A MODEL STUDY OF THE BEHAVIOUR OF
STEEP EXCAVATED ROCK SLOPES

A Thesis
Submitted To The
University Of London
(Imperial College Of Sciencc And Technology)
For The Degree Of Doctor Of Philosophy
In The Faculty Of Engineering.

by Nicholas Ryland Barton B.Sc. (Eng.)

January 1971



ABSTRACT

Part I of the thesis describes the physical properties of an
extremely weak and deformable model material, which is found to be
ideally suited to the modelling of large gravitationally loaded
rock masses., The strength-deformation characteristics are found
to be very similar to those of rock at a reduced scale of 500 to 1.
A method is described for generating parallel sets of tension
fractures through the material. Tests on these interlocking
model joints arc compared with large scale shear tests on rock
joints. The shear and normal stiffness of the model joints are
found to dominate the deformation behaviour of the jointed
material.

Part 2 of the thesis describes a detailed study of the
behaviour of model teusion joints in shear. Strength-size and
displacement-size effects are evaluated, and a simple peak strength
criterion for rock joints is derived. A closer estimate of the
pecak shear strength of surfaces of different roughness is obtained
from a statistical analysis of the roughnecss profiles. The peak
strength criterion is used to obtain approximate strength envelopes,
by extrapolation of the results from back analyses of slope failures
in southern Spain. The effect of peak and residual shear strength
is demonstrated in a limit equilibrium approach to progressive
failure of rock slopes.

Part 3 of the thesis describes the results of experiments
on two-dimensional jointed model slopes. Preliminary tests
were made on slopes which were rotated to induce failure. Large
models were finally constructed, having threc joint sets and
approximately 40,000 discretc blocks. These were loaded horizontally
to simulate different tectonic stress levels, and vertically by
gravity. Open-cuts were excavated and the pre-failure displaccments
recorded photogrammetrically. The failures induced by excavation
to increased slope angles were recorded on cine film. Some
unexpected results of pre-consolidation were discovered.
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INTRODUCTION

The complex nature of discontinuous rock slope behaviour
was a subject imperfectly understood when this project was begun
late in 1966. Despite advances in various parts of the world
during this time, the subject iz etill in its infancy. Powerful
numerical methods of analysis have been developed, but their use
has helped to define the problem as much as sclve it.

A dectailed model study was undertaken in the belief that,
at the time, no better method was available for cvaluating the
behaviour of discontinuous rock masses., Great care was taken to
develop realistic model materials, and in particular model joints.
Nearly two ycars were spent on these basic problems alone. As
a result of these studies and the application of the methods to
jointed slope problems, it must bc admitted that a similar
approach would be adopted if a new start were to be made at this
time. The extremely sophisticated numcrical methods which have
becen developed, while represcnting significant advances arc,
in real terms, extremely crude simulations of real processcs.

It is believed that physical models,althoupgh cxtremely in-
flexible analogs, should always be used as a preliminary to
numerical methods. Many of the latter would have developed
differently if joint behaviour had been more clearly understood.
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1.1 PEYSICAL PARAMETERS OF ROCK MASSES AT REDUCED SCALE

SUMMARY

The differences between modelling underground rock cxcavations
and rock slopes arc discussed. These can be suzmarized as follows.
Gravity induced strcsses and joint properties must be carefully
modelled in slope stability studies. Generally a slope model will
be simulating a much larger dimension of jointed rock. This means
that if simple gravity loading is to be used to load the model then
the geometric scale factor will nced to be unusually large.

A basic set of dimensionless products is presented which
governs the model-prototype mechanical scaling. The most important
one is found to be that which relates density, Young's modulus
(or stress) and the geometry of model and prototype. This governms
the scaling of all the stress-deformation properties.

The mechanical properties of intact rock are presented in
diagrammatic form and the correctly scaled model perfomance is
discussed. It is concluded that brittleness and brittle-ductile
transition, tensile strength and compressive strength are properties
which have an important bearing on the shear strengths of joints.

The mechanical properties of discontinuous rock arc presented
diagrammatically in the form of direct shear characteristics. The
scaling of shear stiffness - the displacement at which the peak
shear strength is mobilized, and the scaling of normal stiffness -
relating joint closure and normal stress, are considercd to be
important properties of rock mass behaviour. It is concluded that
model joints should idsally have a roighness geometrically similar
to that of the particular large scale joints in the field. Then,
given identical intact properties, the dilation across any shear
surface will be correctly scaled. It is thought that the dilation
occurring before peak strength is mobilized largely controls the
pcak shear strength envelope, and the post-peak dilation controls
the eventual position of the failure surface since in certain cases
continued dilation will arrest failure due to increases in normal
stress and a consequent shear strength increase.



11

1.1 PHYSICAL PARAMETERS OF ROCK MASSES AT REDUCED SCALE

INTRODUCTION.

The laws of similitude rclating the behaviour of a geomechanical
model and prototype are extensively covered in rock mechanics
literature. Buckingham's important second theorem, on which the
entire theory of dimensional analysis is based, has been rigorously
proved by Langhaars Hoek% Fumagalli and Hobbs to name only three,
give fairly detailed discussions of the more significant factors
affeeting their particular modelling problems. In view of the
fact that most of the available literature on geomechanical models
concerns dams and foundations and underground excavations, it is
perhaps advisable to pay some attention to the dimensional problems
that are peculiar to the modelling of excavated rock slopes.

The fundamental differences between modelling underground
rock excavations and surface or near surface rock structures can
be divided broadly into two parts. Firstly, the dimensions of
most underground excavations which are modelled are probably
between one and two orders of magnitude smaller than the mean
depth of the excavation below the surface. It has therefore been
considered parfectly acceptable to ignore any gradient of stress
due to the different depth below surface of the top and bottom of
the excavations. By comparison, the mean depth of rock slope or open
pit below surface is onc half of the height of the slope. This
reversal means that gravity induced stress gradients have to be
modelled in the case of rock slopes, while they can justifiably
be ignored in underground mine models.

Secondly, by the very nature of the differcnt magnitude of
the applied stresses, discontinuities dividing the rock matrix
are fundamentally important to rock slope studies. Until recently
discontinuities have been considercd as relatively ugimportant
for the stability of underground excavations., Ergun” has found
that in certain cases the presence of discontinuities can actually
improve the stability of an underground excavation, due to the
possibility of redistribution of stress in highly stressed zones.
It seems therefore that morc emphasis should be paid to the modclling
of rock masses (implying the presence of discontinuities) in all
forms of geomechanical modelling. It is in this respcet that the
highly complex problem of modelling the interaction of dams and
their foundations is most unreliable. The lack of suitable model
materials has also induccd somewhat artificial methods of self-
weight loading to be used in a problem which is, afterall,
governed by gravity induced stress gradients to the same extent
as rock stability.
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There is a third though less important difference betwecen
near surface and underground model studies - the question of scale.
It is considered important that a model of an open pit excavation
should include the modelling of a large dimension of jointed rock
beyond the pit limits. In this way the effect of the excavation
on the applicd stress distribution out at the boundaries of the
model will be reduced., Excavated slopes in excess of one thousand
feet depth are not uncommon, which means that acceptable models of
open pit operations should have prototype dimensions of several
thousand feet as a minimum. This is in marked contrast to models
of underground excavations where in general, pTototype dimensions
are at least an order of magnitude less than this. Reconcilliation
is therefore needed between available laboratory space and the
smallest model-prototype scale factor that can be achicved,

i.1.1, DIMENSIONLESS PRODUCTS.

It is a simple matter to obtain the set of dimensionless
products relevant to the problem in hand. The first step is to
choose some basic parameters which are considered to be fundomental
to rock mass behaviour. It is not necessary to make a comprehensive
list since once the basic form of the dimensionless products has
been ascertained, complications can be formulated at will.

The following parameters will be considered initially:

Dimcnsions
C.  Tensile strength ML-lr—2
"+ Compressive strength Mr-lr-2
NE Iocal normal and ) ur-ip-2
T shear stress ) ML"]'T-2
E Young's modulus ML'-l'l"'2
Y Density ML-3

q Acceleration duc to gravity L2

L Any linear dimension L

o} Angle of friction -

c Cohesion -2
K. Stiffness M-2r2
Y  Poisson's ratio -

The set of dimensionless products that can be obtained
from these is as follows:




SECTION 1.1.

For similitude to be achieved between model (m) and prototype
(p), it is necessary that these dimensionless products be equal in
model and prototype. TFor instance:

((‘E/”l }m: .(G“/G",._) P
(€35 ), = (R3%)p
(4), =(9)p

The most important equality to be satisfied is the second
one relating density, Young's modulus and the geometry of model
and prototype. It is this relationship which poses the problem
of gravity loading. If a weak and deformable model material
cannot be obtained then some means of increasing the self
weight stresses must be found, such as loading the model in a
centrifuge. At no stage was this method of loading considered
feasable for a structurc as complex as an open pit model, in
vhich the whole mass is divided by systems of discontinuities,

Since it is thercfore decided that simple gravity loading
is to be applied in the model as in the prototype, the second
equality reduces to:

(’mQP'l:% ;:_Lp/L

- m

m

o (Dx rd =
AR T A

the stress scale factor
the geometric scale factor.,

Where q}
A

This is an extremely important relationship which governs
all the stress-displacement properties of the model. Once the
geometric scale factor is chosen, all physical parameters with
the dimensions of stress in the prototype will need to be
reduced in a ratio:

1o Q%m-)\

in the model. The density of the model material finally used in
this study was approximately four fifths that of rock (see Section
1.2) Therefore a geometric scale factor ( A ) of 1:500 results in
a stress scale factor (Y ) of 1:666.
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The time and velocity scale factors between a model and
prototype depend on the ratio of the acceleration due to gravity
between the two. Since this ratio has been made egual to one in
this study, the time scale can je shown to be (X )z, Therefore
the velocity scale is also (A )Z since the dimension of velocity
is (L/T).

It will be obvious that the scale factor ()\) controls the
scaling of joint spacing, displacements, depths of excavation and
all things connected with the geometry. Having presented these
fundamental similitude requirements it is necessary to look in
more detail at some of the physical characteristics of rock
masses underload. In doing so the dimensionless products will
be extended to cover a more comprehensive range of physical
behaviour particularly with regard to shearing of rock masses.

1.1.2 SCALING THE MECHANICAL PROPERTIES OF INTACT ROCK

Suppose that a cylinder of rock 1 inch in diameter and
2 inches long is tested in unconfined compression, giving a peak
strength of G, . It is usually most convenient to test the same
size of model specimen. Suppoae that this gives a peak strength
of ( 9./ 7.1t would appear that the strength scale factor is
adequately defined by the ratio of these two strengths. However,
interpreting the model test correctly it will be realized that
the model represents a cylinder of rock ( A ) inches in diameter
and (2 X\ ) inches in length. Inscerting the geometric scale
(1:500) this rcpresents approximately 42 feet in diameter and
84 feet in length,

There arc two impractical solutions to this problem. The
model cylinder could be correctly scaled geometrically, giving
dimensions of 0,002 inches in diameter and 0,004 inches in
length. Alternatively an in-situ test of a cylinder of rock
L2 feet by 84 feet sould be carried out in the field. Unfortunately
even a compromise between the two extreme sets of dimensions
would not be entirely satisfactory due to the presence of
discontinuities in the rock: TFor instance, in-situ compression
tests on 4 feet by 8 feet of rock, and laboratory compression
tests on model cylinders O.l inch by 0.2 inch would be practical
possibilities, and would still satisfy the theoretical geometric
scale factor. However, even for the most massively Jointed rock
the presence of micro fipsurcs and small joints causes a reduction
in compressive strength (Gc) the larger the specimen of supposedly
intact rock that is tested. The author is unaware of any large
scale experimental evidence of this effect for hard rocks,
except indirectly from plate-bearing tests. However several
authors report of a sign%ficant strength-size relationship for
coal. Evans and Pomeroy” have found marked strength variation
for such small size ranges as § inch to 2 inch cubes. Bieniawski7
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reported reduction of strength up to cube dimensions of 60 inches,
though there seems no reason why he should consider this a
limiting size.

It would be unreasonable to suggest that hard rock might
behave in as marked manner as coal because obviously the mode
of origin and physical structure of coal sets it apart from the
large majority of rock types. In addition, when testing very
large cubes the end effects and machine stiffness become significant
variables of the test. The prcblem will remain unresolved
therefore until more data from large in-situ tests becomes available
in time. These arguments demonstrate perhaps as well as any the
need for large scale tests, and the need is particularly acute
where remlistic physical modelling is to be achieved. It might
therefore be better to interpret the model with this strength-size
cffect in mind at least in a qualitative sense., Thus a model material
of strength ( Cc/¢ ) is in reality scaling a prototype rock
such that the strength simulated is actually somewhat greater thanJec.

Figure 1l.1.1 shows diagramatically the model-prototype
scaling relations that should ideally to satisfied if a model
material is to be taken as a realistic physical model of unjointed
(intact) rock. It is probably true to say that the properties of
joints developed in the model material will be more closely
representative of unweathered rock joints if these strength-
deformation conditions are satisfied, since shear failure of
interlocking rock surfaces incorporates several phenomena of
intact rock.

The dimensionless axial strain at failure (£ ) and the
brittle-ductile transition phenomena encountered in triaxial tests
shown in diagrams (a) and (b) are two important properties in
this respect. The true contact stresses across mating rock
joints are in reality very large compared to the apparent contact
stresses and this probably means that Joint behaviour will not
be governed entirely by brittle fracture phenomena. Likewise, the
tensile strength (G.) and the compressive strength (Ue) , may
both be important properties, the first concerning pre-failure
tensile fracture in the base of joint asperities, and the second
the residuzl shear strength which results from the crushing of
debris on the shear surface.

Diagram (c) shows in a qualitative manner that the triaxial
strength envelopes of model and prototype should be geometrically
similar. A more useful quantitative comparison is shown by diagram
(a), where the triaxial peak strength data (in the compressive range)
is divided by the uniaxial compressive strength thereby reducing
it to dimensionless form. In this case model and prototype curves
should be identicgl. In the same way the modulus ratio (E /Gc)
proposed by Deere” as a simple rock classification system is a
useful dimensionless number for comparing the model and prototype
performance directly, rather than qualitatively. In Section 1.2 the

i
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comparison of mndel and prototype performance is extended qualitively
using normalized strength data appearing in the literature.

1.,1.3 SCALING THE MECHANICAL PROPERTIES OF DISCONTINUOUS ROCK

The scaling of shear strength properties of rock joints differs
in one important aspect from the preceeding arguments. Since a
joint is a disceontinuity of the intact properties it is no longer
realistic to describe stress-displacement characteristics in terms
of stress-strain data. There is undoubtedly a stiffness-size effect
with respect to direct shear properties of rock joints, but this
will depend on the effect of joint roughness. It is therefore
customary to describe direct shear tests of joints in terms of
shear stress-displacement data, while the peak and residual
strengths are plotted conventionally as shear stress-normal stress
values.

Figure 1.,1.2 shows four diagrammatic representations of
joint behaviour in direct shear. Suppose that for one of the
prototype curves in diagram (a), the peak shear strength (Tp) is
mobilized after a displacement of (dp) horizontally - representing a
shear stiffness (Ks) of (Tp/dp). When modelling this stiffness
the dimensionless product given in part 1l.l.l has to be satisfied,
Thus the model shear stress - displacement data should be scaled
as follows:

TEA¥ versus ap/x

and for the residual strength:
TEAP versus ar/y,

Since the stress scale factor (YY) is usually larger than the
geometric scale factor (A ), the stiffness of the model joint as
deflned above should be lower than that of the prototype -

one ‘and a quaxter to one in this case.

The same arguments apply to the normal stiffness (Kn) of
joints. The closure (dn) of a joint under a given normal stress
(0,) causes an important reduction of the deformation modulus of
a rock mass compared to the Young's modulus of the unjointed matrix,
It is therefore an important property to be modelled.

The dimensionless ratios (Tp/Tr) and (Tp/ O'n) which are sometimes
presented in the literature (Krsmanovic? and Krsmanovic, Tufo and
LangoflO) need to be identical for the model and prototype.

Diagram (c) shows the form of a dilation diagram, which
is the graph of vertical and horizontal displacements across a
joint during direct shear. The angle of dilation (incremental dv/dh)
has considerable influence on the gradient of the peak strength



(b)

(a)

1 SSIYLS WYVYIHS

I—lorizvonml d

%n

Normal stress

displacement

Vertical

isplacement

e e )

Ap jJuawedis;dsip

|R2is4eR

(d)

(¢)

Model-prototype scaling of the direct shear performance

Figure 1.1.2

of joints in rock



SECTION 1.1,

envelope (diagram(b) ), In addition, the degree of roughness of
a joint surface more or less dictates this peak angle of dilation
at the stress levels under consideration. Therefore it will
probably not be possible to satisfy tne relation:

(Y/op D)= /T,

unless the joint roughness in the model is geometrically similar

to that of the prototype large scale rock joint. Very rough

model joints tested under low normal stress levels will automatically
produce a very steep peak shear strength envelope. This means that
the relevant angle of friction ( ¢ ) and probably the cohesion
intercept (¢) will be too high compared to the prototype. The
cohesion intercept (c) for the prototype joint should of course

be reduced to (¢/\y ) in the model.

