and Poisson's Ratio. Elastic modulus and
Poisson's ratio were determined over a range of stress levels using a
standardized uniaxial testing procedure. Typical stress-strain and
strain-strain curves for each rock type at the Pikwe pit are shown in
Figures 15 through 18. The curves for the footwall gneiss, ore, and
hanging-wall gneiss indicate elastic behavior in stress-level ranges up
to 15,000-20,000 psi. The amphibolite curve, however, indicates nonelastic behavior at lower stress levels. Even forthatrock type the stresslevel range of linear behavior is up to 5000-6000 psi, which is above the
gravity-induced stresses caused by excavation of the pit. The elastic
modulus and Poisson's ratio values obtained from the uniaxial test are
listed in Table 12 and summarized in Table 13.
Since the elastic moduli in tension are not available for these
rocks, an elastic tension modulus of 1/20 of the elastic modulus deter
mined by compressive methods was used. Rocks are weaker in tension
than in compression, which reflects the differences between discrete
parts of rock in strength and elastic behavior for the two different load
ing methods.
Specific Gravity. As the size of the layers examined in a meta
morphosed sequence of sedimentary rock become smaller, mineralogical
differences will cause a marked difference in density between layers.
In gross considerations, such as those encountered in a moderate-size
open pit, the overall rock density will approach a reasonable constant
value unless a change occurs in rock type.
The density of the footwall gneiss, amphibolite, and hangingwall gneiss (waste materials) as determined from field measurements is
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Table 12. Elastic moduli and Pois son's ratios for Pikwe rocks—After
Abel (1974)
Tests made at low stress levels (0 to 20,000 psi).

Rock Type
Foot wall gneiss

Amphibolite

Ore

Hanging-wall
gneiss

Specimen
No.

Elastic Modulus

Pois son's Ratio

98

17.50 x 106 psi

0.175

109

28.69

.123

113

8.90

.182

114

.117

17

20.17
43.21

1

9.38

.106

3

18.97

.133

14

19.83

.189

8

5.17

20

17.33

.196

131

12.33

.202

133

11.72

.160

136

12.21

.204

139

12.56

.230

27

16.51

.175

31

16.74

.151

57

14.34

.194

63

22.36

.210

67

21.08

.212

71

13.14

.175

.156

Table 13. Summary of elastic moduli and Poisson's ratios for Pikwe rocks
Elastic Modulus
Compression

Tension

Poisson's Ratio

Foot wall gneiss

1.88 x 10? psi

9.38 x 105 psi

0.149

Amphibolite

0.91 x 10? psi

4.58 x 105 psi

0.179

Ore

1.22 x 10? psi

6.10 x 10^ psi

0.199

Hanging-wall
gneiss

1.72 x 10? psi

8.60 x 105 l s i

0.186
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168 lb/ft3 (sp.g. 2.7). The density of the ore, a massive sulfide, based
on the same type of field measurements, is 221 lb/ft^ (sp.g. 3.55).
Physical Properties of Fractures
Rock specimens from the Pikwe pit were tested on the direct
shear machine in the Department of Civil Engineering at the University
of California, Berkeley (Perdicaris and Heuze, 1974). This machine per
mits shearing of samples of moderate size with measurements of joint
water pressure (Goodman et al, 1968; Goodman and Oshnishi, 1973).
Eight Pikwe samples were tested with test areas from 9 to 18.5
square inches. The footwall gneiss samples were collected underground
below the surface weathering zone from near section 28S. Sliding charac
teristics of the footwall gneiss samples are typical of the fracture zones
in the major rock types.
Normal joint stresses from 50 to 850 psi were applied to the
samples, and the shearing stresses required to produce failure were from
30 to 1500 psi. Peak and residual values for cohesion and angle of sur
face friction were determined.
Fracture physical property parameters used in a rock mass
property analysis are tangential stiffness (K^), normal stiffness (Kn),
angle of surface friction 0$, and cohesion (c) of the fractures. The set
of properties, which are described below, constitute a necessary and
sufficient description to allow a prediction of the "potential" behavior
underload (Goodman e t a1 . , 1968; Goodman, 1970).
Tangential stiffness (K^) is the behavior of the fracture along
the joint element caused by fracture roughness, asperities, and filling
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materials. Normal stiffness (Kn) is the behavior caused by fracture clos
ing. Fracture shear strength is defined by cohesion (c) and angle of
surface friction (?0 of fracture-filling materials or rock products produced
by movements along the sliding surfaces.
The use of generalized parameters (Goodman et al., 1968) is
useful when no physical test results are available. However, when ap
plicable values are developed from physical testing these should be
incorporated into the analysis.
The direct shear test results (Perdicaris and Heuze, 1974) give
values for tangential stiffness (fy) and angle of surface friction feO and
allows the determination of normal stiffness (Kn) and cohesion (c) from
the test data. The rock material tested was a biotite schist with the
layering characteristics representing the foliation fracture direction in
the footwall gneiss. Test results were obtained under both dry and wet
conditions. The Pikwe open-pit slope is drained by underground mining
and by the advance of the open pit. For the tangential and normal stiff
ness calculations the dry test results were used to approximate the field
conditions of the rocks. The average normal stiffness (Kn) determined
w a s 1 . 6 1 x 1 0 ^ p s i a n d t h e t a n g e n t i a l s t i f f n e s s (Kt) w a s 2 . 3 7 x 1 0 ^ p s i .
Because the open-pit slope under study had been constructed
by normal open-pit mining and blasting practices with no special care to
protect the rock, ground vibrations had probably destroyed initial peak
values for angle of surface friction (g0 along the fracture surfaces near
the open-pit slope. The near-pit field conditions were approximated by
using the averages of the residual angles of surface friction from all the
direct shear tests. The angle thus determined was 23.5 degrees.
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Fracture cohesion (c) was calculated, using the Mohr-Coulomb
relationship, from normal stress, shearing stress, and angle of internal
friction. Inconsistent results, that is, negative cohesion caused by the
direct shear machine design, were set equal to 0.0 before averaging.
The cohesion was found to be 0.41 psi.
Values for the parameters obtained from fracture physical tests
are tabulated in Table 14. The upper range for normal stiffness (Kn),
angle of surface friction (ff), and cohesion (c) are provided from tests
run independently on triaxial tests as shown in Table 15. As can be ob
served, the intact rock values are larger than those determined by the
direct shear method.
Normal stiffness can only approach the elastic modulus of the
intact rock. Values in Table 15 indicate that the average value for these
rocks (exclusive of the ore) is 42 degrees for the angle of internal fric
tion and 4,100 psi for cohesion, with both values appreciably above the
= 23.5° and c = 0.41 psi determined by the direct shear tests. These
values are consistent because the triaxial tests indicate the rock sub
stance strength by breaking through intact rock, while the direct shear
tests slide along existing or incipient breaks and result in a lower co
hesion and smaller angle of surface friction.
Development of Models
The approach to the overall pit slope finite element model was
by three stages because of the almost impossible task of measuring the
entire fracture and fault population in an open-pit-size area. The first
stage defined the rock substance properties, the fracture orientations,
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Table 14. Fracture stiffness and strength parameters for footwall gneiss
as determined from direct shear tests parallel to foliation

Tangential Stiffness
(Kt)

Normal Stiffness
(Kn)

Angle of
Surface
Friction
OzO

2 . 3 7 x 1()3 p s i

1.61 x 10^ psi

23.5°

Cohesion
(c)
0.41 psi

Table 15. Cohesion and angle of internal friction as determined by triaxial tests on Pikwe rocks—Modified from Abel (1974)

Rock Type

Cohesion
(c)

