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ABSTRACT

Introduction

The stability along joint planes is one of the most important characteristics of a rock mass
forming the foundation of a concrete dam. The shear strength of discontinuities within the

foundation rock is probably the most important characteristic.

Objectives and Purpose of the study
The objectives of this research project were|to determinl: and to analyse the shear strength of

joints in a number of rock types, sampled at different locations, and to link these strengths to

the condition in the foundations of dams and, in particular, the condition of the surfaces of the
rock joints. The information so obtained can then serve as a databank for the design of new

dams and for the evaluation of the safety of existing dams.

Stages of investigation

The study was carried out in four identifiable phases. The first phase that took place during
1992 and 1993 was a literature study in order to determine the shear strength characteristics of
different rock types world-wide and in southern Africa. The literature study was updated
during 2002/3. During this stage a visit was undertaken to the UK, Norway and the USA to
study shear apparatus and the rock testing methods in these countries. The second phase was to
determine the shear strength characteristics of important southern African rock types. During
the period 1993 to 1995 the shear apparatus and surface-scanning device to be used in the third
stage were designed and constructed. The third phase (1994 to 1999) comprised of direct shear
tests on NX-size borehole core samples and the testing and characterisation of large shear
surfaces. The last phase (1999 to 2003) consisted of updating the literature survey and
compilation of the thesis.

Several delays were encountered mainly due to the following reasons: (a) the late delivery of
the large shearbox and subsequent problems with the computer controlling the shearbox, (b)
resignation of the technician working full-time on the project and (c) illness of the researcher
during 1996.

It was impossible to determine the true peak and residual shear strength due to practical

limitations. Sa discussed in chapter four the peak values are therefore approximated by
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determining the “maximum post-peak” strength, whilst residual values were approximated by

“minimum post-peak” values.

Format of the thesis

The text of the thesis starts by stating the problems to be investigated, followed by Chapter two
containing the findings of a literature study. Chapter three describes the experimental stage of
the study: the methods used and a description of the equipment. Chapter four contains the
presentation and discussion of the results. This is followed by Chapter five showing a
classification of shear strength using a geotechnical characterization of the joint surface
followed by Chapters six and seven with the conclusions, recommendations and references.
The Compact Disc (CD) contains the appendices (reports, graphs and photo’s) in electronic

format.

Results

A literature study on the test methods and shear strength characteristics of different rock types
was conducted. It was found that although shear strength characteristics of rock material have
been investigated on a regular basis for civil and other engineering applications, this
information is not readily available to the engineering community at large for safety use in
dams. It is often regarded as confidential information by clients and filed for possible use
against claims. This document is probably the most comprehensive source of shear strength

characteristics of southern African rock types available today.

This report describes the shear strength characteristics of quartzite, shale, sandstone, dolerite,
mudstone, granite, rhyolite and tillite. Chapter four describes each of these rock types in detail.
These rock types were selected because they cover a very large portion of the surface area of
southern Africa, and as such, many dams and other civil engineering structures have been built

on them.

Emphasis was placed on the shear strength parameters of joints, especially the angle of friction.
Two types of joints are recognised in nature: (a) joints with no or little fill material where the
shear strength is determined by the characteristics of the rock material and (b) joints with fill

material where the shear strength is determined by the characteristics of the fill material. The

major part of this research concentrated on joints with no or little fill material listed under (a).

ii
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The three major characteristics determining the shear strength parameters of this type of joint
are (1) the base shear strength of the rock material, (ii) the roughness profile along the joint

surface and (iii) the hardness of the material on the joint surface.

The basic shear strength parameters of the different rock materials were determined as part of
the determination of rock material characteristics. The basic angle of friction obtained for the
different materials corresponds very well to those published in the literature. The values for

cohesion obtained through testing is zero to very small.

As part of this research project, a laser-scanning device was developed. This device measure
the x, y and z co-ordinates on a rock joint surface on a grid pattern. This information can be
analyzed with software on a computer to produce a contour diagram of the joint surface area.
From this contour diagram, joint roughness profiles were obtained. These, as well as profiles
obtained with a carpenter’s comb, were compared visually, with an overlay, to typical

roughness profiles as published by Barton (1977).

The relationship between joint roughness coefficient (JRC) and shear displacement was
investigated during this study. The influence of high normal stresses were not taken into
consideration as testing was limited to normal stresses with a maximum of 1 MPa. An
exponential regression was fitted to the points plotted. After a cumulative shear displacement
of more than 2,0 meter will be required to smooth the joint surface as a result of friction. It was
found that after a shear displacement of 2,0 meters the friction angle was equal to the residual

friction angle.

Conclusions

This study provides a guide to shear strength characteristics of several important rock types in
southern Africa for planning and preliminary design of dams. It is probably the most
comprehensive document describing the rock material, the testing procedure, and the shear

strength characteristics of so many rock types in southern Africa.

This research project was the first attempt to determine the shear strength characteristics of

joints in southern African rock types with a large shear apparatus.

iii
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This study also contributes to the knowledge on shear strength of southern African rocks, in
particular on (i) the sampling and preparation of specimens for testing in the large shear
apparatus, (ii) the measurement of the roughness of the joint surfaces and (iii) the testing
procedure and (iv) interpretation and application of friction angle as design parameter in the
analysis of stability of dam foundations. The shear strength characteristics of the rock joints of
southern African rocks are described joints were classified using a geotechnical description of
the joint surface. Geotechnical parameters include rock type, roughness, hardness, and a
description of fill joint material was used in the classification. This classification is a first

attempt to use these parameters and further work still needs to be done in this regard.

Further research

It is recommended that a project be initiated to investigate the shear strength of southern
African rock types in further detail. Such an investigation can build on the knowledge obtained
in this investigation. It is important to keep the variables such as rock type, weathering, and
hardness to a minimum to investigate influence of joint roughness. An appropriate rock type to
start with could be mudstone from the Qeduzisi Dam area near Ladysmith. This is a relative
soft rock with smooth joints that gave low shear strength results during testing. These results of
this study could be confirmed. The investigation could then be extended to other rock types

once the influence of roughness has been established.
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CHAPTER ONE

INTRODUCTION AND MOTIVATION

1.1 Objectives of the study

The engineering characteristics of rocks and particularly, the shear strength of joints
(discontinuities) in rock masses play a key role in civil engineering and specifically in the
design and safety evaluation of dams. Civil engineers are confronted with the problem of
shear strength when designing excavations in rock masses for structures such as dam

foundations, cuttings in rock for roads (slopes), tunnels etc.

To evaluate the stability of a dam foundation, the shear strength of those joints with the most
unfavourable orientations relative to the applied loads is required. Determination of the
orientation of joints in a foundation by means of a joint survey is relatively easy. From this,
the most unfavourably oriented joints can be selected. The design parameters for shear
strength of these joints are usually not available during the early stages of the design and it is
thus necessary to estimate these. Tt is therefore the aim of this investigation to provide a

guideline for the estimation of these shear strength characteristics as accurately as possible.

The objective of this research project was to determine and to analyse the shear strength of
joints in a number of rock types, sampled at different locations and to classify these strengths
in accordance with joint surface parameters. The information so obtained serves as a data
bank of shear strength parameters for the design of new dams and for the evaluation of the

safety of existing dams in South Africa.

The shear strength of joints in rock is also of importance for the design of slopes in rock for
roads and railways and for mining excavations as well as for the design of tunnels for civil
and mining engineering applications. The information presented in this report will therefore

also be of use to engineers in the design of such structures.

PhD-Chapter01-2003.doc
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1.2 Motivation

A large proportion of South Africa’s economically most active population lives in the
Gauteng Province, which is situated on a watershed. Furthermore, South Africa is a
relatively dry country that necessitates that water storage dams have to be built in suitable
riverbeds from where the water has to be transferred to the end users by means of pump
stations, pipelines, tunnels and canals. A number of major water schemes have been
constructed, e.g. the Drakensberg Pumped Storage Scheme, the Orange-Fish River Scheme
and the Lesotho Highlands Water Project currently under construction. Increasing the
capacity of existing schemes will become necessary and further, similar schemes will have to
be constructed in the future to satisfy the ever-increasing demand for water in the RSA. A
number of dams in our country have reached ages of 40 years and more with the result that

their safety and stability will have to be re-¢valuated.

The stability of a dam depends on its design, on the materials and methods used during its
construction and on the stability of the foundations on which it is built. The characteristics of
the rocks and particularly the shear resistance of the joints in the rocks are very important
design parameters. The latter parameter has generally not received the necessary attention,
mainly because it cannot be determined quickly and cheaply. An additional explanation is
that obtaining representative rock samples is very difficult and often only the more competent

materials survive the sampling processes.

A large number of rock types occur in southern Africa. These include igneous, sedimentary
and metamorphic rocks. A database including the widest range is thus preferable. The types
of rocks tested include in this investigation were: sandstone of the Cape Supergroup; post-
Karoo dolerite; mudstone, sandstone, of the Karoo Supergroup; and granite of the Basement

Complex.

PhD-Chapter01-2003.doc
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1.3 The history of the study conducted

The duration of the study was ten years, from 1992 until 2002. This study formed part of a
more extensive study to determine the engineering characteristics of important southern
African rock types with the emphasis on the shear strength of concrete dam foundations
(Geertsema, 2000). The Water Research Commission (WRC) was the main funder of this

project.

The study has been executed in five distinct phases. The first phase, took place between 1992
and 1993 and consisted of a literature survey with the aim of collecting and studying data on
the engineering properties of different types of rock from southern Africa and elsewhere, as
well as of worldwide origin. The literature study was updated during 2002-2003. During this
phase the United Kingdom, Norway and the United States were visited by the author, to study
inter alia their methods of determination of the engineering characteristics of rocks and
particularly also their equipment for shear testing. During the same period, the Department
of Water Affairs and Forestry (DWAF) designed a large shear box. The shear box was built
during 1993 — 1995. This shear box was used for testing of large samples during this research

project.

During the second phase a sampling programme was undertaken and the general engineering
properties of the sampled southern African types of rocks were determined. During 1995 a
scanning apparatus was developed and built. This apparatus scans the surface of a rock
specimen and can produce a contour map of the scanned surface, which can be used to
describe quantitatively the surface topography and thus the roughness of the rock joints to be
tested.

The third phase, from 1994 to 1999, consisted of an intensive testing programme during
which NX-size (54,5 mm diameter) cores were used to determine the shear strength (basic
and residual) of the selected rock materials. In addition, the large specimens collected for
testing in the large shear box at the DWAF were characterised and a number of these were

tested.

During the fourth phase a number of shear tests on large specimens were conducted at the

DWAF -- (both ‘wet’ and ‘dry’).

PhD-Chapter01-2003.doc
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The last phase conducted between 1999 and 2000 included a sampling and testing programme
of three specimen of granite. The purpose of this phase was to apply the knowledge and
experience gained during the previous part of the project, to calibrate the results obtained

previously. This thesis was written during 2001 and 2002. Additions were made during 2003.

The investigation experienced a number of serious delays for which the main reasons were:
(a) The large shear box developed by the DWAF was delivered late and in addition, problems
were experienced with its computerised control system.

(b) The resignation of the technician who had been appointed in a full-time capacity to work
on the project.

(c) The illness of the researcher during 1996.

As a result of the test machine being new, and that a learning curve had to be followed by the
investigators to familiarise themselves with the equipment, more time was spent on this phase
that was anticipated. The taking of large rock samples was also more complicated as
originally anticipated. Just as these problems were being solved the researcher fell ill. The
result of this sequence of events led to a situation where data could only be analysed after the
testing programme was almost completed. A second attempt was made after consultation with
a consultant to put the available already tested samples through a further set of tests. It
should be emphasised that a specific sample could only be tested once to determine the peak
shear strength. All these factors contributed to a rather small number of rock samples that

could ultimately be tested.

1.4 Outline of the thesis

Chapter one of this thesis describes the objectives, the motivation for the project as well as
the problem of determining the shear strength of joints in rock. This is followed by a
description of a literature survey that describes the principal of shear, factors influencing
shear strength, results of previous studies and work done by the Norwegian Geotechnical
Institute. The following chapter deals with the rock types tested as well as the determination
of the shear characteristics. Chapter four describes the interpretation and discussion of the

results. This chapter also describes a tool for experienced enginecering geologists or rock

mechanics engineers to determine the contribution to the angle of friction by the joint surface

PhD-Chapter01-2003.doc
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characteristics. By adding the basic friction angle the total friction angle is obtained. Chapter
five describes the classification of shear strength and an estimation of the shear strength by
making use of the geotechnical description of the joint surfaces. The next two chapters
present conclusions and recommendations. The thesis closes with a list of literature

references.

Appendices are available in the back of the thesis in electronic format on compact disc.
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CHAPTER TWO
LITERATURE STUDY ON THE SHEAR STRENGTH OF
JOINTS IN ROCK

2.1 Introduction

Discontinuities such as bedding planes, joints, shear zones and faults form part of any rock
mass. The behaviour of the rock mass at shallow depth, where stresses are relatively low, is
largely controlled by sliding of blocks of rock on joints (discontinuities).

There are a number of factors that influence the shear strength of joints in rock and are
mainly concerned with the character of the joint surface. These factors include: the roughness
of the joint surface, hardness of the joint surface, the presence and pressure of water, the

presence of fill material, type of fill material and the thickness of fill material.

2.2 Discontinuities in rock

Discontinuities occurring in any rock mass are the result of the formation of the rock mass or
movement in the crust of the earth. According to Jennings (1971) two sets of discontinuities
are recognized namely (1) major or through going features and (ii) minor or secondary
features. Major features include bedding planes, faults, contacts and dykes, all of which can
be traced over long distances. These joints are important in the analysis of stability of slopes.

Minor features are of limited length such as cross joint in sedimentary rocks

Types of joints

Sedimentary rock normally has bedding planes as a major discontinuity. The origin of these
joints are from the deposition of mechanical or chemical sediments.

Stress relief joints form as a result of erosion of weathered rock and soil materials. Tension
joints are the result of cooling and crystallization of igneous rock.

Shear joints is the result of faulting and shear in the rock mass as result tectonic movement.
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Characteristics of joints

The orientation of a joint plane in relation to other joint planes and the direction of
disturbing force will determine if parts of a rock mass are free to slide.

Joint spacing 1s a measure of the closeness of joints in a specific set and will effect the shear
strength of a rock mass.

Hardness is determined by the wall rock type or degree of alteration of the joint wall
Weathered or filled joints will have lower shear strength than unweathered hard joint
surfaces.

Waviness is a contributor to higher shear strength over larger areas such as dam foundations.
Roughness can be described in terms of (i) asperities (small-scale roughness) (ii) large
protrusions (intermediate roughness) and (iii) waviness or undulations (large-scale
roughness).

Filling of joints with alteration products can have a negative effect on the shear strength of
joints.

The water condition on the joint surface has a influence on the mechanical behaviour or the
joint surface. The presence of water and water under pressure normally reduces shear

strength.

2.3 The principles of shear

The principle of shear and shear strength is described as follows by Cutnell and Johnson
(2001): Experiments have shown that when a body is pressed against a surface, and a force F
attempts to slide the body along the surface, the resulting frictional force has three properties:
a. If the body does not move, then the static frictional force fs and the component of F
that is parallel to the surface are equal in magnitude, and fs is directed opposite that

component of F.

b. The magnitude of fs has a maximum value of fs max that is given by:
fs,max = PN ... (2.1)
c. where ps is the coefficient of static friction, and N is the magnitude of the normal

force. If the magnitude of the component of F that is parallel to the surface exceeds fs,
max then the body begins to slide along the surface. Just before this point is reached,

the factor of safety is equal to one.
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If the body begins to slide along the surface, the magnitude of the frictional force rapidly
decreases to a value f given by: fik = kN (2.2)

where 1 is the coefficient of kinetic friction Thereafter during sliding, the kinetic
frictional force f; is given by equation 2.2
This principal could be demonstrated by the following example: Figure 2.1 shows a slab of
rock resting on an other slab of rock separated by a natural joint tilted at an angle 6 with the
horizontal. By using a tilt testing apparatus it is found that when 6 is increased to 30°, the top
slab begins to slide down the joint plane. What is the coefficient of static friction between the

bottom and top rock slabs?

Slab

Figure 2.1 A slab of rock resting on another stab of rock separated by a natural joint tilted
at an angle 0 with the horizontal. (After Cutnell and Johnson (2001} modified)

Figure 2.2 A free-body diagram of a slab of rock when it is on the verge of sliding.
(After Cutnell and Johnson (2001) modified)
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Figure 2.2 is a free-body diagram for the slab when it is on the verge of sliding. The forces on
the slab is the normal force N, pushing outward from the plane of the book, the weight W of
the slab on top, and the frictional force F, which points up the plane, because the impending
motion is down the plane. Since the slab is in equilibrium, the net force acting on it must be
zero. From Newton’s second law, we have:
ZF=f,+W+N=0...... s (2.3)
For the x components, this vector equation gives us:
EFy=1f -Wsin6=0
or fi= Wsinh ...oooiiiiiiiiii (2.4)
For the y components, we have
ZFy,=N-Wcos8=0
or N =Wcosb .......ocooiviiiiiiiiiiieea, 2.5)

When the slab is on the verge of sliding, the magnitude of the static frictional force acting on
it, has its maximum value p; N. Substituting this into equation 2.4 and dividing by equation
2.5, we obtain:
fi/N=puN/N = WsinB/Wcecos6 = tan 6
or TP v |« B (2.6)

The coefficient of static friction for a joint set with a slope of 30° is thus tan 30°.

If a body slides or attempts to slide over a surface, a bonding between the body and the
surface resists the motion. The resistance is considered to be a single force called the
frictional force or simply friction. The force runs parallel to the surface, opposite the
direction of the intended motion. The frictional force is a force acting between the surface
atoms of one body and those of the other. When two surfaces are placed together, only the
high points touch each other. The actual microscopic area of contact is much less than the
apparent macroscopic contact area, perhaps by a factor of 10°. (after Halliday, D (1993)).
Many contact points cold weld together. (If two highly polished and carefully cleaned metal
surfaces are brought together in a very good vacuum, they cannot be made to slide over each
other, instead they cold-weld together, instantly forming a single piece of metal.) When
surfaces move across each other, there is a continuous rupturing and reforming of contact

areas or welds. This is illustrated in Figure 2.3
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Figure 2.3 Continuous rupturing and reforming of contact areas as surfaces move across

each other. (After Cutnell and Johnson, 2001)

2.4 Shear strength of planar joint surfaces in rock

A number of samples (at least three) are required for shear testing, ISRM (1974). Each

sample contains a through-going plane (discontinuity) that could be used to apply a normal

and shear load to, for testing.