In general the true residual strength emvelope will pass
through the origin, since after large displacements the strength
potential is purely frictional. Thus the residual strength
envelope for the model joint should follow the same line as
that of the prototype, implying also that the residual angle of
friction (43,..) should be identical for model and prototype.

Diagram (d) shows two possible shear stress - dilation rel-
ationships. No.l represents a shear test at a normal stress
level that is low enough for the rock joint to continue to dilate
(at a reduced rate) after the peak strength is passed, No. 2
represents a test at a much higher normal stress such that the
post-peak dilation is prevented. ( The peak angle of dilation
will in reality be less for the latter than for the former.)
Along a potential shear surface in-situ, any fundamental differences
between the dilation characteristics of the model and prototype
will cause important local differences in the mobilized shear
strength due to different normal stress changes occurring
during continued shear. Alternatively, the actual position of
the failure surface may be governed by dilation properties to such
an extent that irreversible failure will occur only on a shear
surface which does not develop significant normal stress increases
during shear. Having satisfied this condition failure will then
be governed by the conventional stress-strength laws.

It can thus be appreciated that the post-peak dilation
characteristics can in certain cascs assume more importance than the
small pre-peak dilation; which largely controls the conventional
shear strength. This can readily be appreciated for the case of
stability of underground excavations.

It has already been suggested that the shear characteristics
of clean interlocking rock surfaces are dependent to a large extent
on several phenomena of intact rock failure. It would scem therefore
that a realistic model material must first scale the properties of
intact rock. If geometrically scaled joint surfaces can then be
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produced in the model material, therc is a good chance of correct
scaling of the discontinuous properties which, taken separately,
are far more important to slope stability than the intact
propertices, but in reality are inseparably linked to them.
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l.2 PHYSICAL CHARACTERISTICS OF THE UNJOINTED MODEL MATERIALS

SUMMARY

An unusually low strength brittle model material was developed
from a curecd combination of red lead-sand/ballotini-~plaster-water.

The mechanical properties are reported under three test
catagories: uniaxial compression, tensile (Brazilian) and triaxial
compression. Model materials with unconfined comression strengths
as low as 5 1bf/in“ could readily be produced and the values of
Young's moduli for a range of strengths gave acceptable modulus
ratios of between 350 and 560, In addition to a range of strengths,
it was possible to obtain a range of deformation properties for a
" given strength of material. The Brazilian disc tensile test
indicated a ratio of tensile to compressive strength of up to
1l to 10,

The series of triaxial tests at low confining pressures
(0 to %} 1bf/in2) are reported in detail and indicated a further
useful property: the intrinsic shear characteristics could be
altered for a given strength of material by variations in the
sand/ballotini proportions in the mix.

The model material behaviour in unconfined and triaxial
compression is eritically examined in relation to two rock
classification systems. From the comparisons drawn, the
unjointed material appears to be particularly well suited to many
aspects of rock mechanics modelling, where self weight loading and
large geometric scale factors are required.

Appendix 1. contains details of the preparation of the unjointed
model materials,

Appendix 2, contains details of the compression test equipment
(uniaxial and triaxial) and some comments on the stiffness of
these machines.



1.2 PHYSICAL CHARACTERISTICS OF THE UNJOINED MODEL MATERIALS

In order that a model study should provide quantitative
information on rock slope failure it is important that relevant
strength-deformation parameters which govern the behaviour of
the rock slope should be correctly scaled. The parameters and
scaling factors relevant to intact rock behaviour have been
discussed in detail in Section l.l. It will be sufficient to
summarize here that for the relationship betwecn the strength
scaling, the geomctric scaling and the density to be satisfied, a
model material having toth high density and low strength will
need to be employed. Tiis problem is peculiar to rock slope
modelling, and to similar studies where gravity induced stress grad-
ients are of importance. In addition the prototype scale of a
slope stability study is so large that unless capital and
laboratory space arc unlimited then very large geometric scale
factors have to be employed.

The combined effect is that a model material has to be
found which is considerably weaker and denser than those
commonly in use in engineering rock mechanics modelling.

Of the large number of materials in use none appeared suitable
for the present problem. An extremely comprehensive survey
of existing materials is given by Stimpson.’'

After careful consideration of the problem of modelling
an open pit mine in a gravitationally loaded model, a geometric
scale factor of 1:500 was adopted. If an average rock density
pp of 160 1bf/ft3 is assumed, then with ¢y cqual to, say
120 1bf/ft3 the stress scale ( ¥ ) would be fixed at 1:666.
Thus, if similitude was to be attained, all mechanical properties
in the model materiel with the dimensions of stress would nced
to be_é%g times those of the prototype rock. Model densities

less then 120 lbf/ft3 would mean that even lower strength
materials had to be found.

Strenpgth and deformation rangse

The design of the model material was not directed towards
the modelling of any specific rock type or lithological group.
The aim throughout was to produce a material which exhibited
(at reduced scale) the broadly characteristic properties of
rocks as a group of materials, both in terms of strength and
deformation propertics. The range of strength in engineering
practice clearly demanded a range of model strengths, if the
same scale factors were to be employed throughout. This basic
requirement was readily satisfied. However, the variations in
deformation propertics for a given strength of material were notso
easy to simulate. This, and the mode of failure under given
stress systems were two features demanding special attention.
As a general rule, it may be true to say that rock characteristics
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will be more closely approached in a model material if the constituent

elements of this material are derived from rock.

For the present it will be helpful to state the approximate
range of basic strength and deformation properties which were
dictated by enginecring rock mechanies expericnce in open pit mings.
Unconfined compressive strengths of between 5000 and 25000 1bf/in
were generally to be expected of unweathered rock. Selecting a
medium valge for the modulus ratio (Eﬁg) of rock types of 400
(8ee Deerc”), the zone of interest with gespect to values of
Young's modulus was approximately 2 x 10° t5 10 x 106 1bf/1n
With the possible stress scale (Y ) of 1:666 for a material
density of 120 1bf/ft’ , 1t was necessary to consider the follow1ng
ranges of unconfined compressive strengths and Young's moduli in
the potential model material:

Ge 75 = 37.5 1bf/in®
Bt 0.3 x 10* . 1.5 x 105 1bf/in®

The tcnsile strengths which were to be achieved are difficult

to state categoriczlly, since there will be some variety depending
on the testing technique employed (Hobbs 12), Broadly speaking

a ratio of compressive to tensile strength (Gmﬁnﬂ of between 10
and 20 was considered to be acceptable, though clearly there

are rock types having values on oither side of this range. The
moximum range of tensile strengths dictated by these figurces was
approximately O.k4 to 3.8 1bf/in® for the model.

The axial strain at failure associated with unconfined and
triaxial compression tests is dimensionless and needs to be the
same for the model and prototype. A range of between 0,15 and
0.4% for unconfined failure strains was considered broadly
representative of the required brittle behaviour. The failure
strains under triaxiol compression vary widely, depending on the
strength of the specimens and the confining pressurc employed,
and no attempt was made to state any range of acceptable behaviour.

Having stated the approximate range of basic properties that
were required from a potential model material, it may be of
intcrest to summarise the properties of some of the many test
mixes which were tried before the successful combination of red
lead - sand/Ballotini-plaster-water was arrived at.

1.2.1 PRELIMINARY TRIAL MIXES

The search for suitable materials began with exploratory
tests on plaster-sand mixtures, WﬁlCh have been used by several
research workers, including Hobbs', His technlque for reducing
the strength of the material by curing at about 90°C was adopted
from the start and was used throughout for plaster cemented
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naterials (See Appendix 1.) Two drawbacks to this material
relating to the present study, were the relatively high axial
strain (E) at failure (0.7 to 0.9%) in unconflned compression)
and low density (between 80 and 90 1bf/ftJ). However, the
unconflned compressive strength could be reduced to about 15
1bf/in® without difficulty, by suitable reduction of the plaster-
sand ratio. The ratio of oc/ot measured by Hobbs varied between

approximately 1.5 and 3 which was disappointingly low for this
study.

The need for a high density filler was clearly indicated.
A large number of trial mixes were tested so that the most
suitable high density powder could be found. Plaster and water
with barite (BaSO), litharge (Pb0), iron powder (Hz reduced)
and red lead (Pb Oy ) were tried separately and some in combination.
Densities as hlgg as 170 1bf/ft3 were obtained with barite-iron
powder-plaster-water mixes, but for all the mixes tested the
strength was never below about 60 1bf/in“, and the strains at
failure ranged above 0.7%. The plaster-filler ratio was
reduced almost to the point wherc no set could occur. It
appeared that some of these high density powders acted as
retarders in much the same way as celite retards the setting
of plaster-water systems (Raphaell3)o

The following table summarises some of the mixes tested.
These were generally pourable, and set without too much 'bleeding'
and settlement in the moulds. They were rejected from mechanical
considerations. All results arc the mean from unconfined
compression tests on about five specimens of each mix,
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Table I ¢ The Propertics of some trial model materials
Mix components Weight Properties of the minimum
proportions strength mix
l
c. Ew " E/,'fc- €% @
S-P-W 600-150-250 19.4 |1 0.32 | 165 10.79| 89
Fe-P-V 1500-200-360 183.4 | 1.54 8l - | 177
.96
Fe-Ba-P-W 1050-220-220-300 67.8 | 2221290 |5 05| 172
0.81 | 120
Pb-P-W 950-160-350 111.6 | 3.13 | 280 |0.68] 139
Pbh-Fe-S-P-W 250-150-500-25-200 6.2 | 0,23 | 372 {o.bo} 139

Where the symbol

= Sand W
= plaster

Pb lead ses

S
P
Ba = barjum sulphate

s are as follows:~

= water
Fe = iron powder

quioxide (recd lead)

The units of (Gc ) and (E) are 1b£/in°, and of the density
(p), 1bf/ft5. It will be noticed that two values are given for
the Young's modulus of the third material, The stress~strain
curve was distinetly bi-linear, with the transition at a stress
level of about one half of the compressive strength., All the
materials containing iron powder rusted during curing, and
perhaps for this reason were ratherinreliable from the point
of view of reproducibility, and reasdhably linear stress strain

CUrVES,

The finally adopted combination of red leadesand/ballotini-
plaster-water was unique in that the fine red lead powder acted
both as a lubrigant to the sand during mixing, and increased the
density to an acceptable level without rctarding the setting of
the plaster. A large number of trial mixes were performed before

a ratio of red lead-sand/ballotini of 1 t 2 by weight was chosen as

the optimum. Full details of the preparation of this material are
given in Appendix 1l,, together with a design chart for the three
series of mixes, A,B and C which contained different ratios of
sand/ballotini thereby altering their shear characteristics,
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The results of the strength and deformation testing are
reported under three scparate categories:-

1. Unconfined compression test

2. Tensile test
3. Triaxial test

l.2.2.

UNCONFINED COMPRESSION TEST

Prismatic specimens with the dimensions 1" x 1" x 2"
were chosen as the standard for unconfined compression testing.
The ease of fabrication of multispecimen moulds, and the speed
of removal of set specimens were obvious reasons for the choice.
The specimens were tested not only for ultimate compressive
strength results for the various mixes, but also for the value

of Young's modulus (Eg) at 50% of the ultimate compressive stress,

the percent strain at failure, and the bulk density from weight

measurcments,

In Table 2, details of the nine mixes are given, together
with the weight proportions of the constituent materials, which
werc read off the mix design chart (sec Appendix 1.)

Mix numbers
1l and 5 for cach of the types A, B and C were not tested in this

series, since they werc a little to cach side of the zone of
In the right

interest when scaled up to prototype stresses,
hand column values of the dimensionless modulus ratio (E{/og) are

given,

Table 2 :

Unconfined Compression Test Details

Type/ . Pb30p~sand/ballotini- O, Etxlol+ ef C

mix plaster-Hp0 (1bf/in®) | @bf/in?)| (%) | Qbi/ft) | By/oy
A2 600-1200/0- 75-435 10.3 0.36 0.37 | 123.1 350
A3 600-1200/0-100-1442,5 17.8 0.73 0.37 | 122.2 Lo
Al 600-1200/0-125-450 31.9 1Lk 0.40 | 123.7 450
B2 600-0/1200~ 75-397.5 15.6 0.79 0.29 | 122.8 510
B3 600-0/1200-100-405 28.7 1,60 0.29 | 122.7 560
Bh 600-0/1200-125-412.5 Lhg,7 2.56 0.3% | 121.6 520
c2 600-600/600- 75-416 8.6 0.40 0.29 | 122.1 b0
C3 600-600/600-100-423,5 20,14 1.07 0.31 | 121.2 5320
ch $00-600/600-125-4131 29.85 1.45 0.34 | 120.8 480
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(a) Deformation behaviour

The stress-strain curves of type A, B and C mixes for mix
designs 2, 3 and &4 are given in Figures 1.2.l., 1.2.2, and 1.2.3
respectively. Xach curve represents the average stress-strain
recadings for the twelve prisms cast from each mix., The scatter of
results of ultimate compressive strength was as high as 15% in one
or two cases, but the large majority of results were within 10%
of the mean for that batch. Type A mixes produced the greatest
scatter and type C mixes the least. The problem of variability
of batches of sand is discussed in Appendix I. Obviously a
large volume of mix will tend to reduce the scatter.

The apparently high rates of initial strain of the specimens
are clearly visible in all the stress-strain curves and may be due
to 'bedding-in' of the end faces. With a material so weak and
abrasive it was not possible to prepare end faces on a lathe, and
the smoothness was entirely dependent on the care with which the
specimens were slid out from the lightly greased moulds. There
may have becn certain minor irregularities which caused an uneven
stress distribution in the early stages of testing. It is
reasonable to conclude that the axial failure strains measured
were probably higher than they would otherwise have been, if perfect
end faces could have been prepared. The behaviour was, however,
sufficiently brittle for this aspect of performance to be
acceptable. It was concluded in Section 1.1 that the model specimens
should be interpreted as representing 42ft by 8hft. of prototype
rock, The strength-size effect of rock cnsures therefore that the
model behaviour was in fact adequately brittle.

(b) Modes of Failure

The mode of failure of the specimens is clearly seen in

Figure 1l.2.4, which shovws a selection of typical failed specimens,
A particularly noticeable effect was the difference in behaviour
between ballotini and sand specimens after the peak strength was
passed. A much more rapid fall-off in strength occurred for the
lower friction ballotini specimens. In some cases the shear
resistance of the fracture was insufficient to support the weight
of the upper part and this slid down the surface of rupture,

(¢) Strength Behaviour

The high strength of the B mixes clearly demonstrates the
effect of porosity on the set strength. The water demand of the
100% ballotini mixes was some 8% less than that of the 100% sand
mixes. The reason for this is thought to be chiefly due to the
much reduced friction and ease of pour with ballotini mixes, but it
will also be partly due to the greater specific surface area of the
sand., The net result was a lower porosity and higher strength
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for cured ballotini mixes. The effect of this appeared to override
the lower internal friction of the latter, which is clearly seen in
the triaxial resulis which appear later,

It will be clear from the results of the unconfined compressive
strength (05) for the range of mix types, that the material broadly
satisfied the basic strength requirements which were outlined
earlier. With the possible exception of the B mixes, any strength of
material in the given range could be produced by suitable adjustment
of the quantity of plaster used.

(d) Effects of Vibration on the Mechanical Properties

The results of an investigation into the effects of vibrating
partially set mixes are reported here, The technique would appear
to have very promising application to the more sophisticated of
model studies., The tests were performed on only one material, a
mix similar to Al but containing one of the two sands that were
finally rejected in favour of Kingslynn (S8), (See Appendix I).