Angle of Internal
Friction

Footwall gneiss

4200 psi

47°

Amphibolite

3530

31

Ore

3160

50

Hanging-wall gneiss

4560

48

65

and the geometric configuration of the open pit. The second stage de
rived the elastic properties for the rock mass from small-scale rock mass
models using laboratory test data. The final, or third, stage used the de
rived parameters in a finite element slope model to estimate pit slope
displacements.
Rock Mass Models
Two series of models were developed to reflect the two struc
tural domains in the open-pit area. The generalized rock sequence of
hanging-wall gneiss, ore, amphibolite, and footwall gneiss is divided
by the ore into separate structural domains. The ore is considered as
part of the footwall domain, but the fractures are in general not as well
developed because of the massive character of this copper-nickel sul
fide material.
Comparison of Average and Randomly Generated Spacinqs. The
two methods of determining the spacing, the average of the fracture
spacings and the random sampling of the generated fracture distribution,
were compared by preparing rock mass models using the fracture spac
ings determined by each method. The methods described in Chapter 2
were used to find the deformation modulus and Poisson factor for both
the average and randomly sampled distribution spacing models.
The randomly sampled distribution spacing model yielded con
sistently higher values for both the deformation modulus and the Poisson
factor. The randomly generated spacing model was stiffer and indicated
a greater lateral deformability than the average spacing model. The re
sults of the comparison are shown on Figures 19 and 20. A low-loading
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Figure 19. Effect of stress on deformation modulus for footwall models
using an average fracture spacing and a randomly sampled fracture spacing
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Figure 20. Effect of stress on Poisson factor for footwall models using
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range for the models was used to simulate stress levels developed by
the 400-foot depth of the open pit.
The average fracture set spacing was determined by averaging
all spacing values in the set. The average values thus obtained were
used to construct the model shown in Figure 21.
For the randomly sampled distribution spacing model, the in
dividual fracture sets were normalized by a log transformation. The
mean of the sample and the sample standard deviation were then used to
find the population standard deviation (Table 11). Furthermore, Hogg
and Craig (1972) state that it is interesting to note that jix

=

^ anc*

= <j2/n whether the sample is or is not from a normal distribution.
The notation is as follows:

jjjj

is the sample mean;

is the population

mean; <5^2 i S the sample variance, G is the population variance; and
n is the sample size. The sample mean approaches the population mean
for large sample sizes; in all cases (of a normal distribution) the sample
mean is a best estimate of the population mean. The population mean
and standard deviation define the distribution of the fracture set popula
tion.
A random access scheme was used to select spacing values
from the fracture distributions of each set. Model B was constructed by
randomly sampling the fracture set distributions of the footwall domain
and is shown in Figure 22.
Discussion of Results. The strains parallel to loading are
termed longitudinal strains and those perpendicular to loading are termed
lateral strains. The longitudinal strains for Models A and B are shown in
Figure 23 and the lateral strains in Figure 24. Model A, the average
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spacing model, has larger strains than Model B, the randomly generated
model, in both examples.
The deformation modulus and Poisson factor for both models are
shown in Figures 19 and 20. Model A has a systematically lower defor
mation modulus than Model B. This is true for all ranges of loading used
for the mode 1 study.
The displacements in the two models are affected by the shape
and regularity of the blocks. Model A produces regularly shaped, sys
tematic patterns that give lower deformation moduli and Poisson factors.
Apparently the irregularly shaped blocks in Model B wedge against each
other and thus cause the observed higher deformation moduli and Poisson
factors even though the fractures in both models are continuous.
Adjustments Necessary to Determine Rock Mass Parameters .
The rock substance properties and fracture properties determined earlier
were used in the rock mass models for the footwall and hanging-wall rock
types. Model B (Figure 22), the footwall randomly generated model, was
used for the footwall gneiss, amphibolite, and ore. Model C (Figure 25),
the hanging-wall randomly generated model, was used for the hangingwall gneiss.
Rock substance properties from Table 13 were used in the rock
mass models, and the fracture properties from Table 14 were used for all
fractures to model the footwall gneiss, amphibolite, and hanging-wall
gneiss. The ore is not as fractured as the other rock types, with hand
specimens and tested samples showing numerous rehealed and recemented
breaks. Therefore, the ore foliation reflects the more massive nature of
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the ore. The tangential and normal stiffnesses were increased by 50 per
cent to provide additional strength.
The angle of surface friction (jzO for the ore foliation fractures
was set equal to the angle of internal friction determined by the triaxial
testing (Table 15). The cohesion (c) was set equal to the intact rock
cohesion determined in the triaxial tests (Table 15). The revised values
used for the ore are: normal stiffness (Kn) is 2.42 x 10$ psi; tangential
stiffness (Kj.) is 3.56 x 10^ psi; the angle of surface friction feO is 50.0
degrees; and cohesion (c) is 3.16 x 10^ psi.
The fracture set, along the foliation direction, was thereby ad
justed to behave like the rock substance. The other two fracture sets in
the ore remained unchanged and thus responded in the same manner as
the normal fracture sets in the footwall rock types.
Rock Mass Modeling. The rock mass finite element program
was run for each of the four rock types with the rock substance and frac
ture properties as determined for each of the rock materials. The plane
strain rock mass models have both vertical and horizontal symmetry
planes through the geometric center of the model. The vertical symmetry
plane contains points that move only vertically, and the horizontal sym
metry plane contains points that move only horizontally. The geometric
center of the model at the intersection of the symmetry planes does not
move and can be represented by a fixed nodal point in the finite element
mesh. To decrease the computer processing time, the quarter-size model
outlined by the vertical and horizontal symmetry planes was used be
cause it duplicates the response of the larger model. Thus the nodal
points along the vertical symmetry plane are allowed to displace
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vertically and the nodal points along the horizontal symmetry plane are
allowed to displace horizontally in the rock mass model. A stiff material
was used to distribute the load uniformly across the top of the model and
is analogous to the steel platen used in physical testing of rock.
The finite element program including joints (Goodman et al.,
1968) required two iterations to ensure correct responses. The randomly
sampled fracture population models were used in modeling the rock mass
because the geometric configurations are analogous to the fractures in
the field. Model dimensions and sizes are given in Table 16.
Table 16. Geometry of rock mass models from randomly selected fracture
spacings

Model

Structural
Domain

Number of
Fracture
Sets

B

Footwall

3

200

420

Footwall gneiss
Amphibolite
Ore

C

Hanging wall

4

200

410

Hanging-wall gneiss

Width Height
(cm)
(cm)

Rock Units
Tested

Determination of Deformation Modulus. The deformation moduli
for the four rock types were determined from the displacements produced
by the finite element rock mass models. Longitudinal strains parallel to
the loading directions and lateral strains perpendicular to the loading
directions were determined from displacements occurring over uniformly
behaving model regions. The methods described in Chapter 2 were used
to find both the uniformly behaving regions and to determine the strains.
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The models were step loaded, permitting displacement values
to be calculated at discrete stress levels. The strains for each loading
increment were determined, and these values and the related stresses
are shown in Table 17.
The incremental deformation moduli were then calculated by the
formula, deformation modulus equals the stress change divided by the
longitudinal strain change for each stress increment. The results of the
calculations of these incrementally determined values are shown in Table
18. The deformation modulus of all rock types tested increased as the
stress level increases.
An examination of the incremental deformation moduli given in
Table 18 indicate a difficulty in choosing a modulus value to represent
the rock over the ranges of stress conditions in a field test model. Since
the deformation modulus is the slope of the stress—longitudinal strain
curve, stress was plotted against longitudinal strain for each of the rock
types. These curves are shown on Figure 26.
The least squares fit regression lines were calculated for each
of the stress—stress and strain—strain plots. The slope of the line is
the deformation modulus. Examination of the coefficient of determination
(r^), which measures the goodness of fit of the line to the data, indicates
a very good fit with values from 0.91 for the footwall gneiss to very near
ly one for the ore. The interpretation of the coefficient of determination
is that a value of 0 shows no correlation, while a value of 1 indicates a
perfect fit.
Deformation moduli determined for the four rock mass materials
to a reasonable number of significant figures are shown in Table 19. The

Table 17. Longitudinal strains from associated stresses in rock mass models
Stress, psi
Model
Number
B

C

0

50

100

200

500

Footwall gneiss

1.047 x10~3

1.142 x10~3

1.142 x10~3

1.171x10~3

2.171x10~3

Amphibolite

1.035

1.136

1.087

1.431

2.224

Ore

0.696

0.788

0.885

1.062

1.676

Hanging-wall
gneiss

0.988

1.126

1.146

1.349

2.020

Rock Type

Table 18. Deformation modulus determined at various stress levels in rock mass models
Deformation Modulus, psi
Stress
(psi)

Footwall Gneiss

Amphibolite

0

0

0

0

4.378 x 104

4.401 x 104

6.345 x 104

4.440 x 104

100

8.757

9.208

11.299

8.726

200

17.079

13.976

18.832

14.826

500

23.031

22.482

29.833

24.752

0
50

Ore

Hanging-wall Gneiss

Foot w a l l

gneiss

Amphibolite

500-i

500n

400-

300-

Model
Regression

w

line

—Y=403734xw 369

w

r 2 =0.91

200-

55 200Regression line
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100-
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1.0
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Figure 26. Deformation moduli determined from a best-fit least-squares linear
regression of the stress-longitudinal strain curve
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deformation modulus values given in Table 19 are the ones used in the
pit slope model.

