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ENVELOPPES DE RESTSTANCE MAXIMALE ET RESTDURLLE ETABLTES
PAR LA METHODE D'ESSAT DE CTSAILLEMENT CONFINE

M. GyengeX
RESUME

Ce rapport-déerit en détail comment. a été élaboré et comment vérifier un
nouveau principe d'essai pour établir les propriétés de frottement et de
résistance des roches diaclasées.

Un jeu de quatre éprouvettes cylindriques est facile a préparer a partir
de carottes de forage au diamant faciles a obtenir. Dans l'appareil d'essai,
trois forces normales égales sont appliquées radialement sur les trois
éprouvettes extérieures. Ces dernidres sont en contact de glissement, le long
de trois génératrices équidistantes, avec 1l'éprouvette centrale. Une force de
cisaillement concentrique est appliquée axialement au noyau central. Ce
dernier est libre de se déplacer le long de l'axe de cisaillement, mais il est
autrement confiné le long des lignes de contact par l'application triangulaire
des forces normales.

La technique a été vérifiée par des essais concluants sur plusieurs
roches, tant ductiles que fragiles. Les propriétés de résistance et de
frottement ont été établies pour des diaclases lisses ainsl que pour des
diaclases avec aspérités simulées.

Les résultats des essals ont révélé que cette technique est supérieure A
toutes les autres méthodes d'essai de cisaillement utilisées. A cause des
avantages inhérents de la méthode, une grande quantité de donndes tréds fiables
sur les propriétés des diaclases peuvent &tre obtenues d'un seul jeu
d'éprouvettas.

D'aprés les données fiables, reproductibles et systématiques ainsi
obtenues, il serait possible d'élaborer une méthode d'analyse des données pour
distinguer les diverses composantes du coefficient de frottement, et les
relations entre elles.

*Chercheur scientifique, Laboratoire canadien de technologie miniére, Centre
canadien de la technologie des minéraux et de 1l'énergie (CANMET), Energie,
Mines et Ressources Canada.



Les données analysées sur les propriétéds des diaclases peuvent &tre
corrélées avec des données d'essals uniaxiaux et triaxiaux. Par conséquent,
cette méthode d'analyse permet d'établir des relations entre toutes les
grandes propriétés de résistance et de déformation.

Les relations définies entre les propriétés de résistance des diaclases et

de la matidre rocheuse ont servi A établir les enveloppes de résistance tant
maximale que résiduelle de masses rocheuses diaclasées.

L'appareil d'essai, par sa simplicité, est trés souple. Il peut &ktre
utilisé non seulement avec une presse de laboratoire, mais aussi aveec un

simple cadre d'essai portatif actionné par des pompes & main hydrauliques. les
éprouvettes peuvent &tre préparées sur place.



























more representative results. A distinct disadvantage of field shear tests
is the necessary costs involved in site preparation and the rather complex

and large loading facilities required.

Regardless of the test method used, interpretation of the test
results and their use for underground designs provide only uncertain
answers. The uncertainties are inherent in the test method itself. The
following problem areas are common to all of the specific tests mentioned

above.

One of the interpreted laws of friction postulates, that in the
case of dry surfaces the friction force is not dependent upon the total
area of the surfaces in contact. Therefore, these methods should provide
reliable data. However, problems arise at the stage of shear and normal
stress calculations. The original contact area can, perhaps, be calculated
or measured. However, once the normal and shear forces are applied, and
once the normal and shear displacements have therefore occurred, the
original contact area changes and is no longer known. Analysis,

interpretation and use of the test results is, therefore, questionable.

Another interpreted law of friction states, that in the case of
dry surfaces, the friction force is dependent upon the kinds of materials
tested and upon the degree of roughness of the two surfaces in contact.
However, to establish the strength and frictional properties along a plane
of discontinuity, at least three, and preferably five, data pairs of the
normal and shear stresses are required. Therefore, ideally an equivalent
number of individual tests must be conducted at a range of normal loads, on
specimens of identical material and of an equal degree of roughness along
the two surfaces in contact. When dealing with geological materials, it is
hard enough to meet the first requirement. The identical surface roughness
of contact criterion probably never occurs. The test results obviously
reflect the differences between the specimens, which in turn contributes to
the uncertainty in the results achieved.

