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It has been recognised by Terzaghi (1962),
Muller (1964), John (1968) and others that
the stability of a slope cut into natural
rock is a problem in englneerlng geology,
combining the arts of estimation and judg-
ment which are features of both disciplines
The mechanisms of slope failure are similar
to those found with soil with this basic
difference - in soils the surface of failure
will follow a path of minimum strength,
whereas in rock slopes, where the strength
of the material is relatively high, the sur-
face of failure will follow preferred planes
of weakness which are determined by geologi-
cal features such as faults, contacts, bed-
ding planes, cross joints, random joints,
all of which, for generallty in this paper,
will be referred to as joints. Water pres-
sures in the joints, and to a lesser extent
in the pores of the intact rock, will play
the same important role as do 'porewater'
pressures in soils.

GEOLOGICAL PROPOSITIONS

If the stability of a rock slope is to be
described quantitatively, certain proposi-
tions which will permit the definition of
properties in a numerical form must be made
as follows:

The Proposition of Structural Regions in the
Rock Mass

Any naturally occurring rock mass of large
size can be divided into structural regions
within which the jointing patterms will be
similar in a statistical sense, i.e. in a
region the joints can be grouped into a
limited number of joint sets and all joints
in any particular joint set will be indenti-
cal within a range which can be defined by
statistical limits. By identical is meant
that the joints are the same with respect to
the 10 joint factors described later.

The Proposition of an Ability to Describe
Joints Quantitatively

The joints will be described by:

(a) The Joint Naming Faetors, i.e. the dir-
ection of dip (DD) and the angle of dip
(8.

(b) The Strength Factors, i.e. the consis-
tency or hardness of the rock, which is
a function of its compressive strength;
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the roughness of the surfaces of the

joint; the nature of the gouge within
the joint, i.e. its thickness and its
strength or hardness.

(c) The Factors Affecting Shear Along the
Joint, i.e. the apparent dip of the
joint with respect to the slope (a),
the continuity of the joint (k) and
its waviness.

The Proposition of the Prediction of the
Presence of an Unseen Joint

The boundaries of a structural region may be
defined by a survey of the joints which have
already been exposed. The fact that joints
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Fig. 1 Prediction of the Presence of Unseen

Jointe

of a particular type are visible when the ex-
cavatian has reached depth H; is an indica-
tion that other similar joints exist in the
remaining unseen volume of the exposed struc-
tural region. Such joints may be of no con-
cern when the depth is H; but they may cause
failure when the depth reaches H,. The re-
lationship between the Factor of Safety and
the height of the slope is approximately
hyperbolic.

The theory of slope stability in rock will
depend upon man's ability to define the joint
factors in a numerical way. Further, atten-
tion must also be given to the fact that
natural variations will exist and that the
numbers of joints which are involved will
usually be very large. Two most important
questions to be answered are: how far should
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one go in performing laboratory tests and to
what extent can one rely on simpler and
coarser field observations in determining
the numerical quantities necessary for
design calculations. In answering these
questions, the great volume of joint data
required is a factor of prime consideration.

MODES OF FAILURE IN ROCK SLOPES

Failure occurring on preferred planes of
weakness implies that the failure surfaces
will be plane or combinations of planes.

The angle B is defined as the dip angle of

a mean surface of failure. It should be
noted that while the angle B derives from a,
the apparent angle of dip with respect tc
the dip direction of the slope, B is not
necessarily equal to a. It is important to
understand that displacements during fail-
ure will take place in the a-direction and
not in the B-direction where this is differ-
ent from a. Four modes of failure are
recognised, three of them relating to two-
dimensional slices through the slope and one
to a three-dimensional wedge failure. A
depth of cracking z, at the top of the slope
is also accepted. The recognised failure
modes are:

(a) Plane Fatilure Mode

In Fig. 2 the block ABDE slides out on
the B-plane. The angles B and a may be
the same, involving a number of a-joints
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Fig. 2 Plane Failure Mode

lying in one plane (the ordered system)
or it may involve stepping from joint

to joint where these have mean lengths
L:g and mean spacings dpq (statistical
system). Such stepping 1s considerably
assisted if another set of joints exists
with an apparent dip angle .

(b} Conjugate Planes - Zone Failure Mode

These sets of joints defined by apparent
dip angles ag, a; and a, exist and these
give rise to potential failure surfaces
Bags B1 and B2. Below the cracking depth
Zo, failure must occur on all planes
simultaneously. The block ABKFG moves
out, the block KCDF is a zone of vertical
tension failure and the block BCK is a
region of shear failure, simultaneously
on the B1 and B2 planes. The solution
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Fig. 3 Conjugate Planes - Zone Failure Mode

is found by considering the horizontal
and tangential forces (P and T) developed
on the surface BE, and the analysis is
then carried out as for plane failure

(a) above with P and T acting on the face
of depth Hy.