Table 19. Deformation moduli determined by linear regression of stress
on longitudinal strain for rock mass models

Model

Rock Type

Deformation
Modulus

Coefficient of
Determination

B

Footwall gneiss

404,000 psi

0.91

Amphibolite

397,000 psi

0.98

Ore

509,000 psi

1.00

Hanging-wall gneiss

484,000 psi

0.99

C

Determination of Poisson Factor. The displacements needed for
the determination of Poisson factors for the rock mass models were cal
culated by the finite element program as they were for the deformation
moduli. Lateral strains were then calculated for each of the rock mass
models, and the lateral strains in relation to the stress increments are
shown in Table 20.
An incremental Poisson factor was calculated by dividing the
lateral strain by the longitudinal strain at various stress levels (Table
21). The Poisson factors for the footwall gneiss and amphibolite have a
cyclic pattern similar to that observed by Donath (1961) for the breaking
strength of the Martinsburg Slate because of the increased strength of
the foliation fractures. The hanging-wall gneiss responds differently
because of an additional fracture set. Ore shows a general decrease in

Table 20. Lateral strains from associated stresses in rock mass models
Stress, psi
Model
Number

Rock Type

0

50

100

200

500

B

Footwall gneiss

1 .935 x 10"3

2.110xl0-3

2.250xl0-3

2 .625x10-3

3 .750x10-3

Amphibolite

1.870

2.035

2.105

2 .515

3 .630

Ore

1.230

1.360

1.495

1 .770

2 .615

Hanging-wall
gneiss

1.025

1.095

1.265

1 .540

2 .415

C

00
CO

Table 21. Poisson factor determined at various stress levels in rock mass models
Poisson Factor
Stress
(psi)

Footwall Gneiss

Amphibolite

Ore

Hanging-wall Gneiss

0

1.848

1.807

1. 767

1.037

50

1.848

1.791

1. 726

0.972

100

1.970

1.937

0.689

1.104

200

2.242

1.758

0. 667

1.142

500

1.727

0.632

0. 560

1.196
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in Poisson factor with increasing stress. The hanging-wall gneiss shows
almost no change in Poisson factor with stress level changes.
Plots of cumulative lateral strain versus longitudinal strain
were co n s t r u c t e d u s i n g v a l u e s o f s t r a i n o b t a i n e d f r o m T a b l e s 1 7 a n d 2 0 .
These are shown in Figure 27. The analogy to the physical test models
is immediate, and the slope of the regression line is the Poisson factor.
The best-fit curves for the Poisson factors represent the data
well as they did for the deformation moduli. The footwall gneiss has a
coefficient of variation of 0.92, the lowest for the rock mass models,
while the coefficient of variation for ore has a value very near one. The
best-fit regression lines are shown in Figure 27, and the rounded results
used in the pit slope model are given in Table 22.

Table 22. Poisson factors determined by linear regression of lateral
strain on longitudinal strain for rock mass models

Model
B

C

Rock Type

Poisson
Factor

Coefficient of
Determination

Footwall gneiss

1.484

0.92

Amphibolite

1.431

0.99

Ore

1.415

1.00

Hanging-wall gneiss

1.375

0.99

Pit Slope Model
After an examination of the pit geometry and a review of the
geological and structural setting of the Pikwe pit, a relatively straight
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Figure 27. Poisson factor determined from a best-fit least-squares linear
regression of the lateral strain-longitudinal strain curve
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portion of the pit wall was selected for the finite element slope model
(Figure 28). The selected cross section, cross section 28S, more nearly
approximates plane strain modeling in that geologic features are either
parallel or perpendicular to the section. Geometrically similar adjacent
sections prevent strain out of the section more readily than do other
possible cross sections in the pit. In addition, better geologic control
away from the pit was provided by outlying drill holes.
Location of Cross Section 28S. T h e s e c t i o n c h o s e n f o r a n a l y 
sis is along a portion of the pit where the strike of the primary layering
is regular. One hundred meters or more of the pit wall is nominally per
pendicular to the cross section (Figure 28). Since the pit wall reflects
the ore body and surrounding rock attitude, the cross section is almost
at right angles to the layering in the rocks. The underlying assumptions
of the plane strain analysis are satisfied by the use of a constant or uni
form section perpendicular to the primary layering. Therefore, the move
ments perpendicular to the section are minimized by the pit geometry,
which is essentially regular over a considerable distance to either side
of the chosen section.
Geometry of the Pit at Cross Section 28S. T h e p i t i s l o c a t e d
in a dipping section of rocks that show minor variations from regional
trends. The basic configuration of the pit follows a general dip of the
primary layering toward the west. At cross section 28S the pit walls are
nearly parallel to the primary geologic layering. Some variations in the
thickness of the ore and the amphibolite are indicated (Figure 29), a s
well as a thickening of the weathered ore at the surface.
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Economic considerations dictate an accurate evaluation of the
ore reserves, thus the geologic and spatial location is best for the ore
and associated amphibolite. The extent of the hanging-wall gneiss and
footwall gneiss is not well defined away from the ore.
Size of Model for Cross Section 28S. The Pikwe pit is almost
290 meters wide at cross section 28S and will be 140 meters below the
surface at the design depth. Yu and Coates (1970) judged that the finite
element model should be at least four times the size of the opening
created in the model. The pit model is 1500 meters wide and 660 meters
deep. The final excavation is 420 meters from the bottom of the model
reflecting a depth below the pit bottom three times the excavation. The
hanging-wall crest of the pit is 580 meters from the model boundary,
while the footwall pit crest is 625 meters from the model boundary. The
boundary constraints are far enough removed to minimize accuracy errors
introduced from this source.
Finite Element Mesh for Cross Section 28S. F r o m t h e s e l e c t e d
geologic section, a generalized finite element mesh was constructed to
follow the geologic and surface boundaries. The mesh was further de
veloped to examine the pit at several times and depths. This made it
possible to chronologically compare excavations with measurements from
the monitoring system.
A three-stage mesh design was used to incorporate large-size
mesh blocks away from the pit and small blocks in the near-pit area of
interest. The large area in the model minimizes boundary effects in the
pit area and constraints on the excavation geometry. A finer mesh near
the excavation allows the selection of excavation boundaries at
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appropriate mining depths and the determination of discrete displace
ments at mesh positions corresponding to the monitoring station loca
tions in and around the pit.
The three model areas are the outer, or overall, model shown in
Figure 30, the intermediate zone shown in Figure 31, and the localized
pit area shown in Figure 32. The pit slope model has 414 nodal points
and 548 elements. Each element is individually designated in order to
identify the material properties to be used. Four major rock types are
present, but the ore is divided into different materials to provide the
ability to simulate the excavation of ore from below the pit as well as
the ability to adjust for deformation effects of the weathered ore on the
footwall side of the pit.
The first three excavation steps (Figure 32) are correlated to
chronological times as follows: cut 1 corresponds to June 1974; cut 2
corresponds to February 1975; and cut 3 corresponds to September 1975.
The final pit depth is represented by cut 4, which is the final excavation
step.
At each excavation stage, displacements were calculated for
nodal points that correspond to the locations near monitoring stations.
A tabulation of nodal points and the corresponding pit monitoring sta
tions are given in Table 23 and are shown on Figure 32 for cross section
28S.
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Table 23. Relation between nodal points and monitoring stations for the
Pikwe pit slope model
Nodal
Point