The third interpreted law of friction states, that the maximum
friction force which can be developed is dependent upon the normal pressure
between the two surfaces in contact, and is proportional to it.

One problem tied in with this law is the uncertainty with which the normal

pressure and its distribution can be established. Because the contact area
continually changes during the test, and since there is also a variation in
the surface roughness along the contact area, the normal pressure cannot be
calculated with any degree of certainty.

The second problem area is related to the magnitude of the normal















Measurement of Normal Displacement

The arrangement to measure normal displacement is shown in Fig. 3
and 4. A short pin is fastened to the top of each vee block. A very thin
copper wire interlinks these pins. At one end the wire is fixed to one of
these pins, while passing over the other two pins. The other end of the
wire is fastened to the core of a LVDT. The LVDT is, in turn, securely

clamped to the ring-frame.

The average normal displacement, be it dilation or contraction,
can then be calculated for every test stage from the recorded movement of
the LVDT core, by taking into consideration the geometry of the wire
linkage.

The completed tests showed, however, that measurements obtained
with this arrangement did not always provide an accurate reading of the
normal displacement. The reason is quite clear. In order to ensure
concentric shear force application, as mentioned before, the set of cores,
as a whole, is allowed to move sideways. However, since the position of
the LVDT is fixed (it being clamped to the ring-frame) any floating
movement of the entire core set is added to the measured sum of the normal
displacements occurring along the lines of contact.

If required, an accurate normal displacement measurement can be
achieved by means of a simple modification. Small LVDT units can be placed
within drill holes in the ring-frame, appropriately positioned at each
groove, with the purpose of measuring the individual displacement of each
vee block. These displacements would then be an accurate measure of the
individual normal displacements that occur along the three lines of
contact.

After analyzing the test results, the necessity for improved
accuracy in normal displacement measurement became highly questionable.
The magnitude of the normal displacement is not required for the analysis
of strength and frictional properties. The existing system, as described,
indicates whether the observed displacement is due to dilation or to
contraction. This information is adequate to analyze the shear mechanism
occurring during various phases of the test.

Shear Force Application

The test set-up in conjunction with the laboratory press, and
with the portable field press is shown in Fig. 5 and 6, respectively. The









11

constant for the test run.

Specimen sets with smooth surface finish can be tested either by
single-stage or multi-stage procedure. However, to test specimen sets with
simulated large asperities, the single-stage procedure must always be
used.

The steps of the test procedure is explained by referring to
Figure 8, which is the record of the shear test obtained for steel
specimens with single large asperity, performed at P, = 166.4 1bf (740 N)
applied normal force. The steps of the test are as follows:

(a) Setting of contact lines - While the centre core rests on a
spacer block and the outside cores are seated on the vee
blocks, the cores are rotated until the respective markers
with the number of the test run are matched up on all
labels.

(b) Application of normal force - The hydraulic pistons are
activated until the predetermined line pressure is reached.
In this given case, this amounts to 2,000 psi (13.8 MPa)
which results a normal force of 168.4 1bf (740 N) with the
given piston area.

(c) Mounting of instruments - The LVDT transducers, as well as
the strain-gauged ring load cell, are positioned and
connected to the YX Y9 recorder. The spacer block,

supporting the centre core, is now removed.

(d) Setting of data recording procedures - The scales of the
recording instrument are set, and the recording pens are
moved and lowered into their recording positions. The
cross-head of the press is lowered.

(e) Application of shear force - While the normal force is kept
constant, the shear force is applied at a constant rate
until the predetermined amount of shear displacement is
reached. The latter is 0.45 in. (11.5 mm) in case of
subject test run.

