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Abstract This paper sets out an approach to assessing
shear strength of rock joints at project scale based on
measurement and analysis rather than empiricism. The role
of direct shear testing in this process is discussed in detail
and the need for dilation measurement and correction
emphasised. Dilation-corrected basic friction angles are
presented for various rock types. The characterisation of
first and second order roughness features and their contri-
bution to shear strength at project scale are discussed with
reference to possible scale effects. The paper is illustrated
by a case example of a spillway slope for a dam in the
Himalayas.
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1 Introduction

Shear strength of discontinuities is an important parameter
for many rock-engineering projects and requires the deter-
mination of fundamental frictional parameters together with
characterisation and quantification of geological factors
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such as surface roughness, persistence and the nature and
extent of infill for the discontinuity in situ. This paper dis-
cusses the practical assessment of shear strength and in
particular the role of laboratory direct shear testing.

2 Definitions

There are significant differences between the terminology
for rock and soil testing and as adopted in various publi-
cations and in ‘standards’ regarding rock mechanics, so the
following terms can usefully be defined at this stage.

Discontinuity Definitions of what comprises a disconti-
nuity or joint vary quite widely between geologists and
engineers and between different international standards.
Some current definitions are presented in Table 1. The
International Society for Rock Mechanics (ISRM 1978)
defines discontinuities as having zero or low tensile strength.
This perception of a rock mass made up of rock blocks
separated by extremely weak or open fractures is intrinsic in
rock mass classifications including RQD (Deere 1968) and
derivatives such as RMR & Q. The American Society for
Testing Materials (ASTM 2008a) definition of ‘structural
discontinuities’ encompasses features with considerable
greater strength including cleavage and bedding. The current
European standard lies somewhere in between.

In this paper the term discontinuity is used as the general
term for a plane of relative weakness in rock such as a
joint, fault, bedding plane, cleavage or schistosity—
essentially the same definition as ASTM (2008a) and
Hencher (1987). Hencher (2014) recommends classifying
discontinuities as open, weak, moderate or strong, relative
to the strength of the parent rock as an aid to categorising
rock mass quality and to overcome the dilemma imposed
by the narrow constraint of the ISRM definition. Obviously
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Table 1 Definitions of joints and discontinuities (modified from
Hencher 2014)

ISRM (1978)

Joint A break of geological origin in the continuity of a body of
rock along which there has been no visible displacement. Joints
can be open, filled or healed

Comments: The meanings of the terms ‘open’ and ‘filled’ are
clear although many joints are only open or infilled locally
due to weathering and unloading but elsewhere incipient. The
term ‘infill’ is sometimes stretched to include zones of
weathering. The term ‘healed’ implies a secondary or
contemporaneous mineralisation process as described by
Ramsay and Huber (1987) and Miller et al. (1994) but is a
misnomer for incipient joint planes

Discontinuity The general term for any mechanical discontinuity
in a rock mass having zero or low tensile strength (emphasis
added). It is the collective term for most types of joints, weak
bedding planes, weak schistosity planes, weakness zones and
faults

Comment: The definition does not allow for incipient rock
fabric with tensile strength such as many joints and bedding
planes, and which may control engineering performance and
fluid flow. In practice it is common to record all visible traces
of discontinuities in outcrop mapping, regardless of strength,
a practice that does not tally with the ISRM definition. That
said, different observers may be inconsistent in what they
record (see for example Fookes 1997; Palmstrom and Broch
2006)

BS EN ISO 14689-1:2003 (European standard)

Discontinuity Surface, which breaks the rock material continuity
within the rock mass and that is open or may become open
under the stress applied by the engineering work

Comment: This definition means that whether or not a feature
is to be described as a discontinuity should vary according to
stress levels and engineering application. This ambiguity will
(should) cause major headaches for those logging core or
mapping exposures

ASTM (2008a)

Structural discontinuity An interruption or abrupt change in a
rock’s structural properties. Such changes might include
strength, stiffness, or density, usually occurring across internal
surfaces or zones, such as bedding, parting, cracks, joints,
faults, or cleavage

Comment: This particular ASTM (2008a) addresses the use of
rock mass classifications including RMR, Q and RQD. The
definition of a structural discontinuity used here encompasses
pervasive rock fabric and incipient features that might have
high tensile strength so is very different to the definition
adopted by the ISRM. Most rock mass classifications are
based on the assumption that all discontinuities are natural
fractures with zero tensile strength (as in RQD) so the ASTM
definition might be regarded as inconsistent

where infilled or mineralised (vein) this needs to be
recorded as well.

Because joints are the most common discontinuities
encountered in rock engineering, the word ‘joint’ is often
used essentially synonymously and rather loosely with
‘discontinuity’ (other than faults) and that practice will be
adopted here.
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Most direct shear tests are carried out on open or infilled
joints with zero or very low tensile strength, mostly
because open defects are more critical for stability
assessments. It is also far more difficult to interpret tests on
incipient joints because strength depends so much on the
degree of incipiency; this important but difficult subject
area will not be dealt with any detail in this paper.

Peak shear strength is the maximum value of shear
stress in the shear stress versus shear displacement curve
for a given normal stress value. This often occurs relatively
early on in a test run but under some conditions might
occur later, for example where a thin, low friction veneer or
polish is progressively damaged during testing. Where
single values are selected for plotting as is common in
commercial practice, care should be taken that the values
selected are valid and representative. The procedure illus-
trated later in this paper whereby the stresses and stress
ratios are plotted for a test run as a whole helps to isolate
and identify any aberrant and unrepresentative data.

Residual or ultimate shear strength is the stress at which
no further rise or fall in shear strength is observed with
increasing shear displacement.

Basic friction is the frictional component of shear
strength for a planar or effectively planar discontinuity i.e.
independent of any roughness component causing dilation
during shear.

Cohesion in the linear Mohr—Coulomb strength criterion
is shear strength at zero normal load and is independent of
normal stress level. Open rock discontinuities (with zero
tensile strength) have no true cohesion. True cohesion
occurs where the discontinuity has some tensile strength,
for example where the discontinuity is incipient or where
secondary mineralisation cements the two halves of the
discontinuity. Apparent cohesion is the mathematical value
of the intercept on the shear strength axis formed by the
tangent to a non-linear shear strength envelope at a given
level of normal stress. When shear strength data from a test
on an open joint are corrected for dilation during shear, the
apparent cohesion is generally zero.

3 Fundamentals of Shear Strength
3.1 Introduction

The factors contributing to the shear strength of rock dis-
continuities such as those illustrated in Fig. 1 are generally
well understood empirically as illustrated schematically in
Fig. 2. The main components are:

1. True cohesion contributed by the strength of local
‘rock bridges’ consisting of intact rock or incipient
defects.
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Fig. 1 Daylighting sheeting joints in granite above Wong Nai Chung
Gap Road, Hong Kong. Uppermost slab is about 2-3 m thick
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Fig. 2 Main factors to consider in assessing field shear strength of
discontinuities

2. Roughness at a relatively large-field scale, causing
interlocking and dilation. Large-scale undulations and
waviness of the order of metres are termed first order;
smaller scale roughness is termed second order (Patton
and Deere 1970; ISRM 1978; Wyllie and Norrish
1996).