The bedding plane is absolutely planar, having no surface irregularities or undulations. As
illustrated in Figure 2.4, each specimen is subjected to a stress o, normal to the bedding

plane, and shear stress t, required to cause a displacement .

— |/ & Shear displacement &

Normal stress 0,

Shear stress 7

Figure 2.4 Schematic representation of displacement and stresses on joint plane.
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The shear stress will increase rapidly until the peak strength is reached. This corresponds to
the sum of the strength of the cementing material bonding the two halves of the bedding
plane together and the frictional resistance of the matching surfaces. As the displacement
continues, the shear stress will fall to some residual value that will then remain constant, even

for large shear displacements. This basic test method and theory is described by Hoek, E
(2000).

Plotting the peak and residual shear strengths for different normal stresses results in the two
lines illustrated in Figure 2.5. For planar discontinuity surfaces the experimental points will
generally fall along straight lines. The peak strength line has a slope of ¢ and an intercept of
c on the shear strength axis. The residual strength line has a slope of ¢, The relationship
between the peak shear strength 1, and the normal stress o, can be represented by the Mohr-
Coulomb equation:
Tp=ctoptand ..o (2.7
(tp = peak shear strength, ¢ = cohesion intercept, ¢ = friction angle of the joint wall

(discontinuity wall), o, = normal stress).

Discontinuities of geological origin that intersect almost all near-surface rock masses are
referred to as joints. The most important external factor affecting shear strength is the
magnitude of the effective normal stress (c,) acting across the joint. In many rock
engineering problems in civil engineering the maximum effective normal stress will lie in the
range 0.1 to 2.0 MPa for those joints considered critical for stability (in mining engineering
this value can be much bigger). This effective normal stress is about three orders of
magnitude lower than those used by tectonophysicists when studying the shear strength faults
under stress levels of for example 100 to 2000 MPa. In consequence, the literature contains
shear strength data for rock joints spanning a stress range of at least four orders of magnitude.
It is partly for this reason that opinions concerning shear strength vary so widely to the results
of shear strength investigations on rock joints. If Equation (2.7) is applied to the results of
shear tests on rough joints, under both high normal stress and low normal stress, one finds the
tectonophysicists recording a cohesion intercept of tens of MPa and a friction angle of
perhaps only 20°, while the rock slope engineer finds that he has a friction angle of perhaps

70° and zero cohesion.
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Figure 2.5 shows a graph of shear stress vs. shear displacement that illustrates peak and
residual shear strength. (Patton, 1966).

Peak shear strength
Residual shear strength

L

Shear stress 1 (MPa)

Shear displacement § (mm)

Figure 2. 5 Shear stress vs. displacement illustrating peak residual shear strength

The peak shear strength envelopes for non-planar rock joints are strongly curved. This
curved envelope also has the effect that it scems as if there is some cohesion present. This is
called the apparent cohesion. (See figure 2.6 where cohesion is indicated by (c)). This fact
has been known for many years, however many engineers still describe shear strength as if
they were rock properties in terms of Coulomb’s constants ¢ and c. Both are in fact stress

dependent variables. They are also scale dependent.
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Figure 2. 6 Graph of shear strength vs. normal stress illustrating angle of friction and

cohesion

In the case of residual shear strength, the cohesion ¢ is zero and the relationship between ¢,

and o, is as follows:

T = Op AN By eeerriereeerrerraenen (2.8)
where ¢, = residual friction angle of the joint

In shear tests on soils, the stress levels are generally an order of magnitude lower than those
involved 1in rock testing and the cohesive strength of a soil is a result of the adhesion of the
soil particles. In rock mechanics, true cohesion occurs when cemented surfaces are sheared.
However, in many practical applications, the term cohesion is used for convenience and it
refers t0o a mathematical quantity related to surface roughness. Cohesion is simply the
intercept on the T axis at zero normal stress.

The basic friction angle ¢ , is a quantity that is fundamental to the understanding of the shear
strength of discontinuity surfaces. This is approximately equal to the residual friction angle ¢,
but it is generally measured by testing sawn or ground rock surfaces. These tests, which can
be carried out on surfaces as small as 50 mm diameter, will produce a straight line plot
defined by the equation :

T =optan Pp .o (2.9

where §y, = basic friction angle of the joint
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The basic friction angle (¢ ») is the friction angle of rock material based on the base strength
exhibited by flat unweathered rock surfaces which are prepared by a diamond saw. In some
cases these surfaces are sandblasted between tests.

A useful list of basic friction angle values (¢;) was compiled by Barton and Choubey (1977)
from work done by Coulson (1971) and is shown in Table 2.1.

ROCK TYPE BASIC FRICTION ANGLE REFERENCE
($o) (Degrees)

A. Sedimentary Rocks

Sandstone 26-35 Patton, 1966
Sandstone 31-33 Krsmanovic, 1967
Sandstone 31-34 Coulson, 1972
Siltstone 31-33 Coulson, 1972
B. Igneous Rocks

Basalt 35-38 Coulson, 1972
Granite (Fine) 31-35 Coulson, 1972
Granite (Coarse) 31-35 Coulson, 1972
Porphyry 31 Barton, 1971
Dolerite 36 Richards, 1975

C. Metamorphic Rocks
Coulson, 1972

Gneiss 26-29
Slate 2530 Barton, 1971
Table 2. 1 Basic friction angles of various unweathered rocks (Barton and Choubey, 1977

after Coulson, 1971)

The friction angles obtained are applicable to unweathered joint surfaces and will not be
applicable to weathered rock joints unless the level of effective normal stress applied is high
enough for the thin layers of weathered rock to be worn away, thereby allowing contact
between the fresher underlying rock (Richards, 1975). Under low levels of effective normal
stress the thin layers of weathered material, perhaps less than 1 mm in thickness, may
continue to control the shear strength past peak strength and even for displacements up to
residual strength. Barton and Choubey (1977) also describe the tilt test as a means to
determine the base shear strength of joints. The residual tilt test is basically a shear test under
very low normal stress. Most specimens slide at a joint surface tilt angle of about 30° that

correspond to a normal stress of approximately of 1 to 5 kPa.
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2.5 Shear strength of rough joint surfaces in rock

A natural discontinuity surface in hard rock is never as smooth as a sawn or ground surface of
the type used for determining the basic friction angle. The undulations and asperities on a
natural joint surface have a significant influence on its shear behaviour . Generally, this
surface roughness increases the shear strength of the surface, and this strength increase is
extremely important in terms of the stability of excavations in rock.

Pation (1966) demonstrated this influence by means of an experiment in which he carried out
shear tests on 'saw-tooth' specimens such as the one illustrated in Figure 2.7. Shear
displacement in these specimens occurs as a result of the surfaces moving up the inclined
faces, causing dilation (an increase in volume) of the specimen.

The shear strength of Patton's saw-tooth specimens can be represented by:

T=ptan ( Py T8 coririiiii 2.10)

where ¢y, is the basic friction angle of the surface and i is the angle of the saw-tooth face.

normal stress o,

t— <

shear stress 7

Figure 2.7 Saw- tooth asperity roughness by Patton (1966)
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failure of
intact rock

shearing on saw-
tooth surfaces

shear strength t

(9t 1)

normal stress o,

Figure 2.8 Shear strength envelope by Patton (1966)

Many researchers have studied the roughness as important parameter in the determination of
shear strength. Initially researchers [Barton and co-workers (1971a, 1971b, 1972, 1974, 1976,
1977, and 1983, Maksimovic (1996), Zhao (1997a and 1997b), Fox et al (1998), Kulatilake
(1999), Yong (2000), Lee et al (2001) and Seidel (2002)] studied two dimensional roughness.

Most of these authors studied a two dimensional profile and defined joint roughness. The
joint roughness coefficient (JRC) is a number that can be estimated by comparing the
appearance of a discontinuity surface with standard profiles published by Barton and others.
One of the most useful of these profile sets was published by Barton and Choubey (1977) and

is reproduced in Figure 4.2.
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TYPICAL ROUGHNESS PROFILES for JRC range:

5 |._.__~--——/_""_\~—-——v—{ a-10

6 ] 10 -12

7 F—~———— — 12 - 14

8 W 14-16
9 |M 16 - 18

t . R " N L . 1 5 N J em SCALE

(vertical scale = horizontal scale)
Figure 2.9  Typical roughness profiles (After Barion and Choubey, 1977)
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The surface topography of joints vary widely in any given rock mass according to Bandis,
(1993). Individual features can be classitied as (i) asperities (small-scale roughness) (ii) large
protrusions (intermediate roughness) and (iii) undulations (large-scale roughness). The effects
of these broad classes of roughness on shear strength are related to the length of joint under
consideration. Asperities with a base length of 1-2 mm will influence the strength of a 10 cm
long joint, but will have no effect on a 100 ¢cm long joint. Hence, a distinction is more
meaningful if expressed with reference to the joint size. For example, the following base
length to joint length percent ratios could be suggested: < 0.5% for small, 0.5-2% for
intermediate and >2% for large-scale roughness. Many small-scale discontinuities that fit

exactly give not unimportant effects.

Roughness measurements can be made by continuous profiling, recordings of peaks and
recessions with respect to the mean plane at prescribed intervals, or field measurements of
inclinations along selected profile lengths. The instruments used may vary from LVDTs,
wire gauges, compass and base plates or any other practical devices to applications of

photographic and photogrammetric methods [Maertz (1990)].

Several methods according to Barton and Choubey (1977) are used for the quantitative

analysis of roughness, including estimation of:

(i) maximum and median angle i = arc tan (2a/1), where @ = amplitude and L = base
length of irregularity

(i)  arithmetic mean of peaks and recessions with respect of the mean joint plane

(iii)  amplitude index equal to the ratio of the sum of projected asperities over the total

length of profile

If a joint profile is analysed geometrically by measuring inclinations i and D the relationship
between them will be found as shown in Figure 2.3 (a) and 2.3 (b), also known as Rengers
envelope (Rengers, 1971and Fecker and Rengers, 1971)
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Figure 2,10 (a) Geometrical scale effects in joint roughness (By Bandis, 1993 after Fecker and Rengers,
1971)

Figure 2.10(b) Inclination (i) vs. measured distance (D) (By Bandis, 1993 after Fecker and Rengers, 1971)

In the first experimental demonstration of the surface geometry scale effect, a tilt-tested long
joint was found to slide at a smaller inclination angle than smaller samples sectioned from the
same surface (Barton and Choubey, 1977). Recent studies of roughness scale effect and
fractal dimension also indicate an apparent increase in roughness with decreasing base length
(Maertz and Franklin, 1990). The roughness profiles of long joints apparently have been

shown not to be fractal objects, confirming a roughness scale effect.

An immediate practical implication of the above concerns the choice of the ‘correct’ i value

to be used in equation (Barton, 1974), for cases of shear-overriding behaviour. However,
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further complications arise when asperity failures are also involved, as will soon be

discussed.

No established method is available for recognizing the correct sampling steps for i
determinations. A safe assumption may be that large-scale waviness will provide the
component i (see Figure 2.6(a). That may be true in some cases of large-scale shear failures
or when surface weathering effects smooth the smaller scale features. On the other hand rock
masses at or near the surface the blocks resting on a shear plane will probably possess the
freedom to move more or less independently thus maintaining contact with all scales of
roughness. The freedom for block movement will obviously depend on the stiffness of the

rock mass and generally increase as the block size or joint spacing decrease.

Barton and Bandis (1991) confirmed the latter through experimental studies on multiply
jointed block assemblies. One conclusion from those studies was that the geometrical scale
effect on roughness would probably be limited to the joint lengths corresponding to the
average block size as specified by the spacing of the cross-joints. The latter may be
envisaged as lines or potential ‘hinges’ (albeit stiff ones) in the rock mass, above and below a
shear plane, which hinder continued scale effects when multiple rock masses are considered.

Hence, the average cross-joint spacing may in some cases be an optimum.

Because dams are large structures, individual features like asperities (small scale roughness),
large protrusions (intermediate roughness) and undulations (large scale roughness) all
contribute to the roughness of discontinuities in the foundation. The effects of these broad

classes of roughness on shear strength are related to the length of joint under consideration.

Roughness of joint surfaces is one of the most important factors that determine the shear
strength of such surfaces. Barton and Choubey developed the joint roughness coefficient

(JRC) as measure of joint roughness.

For many rock-engineering projects, it is necessary to have a good indication of the shear
strength of the joints required for design purposes. A method was developed for estimating
the JRC by measuring the roughness. Table 2.2 and Figure 2.9 gives a description of the 10
surfaces. (Barton and Choubey, 1977). The descriptions of roughness, i.e. “undulating” and “

planar” refer to small and intermediate scale features, respectively.
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Sample Rock type Description of joint JRC

1 Slate smooth, planar: cleavage joints, 0.4
iron stained

2 Aplite smooth, planar: tectonic joints, unweathered 2.8

3 Gneiss (muscovite) | undulating,  planar: foliation  joints 5.8
unweathered

4 Granite rough planar: tectonic joints, slightly weathered 6.7

5 Granite rough planar: tectonic joints, slightly weathered 9.5

6 Hornfels (nodular) | rough, undulating: bedding joints, calcite 10.8
coatings

7 Aplite rough, undulating: tectonic joints, slightly 12.8
weathered

8 Aplite rough, undulating: relief joints, partly 14.5
oxidized

9 Hornfels (nodular} | rough, irregular: bedding joints, 16.7
calcite coatings

10 Soapstone rough, irregular: artificial tension fractures, 18.7
fresh surfaces

Table 2.2 Descriptive classification of Rock Joints (After Barton and Choubey, 1977)

The crude estimates of JRC (5, 10 and 20) given by Barton (1971) were proposed as a
preliminary guide for those unable to investigate the parameter JRC more closely. Ideally,
three profiles are measured on each specimen and the JRC values are grouped in the
following ranges 0-2, 2-4 etc. up to 18-20. An attempt is then made to select the most typical
profiles of each group. In all cases where the mean joint plane is not within = 1° of
horizontal when placed in the shear box, the shear strengths and corresponding JRC values
must be corrected to the horizontal plane.

The appearance of the discontinuity surface is compared visually with the profiles shown and
the JRC value corresponding to the profile which most closely matches that of the
discontinuity surface is chosen. In the case of small scale laboratory specimens, the scale of
the surface roughness will be approximately the same as that of the profiles illustrated.
However, in the field the length of the surface of interest may be several metres or even tens
of metres and the JRC value must be estimated for the full scale surface.

Recently researchers [Roko et al (1997), Scavia and Re (1999), Geertsema (2000), Gentier et
al (2000}, Grasselli (2002) and Duzgun et al (2002)] began to study three dimensional

characterization of joint surfaces. They attempted to quantify the joint surface and find some
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relation to the shear strength. Further work in this field has the potential to deliver interesting
results.

Another factor contributing to the shear strength over larger areas such as dam foundations is
waviness of joint surfaces. Hack et. al. (2002) developed large-scale roughness profiles for
slope stability probability classification. This is presented in Figure 2.11. These roughness

profiles can be used in the determination of the contribution to friction angle of the waviness

amplitude roughness
wavy i=14-20° “5'9""[

slightly wavy =5-9cm_

slightly curved - ~1.5-3.5cm—
: A
straight

A

=1m
(i-angles and dimensions only approximate)

Figure 2.11 Large-scale roughness profiles used for the slope stability probability classification —
After Hack et. al. (2002)
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2.6 Determination of joint wall hardness.

Researchers such as Barton and Choubey (1977), Szwedzicki (1998), Katz et al (2000) and
van Loon (2003) have studied joint wall hardness.

Barton and Choubey (1977) studied hardness of joint surfaces and stated that the
measurement of this parameter is of fundamental importance in rock engineering since it is
largely the wall characteristics that control the strength and deformation properties of the rock
joints. They describe hardness of joint surfaces as joint wall compressive strength (JCS). The
importance of the parameter is accentuated if the joint walls are weathered, since then the
JCS value may be only a small fraction of the uniaxial compressive strength of the rock
material associated with the majority of the rock mass, as typically sampled by borehole core.
The depth of penetration of weathering into joint walls depends on the rock type, 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.

Barton and Choubey (1977) propose that the weathering process of a rock mass can be
summarized in the following simplified stages:
(i) the formation of the joint is intact in unweathered rock and the JCS value is the same
as the uniaxial compressive strength, c .
(ii) slow reduction of joint wall strength occur if joints are water-conducting and the JCS
becomes less than &
(iii) common intermediate stage occur with weathered, water conducting joints and
impermeable rock blocks between and the JCS becomes some fraction of < ..
(iv) penetration of joint weathering effect into rock blocks with progressive reduction of
o, from the walls of the blocks inwards and the JCS continues to reduce slowly.
(v) advanced stage of weathering occur and more uniformly reduced o .  drops to the

same level as the JCS with the rock mass permeable throughout.

The JCS values corresponding to stages (i) and (v) can be obtained by conventional
unconfined compression tests on intact cylinders or from point load tests on rock core or
trregular lumps though there might be sampling problems in the case of stage (v). Point load
testing has been described in detail by Broch and Franklin (1972). In view of the fact that

point load tests can be performed on core discs down to a few centimetres in thickness, it
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might also be possible to use this test for stage (iv) on the core pieces on each side of deeply
weathered joints. However, the JCS values relevant to stages (ii) and (iii) cannot be
evaluated by these standard rock mechanics tests. The thickness of material controlling shear
strength may be as little as a fraction of a millimeter (for planar joints) up to perhaps a few
millimeters (for rough, weathered joints) with the limits depending on the ratio JCS /o, that

basically controls the amount of asperity damage for a given joint roughness.

Barton and Choubey (1977) state that the Schmidt hammer provides the ideal solution to
determine JCS. The Schmidt hammer is a simple device for recording the rebound of a
spring loaded plunger after its impact with a surface. The L-hammer used here (L for light,
impact energy = 0.075 mkg) is described by the manufacturers as being “suitable for testing
small and impact-sensitive parts of concrete or artificial stone”. It is suitable for measuring
JCS values down to about 20 MPa and up to at least 300 MPa. A wide ranging assessment of
the suitability of the Schmidt hammer for use in rock mechanics was done by Miller (1965)
as reported by Barton and Choubey (1977). He found a reasonable correlation between the
rebound number (range 10 to 60) and the unconfined compressive strength (o ) of the rock.

