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ABSTRACT

Determining the maximum angle to which a pit slope
can be mined requires information on the geometry and
strength of the geologic structures, the magnitude and
distribution of stresses, and the ground water conditions.
The primary objective of mineral exploration and develop-
ment, however, is the evaluation of ore reserves. Thus
such information is either not obtained or appears on
geologic maps and drill logs as detail which is not
readily useable to the engineer for whom the determination
of slope angles is often only one of many problems to be
solved, As a result, slope angles are usually arbitrarily
chosen rather than designed. Investigations directed
toward collecting data on the geomechanical properties of
the rock mass can provide much of the information neces-
sary to improve this cholce of slope angle, By use of
the stereographic projection the geometric relationship
between a proposed slope and the geologic structures can
be evaluated. Parameters such as planarity, continuity,
and type of termination can be used to assign a relative
importance to Joint sets and to other geologic structures.



INTRODUCTION

The determination of the optimum slope angle
and general configuration of the slope for an open pit
is a critical part of pit design. With the increased
sophistication of pit design, brought about largely by
the use of computers, the demand for more precise slope
information has become greater. However, the complexity
of the rock mass asgssociated with a typical open-pit ore
body precludes an easgily obtained slope design, FPFurther-
more, unless specific studies are conducted, the data
for slope design must come from a number of sources not
particularly oriented toward slope design,

Since the primary objective of mineral explora-
tion is the location of potentially minable ore bodies,
preliminary investigations are oriented toward the
genesls of ore mineralization and favorable structural
environments rather than the geomechanical properties
of the rock, After the location of a potential ore
body, additional work is aimed toward proving the grade
and dimensions of the ore and determining the metallur-
gical characteristics for mill design. As a result,
the information necessary to determine the optimum slope
angles, i.e., the geometry and character of geologic
structures, the magnitude and distribution of stresses
and the ground water conditions, is often not obtained
or may be buried as incidental details on geologic maps
and drill logs. Slope angles are therefore often chosen
rather arbitrarily by the engineer, who usually doesn't
have the time or facilities to ferret out the needed
information in order to evaluate the potential slope
conditions. This choice of slope angle can be improved
by utilizing what data are available and conducting
additional investigations to provide needed information,

DESIGN CONCEPTS

The ultimate objective of slope design, as with
pit design in general, is to maximize profit. Since a
flat slope reduires more waste stripping than a steep
slope, the steepest possible unsupported final pit slope
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would yileld the lowest cost per ton of ore mined and
hence the greatest profit. Slope design, therefore,
consists in large part of determining the maximum slope
that can be mined without slope failure,.

Defining slope failure is not as simple as
would appear at first glance., From the theoretical
standpoint, in which the rock of a slope is considered
an elastic material, any displacement beyond recover-
able strain constitutes failure, This, however, is not
a satisfactory definition for a mine operator who often
18 successfully mining a slope which has ftheoretically
"failed.” Thus, it is necessary to distinguish between
"theoretical failure” and what could be termed "opera-
tional fallure.,” When the rate of ground movement is
greater than the rate at which the slide material can
be economically mined, or the movement is actively
damaging a permanent facility~--such as a skip--it is
an operational failure,

FEven after accepting criteria for failure, the
maximum slope angle cannot be precisely determined,
Two factors contribute to this: (1) the uncertainty
in the design technique and (2) the influence of unpre-
dictable natural phenomena, such as precipiltation and
seismic activity. Given sufficient data, a relation-
ship possibly could be established between the probabl-
lity of fallure and the slope angle, such as the
hypothetical one shown in Fig. 1. By utilizing such
a relationship, in conjunction with figures on the
savings that could be realized by increasing the slope,
the choice of slope angle may be put on a profit versus
economic risk basis--essentlally a management decision,

The mining method adds a constraint on the
maximum slope angle, particularly for operating slopes
inside the ultimate pit limits. The necessity for
having haul roads and access benches may limit the
overall slope, Operating slopes in a rail pift, where
track laying and maintenance are significant costs,
are especlally critical in this respect, A few inches
displacement or a small bench slide can often be nego-
tiated by trucks but may meke a level 1lmpassable for
rail haulage,