The study was in three parts, and each set of unconfined compression
tests were made on six 1" x 1" x 2" prisms of the material.
Firstly, the mix was poured into the mould and allowed to set
without any vibration, the set occurring three to four minutes
after pouring. Secondly, the mix was poured and allowed to stand
undisturbed for 1 minute, following which it was vibrated for

15 geconds,and theh allowed to sct. Thirdly, the nix was
vibrated for 30 seconds, again 1 minute after pouring into the
moulds. The comparative effects on the stress-strain curves are
given in Figure 1.2,6 where each curve is the average for 6
specimens. Threc fundamental changes are seen:-

(i) A reduction in the strain at failurc (0.42% to 0.28%)
(ii) A reduction in the ultimate compressive strength
(6.60 to 4.95 1bf/in?)
(iii) An increase in Young's modulus (0.19 x 10% to
0.29 x 10" 1bf/in2)

No. (i) may be attributed to an increase in density with vibration,
with a little of the excess water rcaching the surface before the
set occurs, thus reducing the porosity of the set material. This
may also explain No, (iii). However, it is felt that a different
explanation is needed to clarify No. (ii). No vibration was
applied until one minute after pouring, and it scems probable
that during this time a skeleton network of gypsum crystals
was establishing itself. Two explanations for the reduction in
strength appecar credible:

a) Vibration causing partial destruction of the network of
crystals, with consequent malformed crystals limiting
growth in the final period before setting, and con-
stituting flaws in the material.

b) An anisotropic reoricntation of crystal growth due to the
consolidating effect of vibration. The consolidation
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was in a direction perpendicular to the long axis of the
prisms as tested.

The net effect as stated was a material which failed at a lower
unconfined compressive stress the more vibration it was subjected
to during the partially set phase., Two surprising results

emerge from these tests. Figure 1l.2.7 shows the following
plotted results:

(i) Periods of vibration (0,15 and 20 seconds) vs. modulus
ratios are in apparent linear relationship

(ii) Strains at failure vs. modulus ratios are also in
apparent linear relationship.

Obviously, a more comprehensive testing programme is needed to
confirm the linearity, but nevertheless, the trends indicated
were of considerable interest. These results are discussed
later in relation to8the engineering classifications for intact
rocks given by Deere™,

1l.2.3 TENSILE TEST

A test in wide use for determining the tensile strength of
rocks was sclected, so that the model results could be more easily
related to the bulk of data available. The Brazilian disc test
consists of loading a disc across a diameter, which causes a
partly uniform tensilc stress to be set up in a direction at
right angles to the loaded diameter. The magnitude of the stress
(ot) at failure is related to the applied load (P), the disc
thickness (L) and the diameter (D) in the following manner:-

oy = 2P
DL

The disc diameter used was 1.50 inches and the thickness 0.25
inches. These dimensions, when inserted in the above equation,
give:

ot = 1.70 P 1bf/in® for P measured in 1bf.

Four mix types were tested, namely A2, B2, C2 and C3.
Two separate batches of each mix were cast, each producing four
solid discs and two cylindrical specimens. The average
results arc given in Table 3.



33

SECTION 1.2

Table 3 : Brazilian Test Results

Mix Typo No, of |Average ot Averagegg-‘
Specimens | (1bf/in?) ot
A2 8 0.84 8.10
B2 5 144 8.h5
c2 7 0.87 10,27
c3 ? 2.4k 7.62

A total of five disc specimens were rejected, one through
careless handling and the other four for suspect failure mechanisms,
Hobbs has drawn attention to the types of failure which may be
observed in such tests. Four of the eight typical failed specimens
shown in Figure 1.2.5 appear to have wedge-shaped fractures
adjacent to one or other of the loading plattens, The problems
of handling failed discs were in great part responsible for
these, At the point of failure no wedges were visible, but the
slightest jar after removal from the plattens frequently causcd
some of this previously highly stressed zone to crumble and drop
outs, In every case a small 'flat' was observed on the curved
edge of the disc adjacent to the plattens, by the time the failure
load was reached.

The average values of the ratio of compressive to tensile
strength (%/8,) lie between 7.6 and 10.3, which is an encouraging
indication of the rock-like characteristics of the material. The
ratios of ¢ /0. in excess of 10 found in many rock materials
are believed to be duc to the existence of Griffith type flaws in
the grain boundaries of these materials (seec review by Jaeger 14)_
In the casc of the model material the shape of the pores is difficult
to imagine, but it seems possible that the major pore spaces will
not only occur in the interstices between the grains of sand,
but also partly around the grains, thereby making a semi-continuous
network. This argument is based on the assumption that the layers
of water which surround the saturated grains become porec spaces
after curing. The process of dissociation may be responsible for
the production of extremely fine flaws in the cementing crystals,
but the material will probably not contain the potential Griffith
type flaws mentioned above,

1.2,4 TRIAXIAL COMPRESSION TEST

For a representative picture to be gained from this series of
low pressure triaxial tests, it is necessary to reclate the confining
pressures used to the prototype scale. Since the modelling of
open pits was the major problem under consideration in this study
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the triaxial test programme was chosen to cover the behaviour

of rock at a depth equal to the pit slope height, and also to a
depth more than twice this dimension, for a reprcsentative
structural response to be observed. This involved simulating up to
two thousand feet of overburden for, say an eight hundred foot

deep pit.

If the condition of confining pressure equal tc the overburden
pressurc is considered, then for a rock of demsity 160 1bf/£t5
the confining pressure equivalent to 2000 feet of rock overburden
is 2220 1bf/in“, With a stress scaling ( 1) of 1:666 this
reduces to approximately 3.3. lbf/ln2 The range of confining
pressures’ chosen for the tests was in fact, O to 3.2 1bi/in~.
This low pressure range made it necessary to employ a mercury
U tube manometer for sensitive measurement of the confining
pressure. A diagram of the apparatus is given in Appendix 2
(Figure 4.2.1), together with details of the adjustments which
have to be made when calculating the exact pressures acting on
the specimens.

The 3" x 13" diameter specimens were tested dry, under
'full drainage' conditions. There was no possibility of testing
the material in a saturated state (under either cffective stress
conditions or drainecd) since, on contact with water, it rapidly
lost the 1littlc strength it had and become non-brittle. A thin
rubber membrane was used to isolate the specimens from the
confining water, and was sealed to the capping plattens with O
ring rubber seals. The latter were made as loose as possible
(consistent with no leakage) to reducc the possible damage to the
specimens during assembly.

For a given mix type, two specimens were tested at each of
the six confining pressurcs. Two batches of cach mix were
mixed and cast separately and a1l the results reported herc are
the average of two tests each from separate batches.

The results of tests on four of the mix types; namely
A2, B2, C2, and C3 are given in Table 4. Axial strain
measurements were obtained for the whole range of each test by
direct computation from the loading ring dial gauge readings and
from the known rate of jack advance, which was carcfully
measured under test conditions beforehand. The time taken to
reach the failure stress ranged between about three minutes for
the specimens under low confining pressure up to about twenty
minutes for the weakest spec1mens tested at the highest confining
pressure of 3.42 1bf/in?_
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Table 4 : Results of the Triexial Tests

o1 at failure (1bf/in2)/% axial strain at failure

o L2 B2 ce c3
(1b£f/in?)
T, € (A g T, € a, b
0 8.29 | 0,501 14.89| o.24 7.40 | 0.34 | 15.21} 0.28

0.25 1044 | 0.57 ] 15.41 | 0.27 8.90 ] 0.46 | 17,591 0,322
0.85 11.73 | 0.63 | 17.36 | 0.29 8.73 | 0.45 | 19.711 0.45
1.71 13,97 | 0.77 | 17.59 | 0,39 | 10.70 | 0,97 | 22.20{ 0.53
2,56 17.17 | 1.63| 19.60 | 0.46 | 13.73 | 2.58 | 23.721 0.87
3,42 20.82 | 4,511 21.88 ] 0.62 |16.39 | 5.30 | 25.791{ 1.15

(a) Deformation behaviour

Materials A2 and C2 deformed axially far more than B2 or C3,
and there appeared to be a rapid increase in the percent failure
strain for the two highest confining pressures. This characteristic
is clearly shown by Figure 1.2.8, vhich gives the failure strain
vs. confining pressure behaviour of the four mixes, Large
increases in strain can be scen for the two weak materials
when tested under confining pressures sbove one quarter of their
unconfined compressive strength. The same may be the case for
B2 and C3 but the confining pressure range only extended to about
20 or 25% of their unconfined strength, so the effect could not
be verified.

The behaviour of C3 with increasing confining pressure can
be seen in Figure 1.2.9, which is a plot of the axial load vs. the
axial strain for the six pressures applied. There was a slight
increasc in Young's modulus with increasing confining pressurec
and the bchaviour close to failure became increasingly non-linear
with increasing confining pressurc, indicating a brittle-ductile
transition,

(b) Poisson's ratio

An inportant characteristic which was not investigated was
the Poisson's ratio for the material. It is clear that some
method which is less constraining than strain gauging must be
employed, since the material was weak enough to be drastically
effected by any high modulus skin of cementing agent. The nature
of the material and its general similarity to rock would indicate
that the Values of Poisson's ratio were likely to be less than
0.2 and the hypothesis of a reducing porosity with increasing
applied stress suggests that values may have been actually below
those common to rocks.
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(¢) Modes of failure

The modes of failure of the specimens can be seen in Figure
1.2.10. Fach pair are representative of the failed specimens of
each confining pressure. At the lowest o3 values (right hand
side), the failure surface appeared partly conical. In addition,
several near-vertical fractures were developed in the thin-walled
'shell' surrounding the cone. At higher confining pressures most
failure surfaces appeared tc be single and stecply inclined, with
a slight curvature across their faces. Two specimens are high-
lighted in Figure 1.2.11l. They were typical of the weakest mixes
(A2 and C2) tested at the highest confining pressure. Large
axial strains occured in these two materials (4.51% and 5.30%
respectively) before the maximum stress was reached, and slight
barrclling can be seen, particularly in the left hand specimen.
In this state the specimens had to be handled with extreme care,
as the whole of the central zone was badly fractured and in an
extremely friable state,

(d) Strength behaviour

The Mohr rupturc envelopes for the four materials A2, B2,
C2 and C3 are given in Figure 1l.2.12. Two conclusions can be
drawn from a qualitative examination of the results: (a) the
two lowest strength mix types A2 and C2 demonstrate a greater
increase in strongth with confining pressure than was the case
for B2 or C3; (b) the slopes of the rupture envelopes for type
C nixes lay between the upper limit of A (100% sand) and the lower
limit of B (100% ballotini). This was of particular significance
since it indicated that the intrinsic shear characteristics of
the material could be manipulated at will between the two limite,
by altering the constitution of the coarse filler.

A sinmple and much better method for comparing the rates of
strength increasc with confining pressure is obtained by plotting
the results of the axial stress at failure (oy) directly with the
values of confining pressurc (03). It is of great advantage if
this function can be in dimensionless form,y so that the model
results can be compared directly with those of rock materials.

A simple technique used by Hoek > and Franklin16 consists of

dividing the data by the respective unconfined compressive strengtths,
thus converting the data to normalised form, i.e. oy/cc, 93/0c.

Figure 1.2.13 shows a normalised plot of the results for the

four materials A2, B2, C2 and C3., The large strength increase

for A2 and C2 is shown particularly clearly with this typw of plot.

The two failure criteria discussed above allow a visual
comparison to be made between the triaxial performance of the
model material and the performance of the rock material that is
being simulated. Correct strength scaling requires geometrically
similar Mohr rupture envelopes and geometrically identical
nommalised plots. In the fnal part of this Ssection, some of the
mechanical properties of the model material will be briefly
discussed in relation to two broad systems of rock classification
developed from unconfined and triaxial compression results,
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DISCUSSION
1.2.5 UNCONFINED COMPRESSION BEHAVIOUR

The non-linear stress-strain behaviour for all the mix types
reported was noted in Figures 1l.2,1, 1l.2.2 and 1.2.3. The high
rate of strain was thought to be largely due to 'bedding-in' of
the end faces, However, it may also have been a function of the
closure of the pores, Sandstones exhibit this non-linear behaviour,
due to partial closure i% micro-cracks, vhen initially stressed
(Morgenstern and Phukan™ ‘)., This behaviour was found to be
greatly influenced by the porosity of the particular sandstone
under test, an observation which is of particular relevance to
the present work with a material of high porosity (40-47%)

(See Appendix I).

The essentially linear central portions of the curves
enabled values of By (tangent modulus at 50% of ultimate
strength) to be determined quite closely, though small errors
here may have been the cause of an appreciable scatter on the
modulus ratios (E¢/o,) for the same mix type. The second non-
linear portion of the curve can be seen to extend over the
last 10 to 20% of the stress ronge. However, unlike the case
of triaxial compression when the highly stressed material was
'supported' by a confining pressure, the non-linear strains that
occurred before failure in this case were of a lower order -
between 0,10 and 0.15% axial strain in general.

It will be convenient for comparison if the strength
results are related to the full scale behaviour which is being
simulated. In Sect® n 1.1 on the dimensional requiremcnts, a stress
stale (W ) of 1:666 was obtained by adopting a geomectric
scale ( A ) of 1:500, and by assuming a full scale rock
density of 160 lbf/i't3 compared to the model density of approxim-
ately 120 lbf/ft3. Table 5 below shows the values of the
unconfined compressive strength (ob) and Young's modulus
(Ey) obtained by converting the model results to the full scale
values., The modulus ratio (Eg/og) remains constant.

Table 5 ¢ Full Scale Unconfined Compression Test Results

1bf/in®| A2 A3 AL B2 B3 B4
o 6,860 | 11,860 21,260 10,390 19,120 | 33,140
By (x10%) | 2.50 | 4.87 9.60 | 5.26 | 10,66 | 17.07

| c2 C3 ch

5,720 | 13,420 19,899

2.66 7.13 9.66
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A useful and simple method of rock classification was reported
by Deered after the report by Deere and Miller (1966). It is based
on only two variables; the unconfined compressive strength (og) and
the tangent modulus (Et) of intact rock specimens. The values of the
compressive strength and the modulus are plotted to a logarithmic
scale. The modulus ratio (Bt/o¢) is obtained from the plotted
position with respect to the diagonzl lines. The essential features
of the system can be seen in Figure 1.2,1k. The values of o, and
Et that were obtained by scaling up the model results are shown
plotted in their prototype scale positions (See Table 5). The
envelope shown dashed encloses results of 75% of the specimens of
limestone and dolomite collected by Deere and Miller. Two-thirds
of the model specimens are also contained in this envelope. The
comparison can be extended to several other rock types reported by
Deere and Miller; basalt and other flow rocks, granites, many of
the sandstones, gneisses and so on. However, the closest similarity
is with the limestone and dolomite group.

The flexibility of the model material properties is well
demonstrated by the relative positions of the three varieties taken
from the vibration study (See Fig. 1.2.6). The material (nominally
close to Al) has been scaled up to the prototype stresses and the
three positions are shovm in Figure 1.2.14.(A1 (1), (2) and (3).

If this technique could be cxtended also to the higher strength mixes
then a considerable range of rock performance could be simulated

by varied amounts of vibration. At this point attention should

be drawn to Figure 1.2.7 (II) which is a plot of the strain at
failure vs. the modulus ratio for the vibration tests, The tendency
for higher failure strains with materials of lower modulus ratios is
well demonstrated by the envelope Miller and Deere give for 75% of
their results for shales. At least 75% of this arca covers modulus
ratios of less than 200:1,and a high failurc strain is certainly

to be expected from such materials.

1.2.6 TRIAXTAL COMPRESSION BEHAVIOUR

As an aid to comparison, the hypothetical full scale
confining pressures and failure stresses are tsbulated. They
were obtained by multiplying the model stresses by 666 which is
the previously selected stress scale,
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Table 6 : Full Scale Triaxial Test Results

(1:3/in2) o) at failure (1bf/in2)
A2 | B2 c2 C3

0 5,530 { 9,920 | 4,930 10,130

170 6,960 | 10,270 5,930 11,720
570 7,820 | 11,560 | 5,820 13,130
1140 9,310 { 11,720 7,130 14,790
1710 11,480 | 13,060 9,150 15,800
2280 13,870 | 14,590 | 10,920 17,180

In a previous part of this section, the Mohr rupture
envelopes for four of the mix types were given, together with
a normalised plot of the axial stress at failure vs. the confining
pressure. It was possible to compare their triaxial characteristics
with those of rocks, but only on a qualitative basis. This final
comparative diqcusgion is based on the strength criterion for rock
given by Franktinl® gig strength criterion incorporates both
unconfined compression data and triaxial data, and is based on
the trends exhiibited by the maximum shear stress loci of 1100
triaxial compressive strength results collected from the literature.

The maximum shear stress locus was suggested in previous
studies by Hoekl? as a useful form of failure criterion. The
locus is defined by the points of maximum shear stress €¥,) acting
on the specimen at failure, and the nommal stress (Ow) acting
on the plane of maximum shear stress. (These points are simply
the tops of the Mohr circles).

Tp=T-0 T = SitU3
2 2

Normalising the results in the standard way:

—~— ~ /
'T'“: =Ul_°3 U_m = 0"+0"3

200 Za'c
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Franklin16 gives scatter diagrams of this data for twelve
lithological groups; sandstones, limestones, guartzites and so on,
each showing a surprisingly similar trend in view of the variety of
different materials. The scatter diagram for the four model
materials tested is shown in Figure 1.2.15. It is possible to
compare it directly with Franklin's diagrams, since the plotted
data is dimensionless. Bearing in mind ths relatively low simulated
confining pressure range (0 to 2280 1bi/in“), the results appear
to bear most resemblance to the limestone group.