However, a better correlation was obtained when he multiplied the rebound number by the
dry density of the rock.

Logio (c.)=0.00088 pR+1.01 .....cooninnn.... (2.11)
where (o) = unconfined compressive strength of surface material (MPa)
¢ = dry unit weight of rock (kN/m?), and

R = rebound number

Example: Logio(cg = 0.00088 ¢ R + 1.01
Logip(c) = 0.00088 *27 ¥*48 + 1.01
141 MPa

O¢

Deere and Miller (1966) investigated the relationship between Schmidt hardness and the
uniaxial compressive strength of rock. Figure 2.12 presents this relationship. Suppose that a
vertical downwards held type L-hammer gave a reading of 48 on a rock with a unit weight of
27 kN/m?, the uniaxial compressive strength o, is given by the graph as 140 £50 MPa . Note

that the hammer should always be perpendicular to the rock surface.
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Figure 2. 12 The relationship between Schmidt hardness and the uniaxial compressive strength
of rock (After Deere and Miller 1966 as reported by Barton and Choubey, 1977)
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2.7 Joint matching

Joints in a rock mass are formed at various stages and times, and have been subjected to
different methods of alteration which affect the joint surface geometrical and mechanical
properties. As a result of these alterations, joints will present different surface profiles on
each side and different degrees of matching according to Zhao (1997). It is common for joints
to be equally rough but mismatched due to alteration and dislocation. He developed the joint
matching coefficient (JMC) based on the percentage of joint surface in contact as an
independent joint surface geometrical parameter. The JMC is used with the joint roughness
coefficient (JRC) in order to describe the geometrical properties and to assess the hydro
mechanical behaviour of joints. It has also been demonstrated that joint matching is an
important factor governing the aperture, normal closure, stiffness, shear strength and

hydraulic conductivity of joints.

When Barton’s JRC-JCS shear strength criterion was used by Zhao (1997) for the
interpretation and prediction of shear strength of natural joints, it was found the this model
tends to over predict the shear strength for those natural joints with less matched surfaces. To
overcome this shortcoming, a new JRC-JMC shear strength criterion is proposed in order to

include the effects of both joints surface roughness and joint matching in the form of:

t=0,tan [JRC . JMC .logio (JCS/o )+ Pr] ovenennnn.n. (2.12)
Where t = peak shear strength o, = effective normal stress
JRC  =joint roughness coefficient JCS  =joint wall compressive strength
¢, = residual friction angle IJMC = joint matching coefficient

The JMC should be set at 0,3 for any measured JMC < (,3. This is a modification of the
existing JRC-JCS criterion.

2.8 Infilling of joints
In practice, the assumption that the minimum shear strength of an infilled rock joint is the
shear strength of the filler itself is frequently made. De Toledo et al. (1993) tested flat saw-

cut and polished surfaces of limestone and basalt in shear boxes using different soils as the
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infilling material. The ratio of the shear strength of the infilled joint to that of the soil alone
varied between 0,61 and 0,95, which means that an infilled joint is normally weaker than the
soil that constitutes its filler. The magnitude of the strength reduction seems to be a function
of the surface roughness and of the clay minerals present in the soil. Other authors like
Amadei, (1990) have also found boundary effects.

When comparing published results in the literature it is important to remember that there are
according to de Toledo et. al. (1993), eight basic parameters to be considered in the study of
the shear strength of infilled joints. Some parameters relate to the material properties, some
to the joint itself and the geological formation to which the joint belongs, and others to the

equipment and the particular problem under consideration.

Table 2.3 summarizes the parameters involved in both drained and undrained shear strengths,
which should be borne in mind in the testing of infilled joints. Some of these parameters will

be discussed in the following paragraphs.

a. Material parameters Infilling properties
Infilling thickness
Joint stress history
Rock properties
Joint wall roughness
Orthogonal joints

b. Equipment parameters Rate of shear

Stiffness of the shearing equipment

Table 2.3 Parameters controlling the shear strength of infilled discontinuities
(After De Toledo et al, 1993)

Sun et al. (1981) performed shear box tests on joints in concrete blocks filled with clayey
sand and sandy clay with variable normal stresses and filler thicknesses. The failure surfaces
occurred either at the top or at the bottom concrete contact or as a combination of both

surfaces. Pereira (1990), using mainly sand filling between two flat granite blocks, also
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reported failure along the joint walls due to the rolling of sand grains. Solid walls affect the

strength of a joint in two ways namely:

* in clay, fillers sliding occurs along the contact due to the particle alignment
® where as, in sands the rolling of grains seems to be the major factor responsible for

the greater weakness of a joint as compared with its filler.

The magnitude of the influence of surface roughness depends on the particle size of the soil.
In a simple form, when sand is considered as infilling material, the influence of the rock wall
may begin to be felt when its surface is smoother than the roughness of the sand surface

defined by its particle size distribution. This is because dilation is reduced.

According to De Toledo et al (1993) the shear strength characteristics of rock discontinuities
have been studied for a long time but a complete understanding of the mechanisms and of the
parameters controlling the process has never been reached. Infilled joints are likely to be the
weakest elements of any rock mass in which they occur and exert a dominant influence on its
behavior. The behavior of infilled rock joints in shear has been investigated for decades.
Many results of field and laboratory tests had been published since the 1960's and these
results were reviewed by Barton (1974). From then on, investigations became more

systematic and concentrated mainly on laboratory testing.

Different materials and test procedures were employed in an attempt to study the influence of
filler thickness on peak shear strength. Other physical properties were studied less
frequently, mainly because of experimental difficulties, Previously published test results lead

to contradictory conclusions so far as the influence of filler thickness is concerned.

A laboratory investigation always has to choose between testing real joints and artificially
created ones. Natural joints, either filled or unfilled, are virtually impossible to use in
systematic research, but the benefits of adopting either a copy of a natural joint or a regularly
profiled one are clear. The friction of the discontinuity wall of natural, tension and artificially
cut joints will be different because, for example, the cutting process may have changed the
discontinuity surface mineral and crystal structure by melting, whereas natural discontinuity

walls have been subjected to water percolation weathering, ect. This causes major differences

in friction angle and one would expect it to be of major influence on the research and

PhD-Chapter02-2003.doc
2.23




NIVERSITEIT YAN PRETOR
IVERSITY OF PRETOR
UNIBESITHI YA PRETOR

A
1A
interpretation of the research results. It is a matter of choice between the study of the
behavior of the interaction of infill with a real joint shape as opposed to the study of infill
within a boundary whose geometry is well constrained but made from real rock material.
Idealized profiles allow a better understanding of specific joint properties, yvet both methods
of testing laboratory-prepared joints may face serious shortcomings, such as inappropriate
representation of an infilled joint in the field. In most cases laboratory shear box tests have
been adopted for this work with sample sizes of 50 -250 mm and normal stresses of 20-1500
kPa, producing results relevant to conditions of zero normal stiffness, i.e. constant normal
stress. Peak shear strength was always investigated and in some cases residual strength was

also studied. However, the ability of equipment to study the residual strength of joints

infilled with soil is limited by maximum displacements, which may lead to significant errors.

Kutter (1974), using a simplified rotary machine, showed the need to use large displacements
in order to define properly the residual strength of an unfilled and rough rock joint. In fact,
displacements of up to 100 mm are usually required to achieve the residual strength in soils

Lupini, Skinner & Vaughan, (1981) and as much as 200 mm have been observed for some
rough unfilled rock joints. It is doubtful whether a shear box apparatus or the ring shear
apparatus is capable of producing a correct measure of the residual shear strength

characteristics of natural infilled joints.

Research tests are generally conducted on natural joints, and on model infill joint material.
Several authors, whose results on the latter can be divided into two categories, have studied
the influence of filler thickness. The first category includes the matching toothed joints that
have a ratio filler thickness to asperity height t/a of less than three. The second category
comprises planar joints using either saw-cut, sandblasted or polished surfaces, where t/a is

usually much greater than three.

Ladanyi & Archambault (1977) performed direct shear tests using kaolin clay between two
series of juxtaposed concrete blocks. Different asperity heights and different normal stresses

were used. The results obtained seem to confirm results obtained by Goodman (1970).
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2.9 Shear strength equations

The equation, Tt = o, tan (¢}, + i), is valid at low normal stresses where shear displacement is
due to sliding along the inclined surfaces. At higher normal stresses, the strength of the intact
material will be exceeded and the asperities will tend to break off, resulting in a shear
strength behaviour which is more closely related to the intact material strength than to the

frictional characteristics of the surfaces.

While Patton' s (1966) approach has the merit of being very simple, it does not reflect the
reality that changes in shear strength with increasing normal stress are gradual rather than
abrupt. Barton and his co-workers (1973, 1976, 1977, 1990) studied the behaviour of natural

rock joints and have proposed that the equation can be re-written as:

T=0 ,tan [JRC logio (JCS/G ) + bbb ] evvvnennnnnn. (2.13)
Where 1 = peak shear strength o, = effective normal stress
JRC = joint roughness coefficient JCS  =joint wall compressive strength
by = basic friction angle (obtained from residual shear tests on flat unweathered

rock surfaces)

Barton and Bandis (1982) and Barton (1991), based on extensive laboratory testing of joints,
and joint replicas, and a study of the literature at the time, proposed a scale correction for JRC

as presented in equation 2.14:
JRC, = JRC,y (Ln/Lo) PRy (2.14)

where JRC and L refer to the JRC and length of 100mm diameter laboratory scale samples

and JRC, and L, refer to in situ specimen.

Barton and Bandis (1982) argued that the average joint wall compressive strength of large
surfaces is likely to have greater possibility of weaknesses and JCS would decres with

increasing scale. They proposed equation 2.15 as correction for JCS:
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JCSy= JeCS, (Ln / Lg) %995

where JCSy and L refer to the JCS and length of 100mm diameter laboratory scale samples

and JCS, and L, refer to in situ specimen.
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CHAPTER THREE
THE EXPERIMENTAL STAGE OF THE STUDY

3.1 Rock types tested

During the planning stage of the study of the shear strength of joints in rock it was envisaged
to select as many of the rock types covering the surface and near surface in southern Africa as
possible. Potential sites where rock material samples could be taken were identified. These
sites were in most cases dam sites, although road cuttings and quarry sites were also included.

Various rock types were sampled and subsequently tested. Figure 3.1 shows the origins of the

samples discussed in this chapter.
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Figure 3. 1 Location where samples of rock material with joints were taken
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Block samples for shear testing in the large shear box were taken at the sites of dams under
construction as well as at one road cutting. The purpose of the large scale testing was to
determine the peak and residual shear strength and the influence of the surface characteristics
(mainly hardness and roughness) and scale on the shear strength. Large shear tests were
carried out on block samples with surface areas ranging from approximately 100 x 100 mm to
300 x 300 mm. Table 3.1 presents the rock types and origins of the block samples that were
tested.

During the taking of large-scale samples for shear test care must be taken as not to damage
the shear surface. Large shear tests were carried out on block samples with surface areas
ranging from approximately 100 x 100 mm to 300 x 300 mm. The samples are extremely
sensitive to disturbance during sample taking, transportation, preparation, and testing. During
sampling, transportation and preparation of samples extreme care was taken as not to damage
samples and it can be reported that damage to surfaces were very limited and it can be stated
that joint surfaces tested were very similar to joints conditions in situ, with the exception of
moisture content. Samples were taken from the sites that were of a small enough size to fit
the laboratory shear box so that cutting and associated damage to the shear surface was
limited to a minimum. Generally joint fill material got dried out during the period between
sample taking and testing that could have been as much as eighteen (18) months. During the

final phase of testing water as added to the shear box to test the shear strength under saturated

conditions.
ROCK TYPE GEOLOGICAL SITE
SUCCESSION
Basalt Karoo Supergroup 1.esotho Highlands Water Scheme
Dolerite Post Karoo Qedusizi Dam, Ladysmith
Granite Archaean Driekoppies Dam
Sandstone Natal Group N3 Cutting, Darnall
Mudstone(Shale) Karoo Supergroup Qedusizi Dam, Ladysmith
Quartzite Cape Supergroup Skuifraam Dam site, Franschhoek
Granite Archaean Nandoni Dam

Table 3. 1 Selected rock types (large rock samples) tested with the large shear box
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Only six rock types were tested in the large shear box apparatus due to the difficulties in
obtaining samples as well as the duration of the testing process. The quartzite samples from
Skuifraam dam site, Franschoek were very brittle and disintegrated during sample preparation
and testing. No results for this rock type could be obtained. Samples tested went through
three phases of testing. The first phase was carried out dry and could, in hindsight, be seen as
part of the learning curve for the new large shear apparatus. The second phase was carried
out after problems with the machine were eliminated. Each sample was tested three times dry
and then three times under saturated conditions. Eventually third phase tests were conducted

on three additional granite specimens.

3.2 Apparatus used in testing

The different apparatus used in this research is discussed in this paragraph.

3.2.1 Shear boxes

Two types of shear tests were conducted. The tests were conducted on
(i) samples with saw cut surfaces tested on a modified soil shear box and
(ii) large samples with natural joint surfaces tested on the large shear box of the

Department of Water Affairs and Forestry.

3.2.1.1 The small shear box.

Basic shear strength and shear strength of joints (peak and residual) of NX size core samples
were tested on this test apparatus. A Soiltech soil shear box was modified for this purpose.
The original sample box was removed and replaced by a clamp mechanism to accommodate
the NX size rock core samples. The bottom sample holder is fixed to the frame of the
apparatus while the upper sample holder can move along the line of shear. The normal load is
applied through a yoke and hanger system where the normal load is increased by adding
additional weights. The shear load is applied by a motorized worm drive acting on a load cell
transferring the load to the upper sample holder assembly. Vertical dilation and horizontal

movements are measured by means of linear variable displacement transducers (LVDT’s).

Three loading cycles were carried out on each sample, Normal stresses of 55 kPa, 105 kPa

and 1,55 MPa were applied and the corresponding shear loads were measured.
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Figure 3. 2 The modified soil shear box for shear testing of NX-size rock core
samples.

The shear process is computer controlled and data retrieval is done through a data acquisition
unit connected to a PC. Figure 3.2 shows the laboratory set-up. The maximum displacement
was 10 mm. After each cycle the upper sample holder containing the sample was returned to
its original position before applying the next higher load. The measurements are illustrated in
graphic form as shear load vs. shear displacement and shear stress vs. normal stress available
in Appendices A and B. Results of the testing are discussed in chapter four. Raw data in the

form of tables and graphs are in Appendixes A and B.

3.2.1.2 Large shear box of the Department of Water Affairs and Forestry

The apparatus
The machine was designed and built in such a way, that specimens of rock or soil of a
maximum size of 350 x 350 mm can be tested under normal loads of up to 200 kN and shear

loads of up to 500 kN - illustrated in Figure 3.3.

The machine consists essentially of an arrangement to accommodate the specimen to be
tested, a mechanism to apply different constant vertical loads on the specimen and a

mechanism to apply shear loads, in a direction perpendicular to the normal load.
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Figure 3.3 The large shear testing machine

A line drawing of the machine is presented in Figure 3.4 (side view) and Figure 3.5 (front

view). Suitable instrumentation to measure and record forces and displacements is also
provided.
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Figure 3.4 Schematic sketch of large shear testing machine (side view)
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Figure 3. 5 Schematic sketch of large shear testing machine (front view)

Shear box assembly (specimen accommodation)

The shear box assembly consists of two different parts, a lower half and a top half. The lower
half accommodates one half of the specimen and represents the mobile part of the shear box
i.e. shearing takes place underneath the top half, which is kept horizontally stationary. Via a
yoke the bottom part is in direct contact with the mechanism which provides the force

necessary for shearing.
Suitable roller bearings ensure low friction gliding of the lower half over a rigid, machined

base plate. The base plate is fitted to a strong frame, to which all other stationary machine

components are fitted. The lateral support of the bottom part is provided by needle bearings.
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The top half accommodates the other half of the specimen and is separated from the bottom

part by a gap, which is aimed to be 5 mm.

The direction of the shear force is in line with the shear plane. Provision is made for adjusting
the gap between the bottom and top parts of the shear box and for adjusting the direction of

the shear force to suit the specimen as described above.

To prevent side way drifting of the top part during testing side, guides are provided which are

in firm touch with the corresponding outside flats of the bottom part.

Provision is made for testing the sample under wet conditions by a water bath. The water bath
allows for immersion of the entire test sample in water. The water bath is designed not to
interfere with either the transfer of loads onto the specimen or with the measuring of

displacements.

Provision is made to protect the lower shear-box assembly from water and moisture when

testing specimens under wet conditions.

Both shear box parts are equipped with clamps for temporary immobilization and hooks are
provided at suitable positions on both parts to facilitate the handling of the equipment during

assembly, testing and dismantling.

Three shear box assemblies were manufactured, having the following inside dimensions:
Box No. 1: 350 x 350 mm Square
Box No. 2: © 350 mm Round

Box No. 3: @ 150 mm Round

All three boxes have sufficient wall thickness to minimise deformations caused by loads

acting on them. Figure 3.6 illustrates the square box.
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Figure 3.6 Bottom half of shear box assembly with test specimen

Load distribution plate
On the top part of the shear box assembly a stiffened load distribution plate is placed. In the
geometrical center of the stiffened plate a spherical seating is provided through which the

normal loads are applied.

For each of the square or round boxes, two different load distribution plates were
manufactured:

(a) one plate which fits loosely over the outside of the top part and

(b)  one which fits with enough clearance into the respective square or round cavity of

the top part.

The clearance of the plates on the sides of the shear box and the method of providing for
vertical movement of the plates is sufficient to ensure free unhindered vertical travel of the

load plates up to 10 mm.

Application of normal loads

The normal load is applied on the seating of the load-distribution plate by means of a
hydraulic cylinder. The maximum capacity is 200 kN. During the test the mechanism is able
to maintain any specified load of up to 200 kN constant, to = 2 %, regardless of any volume
change of the specimen. The apparatus was designed so that no tilting of the shear box with
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the specimen during testing was allowed. The reason for this is that on this scale, no tilting

takes place under a dam foundation as a result of confinement.