(f) Dismantling - First the shear force is released and the
cross-head of the press raised. Then the transducers are
dismantled next, the normal force is released, and finally
the spacer block is placed underneath the centre core.
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Figure 11(b). The shear force versus shear displacement graph has an
initial peak again but at a lower value than for the steel. The change in
the rate of the shear force decrease is much faster for the teflon. The
local variation of shear force is much smaller than for the steel; it is
practically negligible. It is so, despite the fact that by touching the
specimens a similar surface roughness can be observed for both types of
materials. Actually, the specimen of the two materials were prepared, by
using the same cutting tool and procedures during the lathe turning.
However, following the test the sliding contacts on the teflon specimens
showed permanent, i.e. plastic deformation, of the minute asperities.

An entire different picture can be drawn for the deformational
behaviour of the granite, based on the data presented in Figure 11(c). The
most striking characteristic of the Pg versus §g graphs is the harmonic
variation of the shear force. This is caused by the interacting
thread-like asperities, produced by the lathe grinding specimen
preparation. Note that the harmonic variation of shear force decreases in
amplitude with increased displacement, but it remains the same in
frequency. This means that in case of granite for the indicated values of
normal forces the thread-like asperities survived the shearing. Only
slight alteration occurred to them, as expressed by the decrease in
amplitude. The magnitude of the shear force, consequently, the coefficient
of friction for the granite is much higher than for the steel and
especially for the teflon.

Another characteristical difference of the shear force graph for
granite is that, unlike the steel and teflon graphs, it has no initial peak
value. This difference is attributable to the different deformational
behaviour of the granite.

Due to the elastic property of the teflon and especially of the
steel, the interlocked minute asperities, prior to any shear displacement,
can be deformed elastically. A shear displacement will be initiated when
the yield load for the contact areas of the minute asperities is reached.

The granite is also considered as elastic material, although to a
lesser degree than the steel. The elastic behaviour of rock substances is
quite evident from other laboratory tests. However, the interlocked minute
asperities do not behave elastically. The size of the minute asperities is
in the order of rock particle size. The rock particles unable to sustain
prolonged deformation caused by the concentrated stresses acting on the
particle contacts. Instead, they break-off. Consequently, the initial

peak shear force value cannot develop.
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asperities. The coefficient of friction is a dimensionless number. It
expresses the ratio between the shear and normal forces. Therefore, the
components of the coefficient of friction are being identified in the same
way as the corresponding shear forces. The coefficient of friction
components are to be referred as follows:

Mgt = static coefficient of friction; it prevails at the
instant of shear displacement initiation.

Mg = sliding coefficient of friction; it is related to the
conditions of the continuously maintained shear displacement; its
value falls between Ugy and u.

My = ultimate coefficient of friction; it corresponds to the
continuously maintained shear displacement in case of perfectly
smooth sliding contacts.

My - yielding coefficient of friction; a specific value of the
sliding coefficient of friction ug, related to the conditions
required to change the deformation behaviour of the minute
asperities from elasto-plastic to plastic.

Mq = coefficient of friction of deformation; it is related to

the total deformation of the minute asperities occurs between the
initial state and the state of completely smooth sliding
contacts; Mg = HUgt — Hy-

Hjq = coefficient of friction of initial deformation; it is
related to the elasto-plastic deformation stage of the minute
asperities; Mjq = Ugt — My -

Mcq — coefficient of friction of continuous deformation; it is

related to the plastic deformation stage of the minute

asperities; Moq = Hq - Hjgq OF Heq = My = Hy-

Typical test data records obtained by testing steel specimens
with smooth sliding contacts are given in Figures 9 and 10. Figure 9 is
the recorded data of the initial test run, performed at the normal load of
166.4 1bf (740 N). In the process of analysis two data points are used,
namely the static shear force Pgt, and the yielding shear force Py'.

Figure 10 is the recorded data, for the same sliding contact, as
obtained by the multi-stage procedure. The portions of the graph are
identified by the normal forces at which they were obtained. For the
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With respect to the relationship between the asperity deformation
and shear force, several important conclusions can be made by analyzing the
shape of the test graphs. The peak value in shear force is caused by the
interlocked undeformed minute asperities of the sliding contact lines. Due
to the stresses, from the normal and shear forces, these interlocking
asperities deform. Permanent deformation of the interlocking minute
asperities is reached at a specific magnitude pair of P, and Py' forces
and at a specific shear displacement value of 8§'. Once this shear
displacement had been reached, and consequently the yielding shear force is
arrived at, the shear force required to initiate a repeated shear
displacement is without peak value.