Monitoring
Station

Pit Side

Location

56

D14

Footwall

Crest

175

D15

Footwall

100 m east

246

D3

Hanging wall

Crest

CHAPTER 4

COMPARISON OF SLOPE AND SLOPE MODEL
DISPLACEMENTS
A long-term evaluation of movement directions and magnitudes
resulting from excavation is possible using surveying techniques. Mon
itoring systems of triangulation network design as shown by Watts (1970)
provide both the accuracy and precision necessary to compare the mag
nitude and direction of the ground surface response to the calculated
displacements from the finite element model. The advent of electronic
distance measuring equipment and refined angle measurement and level
ing techniques provides a method for the on-site surveying teams to ob
tain precise measurements and information to compare with mathematical
studies in a time frame acceptable to operational requirements.
At the Pikwe pit a network consisting of more than 40 stations
was established to evaluate ground surface movement directions and
magnitudes. Three-dimensional movement directions were recorded by
surveying techniques starting in March 1974 and continuing through
September 1975. A general problem in any mining operation is the diffi
culty in maintaining measurement stations. At Pikwe, problems occurred
with a primary station; however, a redundancy in the system allowed by
passing the damaged station and continuation of the measurements.
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Layout of Monitoring Stations
The monitoring stations were established near the projected
final pit boundary. Two rows of stations are present on portions of the
north and east sides of the pit. The near row is 2-10 meters from the
edge, and the second row is up to 100 meters distant. Stations were
located at a spacing of 40-60 meters around the final pit perimeter.
A single row of stations extends along the west and south side
of the pit. More stations are concentrated at the north end of the pit,
where the excavation started and is of greater depth, than toward the
south end of the pit. Seven stations are near cross section 28S. Stations
D14, D16, and D18 are on the east side of the pit near the final boun
dary and D15 is about 70 meters east. Stations D2, D3, and D4 are
nearest to the cross section on the west side of the pit. Stations D3,
D14, and D15 are within about 10 meters of the cross-section line
(Figure 33). The absolute movements of each of the monitoring stations
are described by three sets of surveying measurments: a vertical eleva
tion change, a horizontal distance, and an angular measurement.
Observed Displacements near
Cross Section 28S
Systematic displacements became apparent almost immediately
after activation of the monitoring system. These time-displacement
trends are given in Tables 24 and 25, which present the discrete vertical
and cumulative vertical displacement records of the monitoring stations
near cross section 28S. The destruction of a primary measurement sta
tion caused a change in field data reduction in early 1975. The data
prior to February 1975 represent the original data reduction. The February
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Figure 33. Location of field monitoring stations around the Pikwe pit
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Table 24. Discrete vertical displacements of stations near cross section 28S
Vertical Displacement, mm
06/74 08/74

10/74

12/74 02/75

03/74

04/74

D14

2

3

3

3

-3

-3

-9

-11

-6

-4

-13

D16

2

4

2

-1

0

-7

-1

3

5

6

1

14

22

0

0

-2

2

-8

0

- 9

-16

Station

05/75 07/75

08/75

09/75

East Side Pit
Edge

D18
D15

4

0

1

4

-4

3

2

4

0

5

1

Edge

D3

2

-3

-3

-2

-4

-4

-6

-4

-3

-5

-5

Back

D2

0

-3

3

-2

-6

3

6

3

1

8

2

1

- 2

- 7

Back
West Side Pit

D 4

-

6

-

6

-

3

1

1
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Table 25. Cumulative vertical displacements of stations near cross
section 28S
Cumulative Displacements, mm
Date

DI4

D16

03/74

2

2

04/74

5

6

06/74

8

08/74

D18

D15

D3

D2

D4

4

2

0

-6

-14

4

-1

-3

-12

8

8

5

-4

0

-15

11

7

8

9

-6

0

-14

10/74

8

7

8

5

-10

-6

-13

12/74

5

0

6

8

-14

-3

-12

02/75

-4

-1

8

10

-20

3

-14

05/75

-15

2

0

14

-24

6

-21

07/75

-21

7

0

14

-27

7

-21

08/75

-25

13

9

19

-32

15

-19

09/75

-38

14

-7

20

-37

17

-16
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1975 and May 1975 data were recalculated and a comparison made, es
tablishing the consistency of the new data reduction method.
Vertical Displacements
The vertical displacements along cross section 28S range from
38 mm down at station D14 to 20 mm up for station D15. The displace
ment range is illustrated on Figure 34 for the west side of the pit and on
Figure 35 for the east side of the pit. The vertical displacement diagrams
illustrate a general trend of greater displacements along the footwall
side (east) of the pit than on the hanging-wall side (west). Stations
further from the edge show another general trend; they are displaced
less than those nearer the edge. Note, for example, station D15 in
Figure 35 as compared to station D14. Stations near the deeper parts of
the pit (Figure 36) indicate larger displacements, but stations at the ex
treme north end of the pit show reduced vertical movement.
Horizontal Displacements
The horizontal displacements as shown by measurement stations
around the pit are shown on Figure 33. The cumulative movements are
not directly into the pit but roughly follow the local direction of funda
mental layering. Stations Dll and D12 show displacement directions
into the deeper part of the pit, whereas stations D6 and D7 near the
sharper north end of the pit displace in directions toward the north ap
parently because of two factors: (1) the hoop stress along the sharp bend
caused by the short-radius curve at that end of the pit and (2) the effect
of the rock layering, which tends to produce displacements that follow a
planar north-south direction.

See Figure 33 for monitoring station locations
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Summary
The monitoring stations located around the Pikwe pit show a
systematic pattern of movement directions and magnitudes. Greater
movements are caused by deeper excavations. The directions of the
movements are modified by the primary layering in the rock as well as
by hoop stress phenomena at both ends of the pit.
Model Displacements in Cross Section 28S
Initially, the parameters used for the slope model were the rock
mass parameters generated by the methods described in Chapter 3.
Displacement values from the initial slope model runs indicate a slope
behavior different than that shown by the field displacement stations.
The variable interference, however, apparently restricted fracture be
havior of this discontinuous rock mass, and a reevaluation of the basic
assumptions of the similarity and continuity of the various fracture sets
and their interactions was necessary. In addition, a critical examination
of the ability of the rock inside the slope model to dilate was required to
establish a similitude between the rock mass models and the rock mass
itself.
Selection of Model Parameters
Three excavations, as indicated on Figure 33, were modeled and
the excavation-caused displacements were compared to the displacements
for the actual excavations recorded by the open-pit slope monitoring sys
tem by comparing the slope model displacements for nodal points at the
final crest on the east and west sides of the pit with displacements re
corded by monitoring station D14 on the east and D3 on the west. This
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comparison is shown in Table 26 in which the relative magnitudes of
movement are indicated. Footwall displacements produced by the model
are greatly different from the field measurements, and the hanging-wall
displacements are only slightly closer. The finite element model dis
placements are 10 to 15 times greater than the field displacements; this
indicates a major variance in fracture behavior between the modeled rock
mass and the actual rock mass.

Table 26. Comparison between field displacements and slope model
displacements
Field Displacement

Model Displacement

Monitoring DisplaceStation
ment (mm)

Nodal
Point

Displace ment (mm)

Footwall

D14

38 (down)

56

1528 (down)

Hanging Wall

D3

37 (down)

246

459 (down)

In the context of the original model results, two additional
areas not previously considered needed to be evaluated: the effect of
residual or tectonic stress on displacements and the effect of variations
of the Poisson factor on displacements.
The five main rock types (Table 2) and an additional rock type
provided by the weathered ore, represented by a surcharge-type load,
result in a large number of variable input parameters because each major
rock type is represented by five or six sets of parameters depending on
the number of fracture materials considered. Initial considerations were
to extend the direct shear results to all fracture sets. However, this
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approach is incorrect because the deformation moduli produced are much
too soft and allow greatly exaggerated movements.
Effect of Poisson Factor on Displacements. Displacements are
presented for a uniform Poisson factor of 0.49 (Figure 37) and for the
individual rock substance Poisson's ratios (Fig. 38). As the Poisson
factor becomes smaller, the lateral displacement caused by the excava
tion increases. When the Poisson factor equals the Poisson's ratio of
the rock substance, elastic rebound is produced in nodal points 78 and
109 (Figure 33) on the footwall side of the model and a similar tendency
is shown in nodal points 273 and 305 and others further into the hanging
wall of the model. Nodal points on the edge of the excavation are greatly
influenced by the excavation. Movements are directed not only toward
the excavation but also down into it.
Nodal point behavior indicates the difference in response to
varying Poisson factor between the unconfined rock mass models and the
actual confined rocks inside the slope. The Poisson factor values were
therefore adjusted to the measured Poisson's ratios as determined by the
uniaxial test results (Table 13).
Effect of Deformation Modulus on Displacements. Once the
original displacement comparisons had been made and the displacement
magnitudes determined to be 10-15 times larger than measured, a critical
examination was made of the fracture behavior in the various rock mass
models. The foliation fractures, which are parallel to the primary layer
ing, are the best developed fracture set in the area. To represent field
conditions, adjustment of the direct shear strength values for foliation
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fractures was necessary. Such adjustments of the fracture input param
eters allowed the rock mass to exhibit behavior similar to that of the
rock substance.
A series of rock mass model test results are shown in Figure 39,
with the variations in input parameters given in Table 27. Deformation
modulus variations were caused by increasing the input parameters for
normal and tangential stiffness. Cohesion and angle of internal friction
were also increased. The footwall gneiss model and parameters were
used for these tests; however, the other rock types show the same trends
for this type of property variations. Figure 39 indicates graphically the
results of an increase in the rock mass deformation modulus values re
sulting from changes of normal and tangential stiffness values.
Determination of Final Model Parameters
Parameters for the fracture sets, the rock substance, and the
rock mass provide a complex relationship that probably does not have a
singular or unique solution for the amount of physical test data available.
The structural domains are convenient to separate the rocks into two
groups: the footwall group, which includes the footwall gneiss, amphibolite, and ore, and the hanging-wall group consisting of only one rock
type, the hanging-wall gneiss.
Fracture physical property tests were made only for the folia
tion fracture direction, which dips into the pit. The relative behavior of
the other fractures was assumed to be similar to that of the foliation
fractures. The hanging-wall pit side was expected to show a general
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Figure 39. Deformation moduli from footwall gneiss stress-strain curves determined
r varied fracture material properties
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Table 27. Footwall gneiss rock mass parameters of data sets 1 through 6 and resultant deformation
moduli
Parameters

