








be more useful than a name based on genesis or composition, The peculiar
properties of some shales of decrepitation and ewelling en exposure might

be considered simpiy as reactions affecting the long-term strength of the

material. The case histories reviewedrin the paper tend to support this

orientation.

At the present time, it is suggested that for the planning of slopes
in shales‘and other rocks, the practical procedure is to concentrate on
monitoring deformation rather than analysing stress. In fact, it is
thought that it‘ﬁay eventuaily be proved that deformation is a better para-
meter thaﬁ stress for predicting and analysing the reaction of rock to both

surface and underground excavations.

INTRODUCTION
In initiating this paper the suggestion was made that it should be
on the design of slopes in shale. As the ;esign of slopes in any rock at
the present time is very difficult, the paper has been written on the plan-
ning of the slopes. The word 'planning' is to be interpreted in the more
general sense of 'considerations to be aware of in planning' rather than
being a definite procedure or check list for practical purposes,

The subject is treated under the headings of: design - types of

slope failure - classification of shales - case histories - and planning.

SLOPE DESIGN

Conventional Procedure

Structural design is usually conducted by a traditional cut-and-try
procedure. A prelﬂninary design is established the stress in the mat-
erials are analysed, and the strengths of the materials are established by

laboratory testing of representative samples. When a design produces an




acceptable safety factor with respect to failure stresses, the basic
configuration can be accepted.

In the case of slopes in soil, this traditional procedure can be fol-
lowed if the assumptions are made that failure vill occur on a circular sur-
face of failure and that the average shear stress along this surface is the
critical stress to ie analyse& for design purposes. These assumptions aré )
only likely to be valid in materials where the variations in stress which
tend to occur will be diminished, or eliminated, by local yielding without

fracture in zones of high stress with resultant transfer and increase of

stress in the adjacent zones.

Stresses in Infinite Slopes

In rock slopes it is difficult to follow the traditional design pro-
cedure for several reasons. First, there is at the present time no theoreti-
cal analysis that can be used for the determination of the stresses in an
elastic mass (the normal first assumption for the material properties) with a
geometry of a slope. If the complications of having a crest and toe are elimi-
nated, in other words if the case of an infinite slope is assumed, stresses
can be analysed as indicated in Figure 1 producing the following equations:

N=Wcos i= 7Yz (bcos i) cosi

T=Wsini= < z (bcos i) sini
oo O =Tz coszi cees. (1a)

=Yz sin i cos i eaees (1Db)

where N is the normal reaction on the bottom of a vertical column of ground,
W is the weight of the column, T is the tangential reaction on the bottom of
the column, is the density of the ground, z is the depth of the column
measured vertically, b is the width of the column measured parallel to the

slope, i is the slope angle, o 1s the normal stress on the bottom of the




FIGURE 1 - AN INFINITE SLOPE WITH AND WITHOUT SEEPAGE
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column and 'r'is the shear Vstress. The vertical column of ground isolated
In Figure 1 will be subjected to forces on the sides of the column that are
equal and opposit:e; for this reason, they do not appear in the equations,
If seepage is oécurring in the infinite slope, as shown in Figure 1,
with flow parallel to the surface and the phreatic line coincides with the

surface of the slope, the additional components of stress are as follows:

2
u ‘szcos i
J= Y sin i
w

where u 1is the pore pressure at, the depth z below the surface of

ceese (2a)
eeees (2b)

the slope,

‘Yw is the‘d.ensity of water and J is the seepage stress per unit volume of

ground (note that the hydraulic gradient in this case equals sin i).

Stresses in a Semi-Infinite Slope

The slope with a crest but no toe,or a semi-infinite slope, as shown

in Figure 2a, can be taken as the next degree of complexity. Equations for

the determination of stresses in such a slope have been published (1,2)+:

- cos 3 1/2 . _sin 3 1/2
o 7:[(8 oin? 1/2 + cos 1/2) cos¥ + (sin 1/2 s—c'o_sZI/Lz sin ¥

r
_cos 1/2 cos 3V sin 1/2 sin 3 ceeee (32)
8 sin2 1/2 8 cos? 12
3 cos 3 1/2 3 sin 3 1/2
= Y + +[sin 1/2 - i
o, A‘[( 5 sin‘(:l/z cos i/2)cos¢' (s n i/ 8 cosZi/2 )s ny
cos 1/2 cos 3¥ _ sin 1/2 sin 3V ceees (3b)
8 sinZ 1/2 8 cos? 1/2
x = vy |c083 i/2 sin'\lf + cos 1/2 sin 3V
rt 8 sin2 1/2
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+Numerals in parenthesis - thus; (1) - refer to corresponding items in the
Reading References (see Appendix).
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50° =0.84y%
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FIGURE 2 - A SEMI-INFINITE SLOPE : a) the étress'co-ordinates,’and b) a graph

of shear stress and vertical stress on a horizontal plane.
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where o, is the radial stress from the origin O at the crest, ¥ is the
densiéy of the ground, r is the radial distance from the origin, i is the
slope angle, ¥ is the angle measured clockwise from the bisector of the
interior angle to the crest, o, is the tangential stress and Tee the shear
stress on radial apd tangential planes.

Presumably these équations could be used for points sufficiently
above the toe not to be influenced by the stress concentrations there. For
example,iwith a 50 degree slope, it was-found, as shown in Figure 2b, that
the shear stress on horizontal planes is 0.84 7Yz, where z is the depth to
the plane, and that this value 1is constant for all values of x. Also
Pigure 2 shows that the vertical stress, o, is equal to 7Yz,

The basic assﬁmption for Equations 3 is that 0.0 and Trt all vary

t
linearly with the radial distance r. This may or may not be true; the
result that Ehe horizontal stress, Oy increases indefinitely with x sug-
gests that this derivation is not a valid solution. Furthermore, the
assumptiops énd deductions regarding the variations of the various stresses
do not seem to be in agreement with recent experimental work; Figure 3
shows the results obtained on a gelatin model (3). Although this was not
a case of a semi-infinite slope, sections A and possibly B should be far
enough fromvthe toe not to be influenced by the stress concentrations there.
The vertical stress, o, and the shear stress, Tz ? are not constant at
one elevation as indicated by the above theory. Also, the above equations
do not indicate the presence of tensile stresses in the crest zone, which
are known to exist in finite slopes, although they may not be produced in

semi-infinite slopes. At section C in Figure 3, the effects of the concen-

tration of stress at the toe can be seen,
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Stresses in Finite Slopes

It is possiblé that the difficult problem of analysing stresses in
slopes may be solved in the same manner as thé mathematically similar
problem of fluid flow with complex geometry, i.e. by the use of flow nets.
The principal stress trajectories, as in flow nets, must be orthogonal and-«
with the approprigte selection of stress intervals the elements of the
mesh can have equal sides.

Figure 4a 1s an approximate representation of the principal stress
trajectories where the major principal field stress is due to gravity and
hence vertical. Figure 4b shows the principal stress trajectories where
the major principal field stress is horizontal, In the latter case,it is
quite clear that the maximum normal stress is at the toe of the slope and
that there is a concentration of horizontal stress under the excavation
beyond the toe. (This concentration of stress is also shown in Figure 3
at section C) This method, of course, could not provide a measure of the
theoretical maximum stress congentration which would occur at the surface
of the slope at the toe; it remains for research to establish whether this
is a critical number with respect to a design analysis.

Alternatively, stress distribution can be determined for a given
slope using the finite element technique based on the use of a high speed
computer, It 1is possible that the availability of computers will shortly
be so widespread that such an approach can be used for routine design
purposes,

Stresses in slopes, as implied above, will not always be due simply
to the force of gravity. As insitu measurements in rock are continued,it
is being found thatbhorizontal stresses are often greater than the vertical

stresses and that only in special cases can it be assumed that the major
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FIGURE 4 - FLOW NETS OF PRINCIPAL STRESS TRAJECTORIES a) where the major principal field stress

is vertical and b) where the major principal field stress is horizontal,.
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principal stress in the undisturbed rock is vertical and due to gravity,
with the intermediate and minor principal stresses being some fraction of
this due to lateral confinement of the ground. The case has been docu-
mented where an open pit excavation had proceeded no more than 50 feet
below the ground surface when the floor cracked and heaved up some 8 feet, .
a clear indication of large residual stresses in this near-surface

bedrock (4).

