Engineering Geology, 7(1973) 287—332
©Elsevier Scientific Publishing Company, Amsterdam — Printed in the Netherlands

Reviews

REVIEW OF A NEW SHEAR-STRENGTH CRITERION FOR ROCK JOINTS

NICHOLAS BARTON

Norwegian Geotechnical Institute, Oslo (Norway)

(Accepted for publication November 14,1973)

ABSTRACT

Barton, N., 1973. Review of a new shear-strength criterion for rock joints. Eng. Geol.,
74287—332.

The surface roughness of rock joints depends on their mode of origin, and on the
mineralogy of the rock. Amongst the roughest joints will be those that formed in intrusive
rocks in a tensile brittle manner, and amongst the smoothest the planar cleavage surface in
slates. The range of friction angles exhibited by this spectrum will vary from about 75° or
80° down to 20° or 25°, the maximum values being very dependent on the normal stress,
due to the strongly curved nature of the peak strength envelopes for rough unfilled joints.

Direct shear tests performed on model tension fractures have provided a very realistic
picture of the behaviour of unfilled joints at the roughest end of the joint spectrum. The
peak shear strength of rough—undulating joints such as tension surfaces can now be
predicted with acceptable accuracy from a knowledge of only one parameter, namely the
effective joint wall compressive strength or JCS value. For an unweathered joint this will
be simply the unconfined compression strength of the unweathered rock. However in
most cases joint walls will be weathered to some degree. Methods of estimating the
strength of the weathered rock are discussed. The predicted values of shear strength
compare favourably with experimental results reported in the literature, both for
weathered and unweathered rough joints.

The shear strength of unfilled joints of intermediate roughness presents a problem
since at present there is insufficient detailed reporting of test results. In an effort to
remedy this situation, a simple roughness classification method has been devised which
has a sliding scale of roughness. The curvature of the proposed strength envelopes
reduces as the roughness coefficient reduces, and also varies with the strength of the
weathered joint wall or unweathered rock, whichever is relevant. Values of the Coulomb
parameters ¢ and @ fitted to the curves between the commonly used normal stress range
of 5—20 kg/cm* appear to agree quite closely with experimental results.

The presence of water is found in practice to reduce the shear strength of rough
unfilled joints but hardly to affect the strength of planar surfaces. This surprising experi-
mental result is also predicted by the proposed criterion for peak strength. The shear
strength depends on the compressive strength which is itself reduced by the presence of
water. The sliding scale of roughness incorporates a reduced contribution from the com-
pressive strength as the joint roughness reduces. Based on the same model, it is possible to
draw an interesting analogy between the effects of weathering, saturation, time to
failure, and scale, on the shear strength of non-planar joints. Increasing these parameters
causes a reduction in the compressive strength of the rock, and hence a reduction in the
peak shear strength. Rough—undulating joints are most affected and smooth—nearly
planar joints least of all.
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INTRODUCTION

The term “rock-joint” is used to describe the mechanical discontinuities of
geological origin, that intersect near-surface rock masses. In this paper both
weathered and unweathered joints will be considered. However, filled joints
containing soft plastic materials such as clay, and faults containing gouge or
breccia will not be included, since they constitute a rather special set of
problems requiring separate treatment. The exclusion of filled joints means
that weathering and alteration will only be considered if the rock walls of a
joint are still in direct rock/rock contact.

Range of normal stress

The most important factor in the shear strength of a rock joint is the
magnitude of the effective normal stress acting across the joint. The numerous
experimental results published in the literature are mostly contributed by
three types of investigation: slope stability, dam abutment and foundation
stability, and geophysical studies of high pressure environments. Different
stress ranges are involved in each case. As a result opinions concerning shear
strength often vary considerably. This problem arises due to the fundamental
curved shape of the peak shear-strength envelope for non-planar joints. This
curvature is pronounced at the low level of normal stress affecting rock slope
stability, but may hardly be noticeable at high stress if the stress range is
limited. It is for this reason that the shear strength of rock joints is still quoted
in terms of the linear Coulomb parameters ¢ and &.

The approximate distribution of normal stress that is believed to be of
most relevance to jointed rock slopes, as distinct from “elastic”, intact rock,
is illustrated by line ABC in Fig.1 (Hoek, 1971; Barton, 1972). The maximum
normal stress which acts on that part of a joint located vertically beneath the
crest can be estimated from the following equation:

0, = vH (cot g—cot «) sin §. cos (1)

>
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Fig.1. Simplified distribution of normal stress along a joint beneath a drained rock slope.
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To give an example: a cut height H = 50 m, in a rock mass of density y = 2.75
tons/m?, having an inclination g = 50° for the critical set of discontinuities,
and a slope angle a = 65°, produces a maximum normal stress (0,) of only
2.5 kg/cm?. In most of this paper the engineering range from approximately
0 to 40 kg/cm? will be considered. This encompasses almost all slope and
dam problems.

Mode of failure

When planning investigations of joint shear strength it is important to have
some idea of the most likely mode of failure which is to be designed against.
This determines the relevant range of stress for testing purposes, the joint set
or sets which need testing, and the method of testing. The mode of failure
will be controlled by the orientation of the joints with respect to the loading
direction, and by the spacing of the joints in relation to the loaded dimensions.

The importance of joint orientation and spacing are illustrated in Fig.2.
Joint set I for the translational example, and joint set 2 for the toppling
example would both need to be tested by direct shear test methods. In many
cases the toppling mode of failure would be arrested by the considerable
dilation that accompanies shear on large numbers of joints. Testing would
only be required if the joints were planar, smooth, or clay filled and therefore
relatively non-dilatant.

The third diagram illustrates a “circular” mode of failure which might be
typical for slopes cut into closely jointed rock, in which specific joint direc-
tions were difficult or impossible to detect. Jaeger (1970) reported a series of
large scale triaxial tests on closely jointed Panguna andesite where the joint
spacing was a maximum of a few centimetres. The unconfined compression
strength of the intact pieces of rock was 2750 kg/cm?, out of all proportion
to the unconfined strength of the mass — only 7 kg/cm?. Conventional soil
mechanics techniques were subsequently used to design the slopes of a very
large open pit to be excavated in this type of randomly jointed rock.

Influence of roughness

The strength measured along individual joints by direct shear methods is
strongly dependent on the roughness of the joint surfaces, a fact which is
clearly demonstrated by Fig.3. These three roughness traces were from
unstable rock slopes, where there had been some evidence of movement or of
failure on adjacent beds having approximately the same dip. Both the dip
angle of 31°, and the smooth planar surface of trace C are typical of the
residual condition of planar, unfilled rock surfaces. Few rocks lie outside the
range 25—35°.

Trace A on the other hand, though more undulating than most tension
joints, probably does not have the small scale grain roughness, partly because
it is a bedding plane and partly due to the mono-mineralic nature of lime-
stone. If it displayed both the characteristic rough texture of tension joints
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Fig.2. Three possible modes of failure for differently jointed rock slopes.



291

Avdip €
3

Fig.3. Variation of bedding plane roughness in limestone and its implication to slope
stability. (After Patton, 1966a.)

and these large undulations then at normal stresses below 5 kg/cm? a peak
strength friction angle of between 70° and 80° would be expected according
to the test results for limestone reported by Krsmanovi¢ and Langof (1964)
and Krsmanovi¢ and Popovic (1966).

Types of joint

In very general terms joints will tend to have appreciable undulations
(roughness) when formed by tensile failure. Their irregular surfaces will tend
to be deflected by local changes in lithology, and they may have a rough torn
appearance, especially when cutting across alternating rock types. On a
smaller scale the surface is likely to be rough because the rock will probably
be composed of different strengths of minerals. In contrast to tension joints,
shear joints (which are generally of tectonic origin) will often be markedly
planar. If a joint shows evidence of differential movement, or has slickensided
surfaces, it is probably best regarded as a minor fault. Joints associated with
plastic as opposed to brittle deformation are represented by all the planar
surfaces found in metamorphic rocks, for instance foliation, schistosity, slaty
cleavage, flow cleavage and gneissosity. Foliation usually consists of a layered
arrangement of minerals and is most characteristically developed in slates,
schists and gneisses.

In addition to these naturally occurring joints must be added artificial
fractures such as those produced by failing intact rock cylinders under
triaxial compression, and a wide variety of artificial planar sawn surfaces
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which may be almost polished or only sandblasted. Several of these man-made
discontinuities have close parallels in nature.

COMPONENTS OF SHEAR STRENGTH FOR NON-PLANAR JOINTS

Recent attempts to explain and predict the shear resistance of non-planar
rock joints seem to have been based on the observed dilatant behaviour of
granular material such as sand. Newland and Allely (1957) developed an
equation of the following type:

T =0y, tan (dy + 1) (2)

to denote the maximum shear strength 7 of a granular mass when under an
effective normal stress o,. The angle i was the average angle of deviation of
particle displacements from the direction of the applied shear stress, and oy
was the angle of frictional sliding resistance between particles. Rowe, Barden
and Lee (1964) developed the same relationship from energy considerations.

Patton (1966a,b) and Goldstein et al. (1966) also used eq.2 to represent
the shear strength of irregular rock surfaces and broken rock when tested at
low normal stresses. At high normal stresses it was assumed that the Coulomb
relationship:

7=c+ o, tan ¢ (3)

would be valid, since most of the irregularities would be sheared off. The
resulting bi-linear envelope has been widely used for interpreting recent test
results. The recognition that the shear strength of an irregular rock surface
can be zero at zero normal stress represents a very big improvement over the
earlier assumption of linear (¢, ®) characteristics.