Data Set

Fracture
Set

Normal
Stiffness
(Kn)» psf

Tangential
Stiffness
(Kt), psf

Cohesion
(c), psf

Angle of
Internal
Friction (^)

Foliation

2.70 x 109

4.00 x 107

6.0 x10s

47.0°

Others

2.70 x 10 9

4.00 x 10 7

6.0 x 10 5

47.0°

Foliation

2.32 x 108

3.41 x 106

2.0 x 10

23.5°

Others

4.60 x 10 8

6.80 x 10 5

3.0 x 10 6

36.0°

Foliation

2.32 x 108

3.41 x 106

3.0 x 105

36.0°

Others

4.60 x 10 8

6.80 x 10 6

6.0 x 105

47.00

Foliation

5.40 x 108

7.90 x 10°

3.0 x 105

36.0°

Others

2.70 x 10 9

4.00 x 10 7

6.0 x 10 5

47.0°

Foliation

1.00 x 109

1.50 x 107

4.0 x 10$

40.00

Others

2.70 x 10 9

4.00 x 10 7

6.0 x 10 5

47.0°

Foliation

1.50 x 10 9

2.20 x 10 7

4.0 x 10 5

40.0°

Others

2.70 x 109

4.0 x 107

6.0 x 105

47.0°

Deformation
Modulus,
psi
1.08 x 107

1.87 x 106

2.58 x 106

4.97 x 106

6.85 x 106

8.52 x 106
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difference because the foliation fractures dip into the pit wall and be
cause of an additional fracture set.
Footwall Parameters. The rock types in the footwall, which are
amphibolite, ore, and the footwall gneiss, are treated by the same pa
rameter variations because they all employ the same rock mass model
(Model B, Figure 22). This model consists of a fracture set dipping into
the pit and two others dipping into the pit wall. Table 10 gives the frac
ture set dip adjustment in the plane of cross section 28S. The weathered
ore, which is present near the ore outcrop and extends to a depth of 50
meters, provided an additional material in the parameter variation list.
The weathered ore is modeled with a modification of the ore rock mass
model deformation modulus, using a significantly greater Poisson factor.
A Poisson factor greater than 0.50 is not used since data from field mon
itoring stations indicate no large-scale movements into the pit.
Rock mass models were run with an interative series of input
parameters to approximate the response of surface monitoring stations.
Model parameters are logically developed to simulate displacements of
surface monitoring stations. The vertical displacements determined from
the slope model were compared with those reported at the surface moni
toring stations because surface displacements in the horizontal plane
were essentially at right angles to the cross section (Figure 28).
The foliation fractures were treated as a separate entity and
the other fractures by a scaling process. Summaries of a series of rock
mass model tests are given in Tables 28-32. The rock substance proper
ties of the blocks between fractures are the elastic values obtained from
uniaxial tests (Table 15).

Table 28. Footwall rock mass parameters of data set 7 and resultant deformation modulus
Assumptions: Foliation fractures

Kn = (uniaxial compression modulus)/1.8

Foliation fractures
Other fractures

= Kn(foliation)/68
Kn = (uniaxial compression modulus)

Other fractures

= Kn(other fractures)/68
Parameters

Rock Type

Fracture
Set

Normal
Stiffness
(Kn), psf

Tangential
Stiffness
(Kt), psf

Cohesion
(c), psf

Angle of
Internal
Friction (fif)

Footwall
gneiss

Foliation

1.5 x 109

2.2 x 107

3.0 x 104

23.5°

10 9

10 8

105

47.0°

Amphibolite

Other

2.7 x

4.0 x

Foliation

2.3 x 108

1.1 x 107

5.1 x 103

23.5°

10 9

10 7

10 3

31.0°

6.0 x

Deformation
Modulus,
psi

8.56 x 106

3.05 x 106

Ore

Other

1.3 x

1.9 x

5.1 x

Foliation

9.8 x 108

1.4 x 107

4.6 x 104

23.5°

10 9

10 7

105

40.0°

5.51 x 106
Other

1.8 x

2.6 x

4.0 x

Table 29. Footwall rock mass parameters of data set 8 and resultant deformation modulus
Assumptions: All fractures

Kn = (uniaxial compression modulus)(0.5)

Foliation fractures

Kt = Kn/68

Other fractures

Kt = 4Kn/68
Parameters

Foliation

1.4 x

X

107

Angle of
Internal
Friction (^)

3.0 x 104

23.5°

105

10 6

5.1 x 103

23.5°

3.8

X 10 7

5.1 x

105

31.0°

8 . 8 x 10 8

1.3

X

107

4.6

x

104

23.5°

8 . 8 x 10 8

5.2

X

107

4.0

x

105

40.0°

8.0

6 . 5 x 10 8

9.5

X

Other

6.5 x

10 8

Foliation
Other

Foliation

Cohesion
(c), ps

1-7

X 10 7

•

Ore

2.0

109

Other
Amphibolite

A

Tangential
Stiffness
(Kt), ps

0
o
vr

Footwall
gneiss

Normal
Stiffness
(Kn), ps
i—"
o
to

Rock Type

Fracture
Set

1.4 x

6.0 x

Deformation
Modulus,
psi

8.34

X

10 6

2.85

X

10 6

5.29

X

106

Table 30. Footwall rock mass parameters of data set 9 a n d r e s u l t a n t deformation modulus
Assumptions: All fractures

Kn = (uniaxial compression modulus) (0.1)

Foliation fractures

Kf = Kn/68

Other fractures

Kt = 2Kn/68
Parameters

Rock Type
Footwall
gneiss

Amphibolite

Ore

X

Other

2 .7

X 10 8

Foliation

1 .3

X

10 8

1 .3

X 10 8

1 .8

X

10 8

2.6 x 106

4.6 x 104

1 .8

X 108

106

105

Foliation
•

Other

Angle of
Internal
Friction (jzO

4.0 x 106

3.0 x 104

23 . 5 °

105

47 .0°

1.9 x 106

5.1 x 104

23 . 5 °

106

105

8.0 x

3.9 x

5.2 x

£

106

6.0 x

5.1 x

4.0 x

31

Deformation
Modulus,
psi

2 .85 x 106

1 .15 x 106

23 . 5 °
40

o

2 .7

Other

Cohesion
(c), psf

o

Foliation

10 8

Tangential
Stiffness
(Kt), psf

o
o

Normal
Stiffness
(Kn) , psf

•

Fracture
Set

1 .82 x 106

Table 31. Footwall rock mass parameters of data set 10 and resultant deformation modulus
Assumptions: All fractures

Kn = (uniaxial compression modulus) (0.75)

Foliation fractures

Kt = Kn/68

Other fractures

Kt = 4Kn/68
Parameters

Rock Type
Footwall
gneiss

Amphibolite

Fracture
Set

Normal
Stiffness
(Kn), psf

Tangential
Stiffness
(Kt), psf

Cohesion
(c), psf

Angle of
Internal
Friction ($

Foliation

2.0 x 109

2.9 x 107

3.0 x 104

23.5°

10 9

10 8

10 5

47.0°
23.5°

Deformation
Modulus,
psi

1.01 x 107
Other

2.0 x

1.2 x

6.0 x

Foliation

9.8 x 108

1.4 x 107

5.1 x 103

10 8

107

10 5

31.0°
23.5°

3.52 x 106

Ore

Other

9.8 x

5.7 x

Foliation

1.4 x 109

2.0 x 107

4.6 x 104

10 9

107

10 5

5.1 x

6.6 x 107
Other

1.4 x

7.9 x

4.0 x

40.0°

Figure 32. Footwall rock mass parameters of data set 11 and resultant deformation modulus
Assumptions: All fractures

Kn = (uniaxial compression modulus)