The initial deformation, associated with the peak value of shear
force Pgy is elastic. Consequently, peak shear force value can develop
only for materials with truly elastic properties, such as steel. This fact
had been convincingly proved by numerous tests involving various materials.

Although the yielding shear forces of Py' and Py" are
somewhat different, from practical point of view they are taken as same.
One of the reasons for it, is the negligible difference in their values.
For example, in the test case of Figure 19(a) the difference is

(33.7 - 32.9)/33.7 = 2.4%.

The second reason, of practical nature, is related to the testing
procedure. Each initial test run provides one value of yielding shear
force of Py' which is applicable for the normal load of the test run.
However, during the multi-stage phase of the test procedure a yielding
shear force value of Py" is obtained for each normal load application.
Consequently, the number of Py" values, that can be obtained, equals to
the product of the number of the tested contact lines and the number of the

normal load applications.

The third reason, which is practical again, is that the
determination of the Py" shear force values is always easy. However, to
determine the yielding shear force value of Py', as it can be defined for
the elastic materials, in the case of rock materials is not possible.

Rock Specimens

The rock material is generally regarded as elastic material,

however, it behaves considerably different ways than a truly elastic
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dimensions of the asperity, i.e., as shown in Figure 13(a),
8p = 0.24 inch and 8§ = 0.1l inch.

Other equally obvious difference is the magnitude of shear
forces. To initiate and then to maintain shear displacement, the required
shear force in Case B is about double than that for Case A. One reason for
it, is the slope angle of the shear, i.e., ag = 43.7° versus
ap = 23.7°. The other reason is the different deformation mechanism of
the interlocking asperities in the two shear directions, involving both the
deformation of the simulated large asperity and of the minute asperities
along the lines of contacts.

The different mechanism is indicated by the markedly different
rising legs of the two graphs. For Case B, it is almost linear with a
slight deviation prior to the peak shear force value. It is a typical
elastic load-deformation curve. This indicates that in Case B the initial
phase of shearing mechanism is characterized by the elastic deformation of
the large asperity. Because of the large asperity slope angle (ag =
43.7°), shear displacement along the sloping contact during the initial
phase of shear force appliccation is restrained.

In contrast, the rising leg for Case A (Figure 22(a)) shows a
deformation response which is resulted from the combination of the elastic
deformation of the large asperity itself and of the minute asperities on
the sloping surface of it. 1In the Case A, the asperity slope angle is low
enough (ap = 23.7°) to allow some small shear displacement along the
sloping surface during the initial phase of shear force application.
Consequently, the associated deformations of the surface minute asperities
and of the large asperity are superimposed. This combined mechanism of
elastic deformations is quite obvious in Figure 22(c), where the magnitude
of the shear displacements related to the rising legs can be easily
compared.

The analysis of test results is based on the assumption that
applied normal force and the shear force are uniformly distributed along
the contact lines. Based on this assumption, it is possible to substitute
the terms of normal and shear forces by the equivalent terms of normal and
shear stresses.

This assumption, strictly speaking, can only be applied in the
case of perfectly smooth contact lines. It must be recognized that at the
contacts of the minute asperities, especially at their tips, high stress
concentration occurs. Consequently, the actual stress levels associated
with the deformation and yield of the minute asperities of the steel
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2 - Summarized results of the initial test runs for steel

specimens with smooth sliding contact lines tested

in dry condition

PERCENTAGE DIFFERENCES FROM THE

Py s Pgts Hats B Higs MEAN VALUES OF MULTI-STAGE TEST
1

1bf | 1bf  |Pge/P, | 1bf By /By For T, For iy
41.6 16.7 | 0.401 6.3 | 0.151 -6 -8

83.2 | 31.8 | 0.382 15.5 | 0.186 + 4 + 4

166.4 | 72.5 | 0.436 | 33.7 [ 0.196 + 4 + 2

249.6 | 106.6 | 0.427 | 49.2 | 0.197 + 2 + 2

332.8 | 136.9 | 0.411 [ 66.6 | 0.200 + 3 +3
416.0 | 177.6 | 0.427 | 80.7 | 0.194 0 0

0.745 | 0.322 | 0.432 | —=omm | ————- - ——-
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marked by K-L-M-N-O-P-K'.