3. Smaller asperity interaction and textural friction (basic
friction) at the scale of rock core and laboratory test
samples.

The contributions to shear strength made by persistence
and first order (typically >0.5 m wavelength) and second
order (typically 50-100 mm) roughness need to be char-
acterised by field measurement. The contributions from

relatively minor asperities over short profile lengths of
100 mm as incorporated in joint roughness coefficient
(JRC), as presented in ISRM (1978), and from basic fric-
tion can be investigated using direct shear testing.

3.2 The Nature of ‘Basic Friction’

Open, planar discontinuities (non-dilating) exhibit purely
frictional shear resistance that is directly proportional to
normal stress. Remarkably, as for other materials, the basic
friction angle of planar rock discontinuities is independent
of the size of the surface being tested, in accordance with
Amontons’ Second Law of friction (Amontons 1699). It is
important to appreciate, however, that even apparently
smooth surfaces are actually rough at a microscopic level
as illustrated in Fig. 3.

3.3 Adhesion

The actual contact area between two surfaces deforms
proportionally to carry the normal load (Archard 1958,
1974) and part of the basic frictional resistance is derived
from adhesion at the actual areas of contact. Bowden and
Tabor (1956) demonstrated this proportionality experi-
mentally, primarily for metals. Power (1998) carried out
similar experiments but used a rock-like model material
that is electrically conductive. His results generally con-
firmed the importance of asperity contact deformation
processes to rock friction (Power and Hencher 1996).

3.4 Textural Interlocking

The second component of basic friction is due to textural
interlocking which leads to ploughing and deformation
(Engelder and Scholtz 1976). Coulson (1971) demonstrated
that frictional resistance of planar rock surfaces changes
with textural roughness, rather like the tactile difference
between fine and coarse sandpaper sheets. Polishing, either
artificially or naturally as for a polished fault surface, will
reduce the textural interlocking component of basic friction
(Hencher 1976, 2012a, b). This component must be due to
an increase in interlocking proportional to normal load,
which is a slightly different mechanism than envisaged in
the adhesional theory of friction as illustrated in Fig. 4.

For practical assessment of shear strength, the important
observation is that the textural (tactile) component of basic
friction can be increased (by roughening) up to the topo-
logical condition at which the upper block is forced to
dilate under some particular applied normal stress. Con-
versely it can be reduced by polishing so that the basic
friction is derived from adhesion alone, which is probably
about 10° for most silicate minerals and rocks (see Lambe
and Whitman 1979 for example).
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Fig. 3 Profile of saw-cut and ground slate surface, measured using a Talysurf profilometer. Note approximately five times vertical exaggeration
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Fig. 4 Two saw-cut surfaces in contact (schematic)

The basic friction angle is a function of the surface
texture, weathering and the mineral coating of the surface
and can be very variable even for apparently planar sur-
faces. This may come as a surprise to many engineers and
researchers, led to believe, from many papers and text-
books, that a unique lower bound friction angle can be
measured for a flat discontinuity through rock. For example
Alejano et al. (2012) found that the sliding angle of planar
surfaces of rock in tilt tests can vary between 10° and 40°
for a single granite block. Similar variability has perplexed
other authors such as Nicholson (1994) who found that
friction angles for saw-cut Berea Sandstone in direct shear
tests varied by 12.5° despite great attention to sample
preparation and reproducibility. Kveldsvik et al. (2008), in
their investigations of the Aknes rock slope, found that the
“basic friction angle” derived from tilt testing of core
varied between 21° and 36.4°.

In summary it is a common misperception that a test on
a saw-cut surface will (a) provide a unique basic friction
angle, (b) be repeatable and (c) provide lower bound shear
strength for some particular rock. It follows even more
strongly that a basic friction angle relevant to the shear
strength of a natural discontinuity cannot be measured on
artificially prepared samples such as saw-cut surfaces as
described in Hoek (2014) or by sliding drill core samples
against one another (e.g. Simpson 1981), nor can it be
measured by tilting table tests (USBR 2009). As an illus-
tration of the importance that even minor textural variation
can have on such tilt tests at low stress levels (let alone on
rough interlocked rock surfaces), Fig. 5 shows two differ-
ent tilt tests using blocks (steel, rock and brass), faced with
sandpaper. In the first figure the brass slider in the fore-
ground has slid at about 43° whilst the two blocks in the
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background are still stable. In the second test the rear
blocks have slid at an angle of about 50°. The test was
continued and the brass slider finally slid at 63°.

As illustrated in the rest of this paper, the way to derive
meaningful basic friction angles for real geological dis-
continuities is by careful testing of natural joint samples
and analysis of the results.

For completeness it is necessary to say something about
‘residual strength’ (some authors prefer the term “ulti-
mate”). Some laboratories report the strength at the end of
a direct shear test run (or sequence of test runs) on rock
discontinuities as if it were some useful parameter in the
same way as it is in some soil mechanics situations mea-
sured from a ring shear box (e.g. Skempton 1985). In the
authors’ view the strength measured at the end of a test run
on a natural rock joint sample is generally arbitrary, par-
ticular to that test, the original sample roughness and tex-
ture, the direction of testing and the normal stress under
which the test was carried out, and has very little to do with
any fundamental property of the rock discontinuity.
Equating ‘residual strength’ with ‘basic friction’ or relating
this to a test on a flat, machined surface of rock, as is
sometimes proposed, makes even less sense. Of course
some rock discontinuities, as per faults, in landslides or
even as the result of inter-formational slip may have
extremely low strength relating to the previous history of
sliding. Determining realistic strengths for such features is,
as ever, a matter of proper geological characterisation and
appropriate testing and analysis.

4 Direct Shear Testing of Rock Discontinuities
4.1 Introduction

Laboratory testing is used for:

1. Determination of the basic friction angle for naturally
textured and coated discontinuities.

2. Identification of surface features such as mineralogy

and degree of polishing that affect shear strength over
the applicable normal stress range.

3. Observation of damage to minor asperities during

shear at particular stress levels, thereby allowing
judgement of which roughness features to allow for
in design.
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Fig. 5 Tilt tests on blocks
coated with sandpaper using
University of Leeds motorised,
low vibration tilt table
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Fig. 6 Idealised shear test data for a rough rock joint, with shear
strength rising to a clear peak and then reducing to an “ultimate” or
“residual” strength towards the end of the test run. It is redrawn from
ISRM suggested method (Muralha et al. 2013). In this diagram, at
peak strength the dilatancy angle, i°, is positive; at ultimate strength i°
is negative

The ISRM gives some guidance on laboratory testing
procedures (Brown 1981; Muralha et al. 2013), as does the
American Society for Testing Materials (ASTM 2008b).
Figure 6 shows idealised behaviour during a single stage of
a direct shear test under constant normal load.