Foliation fractures

= K n /68

Other fractures

Kt = 4Kn/68
Parameters

Rock Type
Footwall
gneiss

Amphibolite

Fracture
Set

Normal
Stiffness
(Kn), psf

Tangential
Stiffness
(Kt), psf

Cohesion
(c), psf

Angle of
Internal
Friction

Foliation

2.7 x 109

4.0 x 107

3.0 x 104

23.5°

109

x108

105

47.0°
23.5°

Deformation
Modulus,
psi

1.2 x 107
Other

2.7 x

1.6

6.0 x

Foliation

1.3 x 109

9.8 x 107

5.1 x 103

109

107

105

31.0°

4.1 x 106

Ore

Other

1.3 x

7.6 x

5.1 x

Foliation

1.8 x109

2.6 x 107

4.6 x 104

23.5°

Other

1.8 x 109

1 . 1 x 10®

4.0 x 105

40.0°

7.6 x 106
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Deformation modulus parameters determined from the rock mass
model were used as control data for the slope model finite element pro
gram. The slope model displacements permitted an evaluation of the
model response to the excavation by comparing them with the actual
measurements of monitoring station D14 (Figure 40). Both the model sec
tion and the surface monitoring station are near the pit crest cross sec
tion 28S.
Variations in the rock mass model parameters cause changes in
the resultant deformation modulus and result in slope model displacement
modifications. As the deformation modulus decreases in magnitude, the
slope model displacements become larger and as the deformation modulus
increases displacements decrease. Note, for example, the relative value
of the footwall gneiss deformation modulus in data set 7, 8.5 x 10® psi
(Table 28) as compared with the value in data set 11, 1.2 x 10? psi
(Table 32), which results in a total displacement at nodal point 56 (Figure
32) of 42 mm from data set 7 a s compared to 26 mm from data set 11).
Subsequent modifications to the rock mass model parameters as shown
in Table 33 produced a total slope model displacement of 34 mm. These
model displacements compare favorably with the 38-mm displacement of
the pit crest field monitoring station D14 shown in Figure 40.
Figure 41 shows a comparison of model nodal points and moni
toring stations displacements 80 and 100 meters away from the pit crest.
The displacement magnitudes decrease away from the pit crest. A welldefined trend is demonstrated by model nodal point displacements related
to distance from the pit crest. The displacements decrease rapidly away
from the pit crest; the rate of displacement decreases gradually from the

See Figure 32 for nodal point positions
and Figure 33 for monitoring station Locations
Time of
excavations

4- 20

+ 10

o E
l.

O
*
5
•"

0
C
E
«

E

a

3
O TJ

- 10

"

- 20

data set 14

- 3d

data set 10
dati set

data set

8

- 40

Displacement
recording date
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Table 33. Footwall rock mass parameters of data set 12 and resultant deformation modulus
Assumptions: All fractures

Kn = (uniaxial compression modulus) (0.75)

Foliation fractures

Kt = Kn/68

Other fractures

= 2Kn/68
Parameters

Rock Type
Footwall
gneiss

Amphibolite

Fracture
Set

Normal
Stiffness
(Kn), psf

Tangential
Stiffness
(Kt) / psf

Cohesion
(c), psf

Angle of
Internal
Friction (f?0

Foliation

2.0 x 109

2.9 x 107

3.0 x 104

23.5°

109

107

105

47.0°
23.5°

Deformation
Modulus,
psi

9.74 x 106
Other

2.0 x

5.8 x

6.0 x

Foliation

9 . 8 x 10®

1.4 x 107

5.1 x 103

108

107

105

31.0°
23.4°

3.40 x 106

Ore

Other

9.8 x

2.8 x

5.1 x

Foliation

1.4 x 109

2.0 x 107

4.6 x 104

109

107

105

6.55 x 106
Other

1.4 x

4.0 x

4.0 x

40.0°

See Figure 32 for nodal point positions
and Figure 33 for monitoring station locations
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excavation and levels off at greater distances. The effect of distance on
slope nodal point displacements is indicated in Figures 41 and 42.
Hanging-wall Parameters. Variations of the hanging-wall
parameters were simpler because that domain contains only a single rock
type. Model C (Figure 25) was used for rock mass modeling. This model
has four fracture sets, with three of these sets dipping toward the pit.
The fracture set dips in the plane of cross section 28S are given in
Table 10.
The foliation fractures are the best developed but are the least
effective in producing deformation into the pit because of geometric con
siderations. Since fracture behavior tests were made on footwall gneiss
foliation fractures that dip into the pit, a change in the relationships be
tween the fracture set parameters was necessary to represent foliation
fractures dipping out of the pit. The initial model tests followed a pat
tern similar to the one used for the footwall gneiss. The parameter lists
used to generate the deformation moduli are given in Tables 34-38. The
slope model nodal point displacements were compared to the movements
of hanging-wall monitoring stations D3 and D4 (Figure 43).
Nodal point displacement data for the hanging-wall rock mass
model did not converge on the field displacement data using the same
fracture parameter assumptions as those used for the footwall rock mass
models. A comparison of the results from data sets 7 and 8 (Figures 40
and 43) indicates a fundamental difference in response between the foot
wall and hanging-wall rock mass models. The deformation modulus for
the footwall rocks predicted greater displacements than those, measured by
the monitoring stations, while the deformation modulus for the

Figure 32 for nodal point positions
Figure 33 for monitoring station locations
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Table 34. Hanging-wall rock mass parameters of data set 13 and resultant deformation modulus
Assumptions: Foliation fractures

Kn = (uniaxial compression modulus)/!.8

Foliation fractures

Kt = Kn(foliation)/68

Other fractures

Kn = (uniaxial compression modulus)

Other fractures

Kt = Kn(other fractures)/68
Parameters

Rock Type
Hanging-wall
gneiss

Fracture
Set

Normal
Stiffness
(Kn)/ psf

Tangential
Stiffness
(Kt), psf

Cohesion
(c), psf

Angle of
Internal
Friction (jzO

Foliation

1.4 x 10^

2.0x10?

6.6 x 10^

23.5°

Other

2.5 xlO 9

3.6 x 10 7

6.6 x 10 5

48.0°

Deformation
Modulus,
psi

1.00 x 10 7

Table 35. Hanging-wall rock mass parameters of data set 14 and resultant deformation modulus
Assumptions: All fractures

Kn = (Uniaxial compression modulus)

Foliation fractures

Kt = Kn/68

Other fractures

Kt = 4Kn/68
Parameters

Rock Type
Hanging-wall
gneiss

Fracture
Set

Normal
Stiffness
(Kn), psf

Tangential
Stiffness
(Kt), psf

Cohesion
(c), psf

Angle of
Internal
Friction (ff)

Foliation

2.5 x 10^

3.7 x 10?

6.6x10^

23.5°

Other

2.5 x 10^

1.5x10°

6.6x10^

48.0°

Deformation
Modulus,
psi

1.4 x 107

Table 36. Hanging-wall rock mass parameters of data set 15 and resultant deformation modulus
Assumptions: All fractures

Rock Type
Hanging-wall
nriplqq

Kn = (uniaxial compression modulus) (0.75)

Foliation fractures

Kt = K n /68

Other fractures

Kt = 2Kn/68

Fracture
Set

Normal
Stiffness
(Kn), psf

Tangential
Stiffness
(Kt), psf

Cohesion
(c), psf

Angle of
Internal
Friction (rf)

Foliation

1.3x10®

1.8 xlO 7

6.6 x 10 4

23.5°

Other

1.3 xlO 9

7.4 x 10 7

6.6 x 10 5

48.0°

Deformation
Modulus,
psi

1 11 v 10'

Table 37. Hanging-wall rock mass parameters of data set 16 and resultant deformation modulus
Assumptions: All fractures

Kn = (uniaxial compression modulus)(0.1)

Foliation fractures

Kt = Kn/68

Other fractures

= 2Kn/68
Parameters

Rock Type
Hanging-wall
gneiss

Fracture
Set

Normal
Stiffness
(Kn), psf

Tangential
Stiffness
(Kt), psf

Cohesion
(c), psf

Angle of
Internal
Friction feO

Foliation

2.5 x 10®

3.6 x 10^

6.6 x 10^

23.5°

Other

2.5 xlO 8

7.3 x 106

6.6 xlO 5

48.0°

Deformation
Modulus f
psi

3.82 x 106

Table 38. Hanging-wall rock mass parameters of data set 17 and resultant deformation modulus
Assumptions: All fractures

Kn = (uniaxial compression modulus) (0.5)