(¢) Conjugate Planes - Block Failure Mode

Again, three sets of joints exist but in
this case the shear strength on the B8,
planes is so great that failure does not
occur in this plane. As the block moves
out on the By plane, an overhang developes
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Mode

Fig.

to the right of point B. Failure in ten-
sion takes place, either on the B8, plane,
as shown, or more probably, on the verti-
cal plane through B. An intact block
such as BCK rotates as shown by B'C'K',
exerting a force at B' down the AB plane
on the failing block ABKFG.

(d) Three-Dimensional Wedge Fatilure Mode

If two intersecting planes are such that
the line of intersection between them has
a component of dip down the slope, the
wedge thus formed may slide out, either
as a‘rigid body or as a broken mass, if
failure also takes place within the wedge.
In Fig. 5 ABD represents the plan of a
joint with strike AB and dip §:; BCD that
of a joint with strike BC and dip 6;; the
intersection of the two planes is given
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in plan by the line BD, having an apparent
dip B8'. If the block remains intact dur-
ing sliding out and if no separation takes
place on either joint surface then the
vector of movement is in the direction BD
and the resisting forces on the §; and 6,
planes are in the direction DB. The
analysis is carried out by three-dimen-
sional resolution of forces.

If the Factor of Safety, F, is taken on the
shear strength, in the way commonly used in
slope stability analysis, the necessary
equations for the four modes of failure may
be set up. They become somewhat involved
if considerations of water pressures and
combinations of surcharge and z, are in-
cluded. Their solution requires the use of
a highspeed computer, particularly when com-
binations of B's and possible events are
taken into account. The equations are not
given here and will be published elsewhere.

The Strength Parameters applying to the
B-Planes

The analysis leading to a factor of safety
can only be carried out if we have a know-
ledge of the strength parameters applying to
failure about the mean B-plane. Fig. 6
shows the joints and elemental forces acting
on them for the surface of failure defined
by the B-plane. If o is the stress normal
to the a-plane; if it be assumed that Mohr-
Coulomb relationships apply to sheag failure
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through the intact rock and along joint sur-
faces; if cp,¢p and cj,¢q are the cohe51on
and friction parametebs applying to the in-
tact rock and to the joints, respectively,
and, finally, if tp is the tensile strength
of the intact rock then:

s_ = shear strength of the intact rock
for failure in the a-direction

= cm+on.ta.n¢m oo (D)

s, = shear strength along the joint sur-
J faces for failure in the a-direction
= c.+0_.tand. caw (2
349, tandy )
In Fig. 6, taking unit widths normal to the
paper and considering the whole length of
the B-plane, R.F., the force resisting slid-
ing on the B-plane (in the vector direction
a) is:

RF = LAS + EAT e (3)

As movement takes place, separation occurs
on the y-joints passing the A(AN) forces
which previously acted across them onto
intact rock and joints of the a-direction.
As a conservative assumption it is taken
that the elemental forces are transferred
only to the a-joint surfaces. The elemen-
tal normal force then acting on an a-joint
surface is op(Ljqp+Ljyp) where Ljqp and Ljyp
are the projections ©f the a and™ ¢ 301nts
onto AC, parallel to the a-plane, as shown
in Fig. 6:

ZAS={c Z(L. )+o E(L. )tan¢m}+

{c L(L. )+a (L.

jap jap*jup
Clean 301nts without gouge are considered
to have e¢j=o and, if a joint has any cohes-
ion, this is due to the cohesion of the
gouge material filling the joint. This
gouge will normally have a strength con-
siderably lower than the intact rock.

Hence ‘the term c¢3L(Ljyp) tends to be small
in comparison with t e other terms and,
without loss of accuracy, equation (4) may
be rewritten:

ZAS:E(LiaP)(cm+ontan¢m)+

)tan¢j)..‘ (4)
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( L )(cj+ontan¢.) el (8)

jwp 3

Dividing both sides of the equation by
(LLjqp+Iljqp+ILjyp) which is the total length
of the surface of shearing, AC, and defining
kqgy> the coefficient of continuity of the

a and ¢ joints with respect to shearing in
the a-direction, gives:

ZL.a +IL.