According to the ISRM suggested method, data from
four different tests carried out at different normal loads can
be combined to provide “peak” and “ultimate” or
“residual” strength envelopes as shown in Fig. 7. It is then
suggested that:

“The Mohr—Coulomb criteria are usually suitable to
adequately model the results of rock joint shear tests. In

this case, parameters of this linear failure criterion are
defined as follows:

T = ¢ + oytang

where c¢ is apparent cohesion and ¢ is friction angle”.

In practice direct shear tests on rock discontinuities
seldom give such consistent results with well-defined shear
strength envelopes. Different samples even with the same
JRC can give very different strengths. The same is true for
a single sample, tested in different directions (e.g. Kulati-
lake et al. 1999). This poses difficulties for interpretation.
As an example, peak strength data from a recent com-
mercial series of direct shear tests for a major European
project, are presented in Fig. 8.

It would take a brave engineer to attempt to fit a Mohr—
Coulomb equation to the data presented in Fig. 8 (yet this
was done), let alone derive reliable design parameters.

Given the example in Fig. 8, which is not atypical, it is
not surprising that many geotechnical engineers have little
confidence in rock shear testing to provide useable data.
Attewell (1993) argued that results from direct shear tests
are “unlikely to have significant relevance to the shear
strengths of discontinuities in situ”. Goodman (1995) dis-
missed direct shear testing of samples from boreholes on
the basis that “specimen size for acceptable shear tests is
quite large”. This is echoed in the recent ISRM document
(Muralha et al. 2013) where it is stated that: “The best
shear strength estimates are obtained from in situ direct
shear tests as they inherently account for any possible scale
effect.” The authors disagree with this statement, for var-
ious reasons, based on their experience of in situ tests and
laboratory testing within major rock engineering projects—
but it illustrates a common misperception.

With such opinions from leading authorities in rock
engineering, it is no surprise that geotechnical engineers
often rely on empiricism and the literature review rather
than following a sampling/testing/analysis route. However,
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Fig. 7 Data combined from A A
four tests to derive peak and
“ultimate” strength envelopes
(redrawn from Muralha et al. peak strength envelope
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empirical approaches or assumptions based on prior
experience can give rise to considerable error partly
because of the extreme variability of rock discontinuity
shear strengths which can range from friction angles less
than 10° to strengths (friction and true cohesion)
approaching that of the intact rock. Empirical methods also
lack sensitivity with respect to geological variability.

One of the main difficulties for the geotechnical pro-
fession is that published guidelines and rock mechanics
textbooks fail to address the way that test data need to be
analysed or interpreted meaningfully at project scale.
Furthermore, in practice, many commercial labs fail even
to follow the ISRM guidelines, particularly with respect to
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the need to measure and report vertical and horizontal
displacement at very frequent intervals; without such
measurements direct shear tests on natural joints are
meaningless.

4.2 Larger Asperity Interaction

At stress levels typical of many engineering projects,
rough interlocking rock joints dilate during shear as rel-
atively large, strong asperities come into contact. Figure 9
shows one half of a piece of rock core (andesite) with a
tightly interlocking natural joint, set up for direct shear
testing.
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Fig. 9 Example of rough, |
interlocking but open, natural |

rock joint (“sample A”). Basal
half on left set in dental plaster.
Interlocking core sample,
containing the joint, on right.
Core diameter is about 55 mm
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Fig. 10 Profiles drawn parallel to the intended direction of shear for
sample A

Sections drawn on mm graph paper along the shearing
direction of the basal surface of sample A are presented in
Fig. 10. These sections were drawn using a simple profiling
device as shown in Fig. 11.

The possible interaction between the two halves of
sample A, along the central 2D profile when sheared is
illustrated in Fig. 12. Whereas local minor asperity angles
are very variable, the upper block will follow a dilation
path that will override some asperities and shear through or
deform others depending on the normal stress level and
strength of the rock walls.

In reality the problem is 3D and even more complex so
that accurate prediction of dilation is difficult even for a
specific sample and test setup, although it has been
attempted at a research level (e.g. Archambault et al.
1999). Currently such predictions are, however, of little
practical use within a geotechnical project given that even
a single sample (a tiny proportion of a discontinuity in situ)
provides different shear strengths (and dilation behaviour)
depending on the direction of shear.

Fig. 11 Decorator’s profile gauge being used to record roughness.
The device and method are sufficiently precise for recording and
characterising the overall nature of the joint for geological and
geotechnical characterisation

Whilst dilation is difficult to predict it can be measured
during a shear test and corrections made to derive the
underlying basic friction. These data together with obser-
vations of asperity damage can then be used, in combina-
tion with field characterisation, in assessing the shear
strength of the natural discontinuity at the field scale as
discussed below.

4.3 Direct Shear Test Apparatus

There are few commercially available apparatus for rock
shear testing. The most commonly used is the “portable”
box developed at Imperial College in the early 1970s (and
derivatives thereof) which uses jacks to apply normal and
shear loads applied through wire slings (Hoek and Bray
1981). In practice the box is insensitive and difficult to
control, especially if the joint is dilating so that the normal
stress jack needs to be adjusted continuously to try to keep
the load constant (Hencher and Richards 1989).

By comparison, a test apparatus that is easier to control
is that developed by Golder Associates (GA) Vancouver
office in the early 1970s and illustrated schematically in
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Fig. 12 Interactions between
two halves of a rock joint during
shear (schematic). The lower
diagram shows the discontinuity
geometry along the central line
of sample A. The upper

22°

Dilation of upper, rigid block
(at a particular normal stress
level)

mmm) Horizontal displacement
. approximately 1lmm

diagram illustrates how the joint
walls will interact at discrete
locations causing damage and
forcing the upper block to dilate
as a rigid block

LVDT (vertical
displacement,
magnified)

e
L 0 0 0 O O O

LVDT (horizontal
displacement)

weights

Fig. 13 The
discontinuities

Golder

Associates direct shear box for rock

Fig. 13. To the author’s knowledge the box is not available
commercially but many have been fabricated from the
original drawings and are in use in the UK, Holland,
Canada, USA, Hong Kong, South Africa and South Korea.
Hencher and Richards (1982, 1989) describe the apparatus
and its use in detail. An important feature of the GA box is
that the normal load is applied by a dead weight through a
lever system rather than by a jack or an actuator system.
Vertical displacement is measured on the lever arm. Tests
can be conducted on samples up to about 100 x 100 mm
up to about 2 MPa normal stress which is the equivalent of
about 70 m of rock and, therefore, adequate for most rock
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slope assessments and many other rock engineering
projects.

The device is readily instrumented as illustrated in
Fig. 14 where a load cell is placed between the yoke and
jack to measure shear load and the yoke is also strain
gauged as a check. LDVTs are used to measure shear and
normal displacements. A new box is now in use at the
University of Leeds, based on the original GA design but
with a longer lever arm allowing higher normal loads to be
applied and a motorised shearing system which improves
control and the capability to take larger sample boxes. The
working part of the Leeds Apparatus, arms connected to
shearing motor and point of application of normal load,
through a long lever, are shown in Fig. 15.