Application of shear forces
The shear force is applied in the horizontal direction. The mechanism that generates the force
is a hydraulically operated and strain-controlied hydraulic jack. The shear force is applied

continuously and can reach up to 500 kN.

The rate of shearing, i.e. the horizontal displacement, measured at the bottom part of the shear
box assembly within a certain period of time, can be pre-selected in steps of 0.2 mm/min.

from 0.2 mm/min. to 5.0mm/min. The maximum shear displacement is 50 mm.

Data measurement and acquisition
All forces and displacements are measured electronically. The recording of the voltage
outputs is recorded continuously. The measurement of the normal and the shear forces are

done by means of suitable load-cells.

A total of five interchangeable load cells with capacities of 50, 100, 150, 200 and 500 kN can
be used. Suitable mountings for the load cells are provided. The combined error for linearity
and hysteresis of each load cell is less than 0,10 % of the RO (rated output mV/V + 0,1 %).

The measurement of the relative horizontal movement between the two halves of the shear
box assembly (shear displacement) is measured by two LVDT’s (linear variable differential
transducers), with a stroke of 50 mm and a linearity of better than 0,25 % RO. The LVDT’s
are positioned at the upper left and right hand corners of the bottom part of the shear box
assembly. The electrical wiring of the LVDT’s is done in such a way that their combined
output represents the average displacement. The mountings (clamps) for the bodies of the
LVDT’s are rigid and shock resistant. The contact points for the spring-return armatures are

smoothened.

The vertical displacement (dilation) is measured by two LVDT’s with a stroke of 20 mm and
a linearity of better than 0,25 % RO. The two LVDT’s are positioned in the middle and at
opposite ends of the load distribution plate.
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3.2.2 Apparatus for the measurement of roughness

3.2.2.1 Laser apparatus

During the course of this investigation a laser-scanning device was developed and built.

The apparatus
The laser is built on a sturdy frame 750 mm long by 500 mm wide, allowing samples up to
600 mm by 350 mm. Figure 3.7 clearly shows the scanner head which moves in a

longitudinal direction above the sample.

A laser displacement sensor is attached to this head, which is moved along the guide rails by
a stepper motor driving a toothed belt by means of two toothed gear wheels.

The rotational movement of the stepper motor produces an incremental movement of the

Figure 3. 7 The laser scanning device

scanning head which in turn allows the rock sample to be scanned in steps in the

X-direction. This longitudinal scanning frame is attached, on one side, to the transverse
moveable carriage, which allows movement in the Y-direction. The other end of the
longitudinal frame is supported on a linear bearing, along which it moves. The transverse
moveable carriage is driven along two guide rails by a second stepper motor arrangement.
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The size or number of steps and thus the speed of rotation of the stepper motors are
determined by the number of electrical pulses and the frequency of the input signal
respectively. The laser displacement sensor uses a 3 mW helium-neon semiconductor laser
diode producing a light with a wavelength of 780 nm and a spot diameter less than 2 mm. It
can measure distances between 50 and 130 mm, with a resolution of 50 um at a 100 ms
response time, or 150 pm with a 10 ms response time. The light is reflected off the surface to
be measured and is received by a position sensing diode, which allows a stepped incremental
signal to be output. This voltage output is directly related to the distance measured so that the

latter may be simply determined.
Method of operation

The sample to be scanned is placed on the base plate against a reference bar in order to ensure
accurate positioning and is oriented such that the direction of shearing is parallel with the
longitudinal scanning head. A wide range of sample thicknessess can be accommodated
because of the large measuring range of the laser sensor. Once the sample has been
positioned the longitudinal and transverse scanning ranges of the apparatus can be set by
positioning the micro switches appropriately. In this way only as small an area as required is
scanned. The working sequence of the scanner is programmed and completely automated by

the use of a PC connected to a control box via an RS-232 serial port.

Once the scan program has been started and the relevant information entered, scanning can
commence. Both stepper motors are initially moved so that the laser displacement sensor is
positioned at the starting point as dictated by the positions of two micro switches. This point
is to the left and below the actual sample to be scanned. The scanning head is then moved
incrementally to the right in the X-direction by applying pulses to the stepper motor. When
the scanning head reaches a limiting micro switch the head returns to the left limit of its travel
and the entire longitudinal scanning frame is moved by one increment in the Y-direction.
The scanner head then again begins to move to the right in the X-direction and the process is

repeated until a fourth micro switch triggers the end of the scanning process.

PhD-Chapter03-2003.doc
3.11




-

W UNIVERSITEIT VAN PRETORIA
.@ UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA

The profile of the sample is only measured as the scanner head moves from left to the right in
the X-direction. The X- and Y- coordinates are determined from the number of pulses fed to
each of the stepper motors and the distance between the scanner head and the joint surface is
measured at each increment directly by the laser sensor.

The increment in the X- and Y-directions can be set separately, such that the Y-direction
increment can be any multiple of the X-direction increment. For a small joint surface
approximately 80 mm by 55 mm in size, and using a scan increment of 0.5 mm, the entire
surface can be scanned in 25 minutes, producing a data file containing approximately 18 000

data points.

The accuracy and relevance of the results that are obtained from the scanner are influenced by
the increments between individual data points. A large increment will produce a coarse and
largely non-representative profile whereas a very small increment may provide too much
information for processing and will greatly increase the time taken to build up a complete

three dimensional picture of the surface roughness.

3.2.2.2 Alternative method of determining joint roughness.

An alternative method to measure joint roughness is with the use of a carpenter’s comb. The
carpenter’s comb consists of a number of vertical steel or plastic pins that can individually
move up or down to resemble the face of a two dimensional surface. This tool can be used to
determine the unevenness of a joint surface in two dimensions by placing it directly onto the
surface. Fig 3.8 illustrates this principle. This apparatus was used to measure and record the
roughness profiles of joint surfaces. These roughness profiles were then compared to Barton’s
roughness profiles (Figure 2.9) and the joint roughness coefficient (JRC) for each sample

determined.
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Figure 3. 8 Carpenter's comb on rough joint surface

3.3 Tests methods for basic, peak and residual shear strength

Barton (1993) states that both angles of basic (¢) and residual (¢,) friction represent
minimum shear resistance. Conceptually ¢, refers to smooth planar surfaces in unweathered
rock and can be considered as a material constant. The residual friction angle (¢ ) refers to
the residual condition of natural joint surfaces, which is attained after large shear

displacements. If the natural surface is unweathered, ¢, can be taken to be equal to ¢ .

3.3.1 Testing basic friction angle with the small shear box

Methods for basic angle of friction (¢) characterization include the direct shear test or tilt
tests on saw cut surfaces (Barton and Choubey, 1977).

These tests were carried out with the converted soil shear box, as described in paragraph
3.2.1.1, on saw cut surfaces of NX size core samples. NX size core samples were cut
perpendicular to the core axis with a diamond saw. The saw cut surface was then shaved by
brushing the sample under its own weight on a fine sanding paper. The test was carried out

under dry conditions. Results of this testing are discussed in chapter four.
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3.3.2 Testing shear strength with the large shear box

Sampling procedure

Sampling of rock specimens with associated joint surfaces is a difficult procedure because a
joint surface is delicate and that must be preserved in its original state for testing.

The size of the final sample is determined by the size of the shear box assembly. Two boxes
were used with the following dimensions: 350 x 350 mm square and 350 mm diameter.
Samples were carefully selected in a rock mass on site and the surrounding rock material
removed. Samples were taken out by hand with the use of a handspike “koevoet” and “Hilti”
drill. Then the two rock material pieces with associated joint surface were carefully wedged
out and placed on the floor and packaged for transport to the laboratory. Extra rock samples

were taken as to compensate for damage during transportation and casting.

Sample preparation
In the laboratory a suitable sample was selected and tied up with wire, with the joint surfaces

in their original relative position. Figure 3.9 illustrates this principle.

Figure 3. 9 Rock sample with associated joint surface tied,
up with wire ready to be cast
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The sample is then placed into the top box (upside down position) and the joint surface
orientated parallel to the shear plane. It is positioned such that the shear surface is
approximately 10 mm above the top of the shear box rim. A casting agent (cement grout) is
then prepared and cast into the top half of the box with the sample in position. The grout is
poured into the box to about 20 mm below the rim of the box. The grout is made up of the
following ingredients: 20 kg building sand, 5,25 kg cement, 2,25 kg slagment, 10 ml
plastisizer, and + 3,9 liters water. The grout is then left for two days to set. Figure 3.9

illustrates a rock sample with joint cast in the shear box.

The bottom part of the box is then bolted onto a special jig to keep it in position and filled
with grout to about 40 mm below of the rim of the box. The top part of the box with the
sample in place can now be turned around and gently lowered onto the bottom part until the joint
surface is about 10 mm above the rim of the bottom part. Now it can be bolted to the jig and
left for two days to set. When completely set, the wire holding the sample together can be cut

and the moulds removed from the jig and moved to the testing machine.

Testing procedure
The prepared sample in the shear box assembly is placed into the shear box machine. The

whole testing operation is computer controlled.

The software supports a variety of shear testing procedures as well as keeping record of all
the results. Mounted inside the PC is an ADC/DAC card, which interfaces the software to the
testing machine. This interface enables the software to read the load signals and controls the
speed of the drive motor. When the software is loaded, the first menu is activated on the
screen. Selecting the options on the screen and entering the required information carries out

the test by keyboard.

The normal load is applied for at least 20 seconds before the shear load is activated. Normal
stresses of 0.6, 0.9 and 1.2 MPa were decided upon and depending on the area of the sample
to be tested, the corresponding loads were calculated and fed into the programme. The mass
of the top half including the plate for transferring the load to the sample was determined and
included in the calculation of the normal load. Shear load is applied at a rate of 2 mm per

minute,
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The data acquisition unit captures data every two seconds. These data consist of normal load
by means of a pressure transducer, vertical movement by means of two vertical LVDT’s,
horizontal movement by means of two horizontal LVDT’s and shear load by means of a load
cell. The test was terminated when the horizontal movement reached a maximum of

approximately 20 mm.

A test cycle was conducted for each normal load and the corresponding shear load obtained.
Thereafter graphs of shear stress vs. normal stress were plotted and values for the angle of

friction and cohesion were calculated.

Tests were carried out on basalt, dolerite, granite, sandstone and mudstone samples. Samples
were tested a first time through three cycles dry and then photographed (Appendix F). After
interpretation of the results, it was decided to run another three cycles of dry testing and then
three cycles wet. (Submerged under atmospheric conditions). After the completion of a the
“dry” tests, the same samples were saturated and “wet” tests were done to compare the results

and to get a “dry - wet” relationship.

Evaluation of the large shear apparatus

The large shear apparatus is the only shear test apparatus of its kind in southern Africa. The
advantages of the machine are that it can be used to determine the shear strength parameters
of relative large rock specimens. The expertise has now been developed to prepare samples,
execute the test procedure and interpret the results. The machine can also be used to
determine the shear strength parameters of other materials such as gravel’s or even simulated

rock fill materials.

The disadvantages of the method are that it is difficult to take specimens from rock mass
while ensuring that both joint surfaces remain intact. Great care should also be taken with

transportation. The preparation and testing process is very time-consuming.

It should be noted that the true peak shear strength of a joint could theoretically only be
measured if at least three identical specimens can be tested at different normal stresses.
Since three or more identical specimens are never available, true peak shear strength can not

be determined in practice. If a single specimen is used, some of its peak shear strength

(roughness) is removed after the first shear failure. The second and further shear failures
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therefore represent “post-peak”™ shear strength. After many tests on the same specimen, most
of the roughness has been removed, and the residual or basic shear strength is approached.

In this test programme, the “maximum post-peak” (max p-p) friction angle is considered to be
an conservative measure of the true peak friction angle. The “minimum post-peak” (min p-p)

friction angle is taken to fall somewhere between the peak and the basic friction angles.

3.3.2.1 Phase 1 testing

The first phase consisted of three tests at different vertical stresses, i.e. at approximately 600,
900 and 1200 kPa on dry rock samples. It was expected that this test phase would result in

the determination of the max p-p shear strengths.

After analysis of the data it was decided to check the large shear apparatus for any possible
defects since the results were difficult to interpret. After adjustments to the apparatus and
amendments to the software controlling the machine the second and third phases were carried
out. Adjustments to the apparatus included repositioning of LVDT attachments, while the
software was partially rewritten to change the commands regulating the horizontal and
vertical forces. During the first phase of testing the shear and normal forces were initiated
simultaneously, which meant these forces, increased simultaneously to the set levels. This
was changed to allow the normal force to reach its predetermined level before the shear force
was initiated. Results of this testing phase are presented in Appendices C and D, and on the

compact disc (CD) included in this report.

The results obtained during the first phase of testing must be regarded as unreliable as they
were not conducted in accordance with standard testing methods due to the way the software
controlling the application of stresses on the sample. The results are however included and
compared with residual shear strength results as obtained from the second and third phases of

testing.
3.3.2.2 Phase 2 testing

The second phase consisted of two sub phases, referred to as phases 2A and 2B. Phase 2A

was conducted on the same rock specimens as tested in Phase 1. This was done after

adjustments to the large shear machine and software controlling the shear process had been

PhD-Chapter03-2003.doc
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made. The same normal stresses as used during Phase 1 were applied. At the beginning of
this stage each specimen had already been sheared three times and it was accepted that the
results obtained were approaching the residual shear strength. Supportive documentation is

available in Appendix E and F.

Phase 2B was carried out immediately after Phase 2A, without removing the specimen from
the apparatus. All tests were conducted in the same manner as during phase 2A but the shear
box was filled with water to simulate submerged conditions. Supportive documentation is

available in Appendices E and F.
3.3.2.3 Shear strength of joints in Granite - Phase 3

The third phase of the investigation involved the taking of the three new samples. A suitable
site for sampling specimens for the third phase of testing was located at the Nandoni Dam
presently under construction in the Limpopo (Northern) Province near Thohoyandou. A
number of large samples were taken for shear testing in the laboratory. These samples were
all taken from the quarry at the dam site as no suitable samples could be found in the dam
foundation. They were all excavated from the rock mass with hand held tools. Care was
taken that the joint surfaces were not damaged during the sampling process. Table 3.2 gives a

description of the three granite specimens tested.

They were numbered Granite 1C, 2C and 3C and prepared as described in chapter two of this

report.
Specimen Surface characteristic Schmidt rebound JRC
Number
Granite 1C Rough clean 62 6-8
Granite 2C Rough - FeO, stained 61 4-6
Granite 3C Rough - hard joint fill 58 10-12

Table 3.2 Granite specimens tested during the third phase of the investigation
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Although the three samples were taken from the same granite site it was not possible to get
samples from the same continuous in situ joint surfaces. On closer inspection it was found
that there were some variations in the characteristics of the joint surface sampled. Granite 1C
had the smallest surface area of 15950 mm? The surface was not stained or covered by any
joint fill. Granite material formed the contact surface. Granite 2C had a surface area of
30600 mm®. The surface was lightly stained with iron oxide. No joint fill was present.
Slightly weathered granite material formed the contact surface. Granite 3C had a surface area
of 31500 mm®. The surface was covered with joint fill in the form of a greenish secondary
mineral. The joint fill material formed the contact surface. The joint roughness (JRC) of the

three samples was approximately the same.

Testing during Phase 3A was carried out at effective normal stresses of approximately 600,
900, 1200 and 1500 kPa. It was decided to use four normal loads as this would give greater
accuracy with four points on the shear stress vs. normal stress graph. Testing was carried out
in a forward direction and then the sample was cleaned (all debris of the previous test
removed by blowing it off the surface), turned 180° around, and tested in the opposite
direction (reverse). The reverse tests were also carried out at the same normal stresses.
Thereafter the samples were tested in the forward direction under submerged conditions,
using the same four normal loads. This was Phase 3B of the investigation. Supportive

documentation is available in Appendices G and H.
3.4 Self evaluation
In hindsight, the following aspects of the project is worth noting:
» A project of this magnitude should be approached as a team effort and preferably on a

full time basis. This project was carried out by on a part time basis over a long period.

The minority of research projects in South Africa is carried on a full time basis due to

the shortage of expertise. In|contrast to researchers in the USA, UK and Europe the

majority of researchers {Masters and Doctorate students) at South African tertiary
educational institutions are enrolied in a part time capacity. This means that the have

divided interests and that the research project is secondary to their daily occupation
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and responsibility to their employer. This results in many projects taking much longer

and initially planned and loss of coherent ness of data and information in such reports.

It is important to define the scope of a project at the start of the project and not allow
the project to ‘grow* during the course of the project. When additional interesting

research aspects emerge during the project they should be treated as separate projects.

A large shear-testing machine was designed and built as part of the research project.
This was a time consuming task and many people were involved. These included staff
of the Department of Water Affairs and Forestry, different members of the steering
committee of the Water Research Commission, the researcher and a contractor.
Looking back at the process from initiation to commissioning of the machine, it can
be concluded that the whole process was very well organized and the end product
very suitable for the purpose it was built. The only problem identified was that the
software controlling the stresses, which was rectified after interpretation of the first

set of results was analyzed.

During the taking of large-scale samples for shear test care must be taken as not to
damage the shear surface. Large shear tests were carried out on block samples with
surface areas ranging from approximately 100 x 100 mm to 300 x 300 mm. The
samples are extremely sensitive to disturbance during sample taking, transportation,
preparation, and testing. During the project extreme care was taken as not to damage
samples and it can be reported that damage to surfaces were very limited and it can be
stated that joint surfaces tested were very similar to joints conditions in situ, with the
exception of moisture content. Samples were taken that were of a small enough size
to fit the laboratory shear box so that cutting and associated damage to the shear
surface was limited to a minimum. Generally joint fill material dried out during the
period between sample taking and testing that could have been as much as eighteen
(18) months. During the final phase of testing water as added to the shear box to test

the shear strength under saturated conditions.

During 1995 a laser-scanning device was built to determine the 3D roughness of joint

surfaces. In hindsight, this apparatus should have been used more extensively in the

determination of the volume of material that was removed from the joint surface
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during each shear. The relationship between volume of material removed during each
shear and friction angle will give interesting results and should be investigated

further.
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CHAPTER FOUR
RESULTS OF THE INVESTIGATION

4.1 Basic friction angle

The basic friction angles of a number of rock types were tested in the laboratory. Testing was

carried out on NX size core samples of which the shear surface that was saw cut and polished

on sandpaper. Three loading cycles were carried out on each sample. Normal stresses of 40

kPa, 70 kPa and 110 kPa were applied. The results of the testing are presented in table 4.1.