Strength of Rock Masses

The other aspect of design, the testing of representative samples
for the determination of the strength of the material, is in an equally
unsatisfactory state of development. Tests on core samples at best'(and
even the laboratbry testing of brittle materials is not completely satis-
factory at the present time) merely provide a measure of the strength of
the substance, which in most cases bears no predictable relationship to
the strength of the rock mass, The strength of the substance can be
considered to provide an upper -limit to the strength of the rock mass,.but
even as such it usually has limited value.

The strength of a rock mass in a slope is probably affected by the
orientation and frequency of joints. The determination of the orientation
of the various systems of joints must usually be done on a statistical basis,
thus requiring a large number of observations. The observations can be
obtained by measurements on the joint faces exposed either in outcrop or in
excavations in the same formation and from observations in drill holes using
eitﬁer a borehole camera or a closed circuit TV camera.

These>techniques are expensive and not perfect from a scientific
point of view. ?irst, the identification of a joint is not completely

unequivocal (5). Then, observations of frequency on the face of an
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excavation are bilased towards those joints in planes perpendicular to the
face. Borehole observations are ébmewhat better, but frequency is biased
against orientatiéns parallel to the axis of the hole and detection by
camera is biased against those normal to the hole, i.e. their trace is less
conspicuous than joints that approach being parallel to the axis of the
hole.

At the present time, the proper use of such joint data in an analy-
sis of the mechanics of the slope is still a matter for theoretical con-
sideration and thus is still in the realm of research rather than practical
engineering.

At Mines Branch the problem of determining the mechanical properties
of rock masses is being approached from several different directions.Stress
measurements are being made in stable and unstable underground pillars
which provide a measure of the strength of the rock mass in ﬁhe pillar.
Extensometer readings together with these stre;s measurements are used to
determine deformation prope;ties; Sonic velocity measurements are being
made in comnection with such stress measurements to assist in delineating
stable from fractured ground (6). A borehole penetrometer is being used
in an attempt to build up a corrélation between hardness readings in a
borehole and the strength of the adjacent core so that such a correlation
might be uéed to extrapolate to rock where core cannot be obtained but a
hardness measurement can (7). Plate load testing has been tried but is
not now considered to:be a particularly feasible method for obtaining the
strength of the rock mass (8). The Schmidt impact hammer is being tried
for the determination of at least comparative competancy. Trials are to be
conducted onbavborehole cell, or‘dilatometer 9. However, it will take

time before any of these methods are substantiated;
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The final difficulty in following the traditional design analysis in
slopes 1s that even 1f we could make a stress analysis and determine the
strength of the'rock, it has not yet been established what the failure
criterion is for brittle rocks nor what the mechanics of failure are for

a slope not affected by some obvious 8tructural features, Concrete work

\.

is essentially based on the Maximum Principal Stress Theory for compressiﬁe
stresses and the Maximum Shear Stress Theory for shear stresses; soil work
uses Moh;'s Strength Theory, and testing on glass indicates that Griffith's
Theory is valid. Recent work now Ssuggests that a combination of Mohr's
theory with Griffith's Theory, in order to include frictional resistance on
the surfaces of cracks that have been closed, might be the most valid theory
for brittle rocks (10). All of these theories may have some validity
depending on the rock types; however, it will take time to clarify this
subject. On the other hand, 1f the lack of a strength theory were the

only impediment to designing slopes the use of engineering judgment would
permit some design procedure to be established, as it has done for many

years in concrete work.

TYPES OF SLOPE FAILURES
The four general types of failure, as shown in Figure 5, are dis-

tinguished by the mechanics of the breakdown of the ground.

Rock Falls,

Rock falls occur when loose rock develops with the slope angle
being greater than the angle of repose of this loose material and blocks
of rock fall or roll to the bottom of the slope. The cause of this type
of slopé failure is the breakdown of the tensile strength of the rock mass.