The existence of curved peak strength envelopes for intact rock has been
known for many years, as shown by Terzaghi (1962). However, it seems to
be only recently that curved envelopes for rock discontinuities have been
measured and understood. Jaeger (1959), Krsmanovié¢ and Langof (1964),
Lane and Heck (1964), Patton (1966a) and Byerlee (1967) are among those
who first obtained curved relationships between 7 and o, for a variety of
surfaces. It is probable that if more investigators had been interested in low
levels of normal stress or alternatively in very large ranges of normal stress,
there would by now be universal acceptance of a fundamentally non-linear
shear-strength envelope for non-planar rock joints.

The strength components @, and i appearing in eq.2 are usually termed
the “basic angle of friction” and the “effective roughness” or i value” for
the case of rock joints. The value of ®,, can be obtained from residual shear-
ing tests on saturated, planar rough-sawn or sand-blasted surfaces of the rock.
The large amount of experimental data reported in the literature for sand-
blasted and sawn surfaces suggests that most rocks have basic angles of
friction (®},) the same as the residual angle for natural joints, and lying
between approximately 25° and 35°.

Unfortunately the geometrical component i for a given joint surface is
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more or less impossible to predict, without performing shear tests. Patton
(1966a) suggested that only the “first-order” irregularities would contribute
to the shear strength of joints beneath natural slopes, since slope creep and
weathering would probably cause failure of the small scale asperities. This
concept is illustrated in Fig.4. However, below the surface-weathered zone all
scales of roughness are likely to be important, as emphasised later by Patton
and Deere (1970).

Fig.5 can be used to illustrate the significance of roughness when shear
testing for slope problems. In Fig.5a the joint has an idealized, smooth
inclined surface. Sliding is just initiated when the resultant force is inclined
at an angle ¢, from the normal to the inclined surface. Therefore, the tangent
of the “‘total friction angle” is equal to the ratio H/N. The real slope problem
which involves many different i values is shown in Fig.5b. If this hypothetical
block is extracted for shear testing, the resultant of H and N will need to be
inclined as follows:

H/N =tan (9, + d, + s,) (4)

The angular component d, is the peak dilation angle which is equal to the
instantaneous inclination dv/dh of the shearing path at peak strength, relative
to the mean plane. It is a very powerful phenomenological parameter of shear
strength, since for a given normal stress it represents the minimum energy
path between a “sliding-up” and a “shearing through’ mode of failure. The
shear component s, , representing failure of intact material (asperities),
increases with mcreasmg normal stress, while the peak dilation angle does
just the opposite.

=32

@) second-order irregularities

b) first-order irregularities

50 ¢m)
Approx. scale L_Jas_.__—l

Fig.4. Small second-order irregularities are ignored when estimating the effective i value
for a natural slope. (After Patton, 1966a.)
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H'= Hcosi- Nsini

N'= Ncosi+Hsini

H = 0an(¢b+i) ‘
N
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Fig.5. The angular components of shear strength for a non-planar joint.

It is probable that the dilation angle will be at its maximum value (d,) just
at the instant when peak shear strength is passed. Fig.6 taken from Coulson
(1970), demonstrates this quite convincingly. The normal stress operating
during the test illustrated was 3.5 kg/cm?. More than two hundred shear tests
that were performed on model tension fractures by Barton (1971b), consis-
tently showed maximum dilation angles corresponding to the shear displace-
ment at which peak strength was mobilized. This behaviour is also found
during in situ tests, as shown by Drozd (1967). At low normal stress a non-
planar joint may continue to dilate with increasing shear displacement, but
this will be at a reduced angle. At high normal stress a non-planar joint might
cease to dilate altogether after passing its peak strength. In fact if the stress
was very high it might not dilate at any stage.

Unfortunately the importance of the peak dilation angle has not been
widely recognised, and published data is rather scarce. The information
given in Table I has been extracted from the literature where possible, and
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Fig.6. Variation of dilation and shear strength measured on a natural joint in coarse
grained granite, (After Coulson, 1970.)

shows the normal stress dependency of this parameter. In some cases the
data must be regarded as approximate since it had to be estimated from
figures. Where several tests were conducted at similar values of normal stress,
the results have been averaged. Values of the unconfined compression strength
(0.) of the rock are given in the left-hand column.

MECHANISM OF SHEAR FAILURE

The methods of predicting shear strength for non-planar joints to be
developed in this paper are based on experimental observations of the
behaviour of rough artificial tension “joints”, which were developed through
realistic brittle model materials. The physical properties of the materials were
described by Barton (1970). These artificial surfaces represent the roughest
end of the joint spectrum.

Fig.7 taken from Barton (1971a) shows a typical set of these model
tension fractures together with superimposed roughness profiles obtained
from photogrammetric analysis. Each specimen, measuring approximately
2.5 X 6.0 cm, was the lower half of a mating pair which was reassembled
after photographic analysis, and sheared in a known direction at a particular
normal stress. When interpreted at full scale, the specimens represent rough—
undulating tension joints varying in length from 2 to 30 m.
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TABLE 1

Peak dilation angles measured during shear tests

Rock type Description of joints No.of Meano, Meanr Mean dfl Reference
(0¢, kg/em?) tests (kg/em?)  (kg/em?)
Coarse-grained  natural, undulating 8 1:12 1.84 24.0
Grand Coulee iron staining, calcite bl 7.05 7.19 15.0 Coulson (1970)
granite (1675) and epidote present 2 21.1 25.9 13.0
in various combina-
tions
Fine-grained natural, undulating 4 1.08 1.03 7.6
Grand Coulee smooth; calcite and 2 7.15 5.59 6.2 Conlsat | #179)
granite (1985)  zeolite present
Hackensack natural, undulating; 2 1.06 1.01 8.5
siltstone (1252) most surfaces covered 3 1.03 2.60 30.1
with thin layer of 4 3.48 6.27 21.5
calcite 4 7.08 12.7 245 Coulson (1970)
4 20.9 31.8 20.4
2 35.0 47.9 16.6
3 56.2 58.8 6.6
Sandstone natural, undulating 3 1to 2.5 s 18 Ripley and Lee
(1240) open joints (approx.) (approx.) (1962)
Siltstone (575) natural, undulating 5 1to10 == 13.5 Ripley and Lee
open joints (approx.) (approx.) (1962)
Blackstone rough, undulating, 2 12.5 25.8 23.4 De Freitas
granite (2040)  artificial extension 2 14.3 37.2 19.2 (1970)
fractures 1 17.5 52.9 20.2
Granite (1504)  rough, undulating, 1 1.5 4.5 24.0 Rengers (1971)
artificial extension 2 3.5 9.2 18.7
fractures 1 6.5 18.5 22.0
2 14.0 21.0 19.0

The pairs of roughness profiles shown superimposed on the model tension
fractures in Fig.7 were traced on grey, transparent sheets of plastic directly
from the computer-plotted roughness profiles. These were then carefully cut,
so that two mating “‘joint surfaces” were obtained. Fig.8 shows these surfaces
“sheared” exactly as measured during the shear test of the relevant model
extension fracture. Peak strength (displacement position 2) is shown by the
upper sets of reconstructed “‘joints’’, and position 4 by the lower set. There
is a big increase in contact area and failed asperity area when the normal
stress increases from 8.2 to 46.6 kg/cm?. The dark, overlapped asperity tips
represent failed rock which in reality will be distributed in the hollows as
debris, taking up considerably more than twice the overlapped area, due to
porosity increases.
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Fig.7. Model tension “‘joints” with superimposed roughness profiles. (After Barton,
1971a.)

DEVELOPMENT OF PEAK STRENGTH CRITERION FOR ROUGH—UNDULATING
JOINTS

The model tension fractures illustrated in Fig.7 probably represent the
roughest, undulating tension or stratification surfaces that will normally be
found in rock masses. As such a peak strength criterion based on the model
results will represent the strength at the roughest end of the spectrum only.
The derivation of this upper-bound envelope will now be given, followed by
a discussion on means of modifying the criterion to include the peak strength
for weathered joints, and also the peak strength for joints which have lower
degrees of roughness.

Fig.9 shows the results of direct shear tests performed on a wide variety of
model tension fractures. The unconfined compressive strengths (o, ) of the
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Fig.8. Reconstructed shearing events for 30 m long joints in a hypothetical rock of 500
kg/ecm? compressive strength. Normal stress 0,2 = 8.2 kg/cm?, and normal stress 0,6 =
46.6 kg/cm?,
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Fig.9. Two methods for presenting the results of direct shear tests on rock joints. (After
Barton, 1971a.)

model materials ranged from 0.72 to 8.4 kg/cm?. Each plotted point is the
mean of two tests conducted at the same normal stress. The method of
presenting the data in the left-hand diagram is the same as that used by Ruiz
et al. (1970), for plotting the results of concrete—basalt adhesion tests. It
would be very beneficial if this method could become standardized, since
vertical and horizontal displacement measurements are nearly always
recorded, but seldom published with the other results.

The solid lines extrapolated through the scatter of data are the best-fit
lines obtained by the method of least squares. A second dotted line is drawn
in each diagram, involving a small rotation from the best-fit line. These
modified lines were drawn so that the following simple relationships could be
approximated:

7/0, = tan (2d, + 30°) ()
d, =101og;, (0./0,) (6)

It will be noticed that eq.5 has the same form as eq.2. However, in this case i
is replaced by 2d,,, and this strength component is stress dependent as it
should be for non-planar rock joints. The basic friction angle ® for the
model materials ranged from 28.5° to 31.5°, so the assumed value of 30° is a
reasonable approximation to @ used in eq.2.