Safety considerations also enter into slope
design, resulting in more conservative slope angles
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than simple economics would dictate. By a system of
displacement and microseismic monitoring to provide
warning, personnel safety can be maintained even where
the possibility of a slide 1s high. The greater the
probabllity of a slide, the more expensive the safety
precautions become; this cost must be considered in
slope design,

Slope design should also include consideration
of artificial means of increasing the stability of a
slope. The effectiveness of drainage 1in preventing
and containing slides in soil has been well established
(Terzaghi, 1950, pg. 120) and should be applicable to
rock slopes., Rock bolts, tendons and grouting offer
possiblilities for increasing the strength of a rock
maess,

MECHANICS OF SLOPE FAILURE

For purposes of analysing the stability of a
slope, the following basic assumptions are made:

1. The rock mass is heterogeneous, Chemical
composition and physical properties will
vary with position in the rock mass,

2o The rock mass ilg discontinuous. Geologic
structures (faults, jointing, foliation)
transect the rock mass 80 that physical
properties vary abruptly.

3 The rock mass is anisotropic. Physical
properties are a function of orientation
as well as position, i.e., there are pre-
ferred orientations of jointing, faulting,
foliation and other structures,

L, The strength of the discontinuities is
so much less than that of The intact rock
that the failure surface will be primarily
along the discontinuities.

5. The strength, or resistance to shear, of
a discontinuity is a function of the
normal stress on the surface., This can
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be expressed as scme modification of the
Coulomb eguation:

T = C + 0, TAN o

C = cohesion
0, = normal stress
@ = friction angle

On the basis of these assumptions the stability
of a proposed slope can be determined in principle if
one can {1) measure the attitude and position of the
discontinuities, (2) determine a cohesion and angle of
internal friction for the discontimuities and (3) com=
pute the stresses acting on the discontinuities, As an
illustration, consider the simple situation of a planer
discontinuity, sueh as a fault, dipping into a pit {Fig.
2). A unit segment of the discontinuity would be acted
on by a stress which would be a combination of the welght
of the overlying material, a stress induced by the con-
figuration of the pit, and possibly a regional tectonic
stress., The stress distribution can be resolved into a
normal stress and a shear stress factor along the dis-
continuity. If a value for C and g can be assigned to
the discontinuity, the factor of safety can be computed.

Obtaining the necessary data for a rigorous
solution is virtually impossible at present because of
the complexity of any real rock mass., This is not a
satlsfactory conclusion for the mine engineer who must
have some slope angle to use in his pit design. However,
the situation is far from hopeless, By a common sense
application of the principles that are known about rock
behavior and utilization of available data, slope angles
can be designed on something more than opinion,

GEOLOGIC STRUCTURE

As stated above, the attitude and position of
the discontinuities in the rock must be known in order
to determine potential failure surfaces, Usually some
information can be obtained from existing geologic maps
and sections, although additional mapping oriented toward
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slope design 1s warranted, The amount of information
available is highly variable, In an operating open pit,
the geologist may have detailed bench maps as well as
cross sections and level maps showing the subsurface.

If in the pvast there had been underground mining in the
district, there may be miles of geologlcally mapped
workings., On the other hand, an exploration prospect
may have only a few drill holes and a reconnaissance
mavtoe

The results of any slope design technigue are
of course only as good as the input data., A quick
appraisal of potential slope conditions for a rough
economic evaluation may be done with existing geologic
information, Because geologic mapping is relatively
inexpensive (a competent geologist with his Brunton at
an oubcrop or in a drift can produce more useful informa-
tion per investigation dollar than any other technique),
additional investigation is economically Jjustified for
any slope design beyond a quick appraisal,

A basic requisite for obtaining geologic struc-
tural information for slope stability studies is a
conventional geologic map showing the major structures
and lithologic units, Major structures would be faults
and contacts having dimensions of the same order of
magnitude as the pit, The attitude and position of
these structures relative to the proposed slopes must
be determined by surface and drill hole intercepts.