4.4 Test Methodology

It has to be accepted that it is not possible to test in the
laboratory samples that will be truly representative of an
in situ discontinuity. Conversely it is a fallacy to believe
that an in situ test of perhaps 1 m length is more realistic
and will somehow account for scale effects (Muralha et al.
2013). Such large-scale tests are very expensive, conse-
quently few in number, often difficult to control and poorly
constrained so that they are much more difficult to interpret
than properly conducted laboratory tests. That said, there
has been significant improvement in in situ testing in recent
years that have permitted better interpretation (Barla et al.
2011).

Discontinuities typically vary in dip on a scale of mil-
limetres, centimetres and metres and include variable
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roughness features that reflect their geological origin.
Samples of similar dimensions from the same joint will
often have quite different geometries and, as noted earlier,
a single sample will demonstrate different degrees of
interlocking and dilation when sheared in different direc-
tions which belies the concept of assigning a single JRC to
a sample to characterise its roughness component during
shear, other than for general characterisation purposes.
Roughness contributes considerable additional strength
in shear tests for many natural discontinuities and conse-
quently sample variability inevitably leads to scatter in
peak strength. The common practice of testing a series of
rough samples in the hope that the combined peak strengths
might somehow represent the in situ strength of the joint

Fig. 14 Golder Associates (GA) shear box instrumented to allow
frequent, contemporaneous data measurement

Fig. 15 Large sample boxes
and their positioning within the
motorised Leeds Apparatus,
based on the GA design

without further analysis is invalid. The result (as in Fig. 8)
is often a scatter plot that cannot be interpreted in a
meaningful way, let alone extrapolated to field scale.
Unfortunately this is a common approach even for major
engineering projects and for data emanating from interna-
tionally recognised and accredited laboratories and this
reflects the lack of adequate guidance in international
standards and textbooks.

The method of testing and interpretation advocated here
is derived from many years of practice. It is fundamentally
important to make corrections to all test data essentially to
normalise for the effect of individual sample roughness. By
doing so a basic friction angle can be calculated for an
essentially planar but naturally textured surface. The effect
of the roughness of the natural joint (first and second order)
can then be considered separately and additionally when
assessing in situ strength.

4.5 Sampling

Samples should be selected so that they are representative
of the in situ discontinuity in terms of surface texture,
coating and mineralogy. Well-matched samples should be
used if that is the nature of the discontinuity in situ. Of
course if the in situ joints are weathered or infilled/coated
then appropriate samples should be selected and tested.
Because the recommended test procedure corrects for the
effects of roughness, individual sample roughness is of
only secondary importance. However, samples may be
selected to contain particular roughness features of interest,
for example step features from cross jointing might be
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targeted to see if they survive during shear at design stress
levels. Observations of overriding or shearing of asperities
during shear at different normal stress levels in the labo-
ratory will help in judging the roughness angles to allow
for at field scale.

4.6 Documentation

One of the weakest aspects of many testing programmes is
the standard of documentation. The nature of the individual
samples before and after testing needs to be recorded
together with all pertinent details of the test programme
itself. The descriptions need not be over detailed but should
be at least sufficient to record those factors that influence
the test results (see Fig. 16). Probably the most important
descriptions for most tests will be those relating to surface
mineralogy, morphology and tactile texture.

Surfaces should be photographed before and after
shearing using low angle lighting to emphasise the relief.
The general roughness of the surface can be recorded as
illustrated in Figs. 10, 11 and 12. These measurements are
taken for documentation purposes and for grouping similar
samples. After testing, the surfaces and the nature of
damage should be described and sketched.

4.7 Test Procedure

Following the initial sample setup and descriptions, the
shear box should be assembled and the first normal load
applied. The normal stress range should be selected to
match the field conditions. Tests are generally carried out
at natural water content, particularly if the discontinuity is
clay-filled, although tests can also be carried out with the
joint under water. Such a procedure might be appropriate
for example when testing a discontinuity through weak and
weathered rock.

Testing can be carried out following either single-stage
or multistage procedures. Multistage testing involves test-
ing the same discontinuity sample at a series of different
normal loads. Such a testing strategy allows one to obtain
maximum information from each sample. The normal load
is generally increased after the shear resistance has
remained constant or falling over a few mm or so of dis-
placement. Another strategy is to reset samples at their
original position prior to changing the normal load. This
allows surfaces to be examined and photographed and for
loose debris to be removed. Multistage tests can also be
carried out with decreasing normal load at each stage,
repeated stages at the same normal load or perhaps by
repeating test runs at the same low load as earlier stages in
between runs at higher loads to investigate how damage is
occurring and affecting dilation. All these strategies have
been adopted from time to time by the authors and in each
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case the data obtained are very helpful in explaining and
understanding the factors contributing to shear strength. In
all such tests it is inevitable that damage caused at earlier
stages will affect results at later stages, but provided this is
recognised and allowed for analysis and interpretation this
is fine. When planning a series of multistage tests on dif-
ferent samples it is good practice to commence each
individual test at different normal stress levels so that 1st
stages (undamaged) can be used in isolation to interpret
peak strength parameters.

The ISRM suggested method (Muralha et al. 2013)
recommends very gradual application of normal load but
from experience this is unnecessary unless testing a wet,
clay infilled joint where pore pressures might be an issue. It
is also recommended by the ISRM that shear displacement
should be only 0.1-0.2 mm/min but from experience such
low rates of shear are unnecessary. Rates of shearing below
a few millimetres per minute do not affect test results
generally (Hencher 1977). The tests reported in this paper
were carried out at about 1 mm per minute.

To be able to analyse results properly, horizontal and
vertical displacements must be recorded throughout the
test frequently. In some test set-ups vertical displacement
should be measured at each corner of the box and mean
values used so that sample rotation does not affect cal-
culated roughness angles. For the Golder Box, vertical
displacement is measured through the point of application
of normal load so no averaging is necessary. The cor-
rection method recommended here makes use of incre-
mental roughness angles at each shear stress data point.
All the test measurements must be taken at the same time
and this is best achieved using displacement transducers
and a shear load cell although good results can be
obtained manually provided there are at least two labo-
ratory technicians to read gauges and they have good
coordination.

4.8 Test Data

Shear and normal loads are converted to average engi-
neering stresses dividing by the gross contact area of the
samples, which usually varies throughout each stage of the
test. For samples taken from rock core, the area of contact
can be calculated from the following equation (Hencher
and Richards 1989):
A= nap VAT i (52)
2a 2a

where A is the gross area of contact, 2a the length of
ellipse, 2b the width of ellipse, u the relative horizontal
displacement.