It will be noticed from eq.6 that the predicted peak dilation angles are 0°,
10°, 20° and 30° for ratios of compressive strength to normal stress, o./0,, of
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Fig.10. Peak strength criterion for rough—undulating joints in dimensionless units. (After
Barton, 1971a.)

1.0, 10, 100 and 1000 respectively. It seems very reasonable that dilation
should be completely suppressed when the normal stress is raised to the level
of compressive strength. The simplicity of the results is possibly fundamental
to surfaces of brittle, tensile rupture developed through reasonably homogen-
eous materials.

The proposed peak strength criterion for rough-undulating joints is
obtained directly from eq.5 and 6 by eliminating d,, :

r/o, = tan [20 logyo (52 + 30°] (7)
n

Eq.7 is unusual in that it can be used both to fit experimental data and to

predict it. If a set of tension joints are unweathered in their in situ condition,

then knowledge of the unconfined compression strength of the rock, o, will

provide an upper bound estimate of the shear strength, assuming the joint

surface undulations are comparable to those of the model tension joints.



301

N
D

N

) 7T=G, fan 70°

when (% »100) / K
ss 2 j/
0/, =tan(201es ()¢ 36] y / /
" when (!M)Uq/on))-o) /I,/ / A/ /

7

. > / / 4 / vd
40 /, : / Z4

N

N
N
N

35

i

s .

L
AN
%

A

\

///
/ A
S— » i
- /7 / /’/ 1
< iy /
- " y / P / /
- 3 l’z/,’ y/ > // ///
@ 2 r/,/’/ v A ‘ I ~ .
A / e i
'/ /o/,/ //q.
5 s // -9 T .
/ ( /4/ )/ - - _,f"‘
.'",// //// % 0= N
;:/ /// L /.ylr" _______
10 " = —fr
1 7 A |- --
I
,'/’ //,—/‘/__—“'
sl /// y
£
)
/o
Al 1S
5 10 135 20 25 30 38

NORMAL STRESS Ky, .2

Fig.11. Family of peak strength envelopes for rough—undulating joints predicted for
values of o, (or JCS) ranging from 10 to 2,000 kg/cm?.

For example: the design chart in Fig.10 indicates that a rock with o, =
1000 kg/cm?® when shear tested at a normal stress of 20 kg/cm? (o,/0, = 50)
would give aratio of peak (7/0,) of approximately 2.06. Likewise for a whole
range of normal stresses, the required peak strength (upper-bound) envelope
could be estimated.

For a second example it will be assumed that a set of in situ shear tests
have been performed on some weathered tension joints. All the experimental
values of peak, 7/0,, are read into the design chart (Fig.10) and the relevant
ratios of g, /0, read off the ordinate. Supposing that this time the ratio of
peak, 7/0,, was 1.27 when the normal stress was 20 kg/cm?. The design chart
indicates that the ratio of o./0, would be approximately 12.5 for this normal
stress. This implies a value of o, (weathered) equal to 250 kg/cm?, one-
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quarter the value of the previous unweathered rock. In actual fact since all
the experimental values of peak, 7/0,, will be read into the design chart, a
mean value of ¢, (weathered) will be obtained. This effective joint wall
compressive strength (JCS value) for the weathered joints can be compared
with test results on tension joints in other rock types. It is a single, meaningful
index of shear strength since it automatically implies a unique relationship
between 7 and o,,.

A rapid estimate of shear strength and the overall shape of the curves for
different values of o, (or JCS) can be obtained from Fig.11. The curves have
been drawn with continuous lines for the following range of stress:

1.0 < o /0, < 100

(the range of stress operating in the model experiments was 4 < ¢,/0,, < 125.)
Dotted lines have been used where there is uncertainty about the practical
relevance of the curves, as for the following ranges of stress:

100 < 0,/0, < 200; o./0, < 1.0

The uncertainty connected with high values of normal stress (> ¢,) is due to
the negative values of peak dilation angle, d,,, that are obtained when eq.6 is
evaluated. For instance when o, /0, = 0.1, a peak dilation angle of —10° is
predicted.

Contractile behaviour such as this is quite normal in tests on soil, and it is
probable that rock which was tested at normal stresses much greater than the
compressive strength would also exhibit soil-like characteristics. However,
testing would be necessary to justify or disallow the extrapolation.

ESTIMATION OF SHEAR STRENGTH AT VERY LOW NORMAL STRESSES

At low values of normal stress (o,/0, > 200) the function tan(2d, + 30°)
given by eq.5 starts increasing rapidly, and as indicated by the design chart
(Fig.10) these values are discounted. After a wide survey of experimental
results it seems that the following curvilinear envelope is most suitable:

(a) o./o,=100; 7 =0, tan 70°

(8)
(b) 100> ¢./0, > 1.0; 7 =0, tan [20 log o (_gi\)-l- 30°]
n

Some justification for selecting a purely frictional (¢ + i) relation and
ignoring the shearing component at low normal stress is provided by the data
in Table II. A maximum value of arctan(r/o, ) in the region of 70° seems to
occur with some frequency, although it is quite possible for rough, continuous
joints to have friction angles up to 80° at extremely low normal stresses.

Model shear tests described by Barton (1973) indicated maximum values
of arctan(r/o,) as high as 81.5° for continuous unstepped “joints”. The
normal stress operating was supplied by a hypothetical rock “overburden” of
only 1.45 m.
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TABLE II

Maximum values of peak (T/on) measured on joints during tests at low normal stress

Description of discontinuity 7/, (kg/em?) tan™! (r/0n)  Reference
Limestone: slightly rough bedding surface 6.8/1.57 77° Goodman (1970)
6.55/2.09 73”
16.8/6.0 71°
Limestone: rough bedding surface 6.8/3.05 66° Goodman (1970)
20.7/6.8 727
Shale: closely jointed seam in limestone 0.60/0.21 71° Goodman (1970)
0.57/0.21 70°
Quartzite, gneiss and amphibolite
discontinuities beneath natural slopes: — 80° Paulding (1970)
discontinuities beneath excavated slopes: — 757
Granite: rough, undulating, artificial extension 4.5/1.5 72° Rengers (1971)
fractures 9.2/3.5 69°

It is probable that eventually, when more investigators become suspicious
of using true cohesion values for slope stability design, a body of test data
will be built up allowing the definition of a curved low stress portion of the
shear strength envelope. At present it is only possible to speculate on this
matter.

For general purposes the curvilinear envelope defined in eq.8 is recom-
mended, with a linear cut-off at o,/0,, = 100, representing a “total friction
angle” of 70° for use at low stresses. Where confidence is high the curved
envelope could be extended to g,/0, = 200, (& + i) = 76°. If some degree of
“factor of safety’” was required the curved envelope could be reduced to
0c/0, =50, (P + i) = 64°,

All the above values are purely empirical and the only thing that can be
said with certainty is that curvilinear envelopes (and Patton’s bilinear envelope)
are much safer and more realistic than the presently used Coulomb (c, )
parameters. The normal stress across a potential sliding surface will vary from
zero upwards in all rock slope problems. To rely on shear strength at zero
normal stress is optimism taken to a dangerous extreme.

THE STRENGTH OF UNWEATHERED JOINTS IN THEORY AND PRACTICE
The basic assumption that has to be taken when applying eq.7 or 8 to

predict shear strength is that the shearing process involves only the geometry
of the surfaces and the mechanical strength of the wall rock. The effect of
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Fig.12. Shear strength of fractures produced in four English Coal Measure rocks (after
Hobbs, 1970). The curves are predicted from the peak strength criterion for rough—
undulating joints, and the open circles are Hobbs’ data points.

changing mineralogy is ignored, provided no change in the rock strength is
involved. Although fine grained and coarse grained rocks of equal compressive
strength would be likely to exhibit different shear strength in small-scale
laboratory tests, it seems less likely that grain size would affect the shear
strength on an in situ or field scale.

A comprehensive series of triaxial tests on English coal measure rocks
reported by Hobbs (1970) provides a useful set of data for testing the peak
strength criterion. Intact specimens of rock (o, range 290—600 kg/cm?) were
first fractured in the triaxial apparatus. These fractures were measured for
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Fig.13. Multi-stage in situ shear tests on very irregular joint surfaces in hornfels. The peak
envelope and scatter are predicted from the peak strength criterion for rough—undulating
joints. (After Schnitter and Schneider, 1970.)

inclination, and then were sheared under various confining pressures.

The circles plotted in Fig.12 show the shear and normal stresses acting
across the fractures at the yield point, as calculated by Hobbs. The four
curves are the predicted peak strength envelopes of rough—undulating joints
in rock having the given compressive strength. These were the same strengths
as those measured by Hobbs, when testing under unconfined conditions. In
general the predicted envelopes fit the data extremely well. The relationship
between the compressive strength of a rock and the shear strength of joints
produced by brittle fracture seems to be valid.

The experimental tendency to perform several tests on the same jointed
specimen, using several different levels of normal stress or confining pressure
as above, is a particularly common feature of in situ shear testing. This makes
it difficult to obtain many complete sets of data. Frequently, the few test
blocks that are prepared are first sheared at a low normal stress, then at
successively higher normal stresses. The net result is that only those tests
performed at low normal stress are reliable “peak strength” results, the
remainder lying somewhere between peak and residual.