The area between major structures can be con~
sidered a structural unit, or structural domain, contain-
ing large numbers of secondary structures such as
Jointing, minor faults, bedding and foliation., These
secondary structures constitute, for practical purposes,
an infinite population of discontinuities with a range
of attitudes but are rarely randomly oriented, The
cases where Jjointing has been reported as random are
commonly situations where the jointing patterns are
complex giving an appearance of randomness,

The mapping and analysis of jointing and other
geologic structures has been dealt with extensively in
the geologic literature, The most comprehensive recent
publication i1s by Friedman (1964). John (1962), McMahon
(1967), Terzaghi (1964) and Weaver and Call (1965) have
treated the application of geologic mapping to rock
mechanics and slope stability.
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An ideal joint or fracture set would consist
of parallel plane surfaces separated by a distance re-
ferred to as the spacing, The attitude is descrilbed
(and measured in the field) by the bearing of the inter-
cept of the place with a horizontal reference plane,
Two alternate methods of describing the attitude of a
plane can be used~--~the bearing and plunge of the normal
to the plane, or the bearing and plunge of the dip.
These are more useful for analytical purposes because
they can be mathematically treated by vector analysis.
Any real Joint set will of course only approximate the
ideal model., The strike and dip wlll vary as well as
the spacing. For z quick graphic method of presenting
Joint set orientation, the equal area sbereographde Scmpipr-
projection can be used (Phillips, 1954), If a planar
surface 1is placed at the center of a reference sphere,
the normal to the plane is projected to the surface of
the sphere, This intersection, called the pole, will be
a point on the surface of the reference sphere, The
normal can be projected to elther the upper or the lower
hemisphere, Conventionally in geologic literature the
lower hemisphere is used but not consistently. In upper
hemisphere projection the poles are in the dip direction.,
Por this reason the upper hemisphere is used in this
paper. Converting from one to the other merely requires
rotating the diagram 1809,

Two basic sbew g projections are used
in structural geo*ogy-~the Wulff or equalangular net
and the Schmidt or equalarea net, The Schmidt equalarea
net 1s constructed such that the area on the projection
plane 1is proportional to the corresponding area on the
reference plane, In the case of the Wulff net, the dis-
tance from the center of the projection is proportional
to the dip angle and the areas are not equivalent, Since
we are dealing with a large number of joints and other
structures which appear on the reference sphere as clus~
ters of points, the equalarea net should be used rather
than the equalangle net, If a Wulff net 1s used, the
same concentration of fractures will appear less dispersed
at a low angle than at a high angle.

By plotting the poles of all of the joints,
fractures, and other structures on the Schmidt net, a
point distribution plot is obtained. By utilizing a 1%
counting circle, a contour plot showing the concentra-~
tion of poles can be obtained, A concentration of poles
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represents a preferred orientation and can be classified
as a Joint or fracture set.

Wnen statlstically treating Jolnt attitudes 1t
may be more convenlent to use Joint set intensity rather
than spacing in order to describe the distance between
Joints in terms of numbers of Joints., Intensity is the
number of Jjoints per unit distance along the normal to
a plane oriented at the mean attitude of the Jjoint set,
When spacing is unequal, the usual case, intensity can
be described as a simple mean:

b=i
i

Intensity
Distance

h = total no. of
of points
observead

b=
i
jw jay
)

il

By computing the intensity for a standard distance (100’

is a good value) regardless of the actual distance sampled,
the intensity of wvarious joint sets can be compared
directly (Weaver and Call, 1965).

Sampling Methods

To obtain the orientation pattern of disconti-
nuities for a structural domaln, statisticzl sampling
methods should be used, The following technigues can
be applied.