ROCK TYPE BASIC FRICTION ANGLE COHESION
(Degrees) (kPa)
A. Sedimentary Rocks
Shale (2A) 31,72 4,14
Sandstone (2B) 27.89 6,7
Mudstone (3C) 32,71 993
Shale (4A) 31,9 10,46
Sandstone (4B) 34,9 3,34
Sandstone (5B) 35,95 0
Siltstone (5C) 38,19 8,99
B. Igneous Rocks
Dolerite (Fine) (3A) 33,33 6,7
Dolerite (Coarse) (3B) 36,32 3,03
Granite (5A) 3L 6,26
Dolerite (5D) 31,03 0
Riolite (6A) 35,03 11,91
C. Metamorphic Rocks
Quartzite (1A) 30,42 8,59
Quartzite (1B) 27,85 9.36
Tillite (7A) 32,63 2,74
Quartzite (8A) 28,58 1,96
Table 4.1 Basic friction angles and cohesion of various unweathered rocks obtained from

flat surfaces of important Southern African rock types

4.1
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When the basic shear strength is determined no cohesion is present. During testing of this
parameter some cohesion was recorded. This cohesion (apparent cohesion) is relatively small
and could be attributed to residual roughness of the saw cut surfaces.

The basic friction angle, determined for all rock types during this project, were in the same
range as work done by Coulson (1972). The testing programme gave very encouraging

results. These values can be used with confidence further in this report.

4.2 Shear strength of rock types tested

Specimens tested with the large shear apparatus during the first two phases are listed in Table

4.2. This table also contains the results of surface characterization, Schmidt hammer tests and

testing performed.

Five rock types were tested. These included three (3) basalt samples, three (3) dolerite

samples, seven (7) granite samples, three (3) sandstone samples and three (3) mudstone

samples.

available for the subsequent testing programme.

Some specimens were damaged during the first phase of testing and were not

Specimen Origin Surface Schmidt JRC First | Second | Second
characteristics | Rebound phase | phase | phase
(dry) (wet)
Basalt 1 Lesotho Rough, hard 54 8-10 Yes Yes
Basalt 2 Lesotho Rough, hard 56 8-10 Yes Yes Yes
Basalit 3 Lesotho Rough, hard 52 6-8 Yes Yes Yes
Dolerite 1 Qedusizi Rough, hard 46 4-6 Yes Yes Yes
Dolerite 2 Qedusizi Rough, hard 40 2-4 Yes
Dolerite 3 Qedusizi Soft clay 1 mm 51 4-6 Yes Yes Yes
Granite 1 Driekoppies Rough, hard 67 2-4 Yes Yes
Granite 2 | Driekoppies Rough, hard 58 10-12 Yes
Granite 3 | Driekoppies Rough, hard 60 8-10 Yes Yes
Granite 4 | Driekoppies Rough, hard 65 8-10 Yes
Granite 5 Driekoppies Rough, hard 61 8-10 Yes Yes Yes
Granite 6 | Driekoppies Rough, hard 61 8-10 Yes Yes Yes
Granite 7 | Driekoppies Rough, hard 56 6-8 Yes Yes Yes
Sandstone 1 Natal Rough, hard 22 6-8 Yes Yes Yes
Sandstone 2 Natal Rough, hard 28 12-14 Yes
Sandstone 3 Natal Rough, hard 26 6-8 Yes
Mudstone 1 Qedusizi Rough, hard 28 24 Yes Yes Yes
Mudstone 2 Qedusizi Rough, hard 40 2-4 Yes Yes Yes
Mudstone 3 Qedusizi Rough, hard 40 2-4 Yes Yes Yes
Table 4.2 Specimens tested during the first and second phases of testing

4.2
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A detailed analysis of the results of the shear tests on large samples was carried out to
determine the shear strength of the different rock types as well as the influence of hardness
and roughness of the joint surfaces on the shear strength.

Tests were conducted at normal stresses between 0,5 and 1,5 MPa. Normal stresses under a
concrete dam are in this order of magnitude. The test method is described in detail in
paragraph 3.3.2.1 of this thesis.

Barton and Choubey (1977) have shown that the relationship between shear stress and normal
stress for lower stresses (both under 3 MPa) and smooth joints (JRC = 5) are linear. For
higher stresses (shear stress up to 6 MPa and normal stress up to 4 MPa) on rough joints

(JRC = 20) the relationship is curved. The relationship in all cases originates at 0.

Analysis of the results of tests on each sample involved the selection of three points on the
graph of shear load vs. horizontal displacement (see example below) and evaluating the
horizontal load (kN) and vertical load (kN) at each of these points. From the graph (Fig 4.2)
vertical displacement vs. horizontal displacement, the deviation from horizontal (positive or
negative) in degrees was determined to calculate the “corrected” shear load and normal load.
The shear and normal stresses were then calculated. The normal stresses for all the samples
were then plotted vs. the shear strength (dry and saturated, see Appendix H). Regression
plots were then drawn and the coefficient of correlation and slope and X-intercept (c)
calculated. (See Appendix F for tables).

Ranges wheye three arbitrary maximum values measured.

Figure 4.1 Shear load vs. shear displacement Figure 4.2 Horizontal displacement vs. vertical
showing where readings were taken. displacement showing dip angle.
Ee s 'qgc;apx 2003.doc
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The calculated peak friction angle is the value of the friction angle as calculated with
Barton’s formula. (See paragraph 2.3.1 of this thesis). The measured maximum p-p friction
angle is the friction angle determined by the highest shear load observation points on the
shear load vs. displacement graph. The measured minimum p-p friction angle is the friction
angle determined by the lowest shear load observation points on the shear load vs.
displacement graph. The measured average residual friction angle is the friction angle
determined by the average shear load observation points (horizontal part of the graph) on the

shear load vs. displacement graph.

4.3 Maximum post peak shear strength - Phase 1

The results obtained during this phase of testing are suspect because the test machine and
software controlling the apparatus was faulty. After analysis of the data of phases 1 it was
decided to check the large shear apparatus for any possible defects since the results were
difficult to interpret. Adjustments were made to the apparatus and amendments to the
software controlling the machine were carried out. Adjustments to the apparatus included
repositioning of LVDT attachments, while the software was partially rewritten to change the
commands regulating the horizontal and vertical forces. During the first phase of testing the
shear and normal forces were initiated simultaneously, which meant these forces, increased
simultaneously to the set levels. This was changed to allow the normal force to reach its
predetermined level before the shear force was initiated. The reliability of the results are in

question. It is however discussed as it forms part of the investigation conducted.
4.3.1 Basalt

Two basalt specimens, basalt 2 and basalt 3, were tested during phase 1 of this investigation.
The plot of shear stress vs. normal stress for phase 1 is shown in Figure 4.3. Table 4.4

presents a summary of the results obtained for phasel.
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Shear Tests: Basalt (First Phase of shearing) - Maximum post-peak

| A Basat2.Dy Basalt 3 - Dry ——— Linear (Basai 2 - Dry) ———Linear (Basait 3-Dry) |

Figure 4.3 Shear stress vs. normal stress -Phase 1 of shearing for Basalt 2 and 3

2 s Apparent Correlation coefficient of
Spisiines Aug(l:ic of msc;non Cohesion observation points on normal-
Sgee (kPa) vs. shear stress graph
Basalt 2 - Phase 1 (dry) 324 149 0,93
Basalt 3 - Phase | (dry) 43,1 461 0,97

Table 4.3 Shear strength parameters of basalt as determined during test Phase 1

Discussion

The maximum post-peak friction angle of basalt 2 is lower than that of basalt 3 due to the
rougher joint surface of basalt 3. The value of basalt 2 is low compared to the basic friction
angle for basalt has been reported as being between 35° and 38° (Coulson, 1972).
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4.3.2 Dolerite

Only one Dolerite specimen was tested during the first phase of shearing. Figure 4.4
illustrates the normal stress vs. shear stress of Dolerite in the first phase of shearing (dry).

Shear Tests: Dolerite (First Phase of shearing) - Dry - Maximum post-peak

‘ | A Dolerite 1 - Dry ;Linear (Dolerite 1 - Dry)

0.10

0.00
0.00

| Normal Stress - MPa

Figure 4. 4 Shear stress vs. normal stress -Phase 1 of shearing (dry) of Dolerite 1

The test results are listed in Table 4.5.

Specimen Angle of friction Apparent Correlation coefficient of
(degrees) cohesion observation points on normal
(kPa) - vs. shear stress graph
Dolerite 1 - Phase 1 (dry) 16.4 138 0,86

Table 4.4 Friction angle and apparent cohesion for Dolerite 1

Discussion

The angle of friction of 16,4° is very low for dolerite. This is probably due to the method of
testing as described in paragraph 3.3.2.1. These results could not be used with confidence and

are presented here only for record purposes.
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4.3.3 Granite
Three specimens of Granite were tested through phase 1 of shear testing. These were Granite
samples 5, 6 and 7. The shear stress vs. normal stress observations for phase 1 (dry) is plotted
in Figure 4.5.

Shear Tests: Granite (First Phase of shearing) - Dry - Maximum post-peak

Granite 5-Ory A Granite6-Dry & MT-W—LM(MS-W)—UIMB-M)—-IJmar(Grmitl?-ﬂ_f

| 180

1.60

140

120

Normal Stress - MPa

Figure4.5  Shear stress vs. normal stress - Phase 1 of shearing (dry) Granite

Rock type and Angle of friction Apparent | Correlation coefficient of
test phase (degrees) cohesion | observation points on
Value Average (kPa) normal - vs. shear stress
graph
Granite 5 — Phase 1 (dry) 15.3 603 0,55
Granite 6 — Phase 1 (dry) 20.2 23,9 833 0,97
Granite 7 — Phase 1 (dry) 36,3 708 0,46

Table 4.5 Shear strength parameters of Granite as determined during Phase 1

Discussion
The granite specimens were moderately hard with rough surfaces. The friction angles for
granite samples 5, 6 and 7 are very low, 15,3°, 20,2° and 36,9° respectively. The basic
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friction angle for granite is 31° to 35° as reported by Coulson (1972, in Barton and Choubey,

1977).

4.3.4 Sandstone

Three specimens of Sandstone were tested. The shear stress vs. normal stress observations for
phase 1 (dry) is plotted in Figure 4.6.

Shear Tests: Sandstone (First cycle of shearing) - Dry - Maximum post-peak

@ Sandstone1-Dry
~——— Linear (Sandstone 1 - Dry) ——— Linear (Sandstone 2 Dry) —— Linear (Sandstone 3 Dry)

A Sandstone 2 Dry

B Sandstone 3 Dry

Normal Stress - MPa

Figure4.6  Shear stress vs. normal stress - Phase 1 of shearing (dry) Sandstone

Rock type Angle of friction | Apparent | Correlation coefficient of
and test phase (degrees) cohesion | observation points on
(kPa) normal - vs. shear stress
graph
Sandstone 1 — Phase 1 (dry) 44,5 602 0,77
Sandstone 2 — Phase 1 (dry) 29.4 747 0,62
Sandstone 3 — Phase 1 (dry) 11,3 201 0,76

Table 4. 6 Shear strength parameters of sandstone as determined during Phase 1

Discussion

These mudstone specimens were tested through Phase 1. Tests on Sandstone 1 gave a very high
value for the maximum post-peak friction angle and for Sandstone 2 and 3 very low values.

4.8
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The basic friction angle for sandstone is 26° - 35° as reported by Coulson (in Barton and
Choubey, 1977).

4.3.5 Mudstone

Three specimens of Mudstone (please note: Mudstone is referred to as Shale on the plates in
the appendices) were tested, through phase 1. The shear stresses vs. normal stress
observations for the first phase (dry) are plotted in Figure 4.7.

Table 4.7 presents the shear strength parameters as determined during this study.

Shear Tests: Mudstone (First Phase of shearing) - Dry - Maximum post-peak

A Shale1-Dry Shale2-Dry A Shale3-Dry ——Linear (Shale 1 - Dry) ——Linear (Shale 2 - Dry) = Linear (Shale 3 - Dry)

Normal Stress - MPa

Figure 4.7 Shear stress vs. normal stress-phase 1 of shearing (dry) Mudstone

Rock type and test phase | Angle of friction | Apparent | Correlation coefficient of
(degrees) cohesion | observation points on
(kPa) normal - vs. shear stress
graph
Mudstone 1 — Phase 1 (dry) 29.2 220 0,80
Mudstone 2 — Phase 1 (dry) 28.8 871 0,32
Mudstone 3 — Phase 1 (dry) 429 757 0,70

Table 4. 7 Shear strength parameters of mudstone as determined during Phase 1.
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Discussion

Three mudstone specimens were tested. The maximum post-peak friction angle of mudstone
1 and 2 were determined as 29,2° and 28.8° respectively. The peak friction angle of mudstone
3 was determined as 42,9°. The basic friction angle for Mudstone is between 31° and 33° as
reported by Coulson, (1972).

4.4 Minimum post-peak shear strength - Phase 2

4.4.1 Basalt

Three basalt specimens were tested, two of which through phases 1, 2A and 2B. The graphs

of shear stress vs. normal stress for phase’s 2A and 2B are shown in Figure 4.8. The shear
strength parameters are listed in Table 4.8.

Shear Tests: Basalt (Second Phase of shearing) - Dry-Wet

;Am%ﬂy BBasalt 1- Wet ABasait2-Dry @Basalt2-Wet Basait3-Dry Basalt3- Wet

Normal Stress - MPa

Figure 4. 8 Shear stress vs. normal stress-Phases 2A and 2B of shearing Basalt 1,2 and 3

PhD-Chapter04-2003.doc
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Angle of friction Apparent | Correlation coefficient
Specimen (degrees) Cohesion glt; gg:;r;a_ng;l I;E::;S
Value Average (kPa) stress graph
Basalt 1 - Phase 2A (dry) 44 0 0,93
Basalt 2 - Phase 2A (dry) 49 44 166 0,88
Basalt 3 - Phase 2A (dry) 38 240 0,99
Basalt 1 - Phase 2B (wet) 40 82 0,80
Basalt 2 - Phase 2B (wet) 48 42 137 0,82
Basalt 3 - Phase 2B (wet) 37 190 1,00

Table 4. 8 Shear strength parameters of Basalt as determined during test Phases 2A and 2B

Discussion

The average post-peak dry friction angle of 44° seems to be in the order of what can be
expected, as the basic friction angle for basalt has been reported as being between 35° and
38¢ (Coulson, 1972). The average submerged residual friction angle was determined as 42°.
This is expected as basalt is a hard rock (UCS or JCS = 200 MPa and Schmidt hardness = 53
- 57) with rough joint surface. The JRC was determined as 9. the reduction of 44° to 42° can

also be due to the large cumulative distance of shear,

4.4.2 Dolerite

Two of three Dolerite specimens were tested through the second phase of shearing. Figure
4.9 illustrates the normal stress vs. shear stress of Dolerite in the second phase of shearing
(dry and submerged). The test results are listed in Table 4.9.

PhD-Chapter04-2003.doc
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Shear Tests: Dolerite (Second Phase of shearing) - Dry-Wet

4 Dolerite 1 - Dry m Dolerite 1 - Wet Dolerite 3 - Dry Dolerite 3 - Wet

0.00 020 0.40 0.60 0.80
Normal Stress - MPa

1.20 1.40

Figure 4.9 Shear stress vs. normal stress -Phases 2A and 2B of shearing (dry and

submerged) of Dolerite 1 & 3
Specimen Angle of Apparent | Correlation coefficient
friction cohesion of observation points
(degrees) (kPa) on normal - vs. shear
stress graph

Dolerite 1 - Second phase (dry) 52,6 39 0,89
Dolerite 3" - Second phase (dry) 17,0 95 0,82
Dolerite 1 — Second phase (wet) 43,6 205 0,97
Dolerite 3" - Second phase (wet) 14,9 8.5 0,86

Dolerite 3" with 1mm clay layer on joint

Table 4.9 Friction angles and apparent cohesion for Dolerite

4.12
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Discussion

Two of the three dolerite specimens were tested. There was a distinctive difference between
the shear surfaces of the two specimens. Dolerite ! was a hard, rough surface whilst Dolerite
3 had approximately one millimetre of clay on its surface. Shear strength of the two surfaces

can thus not be compared nor correlated.

The minimum p-p angle of friction for Dolerite 1 was determined as 52,6° during phase 2A.
This value seems to be high, as the basic friction angle for dolerite is 36°, The maximum
post-peak friction angle of Dolerite 1 was determined as 43,6° submerged (test phase 2B).
This value seems 10 be on the high side, however it must be kept in mind that dolerite is a
hard rock (UCS = 250 MPa, and Schmidt rebound number: 46). Another factor explaining the
medium high friction angle is the roughness of the joint surface. The JRC is between 10 and
12

The minimum p-p friction angle of Dolerite 3 (on the clay filled joint) was determined as 17°
dry and 14,9° submerged. These values are low due to the fact that the joint fill is soft clay
about lmm thick. Another factor explaining the low friction angle is the smoothness of the
joint surface. The JRC is 4 - 6.

4.4.3 Granite

Seven specimens of Granite were tested, four through phases 1, 2A and 2B of testing. Table
4.10 shows the shear strength parameters obtained. Three other specimens were tested in

detail during phase 3 of this project.