A set of data exhibiting these characteristics is shown in Fig.13. The two
tests 1.3 and I1.2 were performed on “very irregular” joint surfaces, of
approximately 0.5 m? in area, and are described by Schnitter and Schneider
(1970). The rock, mostly hornfels, was reported to be of “excellent quality”,
with an average value of o, = 1,230 kg/cm?, and 23% variation.
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The shaded envelope shown in Fig.183 is the peak strength criterion
evaluated for two values of o, equal to 1,370 and 1,090 kg/cm?. These values
represent the 23% variation in the average strength of 1,230 kg/cm?. The
curvilinear criterion, extended here to 0./0, = 200, is seen to fit the data well
at low normal stresses, which is the only region where peak strength was
actually being measured. It can also be seen that in some cases, as for these
very irregular joints, there may be some justification for extending the curved
envelope to o,/0, = 200, or even further. It is interesting to note that the 23%
variation in compressive strength produces a theoretical scatter of peak shear
strength of only about 7%. This is due to the logarithmic form of the criterion.

THE PROBLEM OF JOINT WEATHERING

The relationship between rock compressive strength and shear strength
along rough—undulating joints was established in the previous section. Based
on the same principle the shear strength of weathered joints will be lower
than those of the same roughness in unweathered rock, due to the reduced
compressive strength of weathered rock.

The depth of penetration of weathering into joint walls depends largely on
the rock type, and in particular on its permeability. A permeable rock will
tend to be weakened throughout, while impermeable rocks will just develop
weakened joint walls, leaving relatively unweathered rock in the interior of
each block. In either case the present problem is to estimate the effective
joint wall compressive strength, or JCS value.

Direct measurement of this quantity will present no problems if the rock
mass and rock blocks are collectively weathered or altered to a uniformly
low strength. Samples of “‘intact” rock from the vicinity of the joints can be
obtained from core-drilling, and subsequent unconfined compression or point-
load tension tests will provide a reasonable estimate of the JCS value. If, on
the other hand, the joint walls are only weathered to a limited depth, the
problems of direct measurement are increased enormously. Various methods
of tackling these problems have been discussed by Barton (1973). They
include point-load tests for weathering penetration greater than about 25 mm
following the recommendations of Broch and Franklin (1972), alteration
index determinations after the method of Hamrol (1961), and Schmidt
hammer measurements as used by Miller (1965).

An important feature of the mechanical effects of weathering is that slight
alteration of the fresh rock causes a much more severe drop in mechanical
strength than subsequent steps in the alteration of the weathered rock. This
is clearly shown when the mechanical properties are compared with a
measure of the porosity, which increases progressively as weathering proceeds.

The alteration index (i) described by Hamrol (1961) is extensively used in
the interpretation of the mechanical properties of rock at weathered dam
sites. It is defined as the weight of water absorbed by the rock in a quick
absorption test, divided by the dry weight of the rock, with the result
expressed as a percentage. It is effectively an indirect and simple measure of
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(After Serafim, 1964.)

porosity. Values of the Coulomb parameters ¢ and ¢ obtained from in situ
tests on granites by Rocha (1964), demonstrate the rapid fall in shear strength
that occurs in the first few percent increase in alteration index.

Fig.14 taken from Serafim (1964), shows the fall in compressive strength
with the first increase in alteration index for a granite. The fall in o, is in fact
even more marked than reductions in ¢ and ® with increased weathering.

This result is an illustration of the logarithmic relation between shear strength
and compressive strength. It appears from the results presented that for an
alteration index (i) less than 1.0, the median strength of the granite is
approximately 800 kg/cm?. The rapid fall in strength with increased index (i)
appears to reduce significantly at around 200 kg/cm?, which is approximately
one-quarter that of the competent rock. Similar trends are shown by the
results of point-load strength and porosity given by Fookes et al. (1971). The
drop in strength is very marked for the first few percent reduction in porosity
but thereafter is much slower.

It seems realistic to visualize the weathering process of a rock mass in the
following simplified stages:

(1) Reduction of joint wall strength: JCS becomes less than o,,.

(2) Common intermediate stage: weathered, water conducting joints,
impermeable rock blocks between, JCS some fraction of o,,.

(8) Penetration of joint weathering into rock blocks: progressive reduction
of o, from the walls of the blocks inwards, JCS continues to reduce slowly.
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(4) Advanced stage of weathering: more uniformly reduced 0. finally drops
to same level as JCS, rock mass permeable throughout.

Although representing a gross simplification the above stages illustrate two
important conditions. As a direct result of surface weathering processes the
walls of water conducting joints become weaker than the surrounding rock if
the latter is relatively impermeable. Secondly, as a result of chemical altera-
tion or high permeability there will be a class of problems in which both JCS
and o, are greatly reduced and of similar magnitude.

THE STRENGTH OF WEATHERED JOINTS IN THEORY AND PRACTICE

Evidence for reduced wall strength has been obtained from back-analysis
of two rock-slope failures and from analysis of direct shear test results for
rough—undulating joints. In each case the unconfined compressive strength of
the unweathered rock, 0., was measured, and the value of JCS was obtained
from “‘back-analysis” of the strength exhibited at failure. According to results
so far obtained, a ratio of JCS/o, equal to 1/4 can be used when no direct
measurements are available. This represents a realistic approximation for
obtaining a safe (lower-bound) estimate of shear strength, when using the
peak strength criterion described earlier (eq.7).

The evidence for this empirical reduction factor between o, and JCS has
been given by Barton (1971c; 1973). JCS values of 160 kg/cm? and 295
kg/cm? were obtained for two porphyries from back-analysis of shear strength,
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Fig.15. Large scale laboratory shear tests on joints in limestone. The curvilinear envelopes
are predicted from the compressive strength of the limestone. (After Krsmanovié and
Langof, 1964.)
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when the mean compressive strength of the unweathered rock was 665 kg/cm?
and 1,150 kg/cm? for the two cases. More strength data for weathered joints
is urgently needed for comparison with the unweathered strength.

Example of joint wall weathering

An illustration of the potential application of this empirical reduction factor
will now be given. Fig.15 shows the results of large scale laboratory shear
tests (40 X 40 cm) on discontinuities in limestone. The samples were obtained
from the foundations of the Grancarevo dam, and the test results were
reported by Krsmanovic¢ and Langof (1964). Some additional data was
obtained from the review article by Goodman (1970). The authors described
the three classes of discontinuities as follows:

B3: very rough bedding joints
B2: rough bedding joints
D2: very rough clean joints

One additional data point (double circle) is the result of one of a series of
in situ tests at the same site, reported by Krsmanovic and Popovic (1966).
This was the only in situ test (280 X 180 c¢cm) that was performed on a ‘“‘clean™
fissure. All the others were clay filled so have not been included here.

The two curvilinear peak strength envelopes plotted in Fig.15 were derived
from the compression strength of the limestone, which was reported in a
later article by Krsmanovi¢ (1967) as 1,100—1,600 kg/cm?. The lower value
was taken as a conservative estimate of 0., and a JCS value of (1,100/4)
kg/cm? was assumed for the weathered joint walls. By a fortunate coincidence
the peak strength in the in situ test (r = 10.6, o, = 5.0 kg/cm?) implies a value
of 0,/0,, (or JCS/o,) equal to 55. (See design chart, Fig.10.) The value of
JCS of 275 kg/em? (5.0 X 55) is exactly the same as that for the lower
envelope in Fig.15. This example is a convincing demonstration of the poten-
tial of the JCS concept for explaining the scatter of results that are inevitably
obtained when testing natural, weathered joints. For design purposes only the
lower envelope would be considered.

Example of advanced alteration of rock mass

The second class of problems involving chemical alteration or advanced
weathering of highly permeable rock can be illustrated by the following
example, in which the compressive strength of the weathered rock was
measured directly.

Fig.16 shows the results of some shear tests that were performed on
natural joints in sericite, which was a severely-weakened alteration product of
porphyry. The average unconfined compression strength of the weathered
rock was reported by Brawner (1971) to be only 24 kg/cm?. The two sets of
data (filled and open squares) shown in Fig.16 were not differentiated, but
different degrees of roughness or alteration may have been responsible. The
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Fig.16. Laboratory shear tests on joints in sericite. The peak strength envelope is
predicted from the compressive strength of the weathered rock. (After Brawner, 1971.)

curvilinear envelope has been plotted by evaluating eq.7 with an assumed
value of g, = JCS = 24 kg/cm?. In this instance, when the o, value of the
weathered rock is measured, no empirical reduction factor between o, and
JCS is required.

PEAK STRENGTH SPECTRUM OBTAINED IN PRACTICE

The reporting of direct shear test data is very variable in rock mechanics.
Frequently only values of ¢ and ® are given, with no indication of the range
of stress. In other cases straight line Coulomb envelopes are drawn but the
scattered data points are omitted. Fortunately there are some publications in
which actual values of 7 and o, are plotted or tabulated.

The data collected in Fig.17 was mostly obtained from the latter source.
However, in cases where only Coulomb envelopes were plotted, these lines
have been approximated by three points equally distributed from the maxi-
mum normal stress downwards. The test results were obtained from the
following papers in addition to those cited in the text: Evdokimov and
Sapegin (1967); Giuseppe (1970); Link (1969); Serafim and Guerreiro (1970).

The rock types represented in Fig.17 are as follows: amphibolite, diabase,
gneiss, granite, graywacke, hornfels, mylonite, porphyry, quartzite, schist
(siliceous and micaceous), sericite, serpentine, chalk, limestone, marl, sand-
stone, shale, siltstone.