L. _+
jap

k s ... (6)
. +LL. +LL.
BV Elygptilyyp*iliop
then
Sag shear per unit length for shearing
on the B-plane with movements in
the a-direction
= (l-kaaw)(cm+cntan¢m)+
kan(cj+ontan¢j) vee ()
writing
Sm = strength of the intact rock when
the normal stress across the shear-
ing plane is 9 equation (7)
becomes:
s = {(l_kaﬂw)sm+kaﬁw'cj}+°n{ka8w'tan¢j}
ve. (8)

\
If hypothetical or apparent parameters cg
and ¢5 apply to shearing on the B-plane with
movements in the a-direction, then:

s = c to tan¢ sisas (9)

Since our main interegt is in kggy near 1.0
we may write:

e, = {(l-kas¢)sm+kaaw.cj} i..(lO)
and
tan¢a= kan tan¢j a1

By similar reasoning, applied to the IAT
term of equation (3)

tL.

t
k, = k = ... (12)
t afyt Eijpt+ELiwpt
and ta = apparent tensile strength
= (l-kt)ftm « 0. (13)

Equations (10), (11) and (13) allow the set-
ting up of equations for the disturbing and
resisting forces for failure on the mean
B-plane. Referring to Fig. 7, if Wg is the
weight of surcharge over the sliding wedge
of weight Wy, then

DF = (WS+Ww)sin a L. (1y)

(RF) = %{ca.(H-zo)cosecB.cos(B-a)
+(WS+Ww)cosa.tan¢a
+ta(H-zo)cosecB.sin(B-a)} ...(15)

(RF) = DF ...(16)

The solution requires knowledge of the shear
strength of the intact rock (sp or cp, op
and op); the shear strength on the joints
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Fig. 7? Wedge Failure of a Slope

(Cj,¢j); the tensile strength of the rock
(tp) ;" the apparent dip angle of the joints
(a or y); and the coefficients of continuity
(kggyskt). The investigation and, in parti-
cular, the field survey of the joints must
be so arranged as to provide this neeessary
information.

THE JOINT SURVEY AND THE ASSIGNMENT OF
VALUES TO THE PARAMETERS NEEDED IN THE
ANALYSIS

This survey should aim to measure a suffici-
ent number of exposed joints so that the
data can be viewed statistically. It has
been found that where sufficient exposure

of rock face exists a line survey is quicker
to conduct and the results from it are sim-
pler to analyse. It is preferable that a
line survey be carried out, i.e. every

joint along the selected line should be
observed for the following:

(a) Position of the centre of the joint
along the line: this should allow the
co-ordinates x, y, z to be fixed.

(b) Dip angle, 6.
(c) Dip Direction, angle DD.

(d) Hardness of the rock to a scale similar
to that used for the consistency of soils
i.e. use simple field tests to divide the
rock into five categories:

HI very soft rock - can be peeled with
a knife, material crumbles under firm
blows with sharp end of a geological
pick;

H2 soft rock - can just be scraped with
a knife - indentations 1/16 in. to
1/8 in. with firm blows of the pick
point;

H3 hard rock - cannot be scraped or
peeled with a knife - hand specimen
breaks with a firm blow of the hammer
end of the pick;

H4 very hard rock - specimen breaks with
more than one blow of the pick;

H5 very very hard rock - breaks only with
great difficulty and many blows of
the pick.

(e) Roughness of' the surfaces of the joint
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is assessed using five categories:

slickensided; smooth; defined ridges;
small steps and very rough.

(f) Gouge thickness is recorded, again in
five categories:

no gouge at all; gouge thickness 0-3% in;
thickness 3-1 in; thickness 1-2 in; and,
finally, greater than 2 in.

All filling in between joints is defined
as gouge - it might be a fault breccia,
a clay, or even a calcite deposition in
the joint.

(g) The gouge material is described firstly
by its origin and then either as a soil
or a rock, its hardness classification
being noted. If the gouge is considered
to be a soil, a sample is taken and the
Atterberg Limits determined in the labora-
tory. From these limits a rough assess-
ment of the friction angle may be made.

(h) Waviness of the exposed joint surface is
measured by placing a straight edge down
dip and recording the length between high
points of contact, together with the off-
set in between them.

(i) The longest visible length of the ex-
posed joint is recorded.

(j) Rock type.
(k) Nature and origin of the joint.

These observations are then used to make
assessments as follows:

(a) The ctructural regions are determined
by plotting dip and dip direction sequen-
tially along the survey lines. Changes
in patterns in the plots denote boundaries
to the regions and these are generally
found to coincide’ with geological features
such as faults, dykes or contacts.