Joint Set Mapping

This method 1s not a true statistical technique
but will yield good results if 'a competent geolo-~
gist does the mapping. It has the virtue of
being the fastest (and thereby the lowest cost)
method, From fresh surface exposures, Jjoint sets
can be distinguished and a good estimate can be
made of the mean attitude and spacing of the
joint set,

Spot Sampling

Another method, utilized by McMahon (1967), is
to measure The attitude of a number of arbitrarily
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chosen joints, 4 minimum of 50 Jjoints should

be measured for regular joint patterns and up

to several hundred for irregular joint patterns.
The attitudes of the fractures are plotted on an
equalarea net from which the preferred orienta-

tions are determined.

Detail ILine

A less subjective method is To lay a tape along
an exposure and measure the atititude of every
fracture that intersects The tape. The line 1s
made long enough for at least 100 observations
to be made for each sample,

Stereoscopic Photography

If a Jjoint or other discontinuity forms a surface
on an outerop or pilt face, its attitude may be
determined by the use of stereoscopic photographs
taken with a phototheodolite, This method has
been used in the Rio Tinto Pit slope stability
study (Pentz, 1967).

The above methods require that The rock in place be
examined directly or exposed to a camera viewpoint and

are, therefore, limited to surface exposures and accessible
underground workings. Where surface exposures and under-
ground workings are limited or nonexistent, as in the case
of new ore bodies covered with alluvium, a down hole
technique is necessary,

Qriented Core

If dreill core can be oriented by marking rods
or by using drill hole survey equipment, the
attitude of fractures in the core can be mea-
sured,

Bore Hole Camera

An alternate down hole method utilizes a Corps

of Engineers type bore hole camera or a TV camera
to observe the walls of a drill hole., Although
the method has potential, at present it is a
difficult and expensive technique yilelding uncer-
tain results,



Oriented Sample Correctlions

All but the first, and under some circumstances,
the second of the above sampling methods result in linear
samples that have 2 low probabillty of measuring joints
parallel with the sample orientation, Since any statis-
tical analysis, including the stereographic plot, is
based on the assumption that all structures have an equal
chance of being sampled, the amount of this bias must be
evaluated and if possible corrected. Ruth Terzaghi (1963)
has proposed the "blind zone" approach where the locus of
poles for joints parallel to the sample line is plotted on
a stereonet. This constitutes the "blind zone" in which
a Jjoint would not be observed, This approach is parti-
cularly useful in designing a sampling program.

The observed intensity for joints intersecting
the sample line at other than 90° can be converted to
true intensity by applying a welghting factor.

For horizontal sample lines, the weighting factor
would be as follows:

I = intensity

Io IO = Observed intensity
1= sin % sin (lb=al) & = dip of joint
a = strike of joint
b = line bearing

Since the inverse sine goes to infinity as (lb-a)) or

go to 0, the weighting factor becomes extremely large for
small values of (|b-aj) and &, It is therefore necessary
to limit the welghting function, If all intercepts at
less than 5° are set to 59, the weighting factor will not
exceed 100. PFigure 5 shows the welghting factors for a
horizontal line sample. This graph can also be used to
obtain the true spacing of a Jjoint set when the spacing
is measured at an angle to the set by dividing the ob-
served spacing by the weighting factor.

Sample Densgity

To maximize the information obtained per dollar
invested, a sequential sampling btechnigue should be used.
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The varlability of rock joint patterns from pit to pit
and from place to place in a pit precludes a fixed
sample density being satisfactory in all situations,
Within a structural domain, a small number of widely
spaced samples should be Taken, These data should be
plotted on a sterecnet, Subsequent sampling should
continue until the last sample makes no significant
change in the overall pattern,

DISCONTINUITY STRENGTH

The strength, or resistance to sliding, of a
geologic discontinuity is determined by the geometry of
the discontinuity and the composition of the surfaces
and/or filling meterial, if any. By mapping these pro-
perties of Jjoints and other structures, their relative
strengths may be approximated and with sufficient data
collected, correlations with testing and actual field
performance can be established., Therefore, in conjunc-
tion with orientation mapping, the following properties
of geologlic structures should be considered: planarity,
continuity, termination, and type of material,

Planarity

Patton (1966) has demonstrated that the surface
irregularities of a discontinuity influence the resist-
ance to shear, In his field studies he measured the
geometry of irregularities in detail. He showed in
laboratory tests that the effect of irregularities could
be introduced into the Coulomb equation by adding the
inclination of the irregularities to the shear angle

Te = € - o tan(g - 1)

This system may be appropriate for major struc-
tures, but 1is probably not practical for Jolint surveys.
The broad clasgification of planar, wavey or irregular
joint traces may be more satisfactory (Fig. 6).