This wide range of rock types incorporates tension joints, bedding joints,
foliation planes, cleavage surfaces, etc. Although it was hoped that some
differences might be apparent between sedimentary and igneous or meta-
morphic rocks this is not found in practice. For instance lithestones can have
high compressive strength and rough bedding joints. Conversely, the high
compressive strength of many metamorphic rocks may have little effect on
the low shear strength of the relatively smooth foliation planes.

The very wide spectrum of results has been divided into four sectors
using JCS values of 10, 100, 500, 1,000 and 2,000 kg/cm? as arbitrary limits.
The bi-linear envelopes were obtained from Fig.11, and are relevant only to
those joints which would be described as rough—undulating. It is interesting
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Fig.17. The peak shear strength of unfilled rock joints from the published results of
direct shear tests performed in the laboratory and in situ. The curvilinear envelopes are
for rough—undulating joints having the given JCS or o, values.

to note that few values of peak strength are obtained between the compressive
strength limits of 1,000 and 2,000 kg/cm?. This may be a function of joint
weathering. On the other hand it may signify an absence of problems in this
quality of rock, certainly as regards rough tension joints.

The minimum strength of the spectrum is clearly delineated by a JCS or
compressive strength value of approximately 10 kg/cm?. Values of this order
are apparently typical for some weak shales, marls, and strongly altered rock
such as the sericite shown in Fig.16. It is tempting to speculate that material
weaker than approximately 10 kg/cm? would not be classified as rock, hence
the lack of test results. This boundary happens to be close to the 7 kg/cm?
(100 1bf/inch? ) suggested by Jennings (1972) as the possible limit between
soil and anisotropic rock.
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This minimum strength boundary can be put in perspective to soils by
considering the intact strength of heavily over-consolidated clays. The
drained shear strength of London clay as reported by Bishop et al. (1965), is
represented by Mohr envelopes which in curvature and strength correspond
almost exactly with the peak strength predicted for rough—undulating joints
in rocks that have JCS values between approximately 10 and 20 kg/cm?.
However the unconfined compression strength of this particular clay is of the
order of only 2 kg/cm?. Thus although the shear strengths may overlap, there
does appear to be a break in the compressive strength spectrum, as suggested
by Jennings (1972).

NON-PLANAR JOINTS OF REDUCED ROUGHNESS

The curvilinear peak strength criterion was developed from the results of
tests on rough model tension fractures. Having approximately defined the
roughest end of the joint spectrum both for unweathered and weathered
joints, it is now necessary to consider the classes of joints which have lower
degrees of roughness which lie somewhere between brittle-fractured tension
joints and smooth residual shear surfaces. Smooth but undulating sheeting,
foliation, and bedding joints would probably be amongst this intermediate
class, grading down to smooth and nearly planar foliation, bedding and shear
joints.

It is certain that shear tests performed on these intermediate surfaces
would exhibit much reduced dilation, d, , and in particular, little or no shear
component, s,, as defined in Fig.5. Except under high normal stresses the
smooth surfaced undulations would tend to slide over one another with
much less surface damage than experienced by rough tension joints. The
experimental relation between d, and the ratio o,/0,, as defined ineq.6 and
in Fig.9 (right-hand graph) needs to be reduced appreciably, to take account
of this reduction in the strength component due to roughness.

Three broad classes of non-planar surfaces have been “defined” in Fig.18.
To these three classes could be added class D, which would be typical of
residual shear surfaces. The shaded portion (¥}, = 25—30°) has been included
to represent this lower bound.

The three estimates of shear strength shown in Fig.18 are preliminary
efforts to improve the classification and description of non-planar joints. The
joint roughness coefficients: 20, 10 and 5 for classes A, B and C are purely
empirical, and only the first coefficient has so far been justified. It is to be
hoped that the other estimates can be improved or confirmed as information
is gradually accumulated. The joint roughness coefficient (JRC) for a particular
joint is defined as follows:

_tan"' (7/0,)—dp
log,o ( g_c)

n

JRC (9)

where 7 is the peak shear strength for a normal stress of o, @, is the basic
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friction angle which normally falls between 25° and 35°, and o, (the rock
compressive strength) is replaced by JCS for weathered joints.

Estimating the joint roughness coefficient

Variable degrees of weathering and joint roughness, and consequently
scattered shear test results can be interpreted in the following way:

(1) Measure o, for the unweathered rock.

(2) Take the upper bound peak shear strength envelope and substitute these
measured values of 7/0,, in eq.9, using the unweathered value of Gy s

(3) Obtain the mean JRC for the upper bound test results.

(4) Assume o, /4 represents the weathered condition of the lowest strength
joint walls.

(5) Take the lower bound peak shear strength envelope and substitute
these measured values of 7/0,, in eq.9, using the assumed weathered strength
of g, /4.

(6) Obtain the mean JRC for the lower bound test results.

(In the strength prediction example of Fig.15, both lower and upper bound
envelopes would produce JRC values of exactly 20, hence the classification:
rough—undulating.)

If the rock is badly weathered and the compression specimens appear to
represent the weathered rock of the joint walls, then only this JCS value will
be substituted in eq.9. The upper bound test results will produce a certain
estimate of JRC and the lower bound results a lower value. The mean of the
two will be quoted. The above procedures are very simple and can help to
introduce some measure of uniformity in the reporting of test data.

Preliminary estimate of strength prior to testing

The JCS values of 500 and 250 kg/cm? that were used to evaluate equa-
tions a, b and c in Fig.18, represent a range of values apparently typical of
weathered joint walls in competent rock. The curves obtained can be approxi-
mated by straight lines over limited ranges of stress if desired. In this manner
the whole concept of curved strength envelopes can be more easily assessed
by investigators who are more familiar with ¢, ® parameters. The data given
in Table III has been obtained by approximating the six curves to their best-

TABLE III

Equivalent ¢, ® parameters when o ranges from 5 to 20 kg/em?

Joint class JCS = 250 kg/cm? JCS = 500 kg/cm?
c (oo} c 2}

A 5.6 45° 8.2 50°

B 1.6 38° 1.8 41°

C 0.6 34° 0.7 36°
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fit straight lines, over the normal stress range of 5—20 kg/cm?. This is a
common area for shear testing. As far as it is possible to judge from a
literature survey, these values of ¢ and ®, and the very gentle curvature of the
envelopes B and C are realistic.

Thus in cases where no shear tests have been performed and a preliminary
and approximate estimate of peak strength is sufficient, the proposed JRC
values of 20, 10 or 5 van be used directly. The procedure would be as follows:

(1) Measure o, for the unweathered rock.

(2) Assume o, /4 represents a conservative lower bound estimate for
weathered joint walls.

(3) Substitute this value in equation a, b or ¢, whichever appears most
relevant to the roughness of the joints.

(4) Obtain a conservative peak strength envelope over the desired range of
normal stress.

The strength spectra for class Band C joints are shown in Fig.19. A medium
value of &, equal to 30° has been assumed throughout. It will be noticed
that the same range of JCS or ¢, values (10—2,000 kg/cm? ) produces progress-
ively less width of strength spectrum as the JRC value is reduced. Many of
the lower strength joints represented in Fig.17 would be typical of class B
and especially class C surfaces. On the other hand the test data lying in the
upper half of the strength spectrum can only have been produced by joint
surfaces with JRC values in the region of 20. Compressive strength values in
excess of 2,000 kg/cm? and unweathered joint surfaces will not generate
sufficient shear strength from the smoother joints.
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Fig.19. Preliminary estimates of the strength spectra for smooth—undulating joints (class
B) and smooth nearly-planar joints (class C).
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One further observation should be made concerning the strength envelopes
for class A, B and C joint surfaces. A paradoxical situation appears to arise
when the three strength estimates are compared at levels of normal stress in
excess of the JCS or g, value of the rock. The envelope representing 10 kg/
cm? in Fig.11 (class A) actually shows lower shear strength at normal stresses
in excess of 10 kg/cm?, than the same envelope for a class B or class C joint
surface (Fig.19). The reason for this is the reduced dilation component for
class B and C surfaces. In the range o, > 0, the dilation component becomes
negative. The smoother surfaces theoretically exhibit smaller negative dilation
angles, and consequently higher overall shear strength than the rougher
surfaces, in this high stress range. When it is appreciated that the interlocked
asperites of rough surfaces act as efficient stress raisers, the paradoxical
situation of rough surfaces exhibiting lower strength than smooth surfaces at
high stress does not seem so unreasonable.

Sources of error

In time, as more complete test data becomes available, these theoretical
models of shear strength may be greatly improved. Two particular areas
where improvements can be made concern the estimation of weathering
effects, and the narrowing of classes of joint roughness with correspondingly
more accurate JRC values. There is one further refinement that can be made
immediately. This concerns the value of ¢, used in eq.a, b and c in Fig.18.

In certain cases an error of at least 5° may be introduced by using the medium
value of 30°.

The data collected in Table IV shows that certain rocks, notably limestone,
exhibit values of @ at least as high as the 35° normally quoted as a maximum.
Conversely there are other rocks, notably schistose gneiss, which are below
the 25° normally quoted as a minimum. It is obviously worth making
occasional changes from the round figure of 30° to allow for these exceptions.
Coulson (1970) has suggested values between 22° and 25° for rocks contain-
ing significant amounts of mica.