Other samples can generally be represented as a rect-
angle or similar and changes in gross area calculated.
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Fig. 16 Example
documentation sheet. Other
example proformas for fuller
documentation are given in
Hencher and Richards (1989)
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From the generally small areas of damage observed
following a shear test it is evident that the actual stresses at
asperity contacts are much higher than the calculated gross
engineering stresses but these gross engineering stresses
are also those that we use in engineering design. Asperities
that survive in the laboratory at those calculated engi-
neering stresses would also probably survive at field scale.

Calculating stress changes with changing gross area
throughout a test helps with visual presentation of data as
seen later.

The raw data are best presented as in Fig. 17 with
graphs showing measured shear stress versus horizontal
displacement and vertical displacement versus horizontal
displacement.
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Ist stage, normal stress, 150 kPa
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Fig. 17 Shear stress and vertical displacement both plotted against
horizontal displacement for the first stage of a multistage test on
sample A shown in Fig. 9

These data are in the final presentation format recom-
mended in the ISRM and ASTM suggested methods (see
Fig. 6). As discussed below, however, there are several
further steps to take in analysis if the data are to be useful
for engineering design.

4.9 Measuring Dilation

Rough, matching joints dilate during shear at relatively low
loads and work is done in lifting the upper sample. This
increases the force required to continue shearing.

The roughness angle can be calculated throughout the
test by considering the incremental vertical (dv) and hori-
zontal (dh) displacements as follows:

dv/dh = tan °

The vertical vs. horizontal displacement curve in Fig. 17
appears quite smooth so that an overall dilation angle, i°,
might be drawn at peak strength as per the ISRM example
(Fig. 6). In detail, however, the dilation varies continu-
ously throughout the test as minor asperities come into
contact, are damaged and overridden.

The software used by the authors for this analysis takes
each shear stress data point in turn and calculates the
dilation angle leading to that strength measurement over a
selected horizontal displacement increment. If the incre-
ment is small then scatter can be great because of reading
errors and the effects of strain energy; if too large then too
much detail is lost. Optimal smoothing is achieved by trial
and error.

In Fig. 18 incremental dilation angles are shown, cal-
culated over horizontal increments of 0.75 mm, using the
same data set as in Fig. 17. These data are plotted against
measured shear strength, both against horizontal dis-
placement. There is a marked similarity in pattern, which
reflects the dependence of strength on incremental dila-
tion. As an aside, the assertion by Grasselli and Egger
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Fig. 18 Shear stress and incremental dilation angles calculated over
0.75 mm horizontal displacement increments against horizontal
displacement

(2003) that there is no dilation prior to peak strength is
not a general truism.

4.10 Correcting Data for Dilation

In a direct shear test, shear load is measured in the hori-
zontal plane and normal load measured vertically. These
loads are converted to engineering stresses, T and ¢ by
dividing by the gross area of contact of the samples as
discussed earlier.

Where the sample is dilating or compressing, the
horizontal and vertical stresses can be resolved tangen-
tially and normally to the plane along with shearing is
actually taking place, as illustrated in Fig. 19, using the
equations below. The equations are for positive dilation
(uphill movement); the signs should be reversed for
downhill sliding.

7, = (t-cos i— o-sin i)cos i
o; = (0-cosi+t-sini)cosi

where 7; is the dilation-corrected shear stress, g; is the
dilation-corrected normal stress and i° is the incremental
dilation angle as per the diagram. Measuring the incre-
mental dilation angle i° allows the dilation effect to be
corrected throughout the whole shear displacement of a
test.

The effect of such corrections can be seen in Fig. 20,
which is a plot of the ratios between shear and normal
stress, both uncorrected (raw) and corrected, plotted
against horizontal displacement for the same test data as
presented in Figs. 17 and 18.

For the uncorrected data, the peak stress ratio, t/a, is
greater than 1.8, which equates to ‘friction’ plus dilation
angle in excess of 60°. Where data are corrected for
incremental dilation the vast majority of data throughout
the test provide corrected stress ratios of 0.8 £ 0.1. At
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Fig. 19 Resolution of stresses
into plane of sliding
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Fig. 20 Shear/normal stress ratio (uncorrected and corrected) against
horizontal displacement

peak corrected strength, the corrected stress ratio is still in
excess of 1.2 and this reflects the fact that for the first stage
of this particular test on a tightly interlocking joint, there is
some considerable damage component from asperity
interaction in addition to the work done in dilating the
upper block.

In Fig. 21 shear stress is plotted against normal stress,
both uncorrected and corrected for dilation over horizontal
increments of (.75 mm. The change in normal stress
throughout the test run (in the set of uncorrected data) is
calculated from the change in gross apparent contact
between the samples with horizontal displacement (under
constant normal load). Presenting the data in this way helps
to visualise the test history. The dilation-corrected data
cluster fairly closely and these data provide a reliable indi-
cation of the available basic friction for the naturally textured
joint with roughness effects removed (from the first stage
only of a multistage test). Much more information can be
gained from examining the full test as discussed next.

The test on sample A, illustrated in Fig. 9, comprised
four stages at nominal engineering stress levels: 150, 300,
400 and 100 kPa. The sample was reset in its original
position for each change in applied normal load. The final
stage at 100 kPa was conducted to investigate the effect of
the earlier shear stages on surface topography as revealed
from the displacement and dilation graphs.

In Fig. 22 the four stages of shear strength data of the
test on sample A are plotted against horizontal

300

250

200

150

Shear stress, kPa

100

M Uncorrected data

50

X Corrected for
incremental dilation

0 50 100 150 200 250 300
Normal stress, kPa

Fig. 21 Shear stress vs. normal stress, uncorrected and corrected

displacement. It can be seen that the first two stages are
similar in shape with an early rise to peak shear strength
and then reduction. The corresponding data curves for
vertical vs. horizontal displacement in the lower part of the
graph are also similar to one another. However, in stage 3,
under 400 kPa normal stress, the behaviour is very differ-
ent. Instead of shear strength increasing to an early peak,
strength rises then remains fairly constant until rising again
from about 3.5 mm until the end of the test. The dis-
placement path is also quite different from stages 1 and 2,
and the path followed during the 4th stage at 100 kPa is
almost the same as in the 3rd stage, which helps to confirm
that the data are valid. Clearly some damage occurred
(asperity failure), probably in the 3rd stage at about
0.5 mm horizontal displacement. The differences in sur-
face damage after stages 2 and 3 can be seen in Fig. 23
although the specific feature that failed and caused the
change in shearing behaviour between the two stages is
unknown.

This test illustrates well the effect of damage and belies
the over-simple concept that tests are going to yield a clear
early peak followed by a ‘residual’ or ‘ultimate’. For this
test, the 3rd stage shear displacement curve does not follow
the ideal pattern of the ISRM guidelines illustrated earlier
in Fig. 6 and it would be difficult to select data for plotting
following the ISRM guidelines as in Fig. 7. A scatter plot
would result, similar to that in Fig. 8 that could not be
interpreted in any meaningful way. Rather more reveal-
ingly, in Fig. 24, test data from all four stages of the test on
sample A are plotted following the same format as in
Fig. 21. Remember that for this test, the 1st stage was with
an applied normal stress of 150 kPa.