Rotational Shear

Rotational shear failure occurs when a segment of the slope fails by

-13.
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() ROCK FALL | (b) ROTATIONAL SHEAR

(c)PLANE SHEAR S | (d) BLOCK FLOW

FIGURE 5 - TYPES OF SLOPE FAILURE : a) rock falls, b) rotational shear where yield-

ing prevents high stress concentrations, c¢) plane shear where an exten-
sive geological plane of weakness exists in a critical location, and

d) block flow where a hardrock mass does not contain extensive planes of

weakness oriented in a critical direction; the brittle blocks crush at

points of load concentration and eventually a general breakdown occurs.
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rotation on a more or less circular arch. This type of failure only
occurs in rocks that will yield,in a manner similar to structural steel

or soils, before rupturing. This yilelding is necessary so that high local
stresses are prevented from developing. Rupture only occurs when the

average shear stress over a critical surface exceeds the average shear - *

strength.

Plane Shear

Plane shear describes the slope failure when sliding occurs along
an extensive geological plane of weakness. Failure results from the

critical location of such planes with respect to the geometry of the wall,

Block Flow

This type of failure 1is imagined to occur in a uniform, hard rock
mass that does not contain extensive planes of weakness oriented in a
critical direction. The method of failure is visualised as being a
general_breakdown of the rock mass as a consequence of the crushing at the
points of high stress in the brittle blocks which comprise the mass. As
individual blocks are crushed, increased loads are thrown onto the adjacent
blocks whose strength in turn 1is exceeded. It 1is thought that this type
of progressive action, or working of the ground, continues until a general

breakdown of the slope occurs.

CLASSIFICATION OF SHALES

Geological and Structural Aspects

Shale has been defined as a laminated sediment in which the consti-
tuent particles are predominantly of clay grade (11). Presumably then the

constituent minerals are those such as kaolinite, illite and montmorillo-

nite.
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Possibly the more pertinent definition that is required is that of
a rock.. It has been suggested that the essen;ial structural nature of a
rock is that it is ; material composed of blocks joined with a cement of
weaker strength than the blocks and with the assemblage having a void
ratio close to zero based on the density or specific gravity of the sub-
stance in the blocks (12). For one limiting case where the strength of
the cement is equal to that of the blocks, we would have the equivalent of
a cohesive soil. Another limiting casevwould be when the vqid ratio 1s
greater than some lﬁniting figure, say 0.05 or possibly some higﬁer limit,
a granular mass or‘séil would exist (13, 14). Figure 6 shows the drastic
fall in ﬁ, the modulus of éeformation, when e, the void ratio, exceeds 5%
for this particular rock (14). With some such definition it would be
possibie to:establish:a boundary line betﬁéen shales and clay on the one

hand and shaies and eithér breccias or residual soils on the other.

Functional Aspects

The fact that shales are sediméntary and composed of clay minerals
may or may‘ﬁot be signifiéant for those{inté?ested in the mechanical
aspects. If adhegion along the bedding planes is low then bedding would
be significant; on the other‘hand, if thé bedding 1is diffiéult to distin-
guish it would be irrelevant. Extensive insitﬁ shear testing of several
different shales has shown little difference in strength parameters (C and
@) for shearing parallel and perpendicular t§ the bedding‘(13).

1f because of composition a shale will decrepitate on exposure or
swell on release of stress, as might be expected in the presence of
montmorillonite but not with other minerals, then compositién would be
significant; otherwise it would not. In other words, mechanical rather

than genetic considerations should be emphasized.
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With this in mind a fock classification system has been suggested
for consideration (15). This system 1s simple to the point of being crude
and is visualized as an initial description,with elaborations grafted on as
they are established as being functional. Detailed information is regarded
as engineering data which is only needed for a particular project.

A modification of the categories originally suggested for classifi-

cation is as follows:

Substance: Strong or Weak

Elastic or Yielding

Formation: Massive, Layered, Blocky, Broken .

The strength of the rock substance could be defined as strong when
the uniaxial compression strength is greater than 10,000 psi. Below thi§
value the rock substance would be described as weak. In view of the
limited use for analytical purposes that can be made of the strength of the
substance, the.two divisions should be adequate for classification. Where
useful the system could be expanded to form additional categories by calling.

rock substances very strong when their compressive strengths are greater

than 25,000 psi and similarly describing as very weak those rock substances

with cqmpressive strengths less than 5,000 psi.