Foliation fractures

Kj = Kn/68

Other fractures

Kt = 2Kn/68
Parameters

Rock Type
Hanging-wall
gneiss

Fracture
Set

Normal
Stiffness
(Kn), psf

Tangential
Stiffness
(Kt), psf

Cohesion
(c), psf

Foliation

1.2 x 10®

1.8 xlO 7

6.6x10^

1 .2 x 109

10 7

xlO 5

Angle of
Internal
Friction (rf)

Deformation
Modulus,
psi

23.5°
9.88 x 106

Other

3.6 x

6.6

48.0

See Figure 32 for nodal point positions
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hanging-wall rocks predicted displacements less than those measured by
the monitoring stations. Thus the same modifications of parameters to
the rock mass model did not provide an appropriate slope model response
for both structural domains.
Three sets of fractures in the hanging-wall domain dip into the
excavation. These fractures were initially modeled in the same manner
as the two similar fracture sets in the footwall domain. The interaction
of the three fracture sets is apparently different from that shown by the
two fracture sets. The fracture input parameters were therefore adjusted
differently than the ones in the footwall domain. Because the foliation
fractures are the best developed, initially the other fracture variations
were made to attempt to relate the difference in behavior as a ratio of the
normal stiffness to the tangential stiffness and by adjusting the normal
stiffness input values. Normal stiffness values were assumed to be
similar to the elastic modulus values from the rock substance uniaxial
tests because the Pikwe fracture sets contain little or no fault gouge
and similar alteration materials. Data set 14 (Figures 40 and 43) using
this approach produced displacements that were too small, indicating a
deformation modulus that was too stiff. Therefore, a method to scale the
normal stiffness values to produce a "softer" modulus was attempted.
From the shear tests the relationship between normal stiffness
(K n ) a n d t a n g e n t i a l s t i f f n e s s ( K t ) w a s d e t e r m i n e d t o b e K n / K t = 6 8 . A
parametric relationship employing a similar ratio was useful in simulat
ing the field relationships. The use of this fracture stiffness relation
ship in the hanging-wall rock mass model produced a model that was too
soft if the direct shear tests are applied to all the fracture sets and a
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model that is too stiff if the normal stiffness values similar to the rock
text uniaxial elastic modulus were employed. Thus, some adjustment
and scaling of the normal stiffness values from the rock uniaxial elastic
modulus were necessary. Tables 34-38 show a series of input parameters
with the resultant slope model displacements compared to those at moni
toring stations D3 and D4 in Figure 43. A comparison of the results from
rock mass models with data sets 13 and 16 shows a bracketing of the
field monitoring displacement data for hanging-wall crest station D3.
The set of parameters shown in Table 39 were selected to gen
erate a rock mass model: a normal stiffness of 1/2 of the uniaxial elas
tic modulus for all fractures and the tangential stiffness for all fractures
equal to K n /68. Use of these parameters produced the slope model dis
placements shown in Figure 44.
Summary
The final model parameters selected have different values for
hanging-wall and footwall domains as well as for the different rock sub
stance properties. The rock mass parameters for the footwall domain
were generated using a normal stiffness equal to 75 percent of the com
pression modulus. The footwall foliation fractures were modeled with a
tangential stiffness of 1/68 of the normal stiffness. The other fractures
were modeled using a tangential stiffness twice that used for the folia
tion fractures.
For the hanging-wall domain, the normal stiffness used was 50
percent of the compression modulus for all fractures. Because of the
change in orientation, the other fractures as well as the foliation fracture

Table 39. Hanging-wall rock mass parameters of data set 18 and resultant deformation modulus
Assumptions: All fractures

Kn = (uniaxial compression modulus) (0.5)
Kt = Kn/68
Parameters

Rock Type

Fracture
Set

Normal
Stiffness
(Kn)» psf

Tangential
Stiffness
(Kt), psf

Cohesion
(c), psf

Angle of
Internal
Friction (jzO

Hanging-wall
gneiss

Foliation

1.2 x 10^

1.8 x 10^

6.6 x 10^

23.5°

Other

1.2 xlO 9

1.8 xlO 7

6.6 x 10 5

48.0°

Deformation
Modulus,
psi

8.15 x 10°
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set were modeled using a tangential stiffnes of 1/68 of the normal stiff
ness .
Comparison of Model and
Pit Slope Displacements
Once rock mass parameters within an acceptable accuracy were
selected, the displacements from the pit slope model were compared with
measurements from the field monitoring stations. In addition, an excava
tion representing the final pit was simulated in the slope model to give
an estimate of the final pit wall displacements.
Footwall Displacements
The Pikwe surface monitoring stations on the footwall (east)
side of the pit provided surface displacement measurements near the pit
crest and about 100 meters away. Monitoring stations D14 and D16 (Fig
ure 33) are near cross section 28S. Nodal points 56 and 78 (Figure 32)
are in similar locations in the model. Nodal point 109 (Figure 32) cor
responds to the location of monitoring station D15, which is about 100
meters away from the pit crest.
Displacements at the Pit Crest. Displacements of the ground
at the c r e s t o f t h e e a s t s i d e o f t h e p i t a r e i l l u s t r a t e d i n F i g u r e 4 0 . A
comparison of the displacements recorded at monitoring stations north
of Section 28S is shown in Figure 45. Stations adjacent to deeper por
tions of the pit show the greater displacements into the pit. For example,
note that station D12 about 150 meters north of cross section 28S was
displaced almost 10 times more than station D14.
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The displacements indicated by the monitoring system are time
dependent and require some unknown length of time to stabilize. The
model studies, on the other hand, give an instantaneous response. Fur
thermore, the discontinuous layered nature of the rock mass provides a
"jerky" or discontinuous mode to the field displacements, but the ini
tially anomalous values tend to smooth out after a period of time. The
apparent short-term reversal of displacement direction for monitoring
stations Dll and D12 seen in Figure 45 is probably caused by an uneven,
discontinuous response of the footwall rock mass. See Figure 33 for rel
ative locations.
After examining the data from the applicable surface monitoring
stations, D14 was selected as best representing the average or normal
behavior of the footwall crest area at cross section 28S. Figures 40 and
42 compare the displacement of D14 with displacement values obtained
from the various slope models. Displacements caused by the final slope
model parameters of data set 12 in the footwall rock mass model are
shown in Figure 46. This plot shows the effect of final pit depth on ex
pected displacements for nodal point 56 (Figure 32) of the pit slope
model. The displacements of nodal point 78, which is about 40 meters
into the footwall, are also shown to illustrate the effect of distance from
the pit crest on the magnitudes of the displacements.
Vertical displacements measured at monitoring station D7 are
also plotted on Figure 46 to correlate the magnitude of the excavationcaused displacements with model response.
Displacements 100 Meters toward the East. Monitoring stations
D8, D9, D10, D13, and D15 are located on the footwall side of the pit

See Figure 32 for nodal point positions
and Figure 33 for monitoring station locations
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Figure 46. Cumulative vertical displacements recorded at D4 and D14
and expected cumulative displacements at nodal points 56 and 78 of the pit slope model
for final pit depth
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some 80 to 100 meters distant.from the pit crest. Figure 41 shows the
relative magnitudes of the displacements for these stations. While D15
is nearest cross section 28S (Figure 33), stations D9, D10, and D13 are
more representative of the displacements predicted by slope model nodal
points 109 and 175 (Figure 32). The displacements recorded at these
monitoring stations are compared on Figure 47.
Monitoring stations D9 and D13 were selected for comparison
with the slope model displacements (Figure 48). The slope model exca
vations were extended to the final pit depth with the displacements for
nodal points 109 and 175 shown.