A certain separation in behaviour becomes apparent if the
data is replotted on lopgarithmic axes. Franklin found a near
linear rclationship to exist between log’nﬁ and 1og(TQ for the
various lethological groups. He obtained the following empirical
failure criterion for brittle compressive failure:-

‘
'lm = %(2-0'[;1 )B

wvhere B is the gradient of the log ¥y vs. log oé diagram. This
function (to the base of ten) is shown in Figure 1.2.16 for the
four model mixes A2, B2, C2 and C3. The approximate gradients

(B values) are as follows:

A2 B2 c2 C3
0.67 0.38 0.53 0,64

Mix types A2 and C3 thus lie within the typical range of B values
given as 0.6 to 0.8. Franklin observed that little could be seen

in the way of systematic variation between rock types. It is
therefore important that all potential model materials should also
have a close range of B values, corresponding to the approximate
limits just given. In addition, it has been shown that the

strength envelopes in the brittle compressive range are geometrically
similar between model and prototype, if the respective B values

are identical.

The above argument suggests that B type mixces should be viewed
with suspicion, since the B value of 0.38 is well outside the
common range for most rock types. However, support is lent to
the belief that A and C type materials are well suited to the
task of modelling both a range of rock types and the consequent
range of properties. The resemblance to limestones is strengthened
by the fact that the average B wvalue for this group has been
given as 0,65 by Franklin., This may be indicative of a relation
between the B value and the plotted position of a group of rocks on
the Deere and Miller diagram.

CONCLUDING REMARKS

The influence of discontinuities on the stability of open-pit
slopes and rock slopes in general has been emphasiscd in Section 1.l.
It is most important that the frictional characteristics of dis-
continuities built into the model closely reproduce the estimated
shearing characteristics of rock discontinuities. Such features
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should includs peak and residual strength and dilation, where the
magnitudes of these will be based on results extrapolated from
insitu and large shear-box direct shear tests. It is clear that
the frictional properties of rock discontinuities will depend
not only on the inherent shear characteristics of the intact
material, but also on the roughness of the interlocking surfaces
of rock.

A materizal has been produced in which, for a given compressive
strength, the inherent shear characteristics of the solid can be
varied by the use of sand or ballotini coarse filler.

A method has been developed for producing systems of inter-
secting discontinuities in the same material. The great advantage
of this low strength brittle material is that it can be readily
split into uniformly orientated fractures. It is this type of
interlocking surface that has the closest resemblance to those inter-
secting a rock mass. Full details of the direct shear characteristics
of these interlocking surfaces are given in the next Section.
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1.7 PHYSICAL CHARACTERISTICS OF MODEL JOINTS FROM DIRECT SHEAR TESTS

SUMMARY

Existing techniques of joint modelling are reviewed. It is
concluded that no methods in present use are acceptable as either
realistic simulations of joints or as mass production methods.
Some preliminary tests are described on flat, roughened surfaces
of the red lead-sand-plaster-water material. Unfortunately the
most realistic surfaces were the most difficult to produce
systematically.

A method is described for producing interlocking tension
fractures in the model material using guillotine devices. A
comparison of fractures through three different model materials
shows that the direct shear characteristics of material C3 have
optimum features. A realistic drop from peak to residual
strength, and an approximately bi-linear envelope of peak shear
strength (with curved transition) is obtained. An initial angle
of friction of 56° and a cohesion intercept of 0.08 1bf/in® are
indicated., Considerable importance is attached to the variation
of shear strength with horizontal (and vertical) displacement.
Both pre-pecak ond post-peak strength characteristics are thought
to have a fundamental effect on slope behaviour.

The concept of primary and secondary jointing is discussed.
Model joints can be produced in the guillotines which are
continuous, cross jointed or offset (stepped) depending upon the
chronological order of fracturing. The direct shear properties
of these threce types are compared and evaluated.

The model joints, which simulate prototype dimensions of
96 feet by 42 feet, are compared where possible with the results
of large scale in-situ tests reported in the literature. It is
concluded that the model shear strength envelopes display
similarity, their being only a small strength-size effect for
joint surfaces. Howecver the comparison of displacements at
which pcak strength is mobilized, suggest that a marked
displacement-size effect exists, which is probably controlled by
the joint roughness wave form.
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1.3 PHYSICAL CHARACTERISTICS OF MODEL JOINTS FROM DIRECT SHEAR TESTS

Introduction

Model materials with realistic intact properties have been
described in Section 1.2. The remaining problem was to produce
artificial joints with realistic shear properties. Two features
of particular importance have to be considered.

Firstly, direct shear characteristics for the joints showing
an 'unstable mode' of failure rather than a 'stable mode' have to
be created by some means. That is to say a graph of shear strength
and shear displacement was required showing a marked drop from a
peak strength at small displacements to a residual strength at
large displacements. This would be in direct contrast to omne
showing stable characteristics; in which a maximum strength is reached
followed by unchanging shear resistance with increasing shear
displacement. The contrasted effects of these two modes on the
progressive failure of rock slopes do not require emphasis here.

Secondly, when an 'unstable mode' of failure has been successfully
simulated the technique involved must be critically examined for
its practical possibilities. The final large model to be constructed
(described in Part 3 of this thesis) took two weeks to construct
and test, Four days were spent in simulating joint sets in the
intact model material., At least forty thousand discrete blocks
were produced in this short period and this of course implies that
some mass production technique was employed.

A cimprehensive review of joint modelling was given by
S§timpson } It is apparent that this aspect of modelling has
received a minimum of attention in the past. Of the limited
number of techniques in use many are suspect from several points
of view. The simplest technique which is widely used is to cast
discrete blocks of model material in smooth sided moulds. When
these are cured the model structure is assembled by packing the
blocks into the model frame. A regular packing is usually employed
such that two orthogonal 'joint sets' are produced.

The next logical step that is taken is to find some means
of varying the frictional properties of the mating block faces,
geveral authors have reported the variable angle of friction that
can be achieved by inserting various materials between the flat
faces of cast bricks or layers of the model material. Fhmagalli3
has achieved friction angles as high as 40°-46° by inserting sand
of various grain sizes. However it would appear that this might
tend to produce a markedly stable joint behaviour rather similar
to the residual strength of rock joints. This residunl is largely
controlled by sliding and rolling in the intermittent bed of debris
which builds up between shear blocks after large displacements,

1
Ladonyi and ArchambaultlS, and Krsmanovic, Tufo and Langof
tackled the problem of joint roughness rather more directly.

9
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Imbricated (stepped) surfaces were produced by interlocking model
bricks which could be set at various angles and with various
heights of step. Total 'friction angles' (joint inclinations
included) of between 40° and 65° were obtained by the second
authors. These angles were dependent on both the height of the
step and the normal stresses. It seems likely that this form of
joint would tend to produce some cohesion intercept when the
direction of sliding was against steep tecth. However no details
were given of this directional dependence.

Pattonzo produced interlocking tceth joints by casting
directly against moulds with teeth. These teeth, ranging from
15° to 45° inclination and with 90° ends, produced his well
known bilincar approximation to shear strength envelopes, and
obvious drops from peak to residual strength.

None of the above mcthods sccmed to be practical possibilities
where large, highly jointed models were required. A programme
of direct shear testing was therefore initiated, firstly to find
the basic friction angle for sliding on flat surfaces of the
red lead-sand/ballotini-plaster-water material, and secondly to

sece if any simple methods could be found for producing unstable
characteristics.
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1.3.1 SOME PRELIMINARY TESTS ON MODEL JOINTS

Flat joints were investigated first, where the surfaces in
contact were produced by direct moulding against perspex mould
faces, Two roughened variations were also tested. The three
joint types can be summarised as follows.

1. Smooth, as cast flat surfaccs
2. TFlat surfaces roughened before setting.
3. TFlat surfaces roughened after setting.

Joint surfaces Nos. 2 and 3 were produced as follows.
Bricks were cast in moulds which had one open face (uppermost).
Before final setting of the model material a steel straight edge
was drawn across the open face to produce a flat but 'granular'
surface. Alternatively the bricks were removed from the moulds
after setting but before curing, and were scraped once with the
same straight edge. This again produced a flat 'granular!'
surface but in this case the surface was slightly loose due to
loss of cohesive bonds.

The shear blocks had an apparent contact area of 5.3 in2.
These just fitted into a standard soil mechanics type dircct shear
box (6 cm. by 6 cm.). One important modification was made. The
upper and lower split halves of the box, which conventionally
slide in contact during a test, were separated by 1/16 inch

P.T.F.E. (Teflon) strips. In this way the discontinuity under
test could be located midway in the small gap between the upper
and lower halves of the box. This prevented end interference
occurring after small amounts of shear displacement. Without this
device one edge of each block is sheared into by thc adjacent

edge of shear box, thereby rendering the results mecaningless.

The shearforcc-displacement and dilation characteristics of
the three flat joint types are shown in Figurc 1.3%.1. The intact
material used in 211 three was an experimental one similar to
A.1 but using one of the sands which was finally rejected in
favour of Kingslynn send (See Appendix 1.) The intact properties
were as follows:

"A. " 3 3 o
1 Unconfined compression strength ) L ) 1bf/in2,
Young's modulus 0.2x10" )
Strain at failure 0.41%
Density 130.6 1bf/ft.”

It can be seen from the results of No. 1 joint type that
the smooth surfaces became increasingly demaged both with large
displacements and higher normal stresses. (Range 0.25 to 0.93
1bf/in°). A emall drop in shear strength was followed by a
significant increase in strength after displacements of about
0,06 inch. No.2 joint type was slightly unstable as desired.
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However, as for the cases reported in the literature it was also
the most impractical surface to produce, since only one face

out of six could be treated in the desired mammer. No. 3 joint
type, which was relatively simple to produce on all sides of a
cast block, gave completely stable results corresponding to the
residual case discussed previously.

Linear shear strength envelopes werc found to fit the rather
scattered data best. The following results were obtained.

Joint type Angle of friction Shear Displaccment
(inch)
1 34° 0,02
(o]
31 0,0l
o]
38 0.1k
2 36° 0.01-0.03
31° 0.12
3 32° (approx). 0.0-0,12

Note: A cohesion intercept of zero was assumed for all envelopes.

Later tests on flat surfaces of materials A3 and C3 (see
Section 1.2 for strength data) gave residual angles of friction
of 31%° and 283° respectively. This was for displacements of
0.12 inch. This illustrated the potential of ballotini for
reducing the angle of 'basic friction' as compared to materials
containing only sandfiller. The term 'basic friction', which
will be used throughout this thesis, is used to describe the
shear strength when sliding occurs between flat surfaces after
displacements corresponding to residual conditions. VWhen rough
surfaces are sheared and the residual condition is not reached
by the end of a shear test, the friction angle will be referred
to as the 'ultimate’ frictiig angle. This is the term used by
Krsmanovic, Tufo and Lanpgof™-,

At the same time that the above three joint types were tested,
a single series of direct shear tests were performed on intact Blocks
of material "A.1!' A normal stress range of 0.29 to 1.78 1lbf/in
was applied. The pesk shear strength envelope that was obtained
was remarkably linear over the full range. It represented a pea%
angle of friction of 42° and a cohesion intercept of 1.50 1bf/in“.
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Peak strength was developed after an average of 0.055 inch shear
displacement which was unexpectedly large. After 0.12 inch
displacement the strength envelope had reduced to an inclination
of 3102 but it still showed an apparent cohesion intercept of 0,80
1bf/in“ if assumed linear. A significant featurc of the test
which was consistent with later rcsults was that the maximum
angle of dilation occurred at the same horizontal displacement

as that at which peak strength was developed., It appeared that
the development of initial shear surfaces at presumably very small
displacements did not represent the peak strength. This was

a suprising result, but in fact it supported some in-situ results
discussed later.

1l.3.2 A METHOD FOR PRODUCING ROUGH JOINTS

Soon after performing the serics of shear tests on flat
joints a discovery was made which was to affect ail the following
work., When a sharp edge such as a chisel was gently tapped
against a block of the weak model material a fracture was readily
propagated which passed right through the block. Such discontinuities
which were in reality tension (or extension) fractures had the
torn appearance of tension joints found in the field. They were
however excessively rough and non planar when produced in this
way.

A small ruillotine was desipmed (See Figure 1.3.2) in which
a block of model material could be place so that its bottom face
was supported on a blade projecting from a base plate. A weipghted
upper blade could be dropped from various heights (0 to 2% inches)
to strike the upper face of the block. The blade angles werc
50° (upper) and 30° (lower). Limit screws could be adjusted tc
prevent too deep a penetration of the upper blade. The lower
blade was also adjustable in this manner.

The lower blade penetrated the base of the block due to the
momentum imparted to the block by the falling blade. Obviously
there was some time delay between the two penetrations, each of
which was about 0,03 inch deep. However the mechanism produced
somewhat more planar fractures than with a single penetration.
It is believed that the mechanism was one of 'static' wedging
causing extension fractures since the blade velocity at contact
was hardly sufficient to produce any dynamic effects from wave
reflections at the blade faces.

A series of test fractures were nade in different thicknesces
of model blocks using the experirental material "A,1." Thickness
of 21 inches and 13 inches were rejected in favour of 1 inch, through
which the most planar fractures could be produced.

Figure l.3.3 shows various components of the shear box
arrangement used for testing the new 'tension joints'. The upper
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and lower figures show the P.T.F.E. shear box separator, which
was increased in thickness to § inch to encompass the maximum
expected roughness of these joints (¥ 1/15 inch).* Note also
the light aluminum loading platten and loading yoke to which
weights were attached by four light wires. By this means
extremely low normal stresses could be applied.

A preliminary series of shear tests was performed using
experimental materials "A.I" and "A.4." The tension joint
surfaces were 1 inch wide and 2.3 inches long, and were aligned
with their long axes parallel to the direction of shearing.

Eight different nommal stresses were applied. The smallest of
these was simply generated by the weight of the upper block of

% inch depth. With model-prototype scales of 1 : 500 (geometric)
and 1 : 666 (stress) this simulated an overburden of approximately
twenty five feet of rock. It was hoped that at such low stresses
the presence or absence of a cohesion intercept might be indicated.

Figures 1.3.4t and 1.3.5 show the shear force-displacement,
dilation and strength envelope characteristics for a series of
tests on material ''A.1l." The strength envelopes were obtained
from the mean of two tests at each normal stress, and are the
best-fit curves to somewhat scattered data. The normal stress
levels, which are denoted by numbers 1 to 8 were as follows.

1. 0,047 5. 0.1480
2. 0.174 6. 0.667
3. 0.292 7. 0.856 (1b£/in%)
L, 0.386 8. 1.232

Characteristics such as those shown were extremely encouraging.
However the results for the stronger material "A.4t', which had an
unconfined compression strength of 24 1bf/in“, showed that the
roughness of fracturec was probably still too great. Initial
angles of friction (at low normal stress) of about 70°, and
ultimate angles of friction (after 0.18 inch displacement}’
of about 48° appeared to be unacceptably high.

The solution to the problem of excessive roughness of
fracture was tackled in two stages. Firstly it was anticipated
that the inherent frictional strength of the model material could
be lowered by using finer grades of sand and combinations of this
sand with ballotini. The concurrent work on the intact properties
reported in Section 1.2 showed that this was true. Materials

* This means that the shear force was applied 1/16 inch below

below the mean joint plane. It is possible that this small
moment improved upon the conventional distribution of stress.
It is widely assumed that a tensile region exists at the rear
of a shear block, when loaded conventionally,
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Figure 1.3.4

Shear force-displacement and dilation characteristics of tension joints in model material
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containing the largest proportion of ballotini ts sand demonstrated
the lowest inclination of shear strength envelope.

Secondly it was decided to devote some time to the design
of a larger guillotine. The special feature required was for
both the upper and lower blades to strike the bricks simultaneously
such that an extension fracture would be propagated from both
sides at once. The mass production of jointed slabs of the model
material was also envisaged, and necessary features were incorpor-
ated in the design.

Figure 1.3.6 shows the eventual form of this large guillotine.
A lot of time was ingolved in having it constructed, and several
months were spent on trials and modifications after its eventual
delivery. However the end result was entirely satisfactory.
Certain features of the design of the guillotine, and the methods
used for mass production of jointed slabs are given in Appendix 3.
A1l the joints that were generated for direct shear testing that
are reported in the remaining sections of this thesis were produced
on this large guillotine. With both upper and lower blades striking
the model blocks simultancously above and below, the roughness
of fracture was reduced to acceptable levels.