The classification of the deformation properties of the rock substance
should provide'some ;nformation on the possibilities of yielding, creep,
swelling, disslpaﬁioﬁ:ofvstrain'energy and nature of failure. An elastic
rock could be expected nét to creep or:swell; it would also be expected to
store a relatively large amount of the strain energy so that on failure,

which would pfobébibié by brittle fracture, this energy would be released

explosively. The term 21e1&ing couid be u$éd to describe thosg rock sub-
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stances where more than 25% of the total strain is irrecoverable or the
strain rate at constant stress is greater than 2 pin./in./hr. Among
these materials some would creep, some would swell on exposure, some
would fail by ylelding rather than rupturing and even those that ruptured
would not do so with the explosive violence associated with elastic rocks.
For slope work these materials might coincide with the yielding required

to produce a rotational shear failure as opposed to block flow failure in
the brittle rocks. |

It should be appreciated that these categories for the rock substance
only provide one boundary for the properties of the rock mass. In other
words, 1f a rock substance is strong, the rock mass might also be strong or
it might be weak due to structural features. On the other hand, if the
rock substance is weak then certainly the rock mass will be weak. Similarly,
if the rock substance is of a yielding type, the rock mass will also be a
yielding body.

The continuity of the fo;mation can be described as massive when the
distances between layers and joints are more than 6 feet. The formation
would be layered when the rock is either sedimentary, extrusive in distinct
layers, or in compositional bands of gneisses and schists with the distance
between the layers being less than 6 feet. Layering in a mechanics sense
should mean that the bonding between layers is less than it is within any
one layer.

The structure of the rock mass can be described as blocky when the
joint spacing is greater than 1 foot and less than 6 feet, and as broken
when the individual blocks are smaller than 1 foot.

With respect to this classification system, we know that shales can

have substances which vary between very strong and very weak, elastic and
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yielding. The structural characteristics can vary between massive,

layered and broken. The logical conclusion from this is that shales are

a compositional groﬁping of rocks which can have mechanical properties that
cover the full spectrum of rock properties.

Figure 7 shows stress-strain curves for a very strong, elastic,

massive shale. This shale is from the Lower Cretaceous Elk River forma-
tion of British Columbia. It is very fine-grained, black and with no
cleavage or bedding planes visible, and hence it might be objected that it
'is a mudstone rather than a shale. These curves show that the uniaxial

compressive strength, Q , is greater than 25,000 psi and hence can be

classified as very strong.

The modulus of deformation obtained on the loading cycle up to 50%
Qu varied between 5.5 and 7.9 x 100 psi for six samples. The air dry
density of the rock substance was 164 pcf. The test samples were 1.21 in,
diameter with a length to diameter ratio of 2.57 . |

The curves in Figure 7 show the permanent strains in the rock
substance obtained by cycling the stress to 25%, 50% and 757% of the
ultimate compressive strength. The test was carried out as rapidly as
the manual controls would permit to eliminate'ény creep effects. The
extrapolated permanent strain at failure would be about 7% of the total
strain.

The inset on Figure 7 shows a strain-time curve resulting from a
different type of test. . In this case the loéding and unloading cycles
were conducted at the same rate as in the previous test but the stresses
at the levels at 25%, 50% and 75% Q, were maintained constant for- 30 minutes
with strain readings being taken during this time interval. By plotting

this data on a log-log graph and.extrapolating the strain rate to a time of
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FIGURE 7 - ELASTIC, PLASTIC AND VISCOUS STRAIN VARIATION WITH STRESS IN A VERY STRONG~SHALE




200 minutes, assuming that a steady state creep would;rheh be attained (16)

it was found that the creep rate eould be 1.8 pin./in./hr at a stress level

of 50% Q,. It is judged, based on a rate of closcre in an underground

- opening thac would obviously be;described as creep, that the classification

yielding should apply to rocks'withva steady scate strain rate greater than

2 pin./in./hr. » Accordingly, this shale would-be described as elastic.
Figure 8Jgives stresa;strainland strain-time curves for a sample from

the Bearpaw formation, a-rery weak,‘yielding,prer Cretaceous shale (17).

This material is at the other end of the scale of rock properties, and in
fact may be off the scale as it has a void ratio of about O. 28, which
together with its cohesiveness would according to the above definition of
rock, place it in the category of a cohesive soil. In any event, it is a

quite different material from the Elk River shale.