While the deformation of the rock mass is time dependent, that
is, linked to actual pit excavations, the pit slope model is not and it
predicts the ground surface displacements after stabilization. Actual
movements of the monitoring stations due to specific excavations were
compared to displacements predicted by the pit slope model. Compari
sons between the footwall crest displacements and slope model dis
placements are reasonable, but the displacements measured at
monitoring stations 80 to 100 meters east of the pit crest are erratic and
displacements measured at the station closest to cross section 28S are
not comparable to others measured in the same general geometric loca
tion.
Hanging-wall Displacements
A single row of monitoring stations is present along the hangingwall (west) side of the pit. These stations are near the pit crest

See Figure 33 for monitoring station locations
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D9, DIO, D12, and D15

See Figure 32 for nodal point positions
and Figure 33 for monitoring station locations
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Figure 48. Cumulative vertical displacements recorded at D9 and D13 and
expected cumulative displacements at nodal points 109 and 175 of the pit slope model
for final pit depth
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(Figure 33) and are correlative with nodal points 246 and 273 (Figure 32)
of the pit slope model.
In the initial normalization of the slope and rock mass models,
three monitoring stations near cross section 28S (D2, D3, and D4) were
considered. Their displacements over the chronological history of the
monitoring system are shown in Figure 34. Because the behavior of sta
tion D2 has been radically different from that of the other stations, the
hanging-wall rock mass model was normalized using only data from sta
tions D3 and D4.
In Figure 49, the displacements of monitoring stations D3 and
D4 are compared with responses at nodal points 246 and 341 (Figure 32)
of the slope model. The expected response of the pit slope model for the
full-depth excavation is shown for nodal points 246 and 341. The re
sponse of nodal point 341, located about 50 meters west of the pit crest,
is less.
Projected Displacements for Final Pit Depth
Projections for the expected magnitudes of the vertical dis
placements for monitoring stations are given in Table 4 0. These displace
ments have been tabulated for a number of nodal points that represent
distances from the pit. The same data are presented graphically in Fig
ure 50 for the footwall side of the pit and in Figure 51 for the hangingwall side.
Discussion of Results
A comparison between displacements recorded by the surface
monitoring stations and results from the finite element model of the slope

See F i g u r e 3 2 for n o d a l point positions
a n d F i g u r e 3 3 for monitoring station locations
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provide a method of extending the expected response of the natural slope
beyond the locations of the monitoring stations themselves. Using the
slope model, the expected response for a number of nodal point loca
tions can be determined and expected displacements projected.
The slope model displacements at the hanging-wall and footwall
crests were used to normalize the rock mass input parameters. More
over, the agreement between the slope model results and the data from
the surface monitoring stations in the 80-to-100 m range away from the
footwall pit slope crest is reasonably good, a s indicated in Figure 48.
This agreement can be partially substantiated by the finding that dis
placements at the pit slope crest are larger than those back into the pit
walls. This rapid decrease in magntitude of the displacement away from
the crest is shown in Figures 50 and 51 for the footwall and hanging-wall
regions of the pit slope model, respectively. The effect of simulated
excavations on the nodal point displacements in the slope model de
creases rapidly and is seen to be largely dampened out beyond a 50meter distance away from the pit crest.
The magnitude of slope crest movement is greater on the foot
wall side than on the hanging-wall side of the model. Away from the
crests, however, displacements on the hanging-wall side of the model
are larger CTable 4 0 ) .
The effects of distance from the excavation are clearly identi
fied by an examination of the cumulative displacement data from the
slope model. Major responses are shown by nodal points at the slope
crests to excavations 1 through 3, while only a minor response is indi
cated to the fourth excavation step. The displacement response to

Table 40. Cumulative displacements of nodal points determined from the pit slope model
Cumulative Displacements, mm
Nodal Points, Footwall
Excavation
Step

Corresponding to

59

175

213

Nodal Points, Hanging Wall
243

246

341

382

396

Cut 1

3/16/74

12.9

8.8

7.6

6.2

10.2

10.8

11.4

10.5

Cut 2

6/5/74

18.5

12.3

10.5

8.9

14.3

15.0

15.5

14.8

Cut 3

2/19/75

33.6

14.8

12.1

10.5

30.1

19.9

17.3

16.6

Cut 4

final depth

36.6

15.7

15.7

14.3

31.6

20.1

17.9

16.7

Distance of nodal point
from pit crest, meters

0

70

170

270

0

45

145

245
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excavation is apparently a function of the distance from the nodal point
to the excavation.

CHAPTER 5

CONCLUSIONS AND SUGGESTIONS FOR
ADDITIONAL INVESTIGATIONS
The following conclusions were drawn from a comparison of the
simulation studies with the field displacements, interpretation of the
geologic information, and laboratory testing of fracture and rock ma
terials .
Parameters Necessary for Rock Mass Test Models
The important features in a rock.mass test model are the rock
substance properties, fracture properties, and relationships between
fractures. Certain of these features, such as the relationships between
the rock physical properties, can be determined by measurement, while
others can only be represented by reasonable extensions of measured
parameters, such as the fracture spacing.
Only certain parameters of the rock substance physical prop
erties can be found in any laboratory or field investigation; these param
eters are the elastic and other strength properties of the rock substance.
The character and behavior of fractures that divide the rock mass into
individual rock substance unit blocks are quantified by geologic classi
fication techniques as well as by direct testing of individual fractures.
Strain
Model testing shows that it is possible to choose intervals
within the rock mass models that give reproducible response to loading
150
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conditions. This allows the systematic evaluation of the response ef
fects of the rock substance and fractures. Strain calculation intervals
can be chosen to provide consistent intervals between fractures. The
response of the model is radically altered by variations in the fracture
material properties.
Comparison of horizontal and vertical strain calculated from
field data and for the model represents an efficient method for determin
ing how well a particular rock mass model simulates the rock mass itself.
The effects of the fracture-filling materials on the rock mass is
systematically related to the strength of the fracture materials, the ori
entation of the fractures, and the unit block relationships .
It is clearly demonstrated that selected horizontal and vertical
intervals in the model are able to represent the gross behavior of the
model and are able to represent the rock mass.
The rock test model produces results similar to a rock substance
uniaxial test as the fracture properties approach the rock substance
properties. A systematic variation of results is produced by the orienta
tion of the fractures. Rock substance uniaxial test values are produced
when the fractures are either perpendicular or parallel to the loading
direction. Radically different results are given by other loading direc
tions. For other alternative orientations, the results are greatly in
fluenced by the fracture property parameters.
Derived Parameters
The mass of structural details present from both the geologic
investigations of fractures and physical testing of rock substance and
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fracture behavior precludes modeling of individual features in a slope
model. Parameters for the slope model are derived from detailed inves
tigation of the rock mass models. These derived parameters are used to
represent the rock mass behavior.
The deformation modulus is the relationship of the normal stress
to the normal strain in the rock mass model. This parameter varies with
fracture orientation, fracture properties, and the applied load. It repre
sents the response of the rock mass as the combination of the rock sub
stance and the fractures present.
The Poisson factor is the relationship between the lateral and
longitudinal strain. This parameter also varies with fracture orientation,
fracture material properties, and load. A cyclic maximum is present for
fracture orientations about 37 degrees from the loading direction when
fracture material properties are held constant.
Rock Mass Models for the Pikwe Pit
Physical property test data from four rock types in conjunction
with fracture orientation and direct shear data were combined to generate
rock mass models for the Pikwe pit. A model was generated for both the
hanging-wall and footwall structural domains of the pit. Parameters de
rived from these rock mass models were used in a finite element slope
model at cross section 28S to evaluate the validity of the rock mass
parameters.
Two rock mass models were generated by randomly sampling the
fracture-spacing distribution and using the average fracture set dips in
the plane of cross section 28S. These models predicted a response
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closer to field measurements than did models using the average fracture
spacing.
A normalization procedure, which compares the displacements
recorded at the surface monitoring stations with the slope model nodal
point displacements, adjusts the fracture physical property data. The
data available from the fracture physical property testing are not com
prehensive, and a systematic scaling based on uniaxial compressive
strengths from rock testing was necessary to model the actual pit slope
movements.
Expected Pit Displacements
Based on the pit slope model, the final displacements caused
by full-depth pit excavations will be small. The additional displace
ments of the footwall crest are expected to be about 2 mm compared to
the previous displacement of 38 mm. Additional hanging-wall displace
ment of about 1 mm is anticipated compared to the 16 to 37 mm dis
placement that has already occurred.
Recommendations for Additional Investigations
in Rock Mass Behavior
Examinations of the features that influence the rock mass prop
erties as determined by the finite element fracture model and comparison
of slope model displacements with actual displacements recorded at the
field monitoring stations indicate that additional information is needed
in a number of areas.
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Properties of Fractures
The scaling of fracture properties from a limited number of tests
needs to be improved. Possible correlations with quantified geologic
parameters appear to have potential for scaling from measured fracture
properties to estimated parameters. Tests for fracture properties need
to be refined and developed to investigate all the sets of fractures that
occur in the model sequences. Correlations between different fracture
sets may not be warranted.
Orientations of Geologic Structures
The effects of structural orientations, such as the primary layer
ing at the Pikwe pit, needs to be quantified in relation to the displace
ments indicated by the surface monitoring stations. The effects of the
major naturally occurring geologic features in relation to the man-made
geometric configurations also need to be quantified.
Continuation of Surface Movement Records
The long-term monitoring of surface displacements needs to be
continued for entire life of the pit. Additionally, a periodic monitoring
is necessary to determine the time interval needed for a rock mass to
reach equilibrium after excavation is completed. Additional effects from
an underground mine continued below the open pit could also be evalu
ated.
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