Selection of the optimum model matcrial

Figure 1.3.7 shows the direct shear envelopes of tension
joints generated in model materials A3, C2 and C3 which were three
of the materials described in detail in Section 1.2. It will
be remembered that the C series contained coarse filler which was
a 50/50 mixture of sand and ballotini. The inherent frictional
characteristics of type C materials obtained from triaxial tests
appeared to lie approximately midway between those of materials
containing 100% sand filler (type A) and those containing 100%
ballotini (type B). Figure 1.3.7 shows that the difference in
shear strength obtained from triaxial tests on the three intact
materials, was also prevalent in direct shear tests of joints in
these same materials,

Since joints with the lowest shear strength were required, C2
and C3 were preferred to A3. However the final choice of a single
model material, for use in all the models, depended on one further
factor. The materials werc so weak that damage of specimens when
handling them presented considerable problems., This factor, and
the low range of stresses anticipated in the final slope failure
models pointed to the adoption of material C3. It can be seen
from Figure 1.3.7 that despite a compressive strsngth almost
twice that of C2, and representing 13,800 1bf/in“ at full scale,
the direct shear envelope for joints in C3 is almost inseparable
from that of joints in C2 at the four lowest ncrmal stresses.

For this reason material C3 was selected as the optimum model.
All the test results presented in the remaining half of this
Section are for material C3, and all the slope models described
in Part 3 were constructed from the same material.
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Selection of the optimum strength test

Triaxial tests on intact rock, and direct shear tests on
rock joints are standard proceedures in rock mechanics practice.
However there are certain schools of thought which favour
triaxial testglfor obtaining the shear strength of joints in
rock, dJaeger — and Rosengren22 have used this technique extensively.

It is obvious that for the determination of the peak strength
of joints a triaxial system of stress application is most relevant
to field conditions. However displacements arc severely restricted
both perpendicular and parallel to the failure plane. This means
that the residual strength of joints and general post-peak
bechaviour cannot be determined with any degree of confidence,
despite the elaborate corrections for displacements devised by
Rosengren.,

The direct shear apparatus is the obvious alternative strength
test machine since there need be no limit on displacements and
these can be monitored continuously during each test. It must be
admitted that neglect of the intermediate principle stress is of
some importance. However this is not important when testing Jjoints
that are only to be used in so called 'two dimensional' models.
Two drawbacks to the direct shear apparatus are the non uniformity
of shear and normal stress distributions, and the consequent
tendency for progressive failure to be induced by application of
the shear force at onc end of the joint. However, it would seem
that large joint surfaces in-situ can only be tested by direct
shear techniques. Since the bulk of available data has been
obtained from such tests it seemcd advisable to test all model
joints in this way also. From a practical point of view it is
much thc simpler method.

1.3%3.3 DIRECT SHEAR PROPERTIES OF JOINTS IN MATERIAL C3

The performance of tension joints in material C3 will be
described without reference to the in-situ field test results
reported in the literature., A comparative discussion is given
in the latter part of this section., The presentation of joint
performance will be chiefly in visual form, by means of conven-
tional shear force-displacement, dilation and strength envelope
diagrams., Considerable importance will be attached to the
variation of strength with displacement, since this has a
fundamental bearing on slope behaviour. In most diagrams the
model performance will be illustrated together with the scaled
up prototype performance where appropriate.

The size of joint surfaces tested was as illustrated in
Figure 1.3%.3, namely 1 inch by 2.31 inches. At prototype scale
this represents 96 fcet by 42 feet, with the long axis along the
direction of shearing. (The effect of scale and of roughness is
discussed fully in Section 2.1 and will not be dealt with here.)



67

SECTION 1.3

A standard rate of shearing was used throughout, and eight different
normal stresses were applied. Once again the lowest normal stress
was generated by the weipght of the model block lying above the
joint. These details can be summarised as follows:

Model rate of shear Prototype rate of shear

1
0.046 inch/min x( A?)  1.0% inch/min

Model normal stress(lbf/in20 Prototype nomal stress

1. 0.0k 29.3
2. 0,168 112
3. 0.286 191
L, 0,477 318
Se 0.668 Lhsg
6. 0.954 635
7 1.620 1080
8. 2.383 1589

The range of nommal stresses encompassed the anticipated
range for the large models reported in Part 3 of this thesis. These
had vertical dimensions of 48 inches. The slopes which were
excavated in these models generated normal stresses across
steeply dipping joints no higher than the first four listed above.
A minimum of two specimens were tested at each normal stress and
only the mean of these results has been plotted where strength
envelopes are presented. However the scatter of results was
less thon that obtained from the unconfined compression tests reported
in Section 1.2, and considerably less than for the three flat
joint types described earlier. The peak shear strength results
showed a maximum scatter of approximately 10% for each nommal
stress. A surprising number of joints gave identical peak strength
results when tested at the some normal stress.

Dilation measurements were taken throughout each test at
one point only. This was the centre of the loading platten,
and the point at which the nommal stress was applied. Since the
upper blocks were free to rotate with the loading system employed,
the dilation measurement can be taken as the mean rise or fall
of the whole block.

Figure 1.3.8 .Shear force-displacement and dilation

(Note: Use of the word 'primary' in the above figure caption will
become apparent shortly.)

It can be seen from the figure that the desired unstable
joint behaviour was convincingly simulated by these tension joints.
There was a greater relative fall from peak to ultimate strength the
lower the nommal stress level, The ultimate displacement of
approximately 0.18 inch represented 7.7% of the total length of
the shear surface. The word ultimate is used since it is unlikely
that the residual strength was reached after the given displacement.



FORCE

SHEAR

VERTICAL DISPLACEMENT d

model d, x A (=500)

125 250 375 50-0 625 75-0 87-5
8
160
N ~
120 \~=~“~..-—~\\-~
o .
N
\
i
.
1 e
"//l
P ”~
> ‘06 Pre
P L~
’.//
‘05 ==
//" -
04 <
// e ——T 2
‘03 — ~ o /,/
//', 3
002 '// /// %
‘,// / //M____’___.‘——'G
01 = e — 5
7 | 8
+ rﬁ‘
0
025 ‘05 ‘075 10 ‘125 15 ‘175
HORIZONTAL DISPLACEMENT d_ INS

Figure 1.3.8

h

Shear force-displacement and dilation characteristics

for primary tension joints in model material C3.



SECTION 1.3

Reference to the dilation diagram shows that the specimen tested
at the highest nomal stress (No. 8) ceased dilating before the
end of the test. However it is doubtful that this could be taken
as positive evidence of residual conditions since the surface of
the joint contained some large amplitude asperities right to the
end of the test.

The enormous influence of normal stress on the dilatency of
a rough joint is clearly decmonstrated. The significance of a
dilatant surface was discussed ig Section 1.1 and has been the
topic of several papers by Mencl 3. He contrasted its effect on
shear strength with that of a loose contractile type of surface.
A second significant feature shown by this and all other dilation
diagrams, for all the two hundred rough model joints tested, was
that the maximum angle of dilation occurred at the same horizontal
displacement as that of the relevant peak strength position.
There was no dramatic change in dilation angle at the peak
position, but unquestionably the maximum was approximately as
indicated and generally just spanned the peak on either gide.
The horizontal displacements at which peak strength was mobilized
lay between approximately 0.020 and 0,025 inch for the model.
This becomes 10 to 121 inches at prototype scale. It represents
approximately 1% of the total length of joint surface.

Figure 1.3.9 Shear force-vertical displacement

This type of diagram demonstrates the relation betwecen the
vertical dilation across the joint surfaces, and the mobilized
shear strength., It is significant that no total dilation was
necessary for the peak strength to be mobilized at the two highest
stresscs. The dilatency effect was still in operation, but some
contraction occurred after a small horizontal displacement. This
can be interpreted as increased interlocking of the mating asperities.
At prototype scale the peak strength was mobilized after a dilation
of less than 2% inches for all but the two lowest normal stresses.

Figure 1.3.10 Post-peak shear strength envelopes

The fall from peak strength to residual strength occurs
during horizontal displacement across the loaded joints. The six
strength envelopes presented give some idea of the nature of this
drop in strength. It is significant that the complete loss of
'cohesion intercept' with displacement, that is generally and probably
falsely assumed, was not demonstrated by these model joints.

It will be apparent from the ultimate envelope that this did
not indeed represent residual conditions. A residual angle of

friction of approximately 30° would be expected for material c3,
based on the value of 28%° obtained from residual tests on flat
surfaces of the material.
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Figure 1.3.11 Post-peak

Strength envelopes at low ncrmel stresses ..

Figure 1.3.12 Pre~peak

A magnified impression of the above post-peak behaviour is
given by figure 1.3.11, in which the six envelopes are plotted at
the four lowest normal stresses only. It is interesting to compare
this with the pre-peak behaviour shown in Figure 1l.3.12. This is
rarely, if ever, considered in the literature, but has an important
bearing on slope behaviour that will be appreciated in Section 2.3,
Pre-failure displacements of rock slopes during excavation are
predictable by the use of such diagrams. It is seldom appreciated
that a joint which is undisplaced has more or less zero strength
depending perhaps on the cohesion or 'interlock intercept' as it
should be called. The concept of cohesion as applied to soils
and clays seems hardly applicable to rock joints that are free of
infilling material.

Primary and Secondary jointing

It was realized at an early stage that an important physical
concept could be modelled using the guillotine devices for
extension splitting of model bricks or slabs. This is the concept
of primary and secondary jointing discussed by Price” . A
primary joint set was described as the dominant set, while the
secondary set in this connotation was the intermittent, non-continuous
set of joints crossing the primary joints. The subjcct of jointing,
particularly in igneous rocks, is of coursc extremely complicated
but it may be justifiable to simplify it for this presentation.

The importance of primary and secondary joints sets in rock
mechanics is that the former are continuous, except for intermittent
cn~echelon offsets. By comparison the latter are non-continuous
and are effectively offsct in crossing the primary joints.

Thereforc from the point of view of shear strength, secondary joints
dipping into a rock slope would be favourable to stability compared
to the more or less continuous primary joints. This difference
highlights the problem of finding and testing those joints that are
relevant to the failure mode anticipated, and not those irrelevant
to it.

When a model block of one inch thickness was placed on
the large guillotinc slotted table (See Figure 1.3%.6) and located
between the blades, the first cut produced a 'primary' continuous
tension joint. The properties of this type of joint were illustrated
in Figures 1.%.8 to 1.3.12. If the split block was then carefully
rotated, keeping the split halves together by some means, a second
cut intersecting the first produced an offset at the intersection.
In fact tensile forces were not transmitted uniformly across an
existing crack, ceven if this was apparcently 'closed'. A perpendicular

77
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intersection between the two joints produced a 'secondary' joint
surface which had a small vertical step across it. 4 large number
of primary joints intersected by one perpendicular secondary joint
resulted in an interlocking castellated type of secondary joint
surface, Features such as these are illustrated in Section 3.1,

A third type of model joint generated in a similar manner was
the primary joint intersected by a set of secondary joints. This
produced no detectable offsets on the primary joint, but was a
relevant joint to test since all the primary joints of the jointed
slab models(reported in Part 3) were intersected by secondary joints.
This type of joint has been termed prlnary cross jointed' (P.C.J.)
The three JOlnt types are illustrated in the inset to the next
figure,

Figure 1.3,13 Strength envelopes of three model tension joints

The number of joints in each tested block was as shown in the
inset. The large guillotine produced a joint spacing of 4 inch.
The comparison of strengths of the three joint types is quite
illuminating. The secondary interlocked joints displayed the highest
angle of friction and a cohesion or interlock intercept approximately
two and a half times that of the primary or primary cross jointed
surfaces. The difference was maintained up to high nomeal stresses
when 211 three curves converged.

A significant separation in behaviour can be seen between the
primary and primary cross jointed specimens. This was most marked
in the transition stage, where the two peak strength envelopes
became less steeply inclined, 515n1fy1ng a changing mode of failure
of the type discussed by Patton It appeared that the mode of
failure involving shearing through of asperities was occurring at
lower stress levels for the specimens (P.C.J.) thon for the monolithic
primary joints. There is a reasonable explanation for this., It
will be realized that the large scale (first order) asperities
were effectively reduced in length by the cross joints. Extending
this concept, it will be acknowledged that a highly jointed rock
mass dislays a markedly curved strength envelope, compared to the
envelope obtained for a single joint. This has been repogted by
several authors including Rosengren and Jaeger ' Jaeger , and
Pentz2?. Cross Jointing has the effect of intersecting first order
asperities and generally promoting a progressive mode of shear
failure,

The model joints displayed ultimate envelopes that were more
or less inseparable at low stress levels. However at high normal
stress levels the specimens (P.C.J.) were strongest and the secondary
joints weakest. The latter was probably due to the greater surface
damage noticed for these joints after shearing, in which debris
covered much of the lower surface, thereby controlling the strength
to a marked degree.
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Figure 1.%.14 Surface damage through shearing

The numbers 1 to 8 refer to the level of normal stress at
which the particular specimen was tested. The direction of
shearing was as shown by the offset of the upper and lower blocks.
The lower blocks in the test were those with some debris still
evident (C3(P) No. 7 for instance). In all cases the damage to the
surfaces (émoothing of asperities) was most noticeable at normal
stressgs of No. 5 and above. This represented stresses above 0.67
1bf/in“ on the model joints, and stresses above 445 1bf/in? on the
prototype joints. It is significant that this corresponds to the on-
set of the transition stage, during which the changing mode of
shear failure causes a flatter strength envelope to be approached.

Figure 1.3.15 Peak to ultimate strength ratio

The effect of nomal stress on the relative drop from peak to
ultimate strength is clearly demonstrated by this type of diagram.
The interlock effect in the secondary joint surface is clearly
shown by the large ratio (16.6 : 1 ) of peak to ultimate strength
at the lowest normal stress. The curves appear to be assymptotic to
a ratio of 1 : 1. This might be expected at extremely high stresses,
when the presence of joints has no effect on the strength,

It is now necessary to try to relate some of the model joint
behaviour just presented to the results reported in the literature
for in situ tests on large areas of joint. This is the nearest
comparison that can be drawn., Unfortunately it is a somewhat dis-
tant comparison due to the large difference in scale. It is
inevitable and perhaps excusable, in view of the similarity with
intact rock, that several model results will be taken to predict
idealized large scale joint behaviour rather than to model it.
Until large scale failures can be fully monitored and analysed this
approach is inevitable., However it is wise to record the areas
of doubt surrounding one or two aspects of the model simulation.
These can be listed as follows:

1. The model joint roughness is considerable and should be
scaled up and interpreted appropriately. Large scale
exposures of joints having lower degrees of roughness
will have reduced strength compared to the model prediction.

2. The model joints are completely free of soft infilling,
unlike many joints encountered in the field., ILikewise the
joint walls are fresh fractures and are therefore unaltered
by weathering.

3. The width of the model joints when unstressed is too large,
probably due to a few loose particles becoming dislodged in
the fracture process. Tor this reason the irrecoverable
closure of the model joints when first stressed will
exceed that of equivalent joints in the field. In other
words a loading history is required to compact the joints
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to the 'tightness' appropriate to the stress applied.

1.3.4 COMPARISON OF MODEL WITH LARGE SCALE TESTS ON ROCK

During the past five years several laboratories round the
world have developed large shearzmachines capable of testing joint
areas of approximately 1 to 2 ft~. in the laboratory. The cost
of field sampling and of mounting the blocks in these shear machines
is of course quite high. However it may be assumed that the test
conditions can be more reliably controlled than those operating
in in-situ tests on larger joint surfaces in the field.

Large scale field tests are extremely expensive to set up.
It is for this reason that the general approach has been to run
one 'undistrubed'test for each test block prepared. This is usually
taken only just past peak strength, following which a series of
sliding tests are run at different normal loads. Thus a ‘psuedo
residual' envelope can be obtained from one test block. This
has obvious financial implications.

The undisturbed point obtained from such tests generally
lies above the psuedo residual envelope. (An exception to this
is vhen the joints have some infilling material. Increased sliding
can then result in increased rock to rock interference) The
vertical' separation of the undisturbed point from the envelope
has been interpreted as the 'cohesion' by Ruiz, Camargo, Midea
and Nieble2d,

As a direct consequence of the expense and the above test
proceedure, there is a limited amount of data from in-situ
tests which can be compared with the model joint performance.
In addition, many in-situ tests are performed where there is some
doubt as to the contribution to strength of failure through intact
material, It is not always possible to excavate a test block
with a horizontal axis coincident with the strike direction of a
joint.