THE FALL FROM PEAK TO RESIDUAL SHEAR STRENGTH

In any discussion of residual strength, the distribution of shear displace-
ment along a potential failure surface has to be considered. In parts of an
unstable rock mass the shear stress may have been sufficient to exceed the
peak strength, and a certain amount of additional displacement may have
occurred to reduce the strength locally almost down to the residual strength.
Whether or not the resistance can be reduced locally to the residual without
overall failure occurring will depend upon the magnitude of internal displace-
ment that can be absorbed by the rock mass without inducing continued
overstressing and progressive failure. The displacements required to mobilize
residual strength will in turn depend on the roughness and degree of
undulation of the over-stressed joints, and on the level of normal stress



317

TABLE IV

Basic or residual friction angle for various rocks, obtained from sand-blasted, rough-sawn
and residual surfaces

Rock Moisture oy, (kg/em?) Dy = DY Reference*
Amphibolite dry 1—42 32 a
Basalt dry 1—85 35—38 b
wet 1—-179 31—36 b
Conglomerate dry 3—34 35 c
Chalk wet 0—4 30 d
Dolomite dry 1—72 31—37 b
wet 1—-72 27—35 b
Gneiss (schistose) dry 181 26—29 b
wet 1—79 23—26 b
Granite (f.g.) dry 1—-75 31—35 b
wet 1—74 29—31 b
Granite (c.g.) dry 1—73 31—35 b
wet 1-75 31—33 b
Limestone dry 0—5 33—39 e
wet 0—5 33—36 e
dry 171 37—40 b
wet 1—71 35—38 b
dry 1—83 37—39 b
wet 1—83 35 b
Porphyry dry 0—10 31 f
dry 41—133 31 f
Sandstone dry 0—5 26—35 e
wet 0—5 25—33 e
wet 0—3 29 g
dry 3—30 31—33 c
dry 1-70 32—34 b
wet 1—73 31—34 b
Shale wet 0—3 27 g
Siltstone wet 0—3 31 g
dry 1-75 31—33 b
wet 1—72 27—31 b
Slate dry 0—11 25—30 f

*a, Wallace et al. (1970); b, Coulson (1972); ¢, Krsmanovié¢ (1967); d, Hutchinson (1972);
e, Patton (1966a); f, Barton (1971c); g, Ripley and Lee (1962).

relative to the effective joint wall compressive strength. There is good reason
to believe that the smoothest joints in the weakest rocks will reduce to
residual strength for much smaller displacements than the converse situation
— rough joints in strong rocks.
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In most rock mechanics reporting the fall from peak to residual strength is
simply expressed as the strength ratio (peak/residual). Values reported for
rock joints seldom exceed 4, and are always greater than 1.0 unless the joint
has a thin infilling, or is highly polished at the start of the test. An important
distinction was made by Krsmanovi¢ (1967) between residual and ultimate
strength. The latter was defined as the lowest strength that could be obtained
with the maximum available shear box displacement. When testing joints in
strong rocks the true residual strength will seldom be attained unless the
normal stresses are very high, or unless repeated tests are made. Many ratios
of peak/residual strength reported in the literature may therefore be under-
estimates. A solution to the discrepancy between ultimate and residual
strength can be obtained by testing artificial flat surfaces cut from the same
rock, close to the natural joint walls. Patton (1966a) suggested that the
residual strength of wet, rough sawn surfaces reproduced the field values of
residual strength most closely. Many other investigators have used flat sand-
blasted surfaces.

The theoretical variation of (peak/residual) strength for the three classes
of non-planar joints defined in Fig.18 is given in Fig.20. In each case the
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RESIDUAL SHEAR STRENGTH
v

,é

DIMENSIONLESS RATIO

]
| |

|

ARRR MRRRK) |

. ‘ | |
1 2 3 4 5 10 20 30 40 50 100 200 300 400 500 1000

|
I
|
|

|

JOINT WALL COMPRESSIVE STRENGTH
DIMENSIONLESS RATIO NORMAL STRESE

Fig.20. Theoretical ratio of peak/residual strength for the three classes of joint roughness
defined in Fig.18.
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residual strength has been assumed as purely frictional, with @, (= dy) = 30°.
The three linear dashed lines drawn from the class A curve (rough—undulating
joints) were derived from the three empirical straight line envelopes discussed
earlier, for use at very low stresses. (o, /0, = 50, 100 and 200). The ratio of
(peak/residual) strength is constant between two purely frictional, linear
envelopes. In the future, when more data becomes available, these three
dashed lines and the curves for class B and C joints may need to be

adjusted, if improved values of the joint roughness coefficient (eq.9) can be
agreed upon.

INCREASE OF SHEAR STRENGTH DUE TO OVER-CLOSURE, AN OVER-CONSOLI-
DATION EFFECT

In soil mechanics the deposition—consolidation—erosion cycle which gives
rise to over-consolidated clays is universally recognised, and the consequences
far reaching. This important process has been described by many authors,
including Skempton (1964; 1970). The present discussion is not dire- ‘ed
towards the effect of over-consolidation on intact rock, but on the possible
effects on non-planar joints intersecting the rock. Such joints are never
entirely closed and the degree of closure depends on the normal stress acting
across them. As will be shown later, it is possible for non-planar joints
(particularly tension joints) to become mechanically over-closed. The shear
strength of pre-loaded tension joints is found to be considerably higher than
that of normally-loaded joints.

It is probably true to say that all the present methods of obtaining or
exposing rock joints for shear testing involve such a degree of disturbance
that any potential over-closure effect will be destroyed. The only way of
recovering the effect will be to pre-consolidate the joints, before shear testing
under the lower, engineering normal stress lc vels. However, the effective pre-
consolidation pressure, p., representing the indisturbed closure condition
will not be known even approximately.

Estimation of degree of over-closure

In an engineering approach to this problem the historical pre-consolidation
pressure, p., has to be ignored and the problem simplifed to an estimation of
the ratio of over-consolidation caused by the progression from “undisturbed”’
to “post-construction”:

(1) Undisturbed in situ effective stresses: P, (vertical), K, P, (horizontal).
(2) Post-construction effective stresses: P, (vertical), K; P, (horizontal).

The undisturbed stresses, which are assumed to represent the major or
minor principle stresses, can be converted to values of (7,) and (o) acting



320

on the critical joint set (of known dip angle) by using the following equations:
7 =% (0,—03)sin 2 © (10)
0, = % (01 + 03) + Y2 (0;—03) cos 20 (11)

where 0, and o3 represent the major and minor principle stresses, and © is
the angle between the critical joint set and the direction of the minor principle
stress 3.

The post-construction stresses will depend on the type of excavation and
engineering loading. In the case of a slope excavation, it will be assumed that
only the self-weight vertical stress is operative after construction, and the
components (7, 0n;) Will be obtained by resolving the vertical stress along the
critical joint direction, as shown in Fig.1 and eq.1. The over-consolidation
ratio for the relevant joint set will be given by the ratio oo /0pn;:. If 0o < 0y,
the joint set will be “normally-consolidated” and no pre-loading will be
required before shear testing.

Model slope excavation tests carried out in a horizontally and vertically
loaded model rock mass by Barton (1971b), indicated that the over-consoli-
dation ratio for a set of steeply dipping joints lying beneath the excavated
slopes ranged from approximately 4 to 8 depending upon the value of K,.

The latter was approximately 0.5 and 2 for these two cases. This degree of
over-consolidation produced a significant over-closure effect in these rough,
unweathered model tension joints which was reflected by a significant increase
in the stability of the slopes between the two cases.

Strength increase due to over-closure

A set of pre-consolidated direct shear tests performed on these model
tension joints clearly demonstrates the potential increase in shear strength.
The three peak strength curves shown in Fig.21 represent the following three
cases:

(1) 0, (pre-consolidation)/o, (test) =8/1

(2) o, (pre-consolidation)/o,, (test) =4/1

(3) Normally loaded (1/1)

The model stresses have been scaled such that the model joints represent
30 m long exposures of rough—undulating tension joints in a hypothetical
rock, having a compressive strength of just under 1,000 kg/cm?.

This important increase in shear strength does not appear to have been
studied in rock mechanics, although the possibility of its existence has
obviously been suspected. For example, Serafim (1964) reported a compre-
hensive series of deformability plate-bearing tests in jointed granites at
several dam sites. He noted that ‘““once the joints are closed, the adhesion
forces between the faces of the fissures or between the adsorbed layers
prevent their opening until a certain unloading is reached”. Presumably these
joints had been re-consolidated after disturbance during test-block
preparation.
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Fig.21. Comparison of pre-consolidated model shear tests with normally loaded model
shear tests. Model stresses have been scaled such that the model “joints” represent 30 m
long joint surfaces in a hypothetical rock of approximately 1,000 kg/cm? compressive
strength. (After Barton, 1971b.)

A most important observation of direct relevance to the increase in shear
strength was made by M. De Freitas (personal communication, 1970) who
performed a series of shear tests on rough tension fractures in granite in a
large laboratory shear machine. Apparently, in the early stages of this work
the normal load was once accidentally increased to the maximum capacity of
the machine (10 tons). However this initial mistake was not noticed until
large strains were observed in the shear loading ring. The specimen could not
in fact be sheared, even at the reduced normal stress. What was surprising
was that when the jointed specimen was removed from the machine it could
not be prised open without mechanically wedging it apart.