(b) Within each structural region the dip
and dip direction are plotted on rectangu-
lar plots as proposed by Pincus (1951).
The data is also corrected for sampling
direction and dip angle to give equiva-
lent numbers for sampling lines normal
to the joint planes. The plots taken
together permit the definition of joint
sets within the region. Other factors
such as roughness, joint lengths, etc.
may also be isolated in the plots and,
together, these data permit one to define
the design joint sets.

(c) The major geological features, e.g.
dykes, faults and contacts, which are
likely to be continuous, are separated
out and tested separately. In the design
of the slope each must be considered
individually.

(d) The apparent dip angle, a, is calcu-
lated using simple trigonometry.

(e) The number of joints intersected on a
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] ] l 1 [ ‘ T I l
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known length of survey line, is used to-
gether with the directions of the joint
and of the line to calculate dj, the mean
distance between joints of the same set,
measured normal to the joint planes.

(f) The joint lengths are used to calculate
Lim, the mean joint length, and Lj1, the
probable maximum joint length for” joints
within the sets.

(g) The assessed hardness of the rock is
used with the empirical curve in Fig. 8
to predict a conservative value of the
compressive strength, qy.

(h) The cohesion of the rock c¢p is- taken as
0.16qy.

(i) The friction angle of the intact rock
¢m is estimated from the rock type.

(j) The mean normal stress, dp, for the slope
under consideration is then judged and used
with equation (1) to obtain sy for the in-
tact rock of the slope.

(k) The joint parameters ¢j and ¢j are then
assessed from the roughnéess category. If
gouge is present the gouge parameters Cig
and ¢3, are assessed and these are com-
bined"with the clean joint parameters Sjc
and ¢3., using the percentage of joints
filled with gouge and the thickness of the
gouge as measures of the relative influ-
ences of each. In this way revised cj and
¢j-values are found.

(1) The tensile strength of the intact rock
is taken as 0.10qy.

(m) The coefficients of continuity are asses-
sed from the lengths of the joints in re-
lation to the probable length of the fail-
ure surface in the slope. Two models are
used - one for an ordered system where an
observed joint in an exposed face is taken
as a linear model of the slope being des-
igned; the other is for a statistical spa-
tial distribution of the joints involving
a concept that failure occurs by stepping
from joint to joint on the B line inter-
secting the joints. The presence of other
joints cutting across the main set, around
which the B line forms, considerably affect
the coefficients of continuity. These co-
efficients are probably the most difficult
and uncertain of all of the assessed fac-
tors. Their description requires a separ-
ate technical paper which will be published
elsewhere.

(n) Waviness refers to irregularities of the
surface which are large and unlikely to be
sheared off. Attempts have been made to
determine the wave shape from offset and
distance between high points of contact
with a straight edge and results show that
a linear variation, which implies a tri-
angular wave form, is as good an approxi-
mation as any other shape. It is a con-
servative assumption. This allows a defi-
nition of w, the angle of waviness. This
is used to modify the apparent dip angle a.

WATER PRESSURES IN THE ROCK

As with slopes in soils, water pressures
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In the rock are a major factor causing in-
stability. Basically, flow in the rock obeys
the Laplacian Law but allowances must be made
for inflow and outflow at the phreatic sur-
face and for ratios of permeability which

are well outside the ranges found with soils.
The whole theory is tied back to piezometric
observations and the piezometers are instal-
led using a system of hydraulic fracturing
to ensure connection with the fissures in

the rock. The water pressures are used in
the theory in the ordinary way applying to
soils with the further assumption that cj

and ¢5 are parameters with respect to effec-
tive stresses.

CONCLUSION

The determination of potential planes of
failure in a slope is still largely a judg-
ment process based on many field observa-
tions of joints and their properties and
simple conservative rules which permit the
geometry and the strength along these planes
to be assessed. Briefly the process is sum-
marised as follows:

(i) The joint data is analysed using suit-
able computer printouts which may be in-
terpreted by inspection to yield structu-
ral regions, joint sets and major geologi-
cal features.

(ii) Suitable sorts are performed on the
joint data to determine the average joint
properties for each joint set.

(iii) Using the result from (ii) above and
equations of the form given, estimates
are made of continuity of jointing on pot-
ential failure planes.

(iv) The remainder of the results from (ii)
are used to make assessments of cp, ¢nm,
cj» ¢ and tp, using Fig. 8, and values
found in the literature.

(v) The various potential failure planes
are used in combination, giving the four
basic failure modes. The factor of safe-
ty of the slope is determined.
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