The rigid body analyses of both cycles are given in Figure 40.
Must remember that the explanatory figures are correct only with respect to
the position of the asperities relative to each other. Asperity
deformation, which is especially significant in case of teflon, is
ignored. Nevertheless, the analysis provides explanations on the reasons
behind the significant variations in the shear force values.

At point A, under the combined effect of the applied normal force
and the prevailing shear force which has the value of A, the asperities are
completely interlocked.

Due to the continuously maintained shearing deformation of the
interlocked asperities takes place. This deformation is entirely elastic.
The displacement in the explanatory figure B is to be regarded as elastic
deformation and not an actual shear displacement, as being shown. Shear
force B is equivalent to the peak strength of the interlocking asperities,
for the deformed asperity condition which prevailes at that specific shear
displacement value.

At the instant of reaching the peak strength, while the shear
displacement continuous, a relaxation of the asperities' material takes
effect. Due to the relaxation the shear force drops to the value of C.
The relaxation is elastic.

The further shearing results a plastic reshaping of the deformed
asperity tips, while they are being disengaged. The associated shear force
value is D.

Following the disengagement the shearing on the down-slope faces
of the thread-like asperities takes place. Consequently, the shear force
drops to the value of A'. A further reshaping of the asperity tips
follows. Based on the shape of the relevant graph portion, the associated
deformation is plastic.

A similar step-by-step analysis can be performed for the second
typical shear force cycle in Figure 40. It would, however, result only
unnecessary repeats. The discussion, therefore, is to be restricted to the
differences of the two cycles.

The difference is caused by the mode of deformation of the
asperities which had already been deformed by the numerous repeated cycles

of the preceding shear displacement. Beginning at point K the initial
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deformation respond is elastic. However, at point L some reshaping of the
previously deformed asperity takes place. This reshaping is indicated by
the plastic relaxation between points L and M. The reshaped asperities,
having now full contacts between the sloping faces of matching thread-like
asperities, will then deform elastically until the shear force value of N
is reached. Shear force N is equivalent to the peak value of the
interlocking asperities. Beyond Point N, the mode of deformation,
therefore, the pattern of change in the shear force value follows the form
of changes between the points of B and A' of shear force cycle A - A'.

Figure 39 contains even further information with respect to the
interplay between the asperity deformation and the frictional values. As
shown by Figure 39(c), because the asperities were deformed by the initial
test run, i.e. Figure 39(a), the multi-stage test runs are without peak
shear strength values. Although the asperities undergone considerable
previous deformation cycles, their effects on shear force variation
remained dominating. Each cycle reflects the interplay between the
prevailing condition of asperity deformation and the magnitude of acting
forces.

Figures 39(b) and 39(d) reveal that the normal displacements were
exclusively contraction. From the comparision of the two recorded normal
displacement graphs, it can be concluded that about half of the
deformation, occured during the initial test run, was permanent.

The summarized test results are presented in Figure 41, in terms
of stresses. The steeply sloping primary portion of tg; function can
apparently be replaced by the linear function with the slope angle of
45° + @y, where, i = 45° is the inclination of the thread-like
asperities and @g¢ is the angle of static frictional sliding obtained by

the test series of smooth sliding contact lines.

From the coefficient of friction functions in Figure 41(b) it is
evident that the two lines will join at a normal stress level somewhat
higher than the upper level of the test series. The continuous decrease of
coefficient of friction can be anticipated, until the value is reduced to
Mgt = 0.136, and then to My = 0.062, and finally to the value of the
ultimate coefficient of friction uy. Due to the extremely low
coefficient values of the teflon, the measurement accuracy became an

impediment in establishing the value of .
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to characterize and classify mine rocks. The standard procedure
development work had resulted the multi-stage triaxial testing technique.
The proposed procedure require to test three specimen by multi-stage

triaxial technique.