It is possible that mechanical locking between the faces of steeply inclined
asperities is solely responsible for this phenomenon, at least for completely
clean joints. However, the increases of friction angle of approximately 5°
and 10° that occur when the model over-consolidation ratios are increased
from 1 to 4, and from 1 to 8 can be partly explained in another way. The
joint closure depends on the level of normal stress applied. Increased closure
of the joints caused by high over-consolidation ratios necessitates larger
dilation angles for peak strength to be reached. This would be particularly
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relevant in the case of joints with weathered joint walls, which would consol-
idate appreciably.

The significance of over-closure in any shear strength investigation is that
the measured shear strength may be quite conservative, due to unavoidable
sample disturbance. Pre-loading the joints, as described above, would be a
simple way of avoiding this discrepancy. The degree of over-consolidation
would depend on the engineering problem, the orientation of the critical
joint set, and the magnitude of the horizontal stress. For a slope excavation
the over-consolidation ratio would be highest when the undisturbed horizon-
tal stress (KoP,) was high, and when the critical joint set was steeply inclined.
On the other hand, the joints beneath a dam abutment would probably be
“normally-consolidated”” with (oy; ) = (0no)-

EFFECT OF WATER ON THE SHEAR STRENGTH OF JOINTS

The presence of water in a rock joint leads to several mechanical and some
chemical effects, the most important of which will probably be the reduction
in effective stress. The water will also tend to reduce the surface energy and
crystal strength, with the result that the mechanical strength of the rock is
lowered. This has the subsequent effect of lowering the shear strength, at
least for non-planar joints which suffer some failure of asperities during the
shearing process. However, some types of rock joint appear to be little
affected by water (besides the effective stress effect) and may have a slightly
higher shear strength when wet. These effects appear to be connected to both
the mineralogy and the smoothness of the joints.

Water and frictional strength

Horn and Deere (1962) reported that the frictional coefficients of massive
crystal structures such as quartz and calcite increased when in the presence of
water. On the other hand the frictional coefficients for layer-lattice structures
such as mica and chlorite decreased. However, it was shown that the anti-
lubrication action on surfaces with a massive crystal structure diminished as
the roughness of the surface increased. Consequently this particular effect is
only likely to affect smooth, polished discontinuity surfaces such as unfilled
and slickensided minor faults. Coulson (1970) reported that almost polished
surfaces in schistose gneiss, granite and sandstone which were polished
rather than damaged during shearing showed a significant increase in strength
in the presence of water.

The data presented in Table V has been collected together in an attempt
to clarify the positive and negative effects of water on the shear strength of
joints. With the exception of results reported by Jaeger (1959) and Jaeger
and Rosengren (1968), who performed shear tests at very high levels of
normal stress, the remainder of the data can be considered relevant to
engineering problems. The data is divided into three sections: no change,
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Effect of water on the frictional strength of rock joints
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Rock type Description of discontinuity Dry Wet Reference
®° ®° I
Quartzite artificial, planar, polished Jaeger and
(0y: 30—400 kg/cm?) Rosengren (1968)
no change
Shales, siltstones and slates  minor faults; smooth, Rosengren (1968)
polished or slickensided, in
graphite coated
general
Shales, siltstones and slates  extension fractures; coated Rosengren (1968)
with limonite, pyrite,
quartz
reduction
Granite, gneiss, sandstone shear fractures from 0.71 0.61 Jaeger (1959)
failure of intact specimens 0.52 0.47
(0n: 100—2,500 kg/cm?)
@, o,
Sandstones, carbonates artificial, rough sawn, 25—34 24—33 Patton (1966a)
equivalent to residual 33—39 32—36
Shales, siltstones and slates  minor fault, smooth, 0.49 0.40 Rosengren (1968)
polished, chlorite coated
Dolerite joint 52 37 Duncan (1969)
Granite artificial surface 38 31
Gneiss natural schistose plane, “keyed’ 49 44
Phyllite schistose plane 40 32
Shale joint 37 27
Quartzite joint 44 34—37 Duncan and
Marble ioint 49 42 Scheerman-Chase
(1965—66)
increase
Py @p
Sandstone artificial, planar, polished 27—32 30—38 Patton (1966a)
(equivalent to slickenside)
Gabbro joint 47 48
Oolitic limestone joint 44 48 Duncan (1969)
Chalk (2 of 3 types) joint 40 41
Quartzite artificial, planar, polished 23 30 Duncan and
Basalt artificial, planar, polished 33 35 Scheerman-Chase

Schistose gneiss, granite,
sandstone

artificial, planar, polished —
with increasing polish

* during shear

(1965—66)

Coulson (1970)
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reduction when wet, increase when wet. Friction angles or coefficients are
for peak strength except where labelled &,.

Most of the smooth polished surfaces are unaffected or increase in strength
slightly when wet. Most of the natural or rough joint surfaces reduce in
strength when wet. Exceptions can generally be explained by the mineralogy.
For example, a smooth polished minor fault would normally be unaffected
or would increase in strength slightly when wet. However, the presence of a
chlorite coating on such a surface will predominate since layer-lattice crystal
structures suffer a big reduction in shear strength when wet.

Detailed observations of sheared fractures in granitic gneiss reported by
Jaeger (1959) suggest that slickensides develop across powdered shear debris
most readily when the surfaces are saturated, with consequent reduction in
shear strength and a greater curvature of the strength envelope. Such changes
of behaviour are not available to joints that are already slickensided, hence
the tendency for smooth, polished surfaces to be unaffected by water, or
even to increase in strength.

From an engineering point of view a reduction in shear strength due to the
presence of water seems to be the most significant effect, and it appears from
the limited data that this can range from 5 to 30% and exceptionally by even
more. In the case of residual strength the reduction is less marked. The
residual strength for sandblasted surfaces of ten rock types investigated by
Coulson (1970; 1972) was generally between 5 and 10% lower when wet.

The general reduction for non-planar joints is related to the adverse effect
of moisture on the tensile strength of brittle materials. This in turn affects
the compressive strength which is now known to control the shear strength of
non-planar joints. Although surfaces are subjected to shear stress it is likely
that on the asperity scale, local tensile failures occur. Significantly, this will
be more marked for natural rough surfaces than for artificial, polished
surfaces. Similarly, any crushing of shear debris (which may involve tensile
failure) will occur to a much greater extent in rough joints than in smooth,
planar joints. The general trends shown in Table V appear to support this
hypothesis.

Water and compressive strength

The reduction in compressive and tensile strength when a rock changes
from a “dry”’ to “‘saturated” state has been known for some years. Unfortu-
nately the state of dryness is rather critical since the increase in moisture
content between the following three conditions: (1) dessicator dried (over
CaCl, ), (2) oven dried, (3) air dried or storage at 50% humidity, appears to
cause a marked reduction in strength. There is a further reduction when the
rock is saturated, and Kjaernsli and Sande (1966) have shown that testing a
specimen “‘saturated’ is not the same as testing it under water.

The data collected in Table VI should be taken as a rough guide to the
reduction in strength for the above reasons. Most of the “dry”’’ data are for
dessicator or oven dried specimens and most of the “saturated” data are for
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Rock type 0. (kg/em?) op(kg/em?®) Reference
dry sat. % red. dry sat. % red.
Quartzitic sandstones — i 55 Price (1960)
(3 types) — = 55
= _— 55
Quartzitic shale 1,900 1,000 47 Colback and
Quartzitic shale 2,200 1,200 45 Wiid (1965)
Quartzitic sandstone 580 290 50
Quartzitic sandstone 400 200 50
Quartzitic sandstone 400 220 45
Syenite (5X 5X 10 cm) 1,862 (1,486) (20) Kjaernsli and
(65X 5x 14 cm) 1,728 (1,586) (8) Sande (1966)
Malpasset gneiss 580 420 28 Bernaix (1969)
left bank: 470 340 28
380 300 21
440 235 47 (forced percolation)
right bank: 970 880 9
Trondhjemite 2,410 1,620 33 104.2 81.7 22 E. Broch (pers. comm.,
(qtz. diorite) 1973)
Sol¢r gabro 3,240 1,890 42 130.1 91.5 30
Marble = 550 — 36.8 246 33
Granite 108 93.8 13 Broch and Franklin
Darley Dale sandstone 35.7 245 30 (1972)
Darley Dale sandstone 42.8 28.6 33
Pennant sandstone 111 86.7 22
Trondhjemite 2,410 1,620 33 1156.7 90.9 21 E. Broch (pers. comm.,
Sol¢r gabbro 3,240 1,890 42 1445 101.6 30 1973)
Marble = 550 &= 40.9 27.3 33
Fosen gneiss 1,810 107.0 79.9 25
Fosen gneiss 2,320 157.0 88.0 44
Amphibolite 1,860 101.5 65.0 36
Amphibolite 132.7 86.6 35

Hyperite (norite)
Hyperite (norite)

1,120

192 139 28
145 102 30

samples stored under water before testing while still wet. However, some
investigators evacuate the specimens before storing under water, and Bernaix
(1969) used a high-pressure gradient to force water into one set of specimens.
The reduction in strength when testing the specimens under water is given in
brackets. All the data in the lower third of the table was obtained from
point-load tests rather than uniaxial tension tests.
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The reductions in compressive and tensile strength illustrated in Table VI
are probably larger than would occur between the engineering limits “air dry”’
and “‘saturated in situ”. Colback and Wiid (1965) obtained reductions in
strength of from 19 to 33% when comparing the strength of specimens stored
at a relative humidity of 50% and those stored under water. Mostly the
reduction was around 20%.