A further problem encountered with large in-situ tests ipn
the progressive failure which can be caused by applying the shear
force at one end of a jointed block of rock. Krsmanovic and
Popovic30 describe in-situ shear tests on fissures in limestone
of 5m2(65ft2) in area. The horizontal displacements of the blocks
were measured at twenty locations across the surfaces. For all
the blocks tested the profile of displacement was greatest at the
rear end of the blocks where the shear force was applied, and least
at the front. Differential displacements of between 25 and 40 mm.
(1.0to 1.6 inches) were recorded. With such large differences
between ends it is to be expected that the rear of the block would
pass the peak strength and reduce towards the residual before the
front of the block had even reached peak strength. Such progressive
failure, while producing a conservative strength result, does not
facilitate the interpretation of the strength data obtained.
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Comparison of Shear Strength

One of the largest in-situ tests ever performed was reported
by Ruiz et al29. The base area of 34.92 (450 ft2) was loaded
normally by the weight of the block itself., This amounted to a
stress of 1.71 Kg/cm2 (24.3 1b£/in2), which can be compared to
the model tests at the lowest normal stress. The base of the
block was arranged to be coincident with a basalt-breccia contact.
The undisturbed and first sliding test gave peak values of arctan
( T/G) of 690 and 680 respectively. A large proportion of this
function was due to the contribution of the roughness of the
brecciated surface. Peak dilation angles of 39° gnd 32° were
measured for the above tests. The same authors described tests
on 4 m2 (52 £t2) areas of sparsely jointed basalt. A question
mark exists over the contribution of failure through intact
material. However, the results are of interest since they dem-
onstrate the different interpretations of peak strength envelopes
that can be made., Two tests.were performed at a normal stress of
2 Kg/em? (28.4 1b£/in2), and both gave peak values of arctan
(7/G) of 739, Two further tests were performed at a normal stress
of 7 Kg/cm2 (99.4 1b£/in2), giving peak values of arctan (7/7)
of 530 and 63°, FEither these tests arc interpreted as demon-
strating an appreciable cchesion or interlock intercept, or they
are tsken as indications of a distinctly curved strength envelope
inclined very steeply close to zero normal stress,

Assuming comparison with the model results is valid, the
two normal stress levels corresponding to the tests above produced
values of arctan (4 ) of 71° and 620 from the model joints.

Several series of shear tests on a large laboratory shear
machine have becn reported by Krsmanovic and co-workers. Figure
1.3.16 shows the strength curves for tests on 40 cm x 40 cm
(15.75 inches square) surfaces of discontinuities in limestone.
These were given in a paper by Krsmanovic, Tufo and.Langolo=
The discontinuities were described as 'stratification surfaces
of different degrees of roughress'. This was in contrast to a
series on 'fissures of great roughness'.

The unstable form of the shear force-displacecment curves

is quite similar to those obtained for the model (see Figure 1.3.8).

However the peak strength envelope is uniformly curved compared
to the envelopes obtained for model joints (Figure 1.3.13),
which can be approximated to bi-linear relationships quite
successfully. This may be indicative of a dominant wave form in
the model roughness, which would promote a transition in the
mode of failure within a distinct range of normal stress.

By comparison a wide range of roughness wave forms would cause
the uniformly curved envelope for the in-situ test.

31
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The curvature of the ultimate envelope in Figure 1.3.16
reinforces the suspicion discussed earlier, that an apparent
interlock intercept exists even after post-peak displacements
have occurred. Some shear tests on sandstones reported by
Krsmanovic9, were taken to ultimate displacements of 4.5 cms
(1.8 inches). The envelope obtained had an inclination of
339 and zero interlock intercept, thus corresponding more or
less to residual conditions., However the strength envelope for
a displacement of 0.5 cm (0.2 inch), though parallel to the
ultimate envelope still displayed an appreciable interlock intercept.

Comparison of displacements at peak strength

From a comparison of model and in-situ results it would
appear that the strength-size effect of joints is small compared
to the displacement-size effect. The model joints provide
controvertial evidence that large areas of joint require much
larger displacements to reach peak strength than do small specimens
of joint surfaces. It is clear that roughness plays a large
role in this effect. However this will not be discussed further
here since it forms the subject of much of Section 2.1.

The importance of the peak displacement is best illustrated
by the results of Seraphim and Guerreiroll, A large number of
in-situ tests were performed at three Spanish dam sites, both
parallel and perpendicular to stratification planes. It was
found that for equal normal stresses, the horizontal displacements
at peak strength were 0.5 to 3.0 cms (0.2 to 1.2 inches) for
the parallel tests, and 1.2 to 5.0 cms (0.6 to 2.0 inches) for
the tests perpendicular to stratification planes. This result
was also experienced in the model tests reported earlier. The
tests through intact model material which presumably can be
compared to the perpendicular tests above, showed peak strengths
at a mean displacement of 0.055 inch. By comparison the
numerous tests performed on model joints showed peak strengths
at displacements averaging 0.020 inch. This is a suprising
anomaly. It is presumably caused by the fundamental difference
in the roughness and amplitude of roughness, between surfaces
generated by shear stresses, and thosc generated by tensile stresses

The same authors3l give interesting results illustrating the
effect of clay infilling of joints on the peak displacements.
Two test types were distinguished.

1. Stratification plane partly covered with film of clay.
Shearing occurring with considerable collaboration
between the two blocks,

2. Stratification plane totally covered with film of
clay. No collaboration whatsoever between upper and
lower block.
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The horizontal and vertical displacements at peak strength
were approximately seven times smaller for the shear surface
entirely within the clay film (type 2). Similar observations
were apparently made at many othor dem sites, It is an
illustration of the unpredictability of rock masses in which
clay infilling exists., TFailure can be cxpected at much lower
stresses on clay filled joints. In addition, displacement monit-
oring systems will be that much less effective in such environments.
Unfortunately this important aspect of joint performance could
not be modelled with the present method of joint simulation, so
no comparisons are possible.

It appears from a literature review that the peak displacements
obtained in large shear machines were of the order of 0.1 to 0.6
inch in general The large in-zsitu tests while showing somewhat
larger peak displacements, were still mostly less than 1 inch,

In his revicw of the deformability of joints Goodman32 gives
typical ranges of peak displacements for various types of joints,
A mean valuc of 0.3 inch is quoted for undisturbed, clean rough
fractures. In comparison, the range for filled joints, sheared
zones, shale partings and smooth bedding was only 0.05 to 0,12

inch, which illustrates the effect of roughness on joint displacement.

Some tests on 12 inch by 9 inch areas of schist were performed
by Kutter33, The specimens were tested parallel to bedding.
Despite the fact that 'cohesive' bonds across the bedding had to
be broken for shearing to occur, peak displacements were quite
large and therc appearcd to be some reclation between the magnitude
of this displacement and the level of normal stress applied., Tests
at normal stresses of 140, 400 and 800 1ibf/in2 gave peak displace-
ments of approximately 1/10 1/5 ana 3/5 inch respectively. An
earlier gseries of tests on porphyry joints was performed on the
sarie machine by Pentz3*, This shear machine has been described by
Hoek and Pentz35, The range of normal stresses was 500 to 1400
1bf/in2,and the peak displacements were 1/5 to J/5 inch. There

was in this case no apparent relation of displacements with
normal stress.

Several authors have recorded the variations of vertical
displacement (dilation) with shear force. Ruiz et al29 recorded
contraction at the beginning of some shearing tests, and peak
strength was often defined by the point at which this movement
inverted to cause dilation. Nose30 recorded initial contraction
followed by up to 5 mm (0.2 inch) of dilation before peak strength
was reached on large 10 m2 (129 ft2) in-situ blocks. Seraphim3?,
and Jimencz Salas and Uriel38 give shear force-vertical displacement
diagrams describing the behaviour of model curves given in Figure
1l.3%.9, but unfortunately in~situ tests are seldom if ever taken
past the peak without changing the normal stress to obtain a
psuedo residual envelope. This practice which was discussed
earlier, means that no continuous records of dilation from
start to finish are available for model comparison.
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by the model had dimensions of 96 feet by 42 feet.

The controversial evidence of a displacement-size effect
predicted by the model joints is provided by the table below.
It will be remembered that the prototype joint surface simulated

This is five

times as long as the largest in-situ test that has been reported

to date,
Table 1. Prototype displacements extrapolated from the threec joint
types.
NORMAL STRESS DISPLACEMENTS

! d, ultimate (ins)

G'n (1b£/in®) 4y peak (ins) | dy peak (ins)
|

(ALL) c3(®P) !CB(PCJ) 03(5)! C3(P) CB(PCJ)} CB(Sﬂa Cc3(P) | C3(PCIY C3(8

29.3 11.5 L.5 3,5 - - - - - -
112 7.5 110.0 5.5 1 3,75 | 4,00 2.25 I 17.1 11.7 |19.5
191 12.5 8.0 9.0 || 3.10 | 3.45 2.05 It 12.8 13.3 {18.6
318 12.0 9.5 9.0 ; 2,05 | 1.70 2,25 || 11.1 13.0 [11.2
Lhs 12.5 9.k 10.0 || 1.70 | 2.85 0.60 I 11.7 6.6 [14.2
635 9.5 9.0 7.0 |} 0.55 | 1.25 0.25 7.0 6.3 |1l.h4
1080 11.0 |10.5 9.5 | o |0.80 o | 5.k L6 | 2.1

1589 13.5 |11.0 - 0.70 | 0.35 - i 2.4 2.6 -

Where C3(P): reprecents single primary joints.
C3(PCJ): represents primary joints with perpendicular

and

Cc3(8) :

4, (peak)

secondary cross joints.
represents secondary joints with perpendicular
primary cross Jjoints.

strength.

strength.
d, (ultimate) : is the vertical displacement at the end of

each shear test.

dh (peak) : is the horizontal displacement at peak shear

¢ is the vertical displacement at peak shear

The prototype scale dy

(ultimate) for all three series was 90 inches.
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A full discussion of roughness and of the displacement-size
effect is given in Section 2.1. However it is pertinent to point
out here that a series of modcl shear tests has been performed on
joints in different strengths of material. By inverting this
dimensional problem the tests can be interpreted as representing
a series of tests on different dimensions of joint, all performed
on the same strength of material. A range of joint surfaces from
72 to 96 feet long was simulated by this means. It is significant
that the peak horizontal displacements for the 7% feet prototype
were from ¥ to 1 inch for the simulated range of normal stresses
of 2} to 1640 1bf/in®, This 74 feet dimension corresponds closely
to the in-~situ test dimensions often tested.

Conclusion

The tension joints generated in model material C3 are assumed
to be realistic models of rough, undulating joint surfaces which
might be encountered in the field. Critics of the excessive rough~
ness of the joints may be misled by the ease with which planar
joint exposures are seen in the field. In any open pit the planar
Jjoints exposed are irmediately recognised due to their regular
form and encreased reflection of light ~ particularly when wet.
Rough joints are much less apparent from any cursory glance,

Large scalc joint roughness is unfortunately outside the field
of interest of structural geologists. Consequently the number of
joint profiles available for comparison is extremely smali, Patton?O
and more recently Renger539 are perhaps the only two authors to
have systematically measured larpge scale roughness profiles. The
Ph.D thesis (in preparation) by Rengers (Dic Reibungseigensch
aften von Gesteinstrenn flAchen in Zusammenhang mit deren
Oberflachen besch affenheit. University of Karlsruhe 1970) should
provide some much nceded information on joint roughness, and the
cffect of this on the shear strength.

It can be concluded that model joints have been produced which,
whether too rough or too planar, display rcalistic characteristics
when sheared. The magnitude of these characteristics is thought to
be less important than the quality. dJoints which are excessively
rough will support steeper or higher rock slopes, but this should
not effect the mode of failure induced.

=r
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SECTION 1.4

I.4, STIFFNESS OF JOINTS
SUMMARY

The results of normal loading tests on model joints are
presented, and values of normal stiffness calculated. It is found
that these values are stress dependent, and suprisingly reduce
to a minimum with increasing stress before rising at higher stress
levels when the joints become more tightly closed. This behaviour
is also seen in some in-situ plate loading tests.

Some data on in~-situ loading tests are analysed in which the
joint spacing below the jacking plate was known, This produced a
value of normal stiffness of 33,400 1bf/in“ per inch which is in
agreement with the projccted model results at low stresses. The
value of the modulus ratio (Emass / E intact) from this test and
from some reported in the literature indicate that the jointed
models have suitable values of this ratio, ranging from 1/2.4 to
1/5,0. It does not appear that normal stiffness is size dependent.

The shear stiffness of primary, primary cross jointed and
secondary model joints are compared, and the corresponding prototype
values presented. It appears from the model results that shear
stiffness may be markedly size dependent as well as stress dependent.
Values from 2C to 150 1bf/ind per inch were obtained for a simulated
prototype normal stress range of O to 1600 1bf/ind. The models
represented a prototype length of joint of approximately 100 feet.

In comparison, some large in-situ tests on lengths of j%int of
approximately 16 feet gave values of 130 and 168 1bf/in“ per inch

at low stresses, while values up to 3500 1bf/in“ per inch were
obtained from shear tests of joint lengths of only 1 foot, tested

at high stress. An inverse proportionality between shear stiffness
size was indicated.



1.4 STIFFNESS OF JOINTS.
INTRODUCTTON

The behaviour of a joint when stressed is an important compon-
ent of rock mass performance under load. At the stress levels
encountered in near-surface cxcavations, it can be anticipated that
joint behaviour will completely dominate the 'elastic' deformations
of the intact rock. For this reason the shear and normal stiffness
of joints have fundamental implications to the more sophisticated
'Finite Element' and 'Finite Difference' analyses of rock nasses
under load, (See Goodman, Taylor and Brekke <9).

The normal stiffness of a Joint is usually defined as the

normal stress per unit closure, with units of 1bf/in? per inch.
Since this stiffness is generally lower than that for the intact

rock separating the joints (depending on joint spacing), the mass
E modulus may be as much as an order of magnitude less than the
nodulus measured from tests on unjointed laboratory specimens.

A second measure of stiffness of a rock mass is that
concerning the shear displacement on a joint under a given shear
stress, This shear stiffness is assumed to be uniform up to the
peak shear strength, and is defined by the mean gradient of the
shear stress - shear displacement diagram, taken as far as the peak
strength. It has the same units as normal stiffness. Goodman et'alag,
also define a residual sheaor stiffness in an attempt to model
progressive failure numerically. However this will not be considered
here since there is some doubt as to the shear displacement required
to reach the true residual strength. (See Section 1.3)
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l.4.1 NORMAL STIFFNESS Kn

Normal loading and unloading tests were carried out in the
small shear box (5.3 in®) on various joints generated in the model
materials. The joint dimensions were identical to those tested in
shear, and represented prototype surfaces of 96 feet by 42 feet,
when interpreted at the same scale as that reported in Section 1.3

It can be_seen from Figure l.4.l that a datum normal stress
of 0.30 lbf/in2 was applied throughout. This was unavoidable since
the vertical displaocement and loading systems had to be applied via
the light platten and loading yoke shown previously in Section 1.3
(Figurc 1.3.3) These could not be removed between the normal load
cycles without disturbing the specimens.

The results shown arc the mean of three tests. Similar results
were obtained for primary joints in material C2, and secondary joints
in materizl C3, However it might be expected that the normal
stiffness of interlocking secondary joints would be affected by an
intermediate compressive stress acting in a direction such as to
stress the interlocked teeth longitudinally. This loading refinement
was not npossible in the test arrangement used.

The first cycle of loading at each stress level produced a
large and more or less irrecoverable closure of the joints. The
load was applied for several minutes to 'pre-consolidate' the joints.
It was then reduced to the datum and re-applicd to produce an
approximate stiffness line, The joint closures presented in Figure
1.4k.1 have been corrected for the elastic displacements predicted
for the solid material which was situated above the joint in the
loading box. It should be noted that the maximum normal stress
applied (5.07 1bf/inc) was approximately one quarter of the unconfined
compression strength of the intact material.

Table l. summarises the model normal stiffness results and
gives the prototype equivalents predicted from geometric and
stress scales of » : 500 and 1 : 666 respectively. The conversion
factor is the ratio of ( ‘W A ) which is equal to 1 : 1.25.
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Teble 1.

Normaol stiffness of prinary joints from model material Cx,

91

JANSS dn Total consolidation Stiffness Kp
Stress (1bf/in®) (1b£/in3)
(1bg/in?) (x10*)

Model (1bf/in2) Model Prototype Model Prototype
0,477 0.7 0.7k 516 1.5 x 10* 2.0k x 10"
0.952 0.88 1.249 8z2 1.09 " 1.45 ©
1.429 2.70 1.726 1150 0.53 " 0.70 "
1.90k 2.52 2.201 1468 0.76 " 1.0L "
k,770 5.17 5.067 3377 0.93 " 1,23 "

Tt can be seen that the stiffness under intermediate stresses

was omaller than that at hoth lower and hicher stress levels.
This unexpected trend is shown in Figure 1l.4. 2 (a). * The lower
bound value of 7000 1bf/in’ at a prototype stress of 1150 1bf/in
presumably indicates some radical change in the mode of 'normal
failure', with changing normal stress.