The shear stress vs. normal stress observations for phase 2A and 2B (dry and saturated) are

plotted in Figure 4.10.
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Shear Tests: Granite (Second Phase of shearing) - Dry-Wet

| AGranite 1-Dry BGranite 1-Wet Granite5-Dry  Granite 5 - Wet AGranite 6 - Ory M Granite 6 - Wet AGranite 7 - Dry M Granite 7 - Wet

1.60

Normal Stress - MPa

Figure 4. 10  Shear stress vs. normal stress -Phases 2A and 2B of shearing (dry and

submerged) Granite
Angle of friction | Apparent | Correlation coefficient of
: observation points on
Rock type and (degrees) cohesion R
test phase Value Average (kPa) graph
Granite 1 — Phase 2A (dry) 35,8 261 0,81
Granite 5 — Phase 2A (dry) | 40,0 231 0,98
Granite 6— Phase 2A (dry) | 271 | 34© 56 0.62
Granite 7 — Phase 2A (dry) 35.3 440 0,97
Granite 1 — Phase 2B (wet) |  28.8 343 0,59
Granite 5 — Phase 2B (wet) | 37,5 29,9 279 0,99
Granite 6 — Phase 2B (wet) | 24,9 230 0,84
Granite 7 — Phase 2B (wet) | 28,2 394 0.85

Table4.10  Shear strength parameters of Granite as determined during Phases 2A and 2B

PhD-Chapter04-2003.doc
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.Discussion

Four of the seven granite specimens were tested during the Phases 2A and 2B of testing. The
granite specimens were moderately hard with rough surfaces. The basic friction angle for
granite, 31° to 35° as reported by Coulson, (in Barton and Choubey, 1977) is in the same
order of magnitude as the results obtained during this project. The minimum p-p friction
angle of granite was determined as 34,6° dry and 29,9° submerged. These values seem to be
as what could be expected as it must be kept in mind that granite is a moderately hard rock
(UCS or JCS = 150 MPa and Schmidt rebound number 56 to 65). Another factor explaining
the moderately high friction angle is the roughness of the joint surface. The JRC is 8 - 10.
The reduction in shear strength from 34.6° to 29,9° is probably due to a combination of
saturation and smoothing of the shear surface as a result of shear distance.

4.4.4 Sandstone

Three specimens of Sandstone were tested of which only one was tested through phases 1, 2A
and 2B. The shear stress vs. normal stress observations for phase 2A and 2B (dry and
submerged) are plotted in Figure 4.11. Results are listed in table 4.11.

Shear Tests: Sandstone (Second Phase of shearing) - Dry-Wet

ASandstone 1 - Dry @ Sandstone 1 - Wet

Normal Stress - MPa

Figure4.11 Shear stress vs. normal stress -Phases 2A and 2B of shearing (dry and
submerged) Sandstone

PhD-Chapter04-2003.doc
4.15



IVERSITEIT VAN PRETORIA
ERSITY OF PRETORIA
BESITHI YA PRETORIA

Rock type Angle of friction Apparent Correlation
and test phase {degrees) cohesion Coefficient
Value Average (kPa)
Sandstone 1 — Phase 2A (dry) 37,6 - 558 0,97
Sandstone 1 — Phase 2B (wet) 40,5 - 422 0,99

Table 4. 11 Shear strength parameters of Sandstone as determined during Phase 2

Discussion

One sandstone specimen was tested through Phases 1, 2A and 2B. Sandstone 1 had a hard
rough surface. The basic friction angle for sandstone is 26° - 35° as reported by Coulson, (in
Barton and Choubey, 1977). The minimum p-p friction angle of sandstone 1 was determined
as 37,6° dry and 40,5° saturated. These values seem to be moderately high, however it must
be kept in mind that sandstone is a hard rock (UCS or JCS = 180 MPa and Schmidt rebound
number is 22 - 26). Another factor explaining the high friction angle is the roughness of the
joint surface. The JRC is between 10 and 12. The higher value during B2 cannot be

explained.

4.4.5 Mudstone

Three specimens of Mudstone were tested, all three specimens through phases 1, 2A and 2B.
Table 4.12 presents the shear strength parameters as determined during this study.

The shear stress vs. normal stress observations for the second phases (dry and submerged)

are plotted in Figure 4.12.
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Shear Tests: Mudstone (Second Phase of shearing) - Dry-Wet

|AShale 1 -Dry MShale 1- Wet 5hale2-0_y Shale 2 - Wet AShale 3 - Dry MShale 2 - Wet |

Normal Stress - MPa

Figure 4.12  Shear stress vs. normal stress -Phases 2A and 2B of shearing (dry and

submerged) Mudstone
Angle of friction Apparent | Correlation
; . Coefficient of
Rock type and test phase (degrees) cohesion Shervation potats
Value Average (kPa) on normal - vs. shear
stress graph
Mudstone 1 — Phase 2A (dry) 32,8 257 0,98
Mudstone 2 — Phase 2A (dry) 37,0 349 252 0,99
Mudstone 3 — Phase 2A (dry) 35,2 598 0,93
Mudstone 1 — Phase 2B (wet) 22,6 141 1,00
Mudstone 2 — Phase 2B (wet) 14,6 16.8 446 0,85
Mudstone 3 — Phase 2B (wet) 13.2 487 0,32

Tabled.12  Shear strength parameters of Mudstone

Discussion

Three mudstone specimens were tested. The basic friction angle for Mudstone is between
31° and 33° as reported by Coulson, (1972). The minimum post-peak friction angle of

4.17
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mudstone was determined as 34,9° dry and 16,8° submerged. These values seem to be
slightly on the high side (not true residual) during dry testing and very low during saturated
conditions, however it must be kept in mind that Mudstone is a soft rock (UCS or JCS = 120
MPa and Schmidt rebound number between 28 and 40). The JRC is between 2 and 4.

4.5 Shear strength of joints in Granite - Phase 3

During the interpretation of the test results of Phase 2 it became clear that there were large
variations between the calculated (peak) friction angles (see table 4.20) and the tested
maximum minimum p-p friction angles. The reasons for this were unclear. It could be that
although the cumulative shear distance was in the order 80 mm afier the first test and as much
as 180 mm after the sixth test, the residual shear strength had not been reached for some
samples with hard joint surfaces.

A further set of rock samples were selected and tested with great care and put through a cycle
of four tests to try to determine the shear strength more accurately.

The results of this phase (Phase 3) were tested and evaluated. Correction for the shear angle
with the horizontal (as described in paragraph 4.2) from the shear load vs. horizontal
displacement graph were made (Appendix J). A maximum, minimum and a general average
called “intermediate value” were determined and plotted on a shear stress vs. normal stress
graphs. The angle of friction, cohesion and correlation coefficient for the trend line was
determined for the forward, reverse and wet tests.

The test results of the third phase are discussed for each sample in the following paragraphs.

4.5.1 Granite 1C

Figure 4.13 is a graph of the shear stress vs. normal stress. The diamonds present the forward
test result, the triangles the reverse and the circles the saturated test results. In each case a
maximum (blue), minimum (red) and intermediate (yellow) value is presented. The results for

Granite 1C are summarised in Table 4.13.
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Shear Stress (MPa)
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0.00

0.00 0.20 0.40 0.60

GRANITE 1C

0.80 1.00

1.20 1.40

‘061-F—min
€G1-F-max
©G 1-F -intermediate
AG1-R-min
AG1-R-max

AG 1-R - intermediate
®G1-F-W-min

@G 1-F-W-max

OG 1-F - W - intermediate

1.60 1.80

Normal Stress (MPa)
Figure 4. 13  Shear stress vs. normal stress for Granite 1C

Shear direction Apparent | Friction angle | Correlation coefficient of
: . observation points on normal
and size cohesion Degrees
- vs. shear stress graph
KPa
Forward — minimum 228 42,7 0,95
Forward — maximum 333 43,1 0,99
Forward — intermediate 215 42,7 0,97
Reverse — minimum 99 30,3 0,89
Reverse — maximum 369 31,3 0,92
Reverse — intermediate 192 34,0 0,90
Forward (Wet) — minimum 476 35.8 0,99
Forward (Wet) — maximum 471 45,2 1,00
Forward (Wet) — intermediate 575 36,7 1,00
Table4.13  Results of shear testing on Granite 1C
PhD-Chapter04-2003.doc

4.19




&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Quud® VYUNIBESITHI YA PRETORIA

Discussion

The test in a forward direction yielded an angle of friction of between 42,7 and 43,1 degrees.
The value for reverse is approximately 10 degrees lower, between 30,3 and 34 degrees. The
value for the saturated sample’s minimum and intermediate is between 35,8 and 36,7 degrees.
The maximum value of 45.2° is unexpected and no reasonable explanation could be found.
The higher values for the forward test can also not be explained.

4.5.2 Granite 2C

Figure 4.14 is a graph of the shear stress vs. normal stress. The diamonds present the forward
test result, the triangles the reverse and the circles the saturated test results. In each case a

maximum (blue), minimum (red) and intermediate (yellow) value is presented.

‘ GRANITE 2C

#G2-F-min
#G2-F-max

€©G 2-F - intermediate
AG2-R-min
AG2-R-max

AG 2 - R - intermediate
®G2-F-W-min
®G2-F-W-max
|°GZ-F-W-inlermediae

0.00 0.20 0.40 0.60 0.80 1.00 120 1.40 1.60 1.80
Normal Stress (MPa)

Figure 4. 14  Shear stress vs. normal stress for Granite 2C

The results for Granite 2C are summarised in Table 4.14.
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Shear direction Apparent Friction angle | Correlation coefficient of
: g observation points on
and size cohesion Degrees
normal - vs. shear stress
kPa graph
Forward — minimum 145 31.8 0,98
Forward — maximum 536 352 0,96
Forward — intermediate 290 34.0 0,97
Reverse — minimum 101 34.0 0,98
Reverse — maximum 297 36,3 0,99
Reverse — intermediate 222 33.2 1,00
Forward (Wet) — minimum 294 29.8 1,00
Forward (Wet) — maximum 350 35,7 1,00
Forward (Wet) — intermediate 309 324 1,00

Table 4. 14

Discussion

Results of shear testing on Granite 2C

The test in a forward direction yielded an angle of friction of between 31,8 and 34,0 degrees.

The value for reverse is approximately the same. between 33,3 and 36,3 degrees. The value

for the saturated sample’s minimum and intermediate is between 29.8 and 35,7 degrees.

4.5.3 Granite 3C

Figure 4.15 is a graph of the shear stress vs. normal stress. The diamonds present the forward

test result, the triangles the reverse and the circles the saturated test results. In each case a

maximum (blue), minimum (red) and intermediate (yellow) value is presented.

4.21
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0.80

1.00 120

0.40 b D A 140 1.80 1.80
Figure 4. 15  Shear stress vs. normal stress for Granite 3C
Shear direction Apparent | Friction angle | Correlation
ahil tirs - Degrees co?ﬁicient of observation
points on normal - vs. shear
kPa stress graph
Forward — minimum 355 248 0.92
Forward — maximum 705 227 0,74
Forward — intermediate 392 27,1 0,84
Reverse — minimum 382 22.8 0,98
Reverse — maximum 290 40.9 0,99
Reverse — intermediate 393 271 0,97
Forward (Wet) — minimum 394 27,5 1,00
Forward (Wet) — maximum 376 34.6 0,96
Forward (Wet) — intermediate 339 32,5 1,00
Table4.15  Shear stress vs. normal stress for Granite 3C
PhD-Chapter(04-2003.doc
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Discussion

The joint surface of Granite 3C was covered by approximately 1 mm of joint fill material.
The joint fill comprised of a secondary green mineral, probably chlorite in an unweathered
form. The joint surface had prominent striations in the direction of shearing. The test in a
forward direction yielded an angle of friction of between 22,8 and 27,1 degrees. The values
obtained for the reverse tests were 22,8°, 27,1° and 40,9°. The friction angle of 40,9° is very
high and cannot be explained. This test result is regarded as credible as the observations on
the Normal stress vs. Shear stress graph gave a coefficient of correlation of 0,9930. The
values obtained for the saturated sample’s minimum is 27,5° and for the intermediate value
22,8°. This could not be explained.

Ideally, calculated peak friction angles (with Barton’s empirical formula) should be compared
with tested peak friction angles. When testing rock specimens for shear strength in a large
shear apparatus where high normal stresses are applied, only the result of the first shear is a
true peak test result. The following cycles of testing take place on a surface damaged by
previous testing. To obtain the angle of friction (¢) and the cohesion of a joint surface at
least three (3), but preferably four (4), tests must be carried out at different normal loads.
The angle of friction of a test carried out in this manner can thus not be called a “peak”. In
this chapter post-peak refers to the results obtained as described above. There is thus merit in

the argument of comparing the peak and “maximum post-peak” friction angles.

4.6 Discussion of test results

As part of the research project a comparison was made between the calculated peak shear

strength according to Barton and Choubey (1977) and the shear strength during testing.

It can be assumed that the effective normal stress (c,) under a concrete dam foundation of
moderate size is in the order of 1 MPa or 1000 kPa. This was the reasoning for choosing
effective normal stresses of 600, 900, 1200 kPa for testing during the phase 2 and effective
normal stresses of 600, 900, 1200 and 1500 kPa during the phase 3.

Roughness was determined with a c: COm 1 compared with Ba
Choubey’s (1977) roughness profiles and the jointroughness coefficient (JRC) was so
PhD-Chapter(
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obtained. The hardness of joint surfaces was determined with a Schmidt hammer and the joint
wall compressive strength (JCS) calculated using Barton and Choubey’s (1977) formula.

4.6.1 Discussion of test results of Phase 1 and 2

The contribution to the angle of friction by roughness and hardness was determined by using
Barton’s formula (paragraph 2.3.1) and subtracting the maximum post-peak value. By adding
the basic friction angle to this value, the total peak friction angle can be determined. Table
4.16 presents these results of this calculation for rock types tested for Phase 2 of the

investigation.
Calculated
JRC JCS Calculated Basic friction contribution of
Rock type (MPa) peak friction ds JRC & JCS to
angle (degrees) friction angle
Barton Tested values {degrees)
(degrees)

Basalt 1 9 234 56 35 21
Basalt 3 7 188 51 35 16
Dolerite 1 5 163 47 36 11
Granite 1 5 347 44 31 13
Granite 5 9 280 53 31 22
Granite 6 9 280 53 31 22
Granite 7 7 213 47 31 16
Mudstone 1 3 42 36 31 5
Mudstone 2 3 76 37 31 6
Mudstone 3 3 51 36 31 5
Sandstone 1 7 32 41 31 10

Tabled.16  Friction angles for rock types as calculated with the Barton and Choubey (1977)
empirical equation for shear strength at normal stress o, = 1000 kPa.

The contribution of hardness and roughness of the joint surfaces to the peak friction angle of

the joint plane varied between a minimum of 5° and a maximum of 22°. The minimum
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values of 5° and 6° are for the Mudstone with smooth and moderately hard joint plane

surfaces. The basic friction angle for Mudstone is about 31°. The peak friction angle is thus

36° to 37°. The maximum values of 13° to 22° were found to be that for granite where the

joint surfaces were rough and hard. The basic friction angle for Granite is also about 31°.
The peak friction angle is thus 44° to 53°.

The calculated peak friction angles were then compared with the maximum post-peak friction

angles as determined by testing of joint planes during this study. Table 4.17 presents the

results of this comparison. Normally calculated peak friction angles should not be compared

with post-peak friction angies. However, in this case they were the maximum values

determined with the available specimens.

Calculated Tested max post-
Rock type peak friction | peak friction angle | Difference in friction angle
angle (dry)

(Barton)

(Degrees) (Degrees) Degrees Percentage
Basalt 1 56 44 -12 -214
Basalt 2 56 49 -7 -12,5
Basalt 3 51 38 -13 -25,5
Dolerite 1 47 52,6 +6 +12.8
Dolerite 3 (Clay) 48 17 - -
Granite 1 44 36 -8 -18,2
Granite 5 53 40 -13 -24.5
Granite 6 53 27 -26 -49
Granite 7 47 35 -12 -25,5
Mudstone 1 36 33 -3 -8,3
Mudstone 2 37 37 0 0
Mudstone 3 36 35 -1 -3
Sandstone 1 41 38 -3 -7.3

Table4.17  Difference between the calculated peak and tested residual friction angles for

rock types tested during Phase 2. (Calculated peak friction angle = 100 % )

4.25
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It is obvious from Table 4.17 that the differences between calculated and tested maximum
post-peak friction angles are small, between 0° and 3° for rock with smooth moderately hard
joint surfaces (in this case Mudstone 1, 2 and 3). Greater differences, 7° to 13° were found
for rock with very hard and rough joint surfaces (Basalt 1,2 and 3) as well as for Granite
(phase 2 testing) where the difference varies between 8° and 26°.

An even greater difference was found for Dolerite 3 (see Table 4.17). A peak friction angle of
48° was calculated but the cycle of three tests gave a minimum post-peak friction angle of
17¢°. This is because Dolerite 3 had a clay layer as joint fill material for which Barton’s

equation does not make provision.

The conclusion from this research is that Barton’s equation can be used to predict maximum
post-peak friction for smooth and moderately hard joint surfaces. Higher friction angles were
caiculated by Barton’s equation than were determined in the laboratory for hard rough joint
surfaces. It is generally accepted that Barton’s formula is not applicable for filled joints.

The effect of water on the shear strength is demonstrated in Table 4.18 where the tested

friction angle (dry) and tested friction angle (submerged) are listed.

Tested min p-p Tested min p-p Difference between
Rock type friction angle friction angle dry and saturated
b (ory (degrees) b (saturateq) (degrees) friction angles ¢
(degrees)

Basalt 1 44 40 -4
Basalt 2 49 48 -1
Basalt 3 38 37 -1
Dolerite 1 52,6 43,6 -9
Dolerite 3 (Clay) 17 14,9 2,1
Granite 1 35,8 28.8 -7
Granite 5 40,0 37.5 -2,5
Granite 6 27,1 249 -2,2
Granite 7 35,3 28,2 -7,1
Mudstone 1 32,8 22,6 -10,2
Mudstone 2 37 14,6 22,4
Mudstone 3 352 13,2 =22
Sandstone 1 37,6 40,5 +2.9

Table4.18  Difference between dry and saturated friction angles
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The effect of water on the friction angles of different rock types is illustrated in Table 4.19.
From this table it is evident that as can be expected, rock types with hard, rough joint surfaces
are only slightly influenced by the presence of water as far as friction angles are concerned.
This is especially true for Basalt (with JRC = 7 - 9 and JCS = 188 - 234 MPa) where the
difference between dry and submerged is between 1 and 4 degrees.

The influence of water is the greatest on friction angles of smooth moderately hard joint
surfaces JRC = 3 and JCS = 43 - 76 MPa where the differences between dry and saturated is
10,2 degrees for Mudstone 1 and 22 to 22,4 degrees for Mudstone 2 and 3.