CASE HISTORIES OF ROCK SLIDES

Rotational Shear A

Nine slides have been recorded in a Keewatin sedimentary rock com-
posed of some clay miherals, known as paint rock, which contains kaolin,

quartz and pyrolusite with some sub-angular fragments of iron oxides. The

formation is composed of laminations less than 1 cm thick dipping at approxi-

mately 70 degrees. | It could be classified as very weak, yielding and massive.
However, it iszuestionable whether it should be called a rock as the natural

void ratios are approximately 0.4 .

Table 1 shows the data for these nine slides. Laboratory tests

established the angle of internal friction to be 37 degrees. Using this

figure the cohesion at failure was calculated for the slide geometries assum-
ing the ground water level_behind the'slope-to“be at an elevation equal to

half the height of a slope (except for Slide No.7, assumed to be full height)
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FIGURE 10 - A BLOCK FLOW FAILURE IN A SLOPE 2100 ft HIGH CONSISTING
PRINCIPALLY OF LIMESTONE WITH SOME SHALE LAYERS
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“Table 2. - Altered Slate and Quartzite Slides

Slide @~ Height, - _VSIOPeJAngle,. ... Cohesion,.
No. Ft. Degrees Psf
1 w0 e T 410
2 136 a0 es
3 o a 665
W 12 s ess
s o w5 seo
6 106 s 6%

variation of 45%.

‘Figure 11 shows the cross-section through one slide zone as excava-
tion proceeded over a four year period. In 1958 when the height of the
slope was 85 ft a slide occurred that caused the crest to move down about
9 ft and out 4 ft. In 1961 with a. slope height of 170 ft new cracks
opened up in the crest of the wall, as shown in Figure 12. For a period
of about two monghs the cracks quped at the rate of about 5 ins;‘pef week
with the side towards the excavgtion moving 1 in. permwegk dowﬁwards. There
was no evidence of movement in the toe zone. In the sp;ing_of 1962 with a
slope height‘of 195 ft a slide pq;u?rgdeitﬁ the paximum movement ,measured
close to the cresf, ﬁging lé_ft horizpﬁﬁaliy oﬁfwa:déi#nd 15 ft down; the
movement of a hub located close to the ;oevofrthg slide was 12 ft horizon-

tally and 3 ft down. Figure 13 shows the crest subsequent to this measurement.

Rotational Shear C. R T, . L.

Figure 14 shows the cross-section of a zone that produced several
slides over a period of two years in the same material as for the Rotational
Shear B slides. In 1962 the part of the slope between elevation 2130 and

elevation 2060 produced a small slide. The appearance before the slide
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FIGURE 11 - CROSS-SECTION THROUGH A SLIDE ZONE IN A SLOPE WITH A HEIGHT THAT INCREASED FROM

170 ft TO 310 ft OVER A FOUR YEAR PERIOD IN AN ALTERED ROCK COMPOSED CHIEFLY OF
KAOLIN, QUARTZ, SERICITE AND IRON OXIDES
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FIGURE 13 - THE APPEARANCE OF THE CREST OF THE SLOPE SHOWN

IN FIGURES 10 and 11 WHEN THE HEIGHT WAS 275 ft
.




FIGURE 14 - CROSS-SECTION OF A SLOPE WHERE FAILURES OCCURRED AS

THE SLOPE HEIGHT WAS INCREASED FROM 70 ft TO 310 ft




occurred of this section is shown in Figure 15 where a local drag fold can
be seen. In contrast to the leisurely progress of the previous case, with-
in a matter of 24 hours tension cracks appeared and the crest moved down
some 5 ft.

In the spring qf 1963 with a slope height of 140 ft sliding became

quite general over a width of 400 ft at a slow and continuous rate. Figure

e A Nl el T

el

16 shows the appearance of one of the tension cracks in the crest by July

of that year; however, the crest of the slide at this time had only moved

7 T

down about 1 ft. The toe of the slide continued to move and by the end of

AT AN AL

September had moved about 50 ft horizontally.

During the summer of 1963 as part of the experimental remedial program,
three horizontal drains were drilled through the slate into the underlying
more porous quartzite with the hope of decreasing pore water pressures. A
small flow was obtained which increased during rainy periods; however, by
the end of July the continued movement of the slide broke the pipes and the
drainage action ceased. These wells were tried in view of the ineffective-
ness of vertical wells, 200 to 300 ft deep, in reducing ground water levels
within a reasonable area of influence.