The first cycle ofloading at each stress consolidated the joints,
causing mostly irrecoverable closure appropriate to the stress

level applied.
subsequent behaviour.

This constituted a loading history, thereby colouring
The anomalous result for intermediate

stress levels was probably due to the interaction of three modes.
Namely, small elastic displacements (at low stress), loosening
and rolling of parvicies on the asperity slopes (at intermediate

stress), and large increasesin true contact area (at hirh stress).

1.4.2 SHEAR STIFFNESS Kg

The shear stiffness of a joint was defined previously as the
ratio of the peak shear stress to the shear displacement at this
peak. It may have been noted from Section 1.3 that there was
little variation in the peak displacements of the model joints for
the range of normal stresses considered. For this reason one would
anticipate considerable variation in shear stiffness for different
normal stresses,

Table 2 shows the mean shear stiffnesses for the three types of
tension joint generated in material C3 (see Section 1.3), for the
eight normal stresas applied. Model stiffnesses are shown scaled up
to the prototype stiffnesses (x 4»./A ) in the right hand columns.
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GsD

Table 2. Shear stiffness of model and protetype joints
MODEL PROTOTYPE
o Ks (1bf/in3) Ga K (1bf/in3)

1bf/ 5| C3 c3 C3 1bf/ 5} C3 C3 C3

in (P) (PCJ) (s) in®| (P) (pCJ) (s)
0.0L4L 7.4 12.0 47,0 29,3 9.8 15.9 57.1
0.168 24,2 17.8 49,0 112 32,2 23.7 65.4
0,286 18.2 20,0 Lz, 3 191 24,2 40,0 57.8
0. 477 31,0 46,5 63.7 218 41,32 62.1 4.7
0.668 Lg,.2 51.0 78.8 Lhs 65.8 68.0 105
0.954 84,0 77.5 123 635 112 103 164
1.620 102 96,2 112 1080 135 128 149
2.383 100 130 - 1589 133 172 -

Notc: No specimens of secondary joints (C3.8) werc available

for tests at the highest normal stress, due to handling
damage.

The mean trend shown by joints C3 (P) and C3 (PCJ) (primarary
and primary cross jointed) are shown in Figure 1l.4.2 (b). The
shape of the curve is very similar to that of thc peak shear
strength envelopes given in Section 1.3 (see Figure 1.3.13)
Diagram (c¢) of Figure 1.4.2 shows the ratio of normal and shear
stiffness for primary joints in material C3. Due to the datum
stress applied in the normal stiffness loading tests, it is not
possible to compare the two stiffnesses below a prototype
stress of 500 1bf/in2. However it would appear from a tentative
extrapolationthat the ratio (Kn/Ks) might rise to between 500
and 1000 at very low stresses.
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1.4.3 RELEVANCE TO ROCK MASS BEHAVIOUR. -

Currently available literature on rock joint behaviour is
limited almost entirely to shear testing (laboratory or in-situ)
and plate bearing tests (in-situ)., From the former it is possible
to obtain shear stiffness data. However no normal stiffness
data can be obtained from the latter unless the joint spacing
is known. As far as the author is aware no data has been published
of both shear and normal stiffness for the same joint surface.

It is for this reason that normal stiffness measuremcnts have
been made on the model joints,

1. Comparison of shear stiffness

The model joint results reported in Section 1.3, and the
large shear machine and in-situ tests reported in the literature
indicate that there is no marked increase in peak shear
displacements with increasing normal stress. Peak displacements
appear to vary from approximately 0.1 to 0.6 inch for a wide
range of normal stresses, and for a fair range of joint dimensions
(say 1 to 10 feet in length). For this reason the values of peak
shear stiffness are largely dependent on normal stress. Consequently
the shear stiffness can be expected to vary from values of
perhaps a hundred or two at low normal stresses up to several
thousand at normal stresscs above say 1000 1bf/in®, Three

cxamples can bhe cited:

a) The large in-situ test reported by Ruiz et a129£SCctiﬂH 1.3) implies
vali.o af shear stiffrons of 16T ant 128 191/in< per inth for the
undisturbed and first sliding tests. This was for a joint

area of 450 ft2, lsaded normally by the self weight of the
block to a stress of 24.3 1bf/in2,

b) Goodman>? gives a mean value of shear stiffness for undisturbed
samples of clean, rough fractures of 3600 1bf/in? per inch,
but without specifying the normal stress range which is
applicable.

¢) Tests on porphyry goints of approximately 1 ft2 in area were
reported by Pentz2*, Normal stress levels of 500 to 1400
1bf/in? yere applied in a large shear machine referred to in
Section 1.3. Goodman, Taylor and Brekke 28 also refer to
these tests and quote a shear stiffness of 3,780 1bf/in® per
inch for one of the joints tested, presumably at a normal
stress in excess of 1000 lbf/in2 in view of the peak displace-
ments.

It is clear therefore that joint shear stiffness is very
much stress dependent. Model shear tests indicate that joint
shear stiffness may also be markedly size dependent., Table 2.
given earlier showed that for a range of modelled prototype
nornal stresses of 30 to 1600 1bf/in2, and for simulated joint
surfaces of 96 ft by 42 ft, the range of joint shear stiffnesses
was approximately 10 to 170 1bf/in2 per inch (see Figure 1.%4.2 (b) ).
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The effect of joint stiffness on the shear deformation of
a rock mass can be readily evaluated. The shear nodulus ( /)
is employed to predict the shear stiffness of the intact rock
between the joints. The shear modulus is defined as:

AL o= Bi where > = Poisson's ratio
2(1+) Ei = Young's modulus of
intact rock.
. - L
Ei model = 1.07 x 106 1b£/in2.
= 7,13 x 10

Ei prototype

If a Poisson's ratio of 0.2 is assumed for model and
prototype, then the shegr modulus for the prototype rock will
be approximately 3 x 10° 1bf/in2,

The model joint spacing employed in all the models
described in Part 3 was 4 inch. At prototype scale this
becomes one joint per 20.8 ft of intact rock. Thus the
shear stiffness of the intact prototype rock will be approximately
12000 1bf/in® per inch, Therefore even with this extremely
wide similated joint spacing, the presence of joints
completely dominate the deformation behaviour of the prototype
mase that is being modelled, The joints appear to be between
three and two orders of magnitude less stiff than the 21 It
of intact material sepzrating them, depending on the normal
stress level. The presence of three intersecting joint sets
used in the models will probably accentuate the difference
still more,

2. Comparison of normal stiffness

A large number of plate bearing tests are reported in the
literature. These are generally performed at dam sites in an
attempt to obtain ¢ deformation modulus for the rock mass, for
conlparison with the E modulus of the concrete dam. Due to the
complexity of jointing the deformation performance of each joint
set is almost impossible to estimate. In fact even the joint
spacing of horizontally bedded strata is seldom reported with
any degreec of certainty.

However, attention has recently been focussed on the possible
influence of the state of stress on the joint water flow in rock
masses. Several authors have considered this problem, and it is
to be hoped that some much needed information on joint normal
stiffness will ensue. ILouis™O and Louwis™l has given some data
on plate bearing tests performed during a comprehensive series
of in-situ tests to investigate the foundation and abutment
performance at a French dam site, The dam was constructed
on more or less horizontally bedded limestone with conveniently
regular systems of discontinuities. It was noted that a lot of
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the joints had some clay infilling material. A comparison of
the deformation performance of the joints with laboratory tests
on the intact limestone showed the following approximate resulbts:

710,000 1bf/in2

Rock mass By

Intact rock Ei = 7,100,000 1bf/in?

The loading tests were performed perpendicular to the
bedding joints, which had a mean spacing of 60 cms (2 ft).
Knowing the spacing it is possible to estimate the normal
stiffness of individual bedding joints. Tor intact material
which is assumed elastic:

Normal stiffness = v = Ey

vhere (d) is the deformation of a dimension (L)
of intact rock for a given stress (<),

Therefore when considering intact rock divided by joints
at a mean spacing (L), the components of deformation of the rock
mass can be written as follows:

d d. . . UL
d mass — intact +7 joints
Enass
d . ;
where: 7 jintact = L
Y intact
T R ' T /
Kn k4

Thercfore one can write Emass as follows:

B, | 1

1, 1

lEi Kn,z-!
Pmo [ Kt 1 .
Ei Kn.2~+ Ei!

e P

The ratio of (E mass / E intact) given by Louis was (1/10)°
Therefore substituting in equation (1) one obtains an estimate
of the normal stiffness of the joints that were tested.

K, = 33,400 1bf/in? per inch.
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The dimension of intact limestone with the same normal stiffness
as one joint is therefore:

L=FE = 7.1x10% _ 212.5 inches = 17.7 ft.
Ky, 3.34 x 104

It will now be of interest to compare this in-situ result
with the prototype performacne predicted by the model joint
results. The dimensions of model material having the same nor-
mal stiffness as one model joint can be calculated from the
previous relationship. The model and prototype equivalent
dimensions at five normal stresses are tabulated below.

Table 3. Dimensions of intact material with equal stiffness to
one model joint.

MODEL PROTOTYPE
<n L h L
(1b%/in<) (ins) (1b£/in<) (ins) | (ft)

o 77h 0.70 516 350 29
1.249 0.99 832 Lgo Ly
1.726 2,02 1150 1013 84
2,201 1.41 1468 706 59
5.067 1.15 3377 578 48

It should be noted that the stress distribution in the model
tests was probably more uniform than that acting on the joints
beneath the in-situ loading plates. The influence of boundary
stresses in the latter would tend to 'stiffen' the result
obtained., In comparison the model blocks were entirely separated
from the influences of a boundary.

The ratio of (E mass/E intact) can also be calculated for
the jointed model. Since it is a dimensionless number it should
be identical for model and prototype if similitude is to be
achieved. For simplicity only one set of parallel joints will
be considered here. With a model joint spacing of % inch
(20.8 ft in prototype), and using the normal stiffness values
given in Tablc 1, equation (1) gives the following ratios of
(B mass / E intact):

Y%, Yoy Vs.0 .8 Y3
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These values zre for the five normal stress levels given in
Table 3.
L b2
Goon and Merritt give some interesting data of the ratio
(E mass/E intact) collected from in-situ measurements at
seversl dam sites in the U.Sf.A. The majority of results for
mzaisscs, limestones and sandstones lic in the range l/lO tn

1/2.5. The model joint spacing is therefore scen to give quite
representative values of the ratio.

The anomalous nature of the medel result shown in Pigure 1.4.2
(a) has already been referred to. For some reason the normal
stiffness appeared to rcduce to some minimum value with increasing
normal stress, and conscquently to rise as the joint became more
closed. Coon and Merritt*z show a load-deformation curve
obtained from a plate jack test in which the apparent stiffnecss
reduces with increasing normal stress over the range 500 to
1000 1bf/in2., They concced that the modulus can increasc or
reduce with increasing stress levels. It is therecfore clear
that considerable uncertainty surrounds the mechanism by which
joints closc under normal stress,

Conclusions

Ohservations of the model/prototype joints and comparison
with some rock joint behaviour reported in the literature suggest
that the following tentative conclusions can be drawn for clean
rough joints:

1. Normal stiffness results are stregs dependent and
may range from over 30,000 1bf/in~. per inch at very low
normal stresses down to a minimum perhaps below 10,000

1bf/in2 per inch at mecdium stress levels of_ say 1000 1bf/in®e
It must be anticipated that ot high stress levels the stiff-

ness will increcasc considerably. It scoms unlikely that
this type of inverted performance would be found in a clay
filled joint. The minimum stiffness would surcly occur
at the lowest normal stress in this casc. It does not
appear that normzl stiffuness is size dependent.

2e Shear stiffness results are stress dependent and size
dependent, Values predicted for a prototype joint 96 ft
by 42 ft in area suggest that the range of values (10 -
150 1b£f/in® per inch) for this size of joint are at least
an order of magnitude less than thosc obtained from tests on

rock joint areas an order of marmitude smaller. (100-4000
1b£/ing per inch -say). An inverse proportionality between
shear stiffness and size is indicated.

Conclusions apertaining to the future jointed models are as
follows:
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30

The normal stiffness of the simulated prototype rock mass

is probably at least as high as that gencrally encountered

in the field.based on the values of the ratio (E mass/E intact).
A closer or wider joint spacing than % inch/20.8 ft would
enable this aspect of performance to be modelled very

closely,

The shear stiffnesses of the simulated prototype joints are
probably at least on order of magnitude smaller than those
predicted from conventional shear tests of limited dimension.
(see 2 above) However, since the prototype joint spacing

of 20,8 ft is an order of magnitude larpgecr than that generally
encountered, it may be assunmed that the shear deformation of
the prototype rock mass will be similar to that predicted

from shear stiffness valucs obtained from rock Jjoints of
limited dimensions.,

If however shear stiffness does prove to be size dependent
as suspected, then the model would be even more realistic if
the joint spacing were closer.

In Part 3 of this thesis some of the above stiffness data

is used in o ccrparative study of the 'Finite Element' prediction
and the model performance of one of the large, excavated slope

models containing three intersecting joint scts (St. John43)_

The predicted deformation behaviour is seen to be grossly depen-
dent on the shear and normal stiffness values adopted. The
jointed model rock slopes provide a unique oppertunity for a
comparison of this type since, unlike in the field situation,
these joint properties are known with some degrce of certainty.
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2.1  SHEAR PERFORMANCE AS A FUNCTION OF TEST DIMENSIONS AND
JOINT ROUGHNESS

SUMMARY

Fractures generated in four different strengths of model
material are token to represent joint surfaces of four different
dimensions. Direct shear tests performed on these surfaces
indicate that, as far as peak shear strength is concerned, no
apprecianble strength-size effect is operating. By comparison,

a moarked displacement-size effect is indicated, with peak shear
strength being developed at larger displacements for larger joint
areas.

FPundomental concepts of shear resistance of rock joints are
reviewed. A powerful phenomenological parameter of shear performance
is introduced; the peak dilation angle, which is found to be a maximum
at the instant of penk shear strength development.

In an effort to relate the stress dependent peak dilation angle to
the roughness of the surfaces and to the shear strength developed, n
set of photogrammetric roughness profiles for the model joints are
reconstructed, in order to simulate the shearing process during a
test. It is noted that only the steep tips of asperities are sheared
through at low normal stress, compared to the larger asperities of
lower inclination at high stress.

Analysis of the experimental results for all the model shear
tests reveals that a linear relationship exists between the peak
dilation angle and the peak stress rotio. It is also found that a
simple relationship exists between the penk dilation angle and the
ratio of the normal stress to the compressive strength. A criterion
of peak shear strength for rough tension joints is formulated on the
basis of these results.

A simple method is developed for statistically analysing the
roughness profiles recorded for several different types of joint.
This involves the computation of inclination angles for asperities
of different base lengths. It is found that these quantities are
analagous to the change of peak dilation angle for different normal -
stresses.

The practical application of this shearing analogy to slope
stability is summarized and a typical example enumerated. Photo-
grammetric recording of the roughness of joints exposed on rock
faces, and a statistical analysis of the data, enables an estimate
to be made of the ratio of penok shear strength to nomal stress,
for any range of normal stress.
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2.1 SHEAR PERFORMANCE AS A FUNCTION OF TEST DIMENSIONS AND
JOINT ROUGHNESS

INTRODUCTION

A weak, realistic model material which could be split into
tension fractures presented an ideal opportunity for studying
both scale and roughness effects of joint surfaces. The problem
of test dimensions and their effect on shear strength has long
been of concern to[slope stability engineers. Deere, Hendron,
Patton and Cording“!* concluded that the strength of laboratory
(6 inch), in situ (3 feet) and failure surface (10 to 100's of
feet) 'specimens' would be mutually different for a wide range
of surface profiles. It was thought that because the small
specimens could only sample the second and third order scales
of roughness, they could not be representative samples of the
total failure surface problem. This scale effect was thought to
be particularly true of rough undulating tension joint surfaces,
and to a lesser degree of smoother surfaced undulating shear joinb.
By implication smooth, planar joint surfaces were not expected to
exhibit any strength-size effect, which seems a reasonable conclusion,

The first part of this section is devoted to an investigation
of the effect of test dimensions on the performance of rough undul-
ating tension joints of the type produced in the model materials.
Both strength-size and displacement-size effects are investigated.

It is common practice to design rock slopes on the basis of
a residual shear strength for the joint sets concerned. There is
no doubt that in many situations this conservative method is the
only safe alternative., However there are converse situations in
which, due to favourable drainage and an absence of joint infilling,
a design based on sonmething nearer peak strength is justified.