The friction angles for clay filled joints is affected by water. The friction angle of a clay

filled joint tested for Dolerite 3 is as low as 17°. Submerged in water it falls to 14,9°.
4.6.2 Discussion of test results of Phase 3

To confirm the results obtained in phases 1 and 2, it was decided to investigate a further set of
rock samples with great care and through four cycles of testing to try to determine the shear
strength more accurately. The test method employed is described on page 3.18 of this thesis.
The test results are presented in Table 4.19.

Rock type JRC ICS Calculated Basic friction Calculated
(MPa) peak friction (03 contribution of JRC
angle (degrees) & JCS to friction
Barton angle
(degrees) (degrees)
Granite 1C 7 185 46,9 31 15,9
Granite 2C 5 190 42.4 31 11,4
Granite 3C i1 205 564 31 25,4

Table 4. 19 Friction angles for Granite as calculated with the Barton and Choubey (1977)
empirical equation for shear strength at normal stress ¢, = 1000 kPa
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From Table 4.19 it is evident that all three granite samples had the different roughness
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W UNIVERSITEIT VAN PRETORIA

profiles. The JRC values ranged form 5 to 11. The joint compressive strengths were very
much the same, in the order of 200 kPa. The contribution of these two characteristics to the
friction angle in all three examples is given in Table 4.19. The calculated contribution was
between 11,4° and 25.4°. However, the tested intermediate minimum post-peak friction
angle was between 4,2° for Granite 1C; 8,4° for Granite 2C and 29,3 lower than the
calculated peak angle of friction. The tested angle of friction is lower than the calculated

peak for Granite 3C with joint fill material present. See Table 4.20 for this information.

Calculated Tested maximum
Rock type peak friction | post-peak friction Difference in friction angle
angle angle (dry)
(Barton) (by testing —
(degrees) intermediate) Degrees Percentage
(degrees)
Granite 1C 46,9 423 -4,2 -10
Granite 2C 42.4 34,0 -8.4 -25
Granite 3C 56,4 27,1 -29.3 -108
Table4.20  Difference between the calculated peak and residual friction angles for Granite

tested during Phase 3 (Percentages calculated in relation to calculated peak)

The influence of water on the residual friction angle is shown in Table 4.21. From this table it
is evident that water saturated joints have a negative effect on the friction angle. This
influence is between 1,6 and 6 degrees. However, during testing of granite 3C (with a
secondary mineral as joint fill material) it was found that the presence of water had a positive
effect on the angle of friction. The minimum post-peak angle of friction in a saturated state
was 5,4° higher than the dry residual friction angle.
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Tested post-peak Tested post-peak Difference between
Rock type friction angle friction angle dry and saturated
¢ oy b (samrated) friction angles
(degrees) (degrees) (degrees)
Granite 1C 42,7 36,7 -6
Granite 2C 34,0 324 -1,6
Granite 3C 27,1 32,5 +5.4

Table 4. 21 Difference between dry and saturated friction angles of Granite samples tested

4.7 Relationships investigated.

4.7.1 The relationship between shear displacement and joint roughness.

In theory, it is expected that there should be a relationship between the cumulative shear

displacement and residual joint roughness. The farther a joint surface is sheared along a joint

plane the smoother that plane becomes as a result of abrasion. If a joint surface is sheared far

enough, it should theoretically become a smooth plane (with a residual friction angle equal to

the basic friction angle — as described by Rengers envelope) That is if the normal stress is

high enough or the joint wall material is so soft that all asperities are sheared. If the asperities

are overridden this will not be the case, as part of the sheared asperities will determine the

shear strength, probably by rolling, ect. The normal stress acting on the joint plane also has

an influence on the distance a joint surface can move before abrasion has removed all

asperities and reduced the surface to smooth plane. The higher the normal stress (for a given

rock hardness) the shorter the shear displacement. This relationship can be expressed as

JCS/o ,, Where normal stresses are very low, JCS/c , > 1000 and where normal stresses are

very high JCS/o , < 1.

This principle is presented in Figure 4.16

4.29
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Figure 4.16  The theoretical relationship between joint roughness coefficients and shear

displacement.

Under high normal stresses (o ,) shear will normally take place through intact rock material

(asperity), whereas for low normal stresses (o ,,) asperities will be overridden and not be
damaged or be slightly damaged.

The relationship between joint roughness (in this case JRC was used) and shear displacement
was investigated during this study. The influence of high normal stresses were not taken into

consideration as testing was limited to normal stresses of maximum 1 MPa.

Figure 4.17 is a representation of Joint Roughness Coefficient (JRC) vs. cumulative shear

displacement as determined for the three granite samples tested.

The JRC for each consecutive shear was determined by visually comparing the joint
roughness profile as determined with the laser apparatus (as described in chapter 3) with
Barton’s (1971) joint roughness profiles and assigning a JRC value to each profile. A copy of
each profile created by laser measurements was produced on an transparency and put on top
of profiles prepared by Barton (1977) and compared visually. The measured JRC valves for
Granite 1A, 1B and 1C deteriorated form 8 to 6, 6 to 4 and 12 to 10 respectively.
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Figure 4.17  Relationship between JRC and cumulative shear displacement.

The deterioration of joint roughness of each of the three granite samples were measured

consecutive shear determined. The JRC values of each granite sample was the plotted vs. the

visually, with an overlay on Barton’s roughness profiles and the JRC value for each

ssion was fitted to the points plotted on

cumulative shear displacement. An exponential regres

Figure 4.17. From this figure it can be seen that at the applied normal stress levels a

- will be required to make the joint
surface smooth as a result of friction. Only then will the friction angle be equal to the true

residual or basic friction angle.

cumulative shear displacement of more than 2,0 mete

Conclusion: From the JRC / Cumulative shear displacement graphs it should be possible to
predict the deterioration in joint roughness for different distances of shear displacement at

specified levels of normal stress.

4.7.2 The relaﬁonsm;ﬁb@geen.jfngtion angle and joint roughness.

ak and basic friction angles.
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Figure 4.18 is a plot of JRC vs. Friction angle.

@ Basalt1 ® Basalt3 @ Granite 1 @ Granite5 @ Granite7
@® Mudstone 3 @ Sandstone 1 » Granite 1C @ Granite 2C = Mudstone 1a
+ Basalt1 o Al m—Expon. (Basalt 3) ====Expon.(Basalt1) ——Linear (All)

y = 0.6981x - 21.01
R?=0.6997

Joint Roughness Coeficient

0 10 20 30 40 50 60
Friction angle (degrees)

Figure 4.18 Graph of JRC vs. friction angle

Conclusion: A reasonable correlation (with a confidence limit of 70%) between joint
roughness and friction angle exists for the rock types tested. The rock types tested varied in
hardness, origin, structure and strength. The relationship between friction angle and JRC

under dry conditions can be expressed as follows:

® =ds+fURC)  wheredp=30°  oooorrriiieinnn, 4.1)

f= is the slope of the line = 1,43

The graph can be used to estimate the friction angle (dry) when the joint roughness
coefficient (JRC) is known. In practice this means that a rock mechanics practitioner can
measure joint surface roughness on site with a carpenters comb, determine the joint
roughness coefficient (JRC) with Barton’s (1977) joint roughness profiles and use equation
4.1 to estimate the friction angle of the joint surfaces.
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4.7.3 Field estimation of shear strength of joint surfaces in rock

An experienced engineering geologist or rock mechanics practitioner should be able to
estimate the hardness (according to Table 5.1) and roughness (Figure 2.9) of a joint surface in
the field. He or she would also be able to measure waviness of continuous joints. From these

parameters together with the basic friction angle the peak friction angle can be estimated.

The shear strength of Patton's saw-tooth specimens is represented by:

where ¢y, is the basic friction angle of the surface and i is the angle of the saw-tooth face.

The basic friction angle for any rock material can be determined from Table 2.2 or Table 4.1.
The angle of friction of the saw tooth face is determined by the hardness and roughness of the
surface. From work done during this research the following guidelines (rule of thumb) can be

used to estimate shear strength of joints:

Surface characterization i value
Hardness Roughness
Very hard (> 200 MPa) Very rough (JRC= 14-20) 8°-13°
Rough (JRC= 6-12) 0°-9°
Smooth (JRC=0-4) 5°
Hard (100-200 MPa) Very rough (JRC= 14-20) Na
Rough (JRC= 6-12) 2°-16°
Smooth (JRC=0-4) Na
Moderately hard (50-75MPa) Very rough (JRC= 14-20) Na
Rough (JRC=6-12) Na
Smooth (planar) (JRC=0-4) 4-7°
*Na - not available
Table 4.22 Estimation of / value contribution to angle of friction

When this calculated data of the rock types tested in the laboratory are used to plot angle of
friction due to surface characteristics (i.e. hardness and roughness) vs. JRC, the result is

Figure 4.1.
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The results of the laboratory shear testing does not appear to give satisfactory results. For
that reason it was decided to use Barton’s (1977) empirical formula (2.11).

T=0 ,tan [JRC logio (JCS/o n) + Pp] covvvnrnnnnn. (2.11)
Where t = peak shear strength ¢, = effective normal stress
JRC = joint roughness coefficient JCS = joint wall compressive strength
¢»  =basic friction angle (obtained from residual shear tests on flat unweathered

rock surfaces)

The contribution of roughness and hardness are presented in the following part of the
formula: JRC 1ogio LICSIB p) cooivaniiinsisasvonasnans (4.2)

This formula was used to calculate the contribution of the hardness (JCS) in terms of
Uniaxial Compressive Strength (UCS) vs. the roughness (JRC). The roughness (JRC) was use
as values between 1 and 20 and the UCS values from 50 to 350 MPa in multiples of 50.

If it is accepted that 6 , = 1 MPa (equal to the stresses normally associated in the foundations
of dams and other civil engineering structures) then the value of i can be calculated for
different JRC vs. JCS values and a graph be drawn as shown in Figure 4.19

CHART FOR THE ESTIMATION OF PORTION OF
PEAK FRICTION ANGLE (i) DUE TO SURFACE
CHARACTERISTICS
E DR R —— —— 10MPa
‘g = o ] & ‘ —e—25MPa
= é 50MPa
< 2 , 40 : S = —— —— 100MPa
288 30 e IS = = .« 150MPa
54 s = == e 200MPa
o 9 = ~+ 250MPa
E -§ 10 E —» 300MPa
<5 e 1« 350MPa
012345678 91011121314151617181920
Joint Roughness Coefficient

Figure 4.19  Chart for the estimation of peak friction angle (/) due to surface characteristics,
foroc,=1MPa
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Any experienced engineering geologist or rock mechanics engineer can now estimate [by
estimating (or measuring) in the field] the JRC and the JCS (in terms of UCS) of a joint
surface and by using this chart, determine the contribution of the surface characteristics
{medium scale roughness) to the angle of friction.

The contribution of waviness could contribute further to the value of i. The contribution of
this component could be determined by using Hack, et. al.’s (2002) large scale roughness
(waviness) profiles. It is especially applicable to large-scale foundations as for dams. Table

4.23 could be used to determine the contribution of waviness to the shear strength of large

surfaces,

Large scale roughness Amplitude Shear strength

{waviness) contribution in degrees

Straight 0cm 0°
Slightly curved 1,5-3,5¢cm 2°—4°
Curved 35-7cm 4° —§°
Slightly wavy — wave length 1 m 5-9cm 9°-14°
Wavy — wave length + 0,5m 5-9cm 14°-20°

Table 4.23 Shear strength contribution due to large-scale roughness (waviness) — (After Hack et.
al. , 2002)

By adding the basic friction angle (from Fable 4.1) to this value, the total friction angle, is

obtained.

b=+ iz + iy, 4.3
where ¢ = total friction angle and ¢, = basic friction angle,
i, = the angle of the asperity (saw-tooth face, Patton, 1966) and
iw = is the angle of the waviness (Hack et. al., 2002)
The research has shown that this simple tool will be of use to engineering geologists and rock
mechanics practitioners who require a rapid method to determine the angle of friction of a

joint surface in the field.

This tool is based on work done by Barton and co-authors (1972, 1976,1977 and 1991), Hack
et. al. (2002) as well as Patton (1966).
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4.7.4 The influence of true cohesion, rock bridging and waviness on shear strength
Barton and Choubey (1977) does not take into account:

(i) the presence of discontinuity filling with true cohesion (cy)

(i)  rock bridging (cp)

(iii)  the effect of waviness resulting in change of direction (i)
Van Schalkwyk (1999) therefore suggested that the equation be written as follows:

T=¢ + ¢y + 6 ,tan [JRC ., IMC . logio(JCS/6 )+ by + 1]

Where: T = peak shear strength o, = effective normal stress

JRC  =joint roughness coefficient JCS = joint wall compressive strength

&s = basic friction angle JMC = joint matching coefficient
Ct = true cohesion (fill) Ch = bridging strength
i = effect of waviness resulting in change of direction

Where fill is present on a joint surface, the fill thickness is of great importance. It is
postulated that there is a relationship (FTC) between fill thickness JRC which has a value
between 0 — 1.

For filled joints the modified Barton & Choubey equation becomes:

T= ¢ + ¢ +0ptan [JRC.IMC (1-FTC) logyo (JCS/o ) + (1+FTC) p + (FTC . $p¢) + 1]

Where:t = peak shear strength 6,  =effective normal stress

JRC = joint roughness coefficient JCS = joint wall compressive strength

¢r = friction angle of fill JMC = joint matching coefficient

Ct = true cohesion (fill) Ch = bridging strength

i = effect of waviness resulting in change of direction

FT  =Fill thickness in mm FTC = -0,07 In JRC+1/FT+1)+ 0,5
dp = basic friction angle of rock
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4.8 Further research and conclusion

This research has provided the framework within further research can be undertaken. The

infrastructure is now available in South Africa to investigate the following:

The relationship between shear displacement and joint roughness should be investigated
further. Testing should be carried out with low (1 MPa) to High (10 MPa) normal stresses.
This could provide a graph the relationship of joint roughness (JRC) vs. shear displacement.

The relationship between fill thickness, joint roughness and shear strength should be
investigated further.

This study contributes to the knowledge of shear strength on southern African rock types, in
particular on the sampling of specimens, preparation of specimens for testing in the large
shear apparatus, the measurement of the roughness and hardness of the joint surface, the
testing procedure and the interpretation and application of the results. To a lesser extent the

study provides typical values of the shear strength characteristics of the rock joints.
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CHAPTER FIVE
CLASSIFICATION OF SHEAR STRENGTH OF JOINTS IN ROCK

5.1 Introduction

The shear strength of joint surfaces in a rock mass is a difficult parameter to determine.
Several researchers, including Amadei and Seab (1990), Barton and Choubey (1977),
Goodman (1976), Nicholson (1983) and others have investigated this problem. The shear
strength parameters of joints in a rock mass are affected by a number of factors as described
in chapter two. To simulate these factors in a laboratory is virtually impossible and in this

study only the most important factors have been considered.

Geotechnical characteristics of joint surfaces in a rock mass can be described in terms of
hardness, roughness filling and water considerations. Sampling and testing of these joints 1s
difficult and time consuming. Design engineers usually need an estimate of the shear strength
of joints early during the design stage of a structure in a rock mass. If the shear strength could
be linked to a geotechnical description of the joints. then a first estimate of the shear strength
could be made which would satisfy the immediate need of the design engineer. This research
concentrated on classifying joints in order to estimate the shear strength of joints at the early
stage of an investigation. The findings are discussed in this chapter. This chapter contributes
to the existing knowledge of shear strength by describing the results of shear tests on a
number of southern African rock types tested on the large shear machine described in chapter
four. The rock types used for the investigation were Basalt, Dolerite, Granite, Mudstone and

Sandstone.

The major factors influencing shear strength are:
(i) hardness of the joint surface

(ii)  roughness of the joint surface

PhD-Chapter05-2003.doc
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(iii)  the influence of water

(iv)  the effects of joint fill material

An attempt was made to estimate the shear strength parameters by describing geotechnical
properties of the joint surface, including hardness, roughness, joint fill material present and
the presence of water. These factors were correlated with the shear strengths measured during

large scale shear testing.

A correlation between the calculated peak angle of friction and the tested angle of friction was
made for each of the rock types tested. The method described by Barton and Choubey (1977)

for calculating the empirical relation of shear strength of joints in rock is as foliows:

T =0 »tan [JRC logo (JCS/G 4} + P ]

where T = peak shear strength (kPa)
Oy = effective normal stress (kPa)
JRC = joint roughness coefficient
JCS = joint wall compressive strength (kPa)
by = basic friction angle (obtained from residual shear tests on flat

unweathered rock surfaces) (degrees)

From this relation it is apparent that there are three important factors determining the shear

strength of joints in rock.

They are:

(i) the basic friction angle of the rock material
(ii)  the joint roughness (JRC)

(iii)  the joint wall compressive strengths (JCS)

The following portion of the formula used above can express the contribution of roughness

and hardness of the joint surface to the peak friction angle:

[/RC logio (JCS/oy]
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5.2 Classification of joints according to this study

In order to classify joint surface characteristics it was necessary to investigate work done on

unconfined compressive strength (Deecre and Miller,1966), joint wall compressive strength

(Barton and Choubey, 1977) and joint roughness (Barton and Choubey, 1977).

5.2.1 Classification of joint wall compressive strength

The value of the joint wall compressive strength (JCS) is of fundamental importance in the

determination of rock slope stability since it is largely the thin layer of rock adjacent to the

joint wall that controls the shear strength. This parameter can be determined using a Schmidt

Hammer. The relationship between the Schmidt rebound number and the unconfined

compressive strength is discussed in chapter two of this thesis. The UCS is used if the joint

wall has no alteration. Miller (1965) found a reasonable correlation between the rebound

number and unconfined compressive strength. The unconfined compressive strength (UCS)

classification of rock material by Deere is displayed in Table 5.1.(Deere and Miller,1966)

Rock classification Unconfined compressive Rock type
strength (UCS)
Very weak rock 1-25MPa -
Weak rock 25— 50 MPa -
Moderately hard rock 50 — 100 MPa Mudstone, Sandstone
Hard rock 100 - 200 MPa Basalt
Very hard rock > 200 MPa Dolerite, Granite
Table 5.1 Classification of intact rock strength (Deere and Miller, 1966)

5.3
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5.2.2 Classification of roughness profiles

The roughness profile is another fundamental parameter in the determination of shear
strength. Table 2.4 (after Barton and Choubey, 1977) of roughness profiles with associated

JRC values was used as guide to roughness profiles.