Excavation of the slide material during the winter, in spite of sub-

zero weather, reactivated the entire slide zone as shown in Figure 17. By

the spring of 1964 with the height of the slope 250 ft, a new larger slide

started which moved quicker than the previous slides.

Rock Fall

There is an interesting, although undocumented, case of stabilization
of a slope in a siltstone breccia. The slope was in an open pit mine in
the south-west of the U.S.A. It was about 500 ft high at an average angle

of 45 degrees. At this angle in spite of having been excavated in a series
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On the other hand, some other factor such as deformation might be
more easily related to failure of rock masses. It is for this reason
that besidés our field studies on in situ stresses, we are also measuring
at several different sites rock deformation resulting from adjacent exca-
vations and from the passage of time. For these measurements a variety
of devices are used; however, the one that is probably most useful for
slope studies and for monitoring purposes is the borehole extensometer.

Another aspect which must receive increased attention is the disper-
sion of strength properties that occurs in any structural material which
must be assumed to be even more conspicuous in geological materials. It
was pointed out above that where slope failures had been studied in the
same formation the coefficient of variation of the strengths was as low as
22% in one case (which might be compared with job-mix concrete of 18% to 25%

(21) ) to as much as 45% in another case.

Figure 18 shows one way in which the dispersion of strength might be
explicitly recognized in slope design. Curve I in this figure shows the
required relationship between slope height and slope angle for substantially
no slides (i.e. 1% probability of failure). Curve II shows the permissible
relationship if a 107% probability of failure is acceptable, i.e. this could
be interpreted as meaning that about 10% of the wall length would be involved
in slides. Curve III illustrates another point: for the same probability
of failure as Curve II the drawing down of the ground water level from 50%
of the height of the wall to the toe elevation would make possible much
higher slope angles for any given height of slope.

It is well known from theoretical analyses, as well as from experience,
that seepage stresses are very important in slope stability. However, it is

a mistake to assume that ground water levels can be controlled or even
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measured with the same facility that has been experienced in soil work. As
indicated above, it is possible in some rock formations to draw the water
down 200 ft below the ground surface in a deep well and within 50 ft to
have a plezometer indicating a water level 15 ft below the ground surface.
Also, from experience we know that the large expense of a drainage drift
can turn out to be a camplete waste of money.

Possibly one of the most practical factors to consider in planning
slopes is the use of controlled blasting. Construction people have known
for a long time that if an excavation is to be made to fine tolerances which
must be maintained, then close drilling is required. Although the benefits
to be gained from using similar techniques for cutting permanent slopes has
always been recognized, the additional expense seldom seemed to be acceptable.
The analysis of the feasibility of this type of expense now seems to be pro-
ducing a different answer for many organizations, both construction and
mining, who are trying pre-splitting and perimeter blasting techniques (22).

For the special problems of shales, such as disintegration on exposure
and swelling on decrease of load, .special solutions must be provided for each
case. Special coatings such as gunite, bituminous mixtures or possibly
various types of new coatings, might be considered. Rock bolting and mesh

have proven useful on some occasions.

CONCLUSIONS
1. A method of stress analysis for slopes in non-yielding rocks is
needed. No solution for the stress distribution exists in the theory of
elasticity. A computer solution using finite elements can be used until a
simpler mathematical method is found.
2. Much research is required on the strength testing of rock masses

and on the determination of the appropriate strength theory before an
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explicit design procedure can be evolved.

3. The mechanical properties of shales extend over the full spectrum
applicable to all rocks. Consequently, the types of slope failure to be
expected in shales are essentially the same as those that can occur in other
rocks. Some shales have epecial properties which essentially affect their
strength; however, such peculiarities occur in other rocks as well, In
addition, the dispersion of strengths in any one formation should be recog-
nized, as is being done increasingly in concrete work, since it is an impor-
tant factor for both safety and economy.

4. Case histories of slope failures show that some slides have occurred
quickly whereas others have extended over a period of years, This is of
interest as the time required for the failure process in some cases can be
as important as the occurrence of failure itself.

5. Monitoring by measdring internal deformation should provide valuable
information for research on the failure mechanisms and also for confirming the
original appraised stability of planned slopes.

6. Controlled blasting probably is one immediate practical step that

can be taken to increase stability of excavated slopes.
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