The first observation is that the corrected data for all
stages can be used to define a basic friction line (non-
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Fig. 22 Results from 5
multistage test on Sample A
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Fig. 23 Post-shear photographs
for sample A after stage 2 (top)
and stage 3 (bottom). Traced
areas of damage are only
approximate. Core diameter is
about 55 mm

dilational) of about 38°. Many of the corrected data,
especially for stages 1 and 2 are stronger than this.
Uncorrected strengths are much stronger again and for the
first two stages the strength envelope could be interpreted
as an equivalent ¢ +i° angle of about 62°. After the
damage caused during stage 3, the ¢ + i° angle is closer to
45°. The fourth stage data, following the damage caused in
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earlier stages, confirms the basic friction angle of about 38°
as reasonable. Note that even this last stage at a nominal
normal stress of about 100 kPa is for a significant slab of
rock with an equivalent burial depth of about 4 m (see
Fig. 1 for illustration). Later in this paper these data are
combined with those from other tests and discussed with
respect to their use in an engineering project.
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Fig. 24 Shear stress vs. normal stress for all four stages of test on
sample A

5 Typical Basic Friction Angles for Natural Joints

Example basic friction values from dilation-corrected tests
on natural joints are presented in Table 2. Tests on rough,
natural joints through silicate rocks, once corrected, typi-
cally give a textural frictional resistance of approximately
38°-40°. This value is the same as the value for friction of
rough joints measured for a variety of rock types at high
stress levels by Byerlee (1978) [t = 0.85¢] where dilat-
ancy was suppressed. Where discontinuities have smooth
textural roughness and major asperities do not come into
contact during shear, basic friction angles can be much
lower. Mineral coatings and infill will also influence
strength particularly at low stress levels typical of many
engineering works, which makes it imperative that, when
dealing with such discontinuities, a suitable programme of
testing is carried out.

It should be noted that the basic friction angles given in
Table 2 derived from tests on natural joints are often higher
but sometimes much lower than published ‘basic’ or
‘residual’ values mostly derived from tests on saw-cut
surfaces that are typically 25°-35°. Despite advice in the
literature to the contrary (e.g. Hoek 2014; Simons et al.
2001), the dilation-corrected values measured from tests on
natural joints listed in Table 1 are not interchangeable with
the basic friction angle used in empirical strength criteria
such as the Barton—Bandis empirical strength criterion.

6 Assessing Shear Strength at the Field Scale

As illustrated in Fig. 2 rock discontinuities have geo-
metrical  properties—impersistence and  large-scale

Table 2 Example basic friction angles for natural discontinuities
(dilation-corrected or non-dilating)

Rock type Details by References
Granite Natural joints, 38°-40° | Hencher and
weathering grades Richards (1982)
II-1V, including
iron and
manganese oxides
coating. Wet and
dry
Quartz Chlorite coated 17° at Hencher (1981,
monzonite (hard, thin) low 2012b)
stresses
Iron oxide coated 38°
Andesite Matched, 38°-40° | Unpublished
interlocking
Volcanic Tron oxide coated 32°-38° | Hencher (1984)
Tuff The lower values
were for planar
natural joints
(non-dilating
during shear)
Schist Malaysia 26°-40° | Unpublished
Limestone | SW England 40%-45° | Unpublished
bedding plane
discontinuities,
FeO stained
Sandstone Darleydale 42° Unpublished
sandstone, UK
Sandstone Mostly coal 40° Swales (1995) for
Siltstone \n}\l/e,:e;sgres, South 26°-4(° mu,cl‘l of ‘t}:;: (coal
bedding ales measures data,
Shal - Korean data from
ba g @i 26 wez Lee and Hencher
le ng Note, naturally to 33 (2013) and
panes planar, non- dry unpublished data
Korea e
dilating joints =
Clayst(?ne with low tactile 10°-34
bedding texture have lower
Coal (joint) [N 9°-25°
Polished 10°
mudstone
Clay infill Various (South 14°-30° | Unpublished
Wales and SW
England)
Mainly illite/
kaolinite: low to
intermediate
plasticity
Clay infill Montmorillonite 8°-9° Wentzinger et al.
shear zone (2013)
through mudstone
(Australia)

roughness—that cannot be investigated in the laboratory.
These need to be characterised in the field if allowance
is to be made for their positive contributions to shear
strength.
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Fig. 25 Intact rock bridge (light area) in an otherwise weathered joint
through volcanic tuff (from Hencher 1984)

6.1 Persistence and Rock Bridges

Prediction of persistence is extremely difficult but for
modelling purposes it is generally assumed that discrete
discontinuities exist as finite ellipses within intact rock or
terminate against other fractures (e.g. Zhang and Einstein
2010).

As a separate source of true cohesion, rock bridges are
discrete sections of intact rock or incipient discontinuities
that have not yet fully developed as open fractures. One
such rock bridge is seen in Fig. 25, revealed after shear
testing an incipient joint. The cohesive contribution from
the rock bridge, measured during a direct shear test, was
about 750 kPa.

In practice, the only realistic approach is to make field
observations of the extent of discontinuities, interpret these
with respect to geological origin and interpreted geomor-
phological history of the site and then to use those obser-
vations to make informed judgements of the geometry of
the discontinuities under consideration. The use of field
observations to judge the persistence limit of discontinu-
ities will be illustrated for a case study later.

6.2 Roughness and Scale Effects

Roughness is equally difficult to determine for rock dis-
continuities in the field, where they are hidden from view.
Generally what is done is to examine exposed discontinu-
ities within a set and then to assume that the roughness
properties from those exposed surfaces apply to the set as a
whole. Roughness varies through a huge range of scales
from micro textural and minor asperities through to larger
geological features such as steps and waves. The small
asperity scales of roughness are amenable to laboratory
testing and analysis as illustrated earlier.
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Fig. 26 Plates being used to characterise field roughness

Geotechnical engineers and engineering geologists
generally characterise the range of scale of roughness of
discontinuities by measuring dip and dip direction on a grid
using plates of different size following the methods of
Fecker and Rengers (1971), illustrated in ISRM (1978) and
discussed with respect to a practical example by Richards
and Cowland (1982, 1986). Typically plates with diameters
ranging from about 100-500 mm are used as illustrated in
Fig. 26.

Halcrow China Ltd. (HCL 2002) presents an example of
the use of this method in the back-analysis of a landslide
above Leung King Estate in Hong Kong. The landslide
occurred during very heavy rainfall and involved the dis-
lodgement of a large slab of rock to a depth of about 3 m
overlying a sheeting joint (Fig. 27). The rock slab disin-
tegrated to become a channelised debris flow that travelled
downhill over 350 m to reach a housing estate at the foot of
natural terrain.