The required three specimens were prepared from the same drill
core as the specimens which were used in the series of confined shear
tests. The multi-stage triaxial tests resulted two strength envelopes,
namely, the peak strength envelope, Ttpo and the residual strength
envelope, T{,. These results are presented in Figure 51.

The various t / on functions, which were obtained by various
testing methods, are summarized in Figure 52(a). Their definitions are:

Tsg.5 peak failure envelope of the asperity, obtained by
confined shear test method on specimens with single

large asperity;

Te = peak failure envelope of cylindrical specimens,

obtained by conventional triaxial test method;

Ttp = peak strength envelope of cylindrical specimens,
obtained by multi-stage triaxial test method;

Tg = residual strength envelope of the broken asperity,
obtained by confined shear test method on specimens with
single large asperity;

Tey = residual strength envelope of cylindrical specimens,
obtained by multi-stage triaxial test method.

Tgt = peak (static) strength envelope, obtaine by confined
shear test method on specimens with smooth sliding

contact lines;

Ty = ultimate strength envelope, deduced from the test
results obtained by confined shear test method on

specimens with smooth sliding contact lines;

The remarkable closeness of the strength envelopes obtained by
triaxial and by confined shear test methods provides a sound proof of the
reliability and accuracy of the test data obtained. Consequently, it is
proven that the confined shear testing concept and related techniques may
be applied to establish the shear properties of joints with asperities.
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CONCLUSIONS

The method described in this report represents a novel testing
technique, equally suitable for determining the shear strength of smooth
joints and joints with asperity.

The cylindrical specimens required for the tests are prepared
from ordinary diamond-drill cores. Since diamond drilling is the most
common sampling technique, drill cores representing the rock formations to
be investigated are usually readily available. Subsequent specimen
preparation work is minimal.

The same specimen set of four cores can be used for several (up
to nine) shear tests, which are performed at various applied normal
forces. This eliminates the usual variation in shear properties from
specimen to the next. Also, the number of specimens, required to establish
the shear strength properties of joints for a specific rock formation, is
greatly reduced.

The test apparatus, incorporating methods for normal and shear
force application, represents a self-adjusting self-contained system. This
ensures that the normal forces are automatically equalized, and that the
applied shear force is concentric. Thus, complete force and displacement
control is inherent in the system design.

The three equal normal forces are applied along the three equally
spaced contact lines of the central sliding core. This method of load
application creates confined test conditions. Therefore, it reproduces the
actual field conditions of the rock mass around an underground opening.

The shearing occurs along the contact lines of the cylindrical
specimens. Therefore, uncertainties, associated with the continuous
variations in the magnitude of the actual contact areas during the tests
(so characteristic of other shear test methods), are eliminated.

Furthermore, since shearing does take place along the contact
lines, the test results thus obtained are only affected by the variation in
roughness along the one-dimensional contact lines. Consequently, the
results more closely reflect the true frictional properties of the tested
material. The influence of the sheared surface quality variations, unlike
other shear test methods, is essentially eliminated.
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for INCO ore specimens with smooth sliding contact
lines.
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Fig. 26 - Variation of the shear force and coefficient of friction components
for steel specimens with smooth sliding contact lines tested in dry
condition; (a) measured shear forces, (b) calculated coefficients
from measurements, (c) components of coefficients, (d) components
of shear forces.







Coefficient of friction components versus normal stress
and shear stress components versus normal stress for
steel specimens with smooth sliding contact lines
tested in lubricated condition.













Variation of coefficient

components for sandstone
contact; (a) coefficient

normal stress,
stress.

(b) shear

of friction and shear stress
specimens with smooth sliding
of friction component versus
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Fig. 44 - Coefficient of friction versus normal stress for Case A
test series on steel specimens with large asperity.










Fig. 47 - Variation of shear force with applied normal
forces for the Case A test series performed
on granite specimens with single large
asperity.






















Summary of test results for Indiana limestone;

(a) strength

envelopes obtained by various tests, (b) peak and residual

strength envelopes. [f;a