Continulty

Considering a potential fallurse surface parallel
to a discontinuity, the amount of intact rock would be a
measure of the cohesion. Karl Terzaghi (1962) pointed
out that it is impractical to measure continuity defined
as

4 C = continuity
¢ %47Zi~m A, = area of fracture

surface
A = total area of sectlon
because the total fracture surface cannot be observed,
By measuring the length of the trace of a discontinuity

on an exposed Tace, a one dimensional estimate of con-
tinuity can be obtalned.

Practure Termination

The manner in which a discontinuity terminates
is a factor which should be considered, A joint which
terminates against a cross structure is less likely to
propagate than one which tails out into the rock. Three
types of termination can be recognized: simple termina-
tion in rock, termination against a cross structure and
horsetailing, Fig. 6.

Fracture Filling

As can be seen in Fig., 7, the coefficient of
friction varies widely with the mineralogy of the sur-
faces, Thus, data on wall rock.and filling composition
are necessary.

The effect of water on shear strength 1s handled
in soil mechanics by Terzaghli's Effective Stress Principle
whereby the normal stress 1s reduced by the pore pressure.

u = weight of water

’rf = C + ( S uh) TAN ¢ h = head of water
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The low porosity and permeabllity of a rock mass make

it difficult to obtain good data on water pressure in
rock slopes., Water is unqguestionably a factor, however.,
Hammel (1967} has shown a significant statistical corre-
lation between rainfgll and movement in his analysis of
an open pit slide,

Laboratory direct shear tests of soll and of
rock have shown that the shear strength of a sample
under a counstant normal load varies with the shear dis-
placement (Bjerrum, 1954) (Patton, 1966), Typically,
the shear resistance increases rapidly with displacement,
reaching a peak then dropping to a residual value. This
makes displacement monitoring of pit slopes important
from the safety standpoint because the drop in strength
will result in acceleration of the slide unless the
displacement also changes the driving forces.

The friction angle ¢ has also been found to
vary with the normal stress., For a limited range of
normal stress the Coulomb equation is satisfactory,
however,

STRESS

The stresses at a point in an open pit slope are
the result of the weight of the overlying material,
regional tectonic stresses and stresses induced by the
configuration of the pit., Determination of the stress
distribution of a slope with irregular geometry and
varying elastic properties is an extremely difficult
problem. Including the effects of the nonelastic beha~-
vior of a discontinuous rock mass makes the problem
even more formidable, However, analytical techniques
such as the finite element analysis and physical model
studies show considerable promise in providing reason-
able estimates (Goodman and Taylor, 1966). Also the
recent proliferation of in situ stress measurement instru-
mentation (Griswald, 1963) provides a means of actual
measurement,

CLASSIFICATION OF FAILURES

In order to differentiate between various slide
mechanisms it 1s useful to classify slope failures,
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Although there is 2 large varlety of slides, the follow-
ing classification used by Lacy (1963) is adequate to
cover most open plt failures,

1. Ravelling--individual rock fragments falling
or rolling down a slope steeper than the
angle of repose., "Running ground' where
many fragments are involved would fall in
this category.

2, Translational or Plane Shear--sliding of a
more or less inbact rock mass on one or
more geologlc discontinuities,

3. Rotational Shear--rotational failure along
an arcuate surface. This occurs in soils
and incompetent rock where the shear strength
of the rock is close to that of the discon~
tinuities,

APPLICATION TO PIT SLOFES

The following is a discussion of how some poten-
tial failure conditions can be recognized on the basis
of geologic information, and slope angles can be chosen
to avoid obvious slope failures.