The failure was the final stage of a progressive landslide
that had been developing over many years involving dila-
tion during rainstorms, the extension of proto-joints and
development of new fractures and the intermediate wash-
ing in of sediments to apertures (Hencher et al. 2011). In
the failed area, major waves on the sheeting joints had a
wavelength of about 2 m and amplitude of about 0.15 m.
Following the failure, roughness was measured using
compass clinometers on 80 and 420 mm plates using a
0.1 m grid pattern in areas where the slope had failed and
in areas that had not failed.

As illustrated in Fig. 28, the mean dip of the sheeting
joint was about 42° in the direction of sliding. In the
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Fig. 27 Part of the failed area of the Leung King Estate landslide.
The upper, darker rock mass is fractured and deteriorated; the light
central area is the upper part of a sheet joint above which progressive
movement had occurred over many years

failed area the extreme i° value based on 80 mm plate
data was about 19°; using a 420 mm plate the equivalent
i° value was about 12°. Assuming a basic friction of 38°
for granite sheeting joints in HK (Hencher and Richards
1982), for an effective dilation angle of 12° (broad wave
geometry as measured using large plate) the operative
friction would be (¢, + i) = 50°. Using that strength in
back-analysis, a water pressure rise of about 1-2 m
would be required to cause failure (HCL 2002). This was
considered to have been the most likely condition at
failure. In the unfailed area of slope the equivalent i°
value was 28° for a 420 mm plate, leading to an
effective friction angle locally of (¢, + i) = 66°. This
helps to explain why the failure was limited to its actual
dimensions.

6.3 Discussion of Scale Effects

The Fecker and Rengers plate method intrinsically
encompasses the variation of roughness with scale across a
discontinuity surface and can, therefore, characterise the
variation in roughness characteristics from one area to
another.

Barton and others, as an alternative, suggest that the effect
of scale on shear strength and especially dilation might be
addressed by reducing JRC (measured for a 100 mm sam-
ple) with length of joint, following an empirical relationship.
Bandis et al. (1981) postulated a gradual reduction in
effective roughness over 5 m of undulating surfaces; the
concept is extended for up to 10 m of discontinuity length
(Hoek 2014; Read and Stacey 2009) based on Barton (1982)
so has some authority as a guideline and needs to be
addressed here. The basis for the JRC reduction with length

slope daylight 2
envelope for poles

AN
§>\ et
trial ‘friction’ circle
(see reference for-
detailed discussion)
~

slope great circle (generalised
for natural slope)

S direction
of sliding

Fig. 28 Roughness survey at Leung King Estate failure (from HCL
2002)

empiricism stems largely from research by Bandis (1980),
published by Bandis et al. (1981). The research involved
tests on plaster-based models, the summary results from
which are illustrated in Fig. 29a.

The data from the tests by Bandis et al. (1981) clearly
showed reducing strength and reducing dilation curve
with increasing length of sample. The data, however, were
presented as mean values; in the smaller blocks case, the
mean curves combine the results from 32 different tests
with different roughness profiles. Without displacement
curves for individual tests, dilation-correction analysis is
not possible. To investigate the fundamental origins of the
observed scale effects, series of tests were carried out by
Toy (1993) and Papaliangas (1996) in an attempt to rep-
licate the tests of Bandis. These tests were carried out
using the same machine at the University of Leeds as
Bandis had used and using similar plaster-based models
replicating Bandis’ work as far as possible. The set up for
these repeat tests used LVDTs and data loggers to mea-
sure incremental dilation throughout each individual test
rather than dial gauges and manual reading as was done
for the original research. As expected the repeat tests
showed considerable scatter reflecting the variable
roughness of individual samples as illustrated in Fig. 29b.
Despite scatter that could be attributed to the nature of the
modelling material and procedure (Papaliangas, op cit.),
correcting for incremental dilation provided a fairly con-
sistent basic friction angle for all tests and the overall
conclusion was that the scale effect was a matter of the
geometry of the tested samples and the resultant dilation
during the tests (Papaliangas et al. 1994).

For a single section of a variably rough joint, it is no
surprise that there will be a scale effect. If free to rotate, a
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Fig. 29 a Summary results,
redrawn from Bandis et al.
(1981) demonstrating reducing
strength with increasing length
of sample. b Results from
similar tests to those of Bandis
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longer slab will follow a shallower dilation path to over-
come some dominant asperity than will a shorter slab
(Fig. 30).

Conversely if a natural discontinuity has similar sec-
ond order asperity features distributed over a wide sur-
face area then these will act in unison. One might think
in terms of a representative elemental area (REA) anal-
ogous to the REV concept for rock mass permeability
(e.g. Hudson and Harrison 1997). If the shearing surfaces
were uniformly covered in similar geometric ridges with
constant geometry—Ilike ripple marks—the whole slab
would dilate through the small-scale angle, whatever the
length of surface. This was demonstrated experimentally
by Ohnishi et al. (1993). There is no scale effect for
such surfaces. In the same way, if variation of dip can
be established to have similar characteristics over a wide
surface area at different scales, following the method of
Fecker and Rengers (1971)—i.e. there are many rough-
ness features that will jointly act to cause dilation, then
this effectively deals with the scale effect as discussed in
the following example. If the roughness characteristics
vary across the plane, so be it—this is a similar dilemma
as for a rock engineer dealing with different structural
regimes within a single project.

7 Design Example
The assessment of shear strength at the scale of engineering
works is best illustrated by an example, in this case, of a

large rock slope being formed as part of a dam construction
project in Kashmir.
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7.1 Background

A large rock slope had to be excavated within a natural
slope and designed not only for static conditions but also
severe earthquake loading. During early stages of excava-
tion parts of the slope failed back to an extensive persistent
joint to the left side facing and locally in smaller rock slab
failures to the right side as seen in Fig. 31. The situation
was made even more hazardous by the existence of zones
of colluvium and displaced rock at the crest of the slope,
above the daylighting joints.

As part of the dam spillway design, a steep cutting was
to be formed for the full length of the slope shown in
Fig. 31. For this purpose it was necessary first to assess the
geological nature of the daylighting joints and then to
determine their shear strengths so that preventive measures
could be designed to ensure an adequate factor of safety
(FoS). Initially the works were to be designed following
Eurocode 7 but it is difficult to apply this code to rock
slope design and a more traditional FoS approach was
adopted instead following methodologies essentially as set
out in Hoek and Bray (1981).

7.2 Geological Nature of Daylighting Discontinuities

The rock comprises strong to extremely strong andesite.
The daylighting discontinuities seen in Fig. 31 have many
of the appearances of sheeting joints—persistent, with
broad waves and roughly parallel to the natural hillside
slopes (Hencher et al. 2011). On some of the surfaces
there is localised slickensiding but this is not extensive
enough to suggest that the features are faults. Some minor
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Fig. 30 Illustration of how
centre of gravity of long slab
will pass through shallower
dilation curve than shorter slab
to overcome the same asperity
towards the leading edge

Fig. 31 Partly failed slope
above future spillway
construction

extensive

persistent joint

s

clay infilling was observed at some locations and this is
interpreted as local washing in by groundwater through-
flow. Samples selected for testing from the few available
boreholes showed little evidence of weathering with pat-
chy mineralisation of chlorite and iron oxides. Joints were
examined in the face itself but also from the viewpoint of
an adjacent valley running essentially at right angles to
dip where lateral traces and terminations could be
examined.