3.3 Shear strength classification based on roughness and hardness of joint surfaces.

5.3.1 Joints in hard rock filled with clayey material of more than 2 mm thickness

In the case where joints are filled with a secondary mineral or soft fill material, the peak shear

strength cannot be determined by the empirical formula of Barton and Choubey (1977).

Joint description
During the testing programme a Dolerite sample was tested. The Dolerite material was hard
and the joint filled with completely weathered (residual) doleritic material. The joint fill

material was more than 2mm thick.

Test results

The results are illustrated in Table 5.2 below.

Characteristic Dolerite (Phase 2)
Measured dry min. post-peak friction angle 17,0°
Measured saturated min. post-peak friction angle 14,9°

Table 5. 2 Friction angles of clay filled joint in hard rock (dolerite)
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Discussion of results

In this case the joint fill material (a 2 mm thick layer of clay) resulted in a maximum post-
peak friction angle much lower than the basic friction angle of the rock. The basic friction
angle is 36°. The measured maximum post-peak friction angle was tested as 17,0° and the

saturated post-peak friction angle as 14,9°.
Conclusion
For filled joints in moderate to hard rock or joints in soft rock, the following conclusions can

be made:

(i) the basic friction angle of the rock material is not the minimum friction angle of a
filled joint.

(i)  the dry minimum post-peak friction angle is much lower than the basic.

(iti)  the angle of friction is affected negatively by the presence of water if the infill

consists of clay.

5.3.2 Joints in hard te very hard rock with stained joint surfaces
Joint description

Joints in granite (Granite 2C) were tested. These joints were in hard to very hard rock and the

joint surfaces were stained, presumably with iron staining.
Test results

The results of empirical calculations as well as test results are shown in Table 5.3.

PhD-Chapter(}5-2003.doc
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Characteristic Empirical value Tested value

Peak

Basic friction angle 31°

JRC log g (JCSIT ) 12°

Peak or max. p-p angle of friction 43° 35,2°

Min. post-peak angle of friction 31,8°

Min. post-peak angle of friction (saturated) 29.8°

Table 5.3 Friction angles of joints in hard to very hard rock with stained joint surfaces
{Granite 2C)

Conclusions

The following conclusions could be made for unfilled joints and joints that are lightly stained

in hard rock:

(i) the basic friction angle is the minimum friction angle of a particular joint

(ii) the contribution of the roughness and hardness of the joint can be added to the basic
friction angle to obtain a design parameter.

(iii)  the angle of friction is not significantly affected negatively by the presence of water.

(i) the max. post-peak is considerably lower than the calculated peak.

5.3.3 Smooth, planar, bedding joints with unweathered surfaces in moderately hard

rock

Joint description
Joints consisted of smooth planar bedding joints with unweathered surfaces in a moderately

hard mudstone.

Results

The results of empirical calculations as well as test results are shown in Table 5.4.
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Characteristic Empirical value Tested value
Basic friction angle 31°
JRC log)p (JCS/G 1) 4,5°
Max. post-peak angle of friction 35,5° 34,9°
Min. post-peak angle of friction (saturated) 16,8°
Table 5.4 Friction angle of smooth, planar, bedding joints with unweathered surfaces in

moderately hard rock (Mudstone)

The tested angle of friction of the three samples is between 37,0° and 32,8° with an average
of 34,9°. The calculated peak friction angle is between 35,3° and 35,8° with an average of
35.5°. There is a difference of less than one degree between the calculated and the tested
value of the peak friction angle.

There is a marked difference between the angle of friction determined under dry conditions
and that of under saturated conditions. For Mudstone 1 the difference is 10°. For Mudstone 1
and 2 the difference is even greater namely 22° and 22,4° respectively.

The influence of water on the shear strength (angle of friction) of mudstone was larger than

expected and this phenomenon should be taken into consideration in the design of dams on

mudstone.
Conclusions

(i) The empirical formula developed by Barton and Choubey (1977) to calculate peak
angle of friction was found to be applicable to the rock type tested in this case under

dry conditions.

(1) The influence of water on the shear strength (angle of friction) of mudstone was larger

than expected and this phenomenon should be taken into consideration in the design

of dams on mudstone.
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3.3.4 Rough, planar, unweathered surfaces in hard rock

In a rock mass where joint surfaces are characterised by moderate to high joint roughness
coefficient values (JRC above 6 according to Barton and Choubey, 1977) and high joint wall
compressive strength values (UCS above 100 MPa), the shear strength is determined by these
characteristics. The peak shear strength can be calculated using Barton and Choubey’s
empirical formula (1977). In essence the peak angle of friction consists of the basic friction

angle plus the contribution of the hardness and roughness.

Joint description
Unweathered joints in hard rock (Granite) were investigated. The joints were rough and

planar.

Results

Results are shown in Table 5.5.

Empirical value
Characteristic By Barton Tested value

Basic friction angle - 31°
JRC logo (JCS/a 1) 10° -

Max. post-peak angle of friction 41° 43,1°
Min, post-peak angle of friction - 37,0°
Min post-peak angle of friction (saturated) - 27,5°

Tabile 5.5 Friction angle of rough, planar, tectonic, unweathered surfaces in hard rock

(Granite 1C)

Discussion of results
The tested maximum post-peak and calculated peak friction angle for the specimen are almost
the same. The effect of water is that the friction angle under saturated conditions is about 10°

lower than under dry conditions.
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Conclusion
(i) In hard rock with relatively rough surfaces the calculated peak friction angle is
much the same as the tested maximum post-peak value.

(ii) The influence of water on the angle of friction is relative large, in this case almost
10°.

5.3.5 Rough, irregular joints in unweathered hard rock (Basalt, Dolerite)

Two hard to very hard rock types were investigated that had rough, irregular joints. Basalt has
a unconfined compressive strength in the order of 160 MPa and Dolerite 260 MPa.

Joint description

The joint surfaces of Basalt samples tested were rough, irregular with a JRC of between 6 and
10. The Schmidt rebound number was between 53 and 57. The joint surfaces of Dolerite
samples tested were rough, irregular with a JRC of between 4 and 8. The Schmidt rebound

number was between 46 and 51.

Results

Tables 5.6 and 5.7 are surnmaries of the results of Basalt and Dolerite respectively,

Empirical value
Characteristic By Barton Tested value
Basic friction angle - 35-38°
JRC log o (JCS/o 1) 14° -
Max. post-peak angle of friction (dry) 49° 44.,0°
Min. post-peak angle of friction (saturated) - 42°
Table 5.6 Friction angle of rough, irregular, joints in nnweathered hard rock (Basalt)
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Empirical value
Characteristic By Barton Tested value
Basic friction angle - 36°
JRC logo (JCS/G 1) 11° -
Max. post-peak angle of friction (dry) 47° 52,6°
Min. post-peak angle of friction (saturated) - 43,6°

Table 5.7

Friction angles of rough, irregular, joints in unweathered hard rock (Dolerite)

Discussion of results

The peak calculated and tested maximum post-peak values of angle of friction are very high

namely 49° and 44° for Basalt and 47° and 52,6° for Dolerite respectively. The minimum

post-peak friction angles for both rock types are also very high namely 42° and 43,6°

respectively.

Conclusions

@

(ii)

The peak shear strength of joints in rock with rough and hard joint surfaces are
very high.
The minimum post-peak shear strength under saturated conditions are also

very high. Water has little effect on the friction angle of hard and rough joints.

5.4 Proposed classification of joints according to roughness and hardness.

Table 5.8 is a proposed classification of joints according to roughness and hardness as

determined during this study.

PhD-Chapter(}5-2003.doc
5.10




NIVERS
VE
IBE

TEIT YAN PRETOR
ITY OF PRETOR
OR

!
RS
SITHI YA PRET

A
I A
I A

Peak angle | Max. post- Min. post-
. . of friction peak angle | peak angle of
Joint description Calculated | of friction | friction
Tested Saturated

1. Joint in hard rock filled with clayey - - 14,9°
material of 2mm thickness
2. Joints in hard rock with stained surfaces 430 35,2° 29,8°
3. Smooth, planar, bedding joints with 35,5° 34,9° 16,8°
unweathered surface
4. Rough, planar, joints with unweathered 41° 43,1° 27,5°
surfaces
5. Rough, irregular, with unweathered 46- 49° 44 — 52,6° 42 — 43,6°

surfaces

Table 5.8

Classification of joints according to roughness and hardness of joint surfaces.

5.5 Application of shear strength in the design of concrete dam foundations

In the design of the stability of a concrete dam foundation the design must include parameters

for even the worst possible situations. This includes joint sets with unfavourable dip, full

water uplift pressure acting on joint surfaces and the maximum force on the concrete structure

as a result of water in the reservoir at maximum overflow conditions.

Important parameters used in the design of concrete dam foundations include the following:

e the orientation of important joint sets in the rock foundation

o the shear strength of joints in the rock mass

s the direction and magnitude of the forces acting on the rock foundation as a

result of:

(i) the concrete structure

(ii) the water in the reservoir
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(iii)  the uplift pressure of the water

(iv)  external forces (e.g. Seismic)

Instability can occur as a result of sliding of the concrete structure along an unfavourable joint
set with insufficient shear strength or rotation of the concrete structure around the toe of the

structure. The design of every structure including the foundation as part of the structure

should be treated separately and investigated in detail.

PhD-Chapter05-2003.doc
5.12




NIVERSI
NIVERS
I 5

TEIT YAN PRET
E |
BE

TY OF PRE
ITHI YA PRE

CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS

6.1

6.2

6.3

6.4

The objectives of this research project were to determine and to analyze the shear
strength of joints in a number of rock types, sampled at different locations. The
objective was also to link these strengths to the conditions of the foundations and in
particular the condition of the surfaces of the rock joints. The information so obtained
can then serve as a data bank for the design of new dams and for the evaluation of the
safety of existing dams. The results were obtained for a number of rock types,

including dolerite, granite and mudstone and to some extent for basalt and sandstone

A comprehensive literature study was conducted and it showed that although
engineering characteristics of rock material are investigated on a continuous basis for
civil and other engineering applications, this information is not readily available to the
engineering community because clients and contractors regard it as confidential
information. This thesis is a source that describes the shear strength characteristics of

southern African rock types available today.

The emphasis was placed on the shear strength of discontinuities in rock. The basic
shear strength parameters of the different rock materials were determined as part of
the determination of rock material characteristics. The angles of friction obtained for

the different materials correspond very well with those in the literature.

It was also envisaged to determine the peak and residual shear strength parameters of
important southern African rocks. To achieve this objective the Department of Water
Affairs and Forestry, in association with a technical subcommitice of the Water
Research Commission, had a large shear box apparatus built that was used for the
testing of large specimens as well as rock fill material for this project. This thesis
describes the design and construction of the apparatus, the test method, the results as

well as the interpretation and application of shear testing on large specimens.
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It was impossible to determine the true peak and residual shear strength due to
practical limitations. Peak values are therefore approximated by determining the

“maximum post-peak” strength, whilst residual values were approximated by

“minimum post-peak” values.

The testing of the specimens with the large shear box apparatus was conducted in
three phases. During the first phase the “maximum post-peak” shear strength
parameters were determined under dry conditions. The second phases (2A and 2B)
involved determination of the “minimum post-peak™ shear strength parameters under
dry and submerged conditions and the third phase (granite) a record of the polishing
effect after repeated testing of three granite samples under dry and submerged

conditions. The same specimens were used through phases 1, 2A and 2B.

The first phase was carried out between 28 September 1995 and 10 June 1996. It was
intended to determine the peak shear strength parameters during this phase. This
phase of testing consisted of three cycles of shear testing under increasing normal

stress. Normal stresses for the testing were in the order of 600, 900 and 1200 kPa.

Evaluation of the test results of the first phase revealed certain problems. The shear
load vs. shear displacement graphs was difficult to interpret. Further detailed
investigation discovered a problem with the software controlling the shear- and
normal load actuators. It was found that at the start of the shear test, the normal and
shear loads increased simultaneously. The normal load should have been at a set

maximum before the shear load was applied.

Before the second and third phases the shear apparatus was inspected and all the bolts
and LVDT’s were fastened properly. The software used to drive the apparatus was

scrutinised to ensure correct instruction during testing.

The second and third phases were carried out between 25 March 1998 and October
2000. The aim was to determine the residual shear strength parameters during this
phase. These tests were conducted under dry and submerged conditions. Each phase

of testing consisted of three cycles of shear testing under increasing normal stress.
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Normal stresses for the testing were in the order of 600, 900 and 1200 kPa for Phase 2
and 600, 900, 1200 and 1500 kPa for Phase 3.

The results showed that the shear strength parameters of joints in rock are mainly
influenced by (i) the hardness and (ii) the roughness of the joint surfaces. Both these
parameters were measured during the study. The hardness of each joint surface was
determined with a Schmidt hammer and related to the uniaxial compressive strength

as reported by Barton and Choubey, 1977.

As part of this research project a three-dimensional laser-scanning device was
developed. The Department of Civil Engineering of the University of Natal was
commissioned to build this apparatus to measure the roughness of joint surfaces. This
device measures X, y and z co-ordinates on a rock joint surface on a grid pattern. This
information can be manipulated with software on a computer to produce a contour

diagram of the joint surface area. From this joint roughness profiles can be obtained.

A third phase of investigation was undertaken to determine the validity of the test
results during the second phase of testing. This was the final phase and concluded the
project during October 2000, Three Granite samples were tested in detail. Every
sample was tested in a forward as well as reverse direction. Tests were also carried
out with the sample saturated. Four normal loads were applied to have four
observation points on the graph. It was concluded that although problems were
encountered during the second phase of testing, the results obtained can now be used

with confidence.

Emphasis was placed on the shear strength parameters of joints, especially the angle
of friction. Two types of joints are recognised in nature: (a) joints with no or little fill
material where the shear strength is strongly influenced by the characteristics of the
rock material and (b) joints with fill material where the shear strength is determined
by the characteristics of the fill material. The major part of this research concentrated
on (a) joints with no or little fill material. The three major characteristics determining
the shear strength parameters of this type of joint are (i) the base shear strength of the
rock material, (i1) the roughness profile along the joint surface and (iii) the hardness of
the material on the joint surface.
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A classification system for joints in terms of hardness and roughness were developed.

The classification system is described in Table 5.20

The relationship between joint roughness (in this case JRC was used) and shear
displacement was investigated during this study. The influence of high normal
stresses were not taken into consideration as testing was limited to normal stresses of
maximum 1 MPa. An exponential regression was fitted to the points plotted. After a
cumulative shear displacement of more than 2,0 meter will the joint surface be smooth
as a result of friction. Then only will the friction angle be equal to the residual friction

angle.

A reasonable correlation (with a confidence limit of 70%) between joint roughness
and friction angle exists for the rock types tested. The rock types tested varied in
hardness, origin, structure and strength. The conclusion that can be made from this is
that rough joints have higher friction angles, with a minimum (basic) friction angle at
30° under dry conditions. In practice this means that a rock mechanics practitioner can
measure joint surface roughness on site with a carpenters comb, determine the joint
roughness coefficient (JRC) with Barton’s joint roughness profiles and use the graph
to read of the friction angle of the joint surface for rocks with a hardness of

approximately 200 MPa,

This research has provided the framework from which further research can be
undertaken. The infrastructure is now available in South Africa to investigate the
relationship between shear displacement and joint roughness. Testing should be
carried out under the conditions of low (1 MPa) to high (10 MPa) normal stresses.
This could provide a graph showing the relationship of joint roughness (JRC) vs.
shear displacement. A reasonable correlation (with a confidence limit of 70%)
between joint roughness and friction angle exists for the rock types tested. The rock
types tested varied in hardness, origin, structure and strength. The relationship
between friction angle and JRC under dry conditions can be expressed as follows:

¢ =¢,+fJRC)  where gy =30°

and f= 1,43
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The graph can be used to estimate the friction angle (dry) when the joint roughness
coefficient (JRC) is known. In practice this means that a rock mechanics practitioner
can measure joint surface roughness on site with a carpenters comb, determine the
joint roughness coefficient (JRC) with Barton’s joint roughness profiles and use the

equation to estimate the friction angle of the joint surfaces.

This study contributes to the knowledge of shear strength on southern African rock
types, in particular on the sampling of specimens, preparation of specimens for testing
in the large shear apparatus, the measurement of the roughness and hardness of the
joint surface, the testing procedure and the interpretation and application of the
results. The roughness index developed from this research as a measure of joint
roughness was developed during this research project. To a lesser extent the study

provides typical values of the shear strength characteristics of the rock joints.

It is recommended that a further research be initiated to investigate the shear strength
of representative southern African rock types in further detail in a systematic manner.
Such an investigation can build on the knowledge obtained in this investigation. It is
important to keep the variables such as rock type, weathering, and hardness as few as

possible and to investigate the influence of joint roughness.

A simple tool has been developed that will be of use to engineering geologists and
rock mechanics practitioners who require a rapid method to determine the peak angle
of friction of a joint surface in the field. If it is accepted that 6 ; = 1 MPa (equal to
the stresses normally associated in the foundations of dams and other civil
engineering structures) then the value of i can be calculated for different JRC vs. JCS

values and a graph be drawn as shown in Figure 4.19 on page 4.34.

Any experienced engineering geologist or rock mechanics engineer can now estimate
[by estimating {or measuring) in the field] the JRC and the JCS (in terms of UCS) of a
joint surface and by using this chart, determine the contribution of the surface
characteristics to the portion of peak angle of friction. By adding the contribution of
the waviness (Table 4.23 on page 4.35) as well as the basic friction angle, the total

peak friction angle can be calculated.
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6.23 Where fill is present on a joint surface, the fill thickness is of great importance. It is
postulated that there is a relationship (FTC) between fill thickness JRC which has a

value between 0 — 1.
For filled joints the modified Barton & Choubey equation becomes:

T= ¢ + ¢ +0 ,tan [JRC.IMC .(1-FTC) logio JCS/c n) + (1+FTC) ¢ + (FTC . ) + i

Where:t = peak shear strength G = effective normal stress

JRC = joint roughness coefficient JCS = joint wall compressive strength

¢r = friction angle of fill JMC = joint matching coefficient

Ct = true cohesion (fill) Cb = bridging strength

i = effect of waviness resulting in change of direction

FT = Fill thickness in mm FTC = -0,07 In JRC+1/FT+1)+0,5
¢, = basic friction angle of rock.

This relationship could further be finvestigated
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