Theoretical estimates of reduction in shear strength

The factors discussed above suggest that from a theoretical as well as prac-
tical point of view the shear strength of non-planar joints tested dry in the
laboratory will be significantly higher than when in a saturated condition in
situ. If we assume that there is a 25% drop in the unconfined compressive
strength of the rock between the two cases, and further that the JCS value
will also be 25% reduced, then it is possible to make a quick estimate of the
theoretical reduction in shear strength for rough—undulating (class A) joints
by referring to Fig.11. If a “‘dry”” JCS value of 400 kg/cm? is assumed then
the reduction to 300 kg/cm? in situ will cause an 8 to 9% reduction in peak
shear strength. The reduction for an unweathered joint in a strong rock would
be more than 12%. Joints of lower degrees of roughness (class B and C joints,
Fig.18, 19) would be successively less affected, which is in fundamental
agreement with the foregoing discussion.

It therefore appears that the empirical model of peak shear strength is
basically sound. For saturated joints the equation can be expressed in general
terms as:

7/o, = tan [(JRC) .logo (J—o(—;s") o d)b} (12)

n

where: or'l = effective normal stress, JRC = joint roughness coefficient (eq.9),

JCS = effective joint wall compressive strength (saturated), &y, = basic friction
angle (wet, residual, drained).

In view of the present development of rock mechanics and the complexity
of the problems involved it would be premature to try to quantify certain
other phenomena which are responsible for a change in the compressive
strength and consequently a change in the shear strength of non-planar joints.
However there are two important phenomena which should be mentioned,
since they represent fundamental reasons why laboratory tests may be poor
replicas of in situ conditions, despite careful sampling: (1) time to failure
(compression, tension or shear), and (2) scale effect for asperity failure.

EFFECT OF TIME TO FAILURE ON THE SHEAR STRENGTH OF JOINTS

Price (1966) in reviewing the first problem, quoted strength reductions of
80% and 40% for two sandstones (in tension), and strength reductions from
73% to 50% for granodiorite, limestone, dolomite, and Darley Dale sandstone
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(in compression), when comparing the high “instantaneous loading” strength
with the long term strength (2 to 4 weeks).

The creep effects in long term loading are obviously of great importance,
but there is an additional effect. Serdengecti and Boozer (1961) have shown
from unconfined compression tests that there is an important reduction in
strength between “instantaneous” loading to failure (0.03 sec), and ‘‘normal”’
laboratory rates of 30 sec to failure. Berea sandstone reduced in strength by
33% and gabbro by 22%.

Even from these limited data it is clear that a reduction in strength of up
to 50% can occur between a normal laboratory loading rate and a long-term
failure. Extending these strength reductions to ‘‘shear” failure of asperities in
tension and compression in a slope failure problem, it is clear that normal
laboratory shear tests on non-planar joints might give a significant over-
estimate of strength. So far as the author is aware, tests employing very large
differences in shearing rate have not been attempted in rock mechanics. It is
probable that if they were attempted, plane artificial rock surfaces would be
used to reduce the scatter of results. The loading rate effect discussed
above might then be lost due to the absence of asperity failure.

EFFECT OF SCALE ON THE SHEAR STRENGTH OF JOINTS

Observations made earlier concerning the effect of normal stress on the
size of asperity sheared (Fig.8) lead to an automatic scale effect when
increasing the normal stress across a given joint, since the shear strength
developed is strongly dependent on the compressive (or tensile) strength of
the rock, which is itself scale dependent. The larger asperities that are sheared
at high normal stress will be fundamentally weaker (in units of stress) than
the small ones sheared at low normal stress. This is probably one reason why
the failure envelope for rough joints is curved, besides the reduced ‘‘inclined-
plane” effect.

A recent study of the scale effect on compressive strength made by Pratt
et al. (1972) showed that there was a fall in strength from approximately 700
to 70 kg/cm? when testing a range of quartz diorite specimens with dimensions
from approximately 8 cm up to 1 m. There was apparently no further
strength reduction when increasing the dimensions up to 275 cm. The rock
was altered and of rather high porosity (8—10%) and may have been more
susceptible to a scale effect than most rocks. However the importance of
scale has been illustrated by many other studies and was also noted in point-
load testing by Broch and Franklin (1972).

Besides the above hypothesis for obtaining a curved shear strength envelope,
the really important question regarding scale is whether the asperities that
are sheared on a large exposure in situ are larger than those sheared on a
laboratory-size specimen at the same level of normal stress. The basic assump-
tion built into the method of predicting shear strength from roughness
profiles (Barton, 1971a) was that both void spaces and contact areas were
larger on an in situ scale for any given normal stress. If such is the case, as
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seems possible in view of the inherent stiffness of rock, then there will be a
built-in scale effect between the two problems. Laboratory shear tests, or
predictions of shear strength that are based on laboratory-size compression
specimens will give optimistic values of shear strength.

It should be carefully noted that the unconfined compression strength of
the model material used to develop the peak strength criterion (eq.7) was
measured on specimens of similar size to the jointed specimens. A similar
observation may not apply to all scales of shear test on rock, since the size of
test blocks varies much more than the size of compression specimens. When
extrapolating o, or JCS to the in situ scale some reduction might be involved
in practice, and this should be allowed for by some form of safety factor.

CONCLUSIONS

(1) In the majority of publications the results of shear tests on rock joints
are reported in terms of linear ¢ and & Coulomb parameters. It is probable
that if more investigators had been interested in low levels of normal stress
or alternatively in very large ranges of normal stress (relative to the strength
of the rock) there would now be universal acceptance of a fundamentally
non-linear peak shear strength envelope for non-planar rock joints. The use
of a cohesion intercept at low or zero normal stress would then be inadmissible.

(2) An empirical non-linear equation of peak shear strength which is
sensitive both to variable joint roughness and to variable compressive strength
for the rock or joint walls is found to be the following:

r/ol = tan [(JRC).log10 (JOC—S) + @b}

n

The joint roughness coefficient (JRC) represents a sliding scale of roughness
which varies from approximately 20 to O from the roughest to the smoothest
end of the spectrum. The effective joint wall compressive strength (JCS) is
equal to the unconfined compression strength o, of the rock if the joint is
unweathered, but may reduce to approximately 1/4 o, if the rock walls are
weathered. This reduction factor is based on regrettably few test results and
may therefore need refining at a later date.

(3) Analysis of the reported shear test data for rough—undulating (class A)
joints suggests a value of JRC equal to 20 for obtaining an estimate of the
peak shear strength for such joint surfaces. A value of 10 is suggested for
smooth—undulating (class B) joints that might be typical of undulating
bedding joints and the smoother relief joints, and a value of 5 for smooth—
nearly planar (class C) joints such as many foliation and bedding joints.

(4) The shear strength exhibited by these unfilled rock joints forms a very
wide spectrum in practice. The highest strength results generated by rough—
undulating joints indicate that the JCS value is seldom in excess of 2,000
kg/cm?. This may be a function of joint weathering — few joint walls being
as strong as the unweathered rock. Alternatively it may be a reflection of the
relative lack of problems in this area, and hence a lack of test results. By
comparison the minimum strength boundary is clearly defined by a large
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number of test results. An effective JCS or o, value in the region of 10 kg/cm?
is suggested as a boundary separating rock from soil.

(5) Before the above methods of estimating shear strength can be used
with confidence, shear test data will need to be analysed and reported with
the new parameters in mind. The following data is ideally required from all
first sliding tests on unfilled rock joints: normal stress (o, ), peak shear
strength (7), peak dilation angle (d ), unconfined compression strength (0.7
of the sound rock, an estimate of JCS (if available), mean value of JRC (and
range) for the tests on a particular joint set, roughness profiles (and scale)
for the range of surfaces (measured before testing).

(6) The proposed techniques for predicting shear strength or extrapolating
between fewer tests have important financial implications. Large scale
laboratory tests, and especially in situ tests, are time consuming and expensive.
Schnitter and Schneider (1970) mentioned 600 working hours for preparation
and testing at each test block location (0.4 m?), when rock conditions were
unfavourable.

(7) The presence of water in rock joints causes several effects, the most
important of which may be the reduction in effective stress. In addition
rough joints suffer a reduction in shear strength due to the adverse effect of
moisture on the compressive and tensile strength of rock. The effect of the
compressive strength reduction is less marked in the shear strength of smoother
joints, due to the reduced contribution of compressive strength. When joints
are extremely smooth, mineralogy begins to dominate behaviour. Massive
crystal structures such as quartz and calcite increase in strength when wet.
Layer-lattice crystal structures such as mica and chlorite decrease in strength
when wet.

(8) Excavation of a slope above steeply inclined joints will generally result
in a marked drop in the normal stress acting across the joints between the
stages ‘“‘undisturbed” and “post-construction”. This means that the joints
become over-consolidated or over-closed. Joint samples that are exposed for
shear testing are normally so disturbed and destressed that this over-closure
effect is lost, and the strength measured therefore rather conservative. If this
discrepency is of concern then joints should be pre-consolidated, prior to
testing at the lower normal stresses corresponding to post-construction
conditions.

(9) The effective compressive strength of the wall rock bordering non-
planar joints is shown by this study to be an extremely important component
of peak shear strength. Consequently, any process that causes a reduction in
this compressive strength should result in reduced peak shear strength.
Increased weathering, saturation, time to failure, and scale, cause a marked
reduction in the compressive strength of rocks, and hence should cause a
reduction in the peak shear strength of joints. According to the proposed
equation of peak shear strength, rough—undulating (class A) joints will be
most affected, and smooth—nearly planar (class C) joints least of all. Published
results concerning weathered and saturated joints suggest that these hypotheses
are essentially correct.
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