The first step is to divide the pit area into
structural units. All too often when adverse conditions
result in a failure in one portion of a pit, all the
slope angles are reduced even though other parts of the
pit are in an entirely different rock and could stand
at a much steeper slope. .

Next the probable failure type must be determined
for each structural unit, including fthe major disconti-
nuities,

The importance of major structures cannot be
overemphasized. The majority of pit slope failures are
associated with a fault or other discontinuity that has
been (or should have been) known from conventional
geologic mapping. No amount of detailed statistical
analysis of minor discontinuities is a substitute for
knowing fthe position and physical characteristics of
major geologic structures.
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Plane Shear Fallures

If the rock of a slope is competent but is tran-
sected by a number of discontirmities, plane shear is
the most probable failure, In this case rigid body
mechanics often can be applied to obtain a reasonable
estimate of stability. In this technique, which has
been described by Wittke (1963) and by Goodman (1966},
the forces acting on the block (primarily the weight
of the block) are resolved into normal and shear forces
on the potential failure surfaces. The shearing resist-
ance 1ls computed using the Coulomb equation and the
stability is determined by comparing the shearing forces
with the shearing resistance,

Defining the failure surfaces for this type of
analysis requires examination of the geology. The
following are some common Types of potentlial failure
conditions,

Type la~---Major Discontinuities Dipping Into Pit

This 1is the simplest and most obvious potential
failure condition., If the slope is reasonably straight
or convex in plan and the structure more or less parallel
to the slope, a wedge or rock will be "daylighted" if the
slope is steeper than the digcontinuities, As c¢an be seen
in Fig. 10, when the discontinulty is at a high angle the
driving forces are much greater than the normal forces
on the discontinuity, Hence the discontinuities must have
considerable cohesion to keep the wedge from sliding.
Since major discontinuities have little cohesion, it is
apparent that to be stable the slope must be flatter than
the discontinuities, For low angle discontinuities the
normal forces are high compared to the driving forces;
therefore, a flat discontinuity -would be stable regardless
of the slope angle, unless water pressure greatly reduces
the effective normal force or the discontinuity is part
of a compound failure where lateral thrust is developed.

A "daylighted"” wedge shauld be stable if the dis-
continuity is dipping at less than the angle of internal
friction and should slide if above the angle of internal
friction, provided cohesion and water pressure are minimal,
In the intermediate range of dip (25° to 40O} some know-
ledge of the shear strength of the structure is necessary
to determine if failure willl occur,
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Where the glope ig stralght or convex in plan
and the "daylighted” wedge is thin compared to its length,
the end conditions do not contribute significantly to the
resistance to sliding. Usually there are high angle
structures at right angles to the pit face, which will
define the ends of the wedge.

Type 1lb--~-Minor Structure Dipping Into Pit

When there is a minor structure, such as a joint
set, dipplng into the pit, the situation is similar to
the case of the major structure, with thése exceptions:

1, The shear gtrength will tend to be higher,
varticularly if the Jointing is disconti-
nuous; thus "daylighted" wedges will be
stable at higher angles,

2, The Jjointing will be repetitive and the
exact position of the fallure cannot be
predicted although the probability of
railure may be the same,

3. The Jointing will tend to vary in attitude
so that picking an angle which will not
"daylight” a wedge is more difficult. This
is one reason why the probability of failure
approach is necessary. I1f the scatter of
pole points on the sterecnet is converted
to a frequency curve relative to dip, it
can be seen that no single attitude will
degceribe the orientation, As the slope
angle is increased into the range of the
joint set, there willl be an increasing
probabxlﬂty that a “dayllghted” wedge will
fail,

Type 2-~---Intersecting Discontinulties

Two nonparallel discontinuities striking at an
angle to the pit face and dipping in opposite directions
can form a tetrahedron that is free to slide into the
pit. The direction and dip of the line of intersection
will be the direction of motion., This intersection can
be found by descriptive geometry, stereographlc projection
or calculation, The dip of the intersection will always
be less than the dip of the flatter of the two structures.
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The discontinulities can be elilther major structures such
as faulte, minor structures such as joints, or any com-
bination.