In the second part of this section a method is presented for
predicting the peak strength envclopes (non linear) of clean
unweathered joints from a statistical analysis of roughness
profiles measurcd over representative exposures of the joints
concerned,
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2.1.1 THE EFFECT OF TEST DIMENSIONS ON SHELR STRENGTH

Four model materials of the C series having widcly different
compressive strengths were used in the investigation. All these
materials contained coarse filler which was a 50/50 mixture
of sand/ballotini., The materials, nominally C2, C4%, C9 and C25,
were produced by extrapolating the quantities of plaster and
water from those of the weaker materials shown on the design
chart in Appendix 1.

The unconfined compression strength of the materials was as

follows:
Cce 10,2 Co 88.8
1bf/in®
ch 56,2 ¢25 119.0

It was intended to perform all direct shear tests on the
same dimension of model tension joint, namely 2.3l inches by
1.00 inches., However, if all the four materials were taken to
simulate the same strength of prototype rock, then by a simple
dimensional relationship, the four model joint types would be
simulating four diffcrent dimensions of rock jeint surface.

The original geometric and stress scales of 1:500 and
1:666 were employed to convert C2 to a prototype compressive
strength of 6800 1bf/in?, and shear test dimensions of 96 feect
by 42 feet. The threc remaining materials were converted with
respect to these scales. However, duc to a reduction in density
with increased strength (caused by an enormously increased
plaster content) adjustments were required to the ratio of geometric
to stress scales for C9 and C25. The scale factors and prototype
dimensions are given below,

Table 1. Model - prototype scaling of four materials

P } - | Prototy-=e
Model i < i Y }\ i iY Prototype T
Material (1bf/in?) (Ivf/+43) P (feet) e
i (1bf/in2)
ce 10.2 120.7 500 | 666 96 x 42
ol 56.2 | 120.8 o1 ! 121 | 17.5 x 7.5
c9 88.8 1174 56 77 10.7 x 4.7 6,800(a11)
c25 119.0 108.7 28,6 57 7.4 x 3,2

Bach of the four model types were tested at different
nomal stress ranges such that, when these were converted to
prototype stresses, the range for all four was the same
and approximately O to 1600 1bf/in2,
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Model sirength envelopes

The peak and ultimate shear streongth envelopes for the four
model joints are shown in Figure 2.1.1l. Bach plotted point is
the mean of two tests at that normal stress. It should be noted
that the peak envelopes for all four joints were more or less
coincident over the lowest four of the cight normal stress
levels applied in each case., In addition there was no apparent
cohesion intercept. It is pertinent to state that in the event
of genuine cohesion intercepts occurring, these would have to
be in the same ratio as the compressive strengths of the four
model materials, Otherwise the joint surfaces would not have
been comparable scale models.

The appearance of the model joint surfaces after shcaring is
shown in Figure 2.1.2. Materials C2 and Ch showed negligible
surface damage after shearing at the four lowest nomal stress
levels (specimens C2.1 to C2.8 and Ck.1 to C4.8). By comparison,
only the two highest stress levels applied to materials C9 and
C25 caused any appreciable surface damage (specimens C€9.11 to
C9.14 and C25.11 to C25.14). It will be apparent from a careful
examination of the photographs that C9 and C25, representing the
smallest prototype dimensions, displayed somewhat smoother
joint surfaces than the weaker materials C2 and Ch,

Prototype joint roughness

The roughness of the four model joint typss were recorded
photogrammetrically before testing. The results of this investi-
gation are reported in detail later in this section., For the
present, four typical roughness profiles obtained from measurcments
off a stereo pair of photographs will be presented. The ground
dimension of each onec was 2.3l in length. ZEach was photographically
reduced to the correct relative length. The comparative result
is seen in Figure 2.1.3. A cursory glance would lead one to
believe that the 96 feet long (C2) joint was considerably rougher
than the 17.5 feet long (C4) joint. This in turn appeared rougher
than the 10.7 or 7.4 feet long joints. However the relative
amplitude of the first order roughness is a misleading yardstick
for comparison.

Trototype strength envelopes

The model strength envelopes shown in Figure 2.1.7 were con-
verted to the prototype values by applying the scale factors given
in Table 1. The resulting values were all plotted on the same
graph so that any differences in strength between the four test
dimensions could be compared. Figure 2.1.4 shows the result. The
closeness of the peak strength results leads one to the conclusion
that there may not be a significant strength-size effect for rough
joints of this type. The apparantly more linear profiles of the
7.4 and 10.7 feet simulated joints belie the fact that for many
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The peak and ultimate shear strength envelopes of primary
tension joints in model materials C2, C4, C9 and C25.
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Figure 2.1.3 Four typical joint roughness profiles from
four dimensions of modelled shear tests.



Figure 2,1.4

The shear strength envelopes at prototype scalc
predicted from four dimensions of shear test
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different joint dimensions there is probably a 'world within a
world'. As will be seen later the small steep asperities seem

to control the pealt strength to a greater degree than the larger
amplitude low inclination first order roughnesses. These only
become dominant at normal stress levels considerably higher than
encountered in slope stability problems. Conscquently, for a siven
normal stress, cliear failure on large or small joint surfaces nmoy
occur through failure of the same dimension of asperity.

Just how small or large a joint surface a particular strength
can be cxtended to is hard to say. There is no doubt that greater
confidence should be placed in shear tests or profile measurements
of joint surfaces of tens of feet in length rather than of
'laboratory size' dimensions. However, if exposures of joints of
only a few tens of square feet in area are accessible, the peak
strength results measurcd or predicted may possibly be more
representative than suspected.

Seraphim and Guerreiro t commented on this problem when
reviewing a large body of experience of in-situ tests at dam
sites in Spain. Test areas ranging from 1Oft2 to 450ft
apparently failed to indicate any marked effect of area on st?ength.

Cohesion apparent

As in previous model shear tests the lowest normal stress
applied to cach of the four joint types was generated by the weight
of the upper block of model material only. When the dimensions
of these blocks are converted to prototype, the & inch model
height becomes cquivalent to rock overburdens of 26,0, 4.7,

2.9 and 2.C fcet for joint types C2, C4, C9 and C25 respectively.

The corresponding normal stresses were therefore low enough to give
an indication of the presence of any cohesion intercept of practical
significance. The inset given in Figure 2.1.4 provides conclusive
evidence that even for joints as rough as the model tension fractures
no cohesion intercept actually exists. The peak envelopes

nerely become tangential to the shear strength axis.

2.1,2 THE EFFECT OF TEST DIMENSIONS ON DISPLACEMENTS

The shear displacement corresponding to the mobilization of
peak shear strength is an important parameter in slope stability
control. It has for instance, fundamental implications to rock
bolting and to slope displacement monitoring. Particular
attention has been focussed on the latter recently, due to the
comprehensive programme _ undertaken at the Chugicamata Mine, Chile.
(Kennedy and Niermeyer“®) The time of occurrence of an extremely
large slide, cstimated at several million tons, was accurately
forecast by simple displacement-time graphs.

Laboratory size joint specimens (6 to 12 inches) generally
reach peak strength after tangential displacements of small fractions
of an inch. The largest in-situ tests performed likewise reach
peak strength after only % inch to 1 inch displacement at the very
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nmost. Consequently the large pre-failure slope displacements of
the order of feet or even tens of feet exceptionally, are usually
explained as surface manifestations of a progressive rearrangement
of slope geometry leading up to final collapse,

The four model joints, representing prototype dimensions from
approximately 7 to 96 feet in length, provided an opportunity
for a comparative study of displacement - size effects. It
scemed possible that a summation of the pre-peak shear displacements
on all the critical joints lying above the toe of a slope could
collectively explain the large pre-~failure movements observed at
the crest of unstable slopes. However, peak shear displacenments on
individual Jjoints of greater than fractions of an inch were needed
to explain these full scale phenomena.

Figures 2.1.5 and 2.1.6 demonstrate the shear force-displacement
and dilation characteristics for two contrasted dimensions of
test. Apart from rather sudden drops from peak strength, the
shear force ~displaccment behaviour appeared rather similar
between the model representing 96 feet, and that representing
7.4 feet of joint surface. However, when thc model horizontal
displacements were converted to prototype scale a wide separation
in behaviour became evident. The prototype scales are illustrated
or. the top axis of the two figures.

The dilation diagrams illustrated in the lower half of each
figure sugpest that some fundamental diffcrence of roughness did
exist between the two dimensions of test, However it was the
post-peak behaviour that was affected. Figure 2.1.4 confirms
that the pre-peak bhehaviour , which leads up to the point of
maximum dilation and maximum strength, was very similar for the
four tests, despite the first order differences in roughness.

Figures 2.1.7 and 2.1.8 demonstrate further differences in
behaviour between the two scales of test represented by C2 and
C25, The simulated 96 feet test demonstrated a gradual reduction
in the magnitude of the peak vertical displacement with increasing
normal stress, to the extent that at the two highest normal stress
levels no total dilation was required for peak strength to be
mobilized. In direct contrast to this thc simulated 7.4 feet
test demonstrated a gradual rise in the peak vertical displacement
with increasing normal stress. This important difference can
be accounted for by consideration of the relative consolidation
occurring across a rough joint and across 2 smoother joint
when equal nomal stresses are applied. Greater consolidation
across the smoother joint (C25) would result in this tendency for
increased vertical displacement occuring before the point of peak
strength was recached,

All displacement-size effects are summarised in Table 2
overleaf.
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Table 2, Prototype displacements extrapolated from four medel materials

NORMAT, STRESS DISPLACEMENT
6", (1bf/in2) d, peak (ins) . d, peak (ins) il d. ultimate (ins)
cz || C9 co5 | c2 o C9 €25 c2 } ck 1 co E C25 ' c2 ch C9 c25
| J'

29 | 5.3 | 3.4 | 2.5 335 | 0.54 | 0.35 | 0.3k N o !'R : S U L T
112 | 115 110 109 5,12 | 1.40 | 0.71 | 0.55 2.30 | 0.15 | 0.11 | 0.06 |{18.70 | 2.06 | 1.58 0.93
190 | 196 184 207 5.32 | 1.04 | 0.66 | 0.70 1.65 | 0.13 | 0,06 | 0.06 11,10 | 1.86 | 0.80 0.84
718 | 288 : 216 327 .46 | 1,40 | 0.71 | 0146 0.75 | 0.09 | 0,06 | 0.03 ||11.10 | 1.10 | 1.21 0.51
Lhs | 439 Likg 535 9.45 | 1.36 | 0.71 | 0.93 0.25 | 0.17 | 0.0k } 0.07 '110.20 | 1.17 | 1.03 0.76
6325 | 611 726 656 11.61 | 1.36 { 0.75 | 1.05 0.45 | 0.13 | 0,09 | 0.08 }f 5.95 { 0.97 | 0.57 0.61

1079 {1140 |[1058 | 1026 9.65 | 2.37 | 0.91 | 0,79 {| -0.05 | 0.25 | 0.15 . 0.17 || 2.65 | 0.37 | 0.4l | 0.67
1588 {1661 (1551 | 1640 8.85 | 1.40 | 0.6% | 1.03 || -0.10 | 0,16 | 0,07 | 0,05 || 0.75 |-0.0L | 0.11 | 0.37
l f s E
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The symbols used in the tabulation represented the following:

d;, peale : is the horizontal displacement at peak shear strength

d, peak : is the vertical displacement at peak shear strength

d, ultimate : is the vertical displacement at the end of each
shear test

Each model was sheared for a horizontal distance of 0.18 inches.
(This was 7.7% of the length of each joint tested). Therefore
when scaled up to the prototype dimensions 4, ultimate becomes:-

Material A\ dwﬁultimate (ins) Test dimensions (feet)
c2 500 90,0 96 x L2
ch 91 16,4 17.5 x 7.5
c9 56 10.1 10.7 x L.7
c25 38.6 7.0 7.4 x 3.2

From the results presented it would appear that there is
a marked displacement - size effect for certain joint types.
This would probably »e most marked for rough undulating tension-
type joints similar to those tested, and possibly negligible for
planar, smooth surfaces such as unfolded bedding joints or
planar shear joints. It is perheaps unwise to quantify these
observations further, in view of the uncertain nature of the
model roughnessecs that were assumed to simulate the different
dimensions of joint.

However, strictly as model observations the following are
worth recording here:

1. The peak strengths were reached after tangential displacements
approximately 1% of the lengths of the joints tested, whether
these simulated 96 feet or only 7.4t feet at full scale. This
fipure is roughly the samec as that obtained from large scale

shear tests on rock (see Section 1.3).

2., The ultimate tangential displacements were the same for

each model and represented 7.7% of the length of each simulated
test dimension. From an examination of the drop from peak strength
towards residual strength, it would appear that a displacement

of approximately 10% would reduce the shear strength of similar
rough joints to close to the residual strength.
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2.1.3 FUNDAMENTAL SHEAR RESISTANCE OF ROCK JOINTS
INTRODUCTION

The cohesionless model

In the past, attempts have been made to relate the shear
resistance of rock joints to the observed dilatant behaviour of
granular materials such as sand. From considerations of statics,
Newland and Allelyl+ developed an equation of the following type:

T=Gtan (Qp + i)

to denote the maximum shear strength of a granular mass. The

angle (i) was the average angle of deviation of particle displacements
from the direction of the applied shear stress, and ({p) was the

angle of frictional sliding resistance between particles.

Rowe, Barden and Leelt? developed the same relationship for
cohesionless sands from energy considerations. For the direct
shear test the total applied shear force was divided into three
components. These took account of the external work done in
dilating against the normal force, and the internal work done in
overcoming dilational friction which was differentiated from
the *mo volume change' frictional component. The sum of these three
components produced the above relationship.

The bilinear model

DAY
Patton?0, and Goldstein etalt8 used the same regi%ionship to
represent the shear strength of irregular rock surfaces and broken
rock vwhen tested at low normal stresses. At high normal stresses
it was anticipated that most of the irregularities would be
sheared off, Consequently the Coulomb equation was introduced. This
can be written as:

T=¢+G tan &

where the constants (¢) and (§,) denote the Coulomb shear parameters
relating to the strength of the unjointed rock material. Thus

Patton and Goldstein etal. proposed the familar bi-linear approximation
to the anticipated curved strength envelope.

Patton's work is worth reviewing here since it provides a
simple experimental basis for the development of more fundamental
failure models. He performed a series of laboratory shear tests
on idealised rock surfaces using plaster specimens having
interlocking teeth. Specimens with teeth inclined at 450, 35° and
250 (of the same height) produced peak strength envelopes which
could be approximated to bilinear relationships. The initial
linear portions (representing low normal stress) were inclined at
750, 66° and 55°respectively. The second linear portions were all
inclined at 300, which was the same as the angle of residual
friction. The bilinear transition points varied between the three
types of specimen, with the 45° toothed surfaces reaching the
transition at lower normal stress levels than the 35° or 25°©

model s,
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This was obviously a function of the relative base area of the
teeth. It was therefore postulated that for a real joint surface
the steepest teeth would be sheared off first.

Effective (i) Value

Patton had previously studied a large number of unstable
rock slopes in the Rocky Mountains. FPhotographic observation
and measurement of joint surface profiles, and a related series
of residual shear tests on flat, sawn rock specimens led him to
the conclusion that first order and second order irregularities
had to be differentiated, if realistic parameters were to be
obtained through back analysis. Figure 2.1.9 (taken from Patton<®)
demonstrates the significance of the two scales of roughness.
In essence his conclusion was that an effective (i) value had to
be used, rather than the absolute roughness of the small asperities
lying on the slopes of the first order irregularities.

Figure 2.1.10 (a) demonstrates the static considerations
of sliding up a smooth inclined rock surface which exhibits
an angle of friction (-t%;-\,) the same as the residual angle, and
also obtainable from shear tests of flat sand blasted or sawn
surfaces of the rock. Equating the resolved components of H
and N for thc condition of limiting equilibrium the following
familiar relation is obtained :

HN = tan () + 1)
This is obtained more directly as follows. Sliding is just
initiated when the resultant force is inclined at an angle v,
from the normal to the inclined surface. Therefore the tangent
of the 'total friction angle' is equal to the ratio of H and N.

Peak dilation angle

The real situation of shearing or sliding along a rough
joint is illustrated in diagram (b) of Figure 2.1.10, A
multitude of (i) values contribute to the shear strength, and
the effective (i) value will be dependent on the normal stress
acting across the joint. It is postulated that at the instant
of failure (peak shear strength) the rock mass lying above the
joint will move at an angle (;.) to the mean plane. This is the
effective (i) value, but it will now be termed the peak dilation
angle. It is a very powerful phenomenological parameter of shear
strength, since for a given normal stress it represents the
ninimum energy path between a 'sliding up' and a 'shearing through'
mode of failure,

d,. = maximum incremental dy

dp

A1l the two hundred shear tests performed on rough model
joints demonstrated a peak angle of dilation corresponding to the
shear di.splacement at which peak strength was mobilised.
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