Figure 32 shows joints from the same set as those
daylighting above the spillway cutting. Many are lensoid
and pinching out. In the side valley, daylighting joints
were seen terminating against cross-joints and within
intact rock. It was judged that the geometry of the
extensive, exposed discontinuity was essentially the
worst-case.

area of limited slab
= failures

With respect to the spillway design it was assumed
conservatively that similar extensive and persistent joints
might be encountered during downward cutting for the
spillway and that the geometrical characteristics of such
joints might be expected to be the same as the main
exposed joint. Shear strength now needed to be assessed at
all scales.

7.3 Laboratory Direct Shear Testing

7.3.1 Basic Friction

The results from a single multistage direct shear test from
this site have been discussed in detail earlier as shown in

Fig. 24. Three further sets of tests were conducted on
similar matching samples. In each case, tests were carried
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Fig. 32 View along strike of set of daylighting discontinuities

out with three stages of ascending normal stress, resetting
samples between each run. A fourth stage was carried out
at a lower normal stress to investigate the damage that had
been caused at higher stress levels. Dilation-corrected data
from all stages are presented in Fig. 33 together with the
uncorrected data from the 1st stages of each test. The other
uncorrected data have been omitted for clarity. It can be
seen that a lower bound for all corrected data is about 38°—
40°. Many dilation-corrected data, especially for 1st stage
tests are much higher. In this case it was decided to adopt a
lower bound, basic friction of 38° for non-dilating surfaces.

7.3.2 Small-Scale Asperity Roughness

Once the dilation-corrected basic friction is determined,
one needs to consider what additional dilational strength
can be adopted for the joints in situ. One immediately
attractive possibility for predicting additional dilational
strength at the small scale is to adopt a JRC approach,
following the equation of Barton and Choubey (1977).

T =0y - tan <<,‘l)r -+ JRC - log, <JCS>)

On

Barton and Choubey suggested that the JRC component,
modified by joint compressive strength (JCS) at the
appropriate normal stress level, a,, “gives a first approxi-
mation to the peak dilation angle”.

For the joint samples tested here, the estimated JRC
values were between 8 and 14, given the high rock strength
(100-200 MPa) and estimated normal stress at 10 m depth
(250 kPa), the predicted dilation angle would be some-
where between 20° and 40°.

However, it would be dangerous to use such dilation
angles for design because:

1. Prediction of peak dilation angle from JRC in the
above equation is prone to considerable scatter as
evident from Fig. 34, and

2. If the Barton and Choubey premise was reliable, then
correcting for dilation in direct shear tests should result
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Fig. 33 Direct shear tests data, Kishanganga dam, Kashmir

in the residual friction angle—typically about 30°. In
reality tests on rough, dilatant rock joints yield basic
friction angles typically 10° higher and sometimes
considerably lower. In the authors’ opinion, these
problems preclude the use of JRC analytically in
combination with direct shear test data.

The preferred approach for predicting dilation at the
small scale is by direct examination of the shear test data.
For the 1st stage shown in Fig. 33 it can be seen that the
peak strength data exceed the adopted basic friction angle
of 38° by between 16° and 30°. Peak strength exceeded
basic friction by more than 10° generally even for 2nd and
3rd stages and a minimum of 7° in one final stage (after
failure of asperities). It was, therefore, decided to adopt a
small-scale i® value of 7°, i.e. a total friction angle of
38° + 7° = 45°.

7.3.3 Larger Scale Roughness and Waviness

The major joints exhibit both first and second order
roughness as evident in Figs. 35 and 36. The hazardous
nature of the slope, however, prevented the characterisa-
tion using plates as advocated earlier. Furthermore the
remoteness of site and lack of terrestrial Lidar equipment
(and restrictions on helicopter flights) limited the possi-
bility of remote measurement. A broad estimate in the
field was that the main waviness (first order) resulted in
local lessening and steepening of the average dip by about
10°.

To obtain reasonable topographic surveys of the slope’s
temporary condition and to measure sections along the
joints under investigation, a series of photographs were
taken from the opposite side of the valley, at about 10
paces apart along a contour path. Later these photos were
stitched together and used to create a 3D image of the slope
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Fig. 35 Second order roughness being characterised using pin
profiler

as illustrated in Fig. 37. Several control points were
established and surveyed to improve accuracy.

Cross-sections were drawn at intervals down the slope
and these confirmed a general first order variability of dip
of about 10°.

7.3.4 Design Implications

The overall dip of the major extensive sheet joint was about
45°, i.e. much the same as the small-scale friction. For
sections of the joint where the first order roughness
(waviness) was favourable, in effect reducing the dip to
about 35°, then the FoS was shown to be adequate without
reinforcement. The worst-case was to assume a slab, day-
lighting in the spillway cut, where the dip of the plane
increased by 10°-55° and extended back by about 20 m
from the cutting (based on waviness geometry). The

Fig. 36 Larger scale waviness (first order). The temporary fence
(about 1.5 m in height) about half way up slope and the hose in the
foreground follow the joint waviness undulations

Fig. 37 Part of 3D slope image compiled from series of overlapping
terrestrial photographs taken from opposite side of valley

engineering design adopted was to install dowel bars and
cable anchors to achieve an adequate FoS under static and
dynamic loading conditions over the lower part (20 m) of
the sheet joint. Reinforcing the lower part of the slope
would provide an adequate buttress to higher sections of
the same, postulated joint slab. For the downstream section,
where joints are less persistent, a combination of concrete
buttressing and local anchoring was adopted.

8 Conclusions
To assess the shear strength of rock joints, a process of field

characterisation and laboratory shear testing is recom-
mended. Tests must be carried out with great care and data
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corrected for dilation so that the basic friction value can be
determined.

The basic friction angle is not the same as the residual
friction angle and cannot be determined from tests on saw-
cut or milled surfaces.

Once basic friction for essentially flat and naturally
textured joints has been derived, the contribution from
field-scale roughness can be added in. To do so requires
measurement of field roughness at first and second orders.
Some contribution from small-scale roughness (at the scale
of profiles of 100 mm) can be added to basic friction,
judged by performance of such small-scale asperities dur-
ing direct shear tests, as well as through observation that
such asperities are generally present across the area of
discontinuity under consideration. Large-scale first order
roughness can be relied to effectively reduce dip where the
up-wave opposes the direction of shear. Where a down-
wave might exist causing local steepening, the design
needs to cope with this possibility. This may well be an
important factor to allow for where daylighting joints are
exposed in the slope face. The authors consider that the
current Eurocode 7 approach of applying partial factors of
1.25 to ‘cohesion’ and ‘friction’ within slope stability
assessment, as done for soil, is far too simplistic for rock
slope stability assessment and that a FoS approach allows
far broader, less prescriptive and more realistic judgements
to be made.
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