As with single structures, steeply dipping inter-
sections represent a maximum slope angle, For lower
angle intersections the stability can be calculated bs
using the vector techniques described by Wittke (1963{
and by Goodman (1966).

Type 3=----Intersection With Toe Discontinuity

In a pit slope transected by discontinuities
in a number of orientations, compound failure surfaces
can develop.

Intersections dipping steeper than the pit slope
should not constitute a failure condition unless a third
discontinuity forms a surface along which the intersect-
ing wedge can slide into the pit. This third disconbti-
nuity can be flat or even dipping into the slope, bhecause
the upper part of the failure block (unit No. 1 in Fig,
13) exerts a lateral force on the lower unit.

Type L~---Intersection With Headwall Discontinuity

Commonly the upper portion of an intersection
failure will be defined by a high angle structure,
TLateral thrust developed by the upper segment can result
in failure of an intersectlion that would otherwise be
stable.

Additional Types

Discontinuities dipping into the pit may also
be combined with toe and headwall discontinuities in the
same manner as the intersection failure., Additional,
more complex configurations can occur with combinations
of discontinuities but the principles used in defining
the failure surface and establishing the stability are
the same as the simpler types.

Ravelling and Rock Falls

If a slope is steeper than the angle of repose
of the rock making up the slope, loose rock will fall or
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roll down the slope, The angle of repose 1s the maximum
slope of a pille of loose fragments and is approximately
equal to the angle of internal friction of the rock,
Angularity, grading and surface roughness effect the
angle of repose., Lacy (1965) has measured the angle of
repose of rocks in Arizona open pit porphyry copper
operations. Values ranged from 33° to 420,

Relatively continuous, closely spaced disconti-
nuities in two or more orientations will produce loose
rock, The prevalence of these conditions may be estab-
lished by geologic mapping.

If it is determined that rockfall conditions
could exist in a pit slope, catch benches, presplit
blasting and ofther control measures should be planned.
Ritchie {1963) has studied rockfall in highway cuts and
has developed design criteria which can be applied to
open pit slopes,

Rotational Failure

A material that can be considered approximately
isotropic and homogeneocus or with simple horizontal
layering will fall along a circular arc, Soils and
very soft rock fall in this category. A number of
workers in s8o0il mechanics, in particular Taylor and
Bishop, have developed methods of computing the stabi-
lity of a slope for this type of failure, Stability is
based in the magnitude of the weilght moment around the
center of the circle compared to the cohesive and internal
friction moments along the failure surface, Thése solu~-
tions can be obtained in standard soil mechanics refer-
ences, .

Structural units composed of soils (gravels,
silts, clays) and soft rock, such as poorly consolidated
shates or deeply weathered intrusives, should be analysed
by the slip circle method. The basic criteria is that
the material is sufficiently uniform and isotropic that
conventional soil testing will give a satisfactory approxi-
mation of the strength.
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CONCLUSION

The design of open pit slopes 1s an interdis-
ciplinary problem involving mining economics, geology
and rock mechanics, As with any interdisciplinary
problem an important aspect is proper communication,
The mining engineer and geologist worklng ftogether can
apply principles and techniques developed by rock mechanics
research to determine potential slope-~failure conditions,
Although much more research is needed in the mechanics of
slope fallure and technigues for designing slopes, it is
possible to choose slope angles that willl minimize the
occurrence of hazardous and expensive slope failures,
but without unnecessarily flattening pit slopes, Also
mine layout can be modified to reduce the effect of a
failure on a mining operation,

Slope design should be a continuing process whereby
design slopes are reevaluated throughout the life of the
mine as new data are collected.

Case history studies are needed as a check on
design techniques and to provide information for future
design. (Back analysis of slides is an excellent way of
obtaining discontinuity strength data.) Case histories
need not be falilures; a stable high angle slope is in
many ways as significant as a fallure, A large measure
of the success of earth slope deslign is due to case
history studies., Rock slope design can also profit from
such studies,
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FIG. 12 SIMPLE INTERSECTION OF DISCONTINUITIES
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