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INTRODUCTION

This report presents the results of a laboratory investiaation of the

strength and deformation of jointed Westerly granite torsion specimens wit,

ground surfaces. The use of torsion specimens to investigate the properties

of rock joints has been discussed by Jaeger and Cook(1) but its imnlementa-

tion appears to be unique to the present investigation. The advantaqes of

the torsional test specimen and test apparatus are that the same surfaces

are in contact throughout the experiment and the effects of larrie amounts

Or sliding on the surfaces may be studied.

The laboratory study of the motion of rock joints under stress is a

necessary prerequisite to determine the motion of jointed rock in field

nroblems such as earthquakes and stress wave loadings. A knowledqe of

the physical properties of joints, intact rock, and the interaction of

the two for various geometries is basic to solving these problems. Due

to the large number of variables involved in rock joint response, including

rock type, surface roughness, size of joint, joint spacing, joint (louge

or filler- material, rate of loadina Pnd state of stress, a combination

of field tests, laboratory studies, and numerical analysis may be required

to establish working solutions to the Problem of defining the motion of

jointed rock masses. The present study is limited to the response of

Westerly granite with ground surfaces to different states of stress and

rate of loading.

Froperties of joints have been studied in many experimental investiga-

tions. In general, these studies can be divided into three major categories:

direct shear tests (2-10) triaxial tests (1,9-13) and in situ tests. (3)

An illustration of the specimen configurations used for the first two

types is shown in Figure I.(1) The direct shear tests are often limited

to low normal stress (usually less than 1000 psi). At these low stresses

it is observed that the coefficient of friction is a function of surface

roughness.(2,5,7) As the surface roughness increases the joint becomes

more interlocked, increasing the coefficient of friction. No general

trend for changes in the coefficient of friction with channes in normal

stress in all rocks can be established. For a specific rock the coefficient

of friction may increase 2 -3 ) decrease 2, 3 , 6 , 7 , 8 ) or stay essentially

constant(2 .3,10 ) with increasing normal stress.
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In the triaxil tests, the normal stresses are generally much higher

than in direct shear ,ests. The stresses in the specimen can be resolved

into shear bnid normal components along the joint to determine the coefficient

of fric;io,. At higher normal stresses the surface roughness is less

important inasmuch as the rough joint becomes smoother by asperities being

sheared off and the smooth joint becomes rougher as slip takes place.( II)

Also for both types of roughness, surface gouge or fill material is

generated which modifies the effect of the initial roughness. Thus, the

coefficient of friction tends to the same value for all surfaces but the

relative shearing displacement characteristics may be different. It has

been noted that the coefficient of friction often decreases with increasing

normal stress in the triaxial test. (1,10-13) Good correlation between

direct shear and triaxial tests of joints has been obtait:ed, however, by

Jaeger and Rosencren, (10 ) for normal stresses in the range! of 500 to

5,000 psi.

Although tests have not been carried out on the same rock and surface

condition, coefficients of friction obtained in triaxial tests at normal

stresses of approximately 30 ksi and higher appear to be decreasing with

increasing normal stress, and yet are higher than coefficients of friction

measured with normal stresses in the range of 1,000 psi.(10-11) This

suggests that either P (the coefficient of friction) increases and then

decreases with normal stress or else the results are not compatible due

to changes in the experimental conditions.

For many rock types stick-slip or jerky motion is observed in the

tangential joint displacement in both triaxial and direct shear type

tests.(1,2 ,5 ,9 ,11) Stick-slip is very pronounced in some rocks causing

stress drops of up to two-thirds the applied load depending on the stiff-

ness of the loading machine. This behavior has been suggested as the

source mechanism for earthquakes.(1,14,1 5) It is' believed that as the

loading rate is increased that stick-slip is reduced.(1
5 16 )

The mechanism of dry friction in metals has been postulated by Bowden

and Tabor(17 ) and many others to consist of the welding together of

asperity tips under the very large local pressures. Byerleel'' has con-

cluded, however, that friction in rocks is due to the interaction of brittle

asperity tips rather than plastic flow. Evidence in favor of the brittle

3



fracture theory has been indirect, such as microscopic examination of gouge

particles. The presumed very large local stresses at the points of contact

in frictional sliding make it difficult to extrapolate directly from the

usual laboratory studies of rock brittle fracture and plastic flow.

Dieterich(8) has shown that the time duration of the normal stress

application has an effect on the coefficient of friction in rock; increasing

the time that the normal stress is applied increases the coefficient of

friction. Rabinowicz (18) and Dokos (19) have shown a similar effect in

metals and presumably this may be related to the stick-slip phenomenon.

Although the previous investigations have contributed much to the

present knowledge of rock joint behavior, a number of important areas are

still not well understood. For example, clarifications are needed on the

effect of normal stress on the coefficient of friction. Also, the effect

of the general state of stress in addition to the normal and shear stress

on the joint has not been well investigated. The present study was

designed to investigate both of the above problems, and in addition provide

data on rate of loading effects.

To accomplish these objectives tests were performed on jointed tubular

rock specimens using a torsional shear apparatus. Since this arrangement

has not been used previously, a discussion will be given here of thL

various features as contrasted with direct shear and triaxial compression

experiments.

The direct shear apparatus is commonly used for frictional studies

since it permits relatively large surfaces to be subjected to relatively

large displacements. It suffers from the limitation that for practical

reasons the maximum normal stress is usually not higher than 1,000 psi.

Also, the state of stress is limited to a normal and a shear stress across

the joint. Additionally Kutter (20) has indicated that in such a test the

shear stress cannot be uniform across the joint. Since the joint edges

are stress free, the shear must be zero at these points and then build

up to a maximum in the interior of the specimen.

Thie triaxial compression test is often employed to obtain joint

properties at high normal stresses. The specimen used is commonly much

smaller than the direct shear specimen (the shear area is usually on the

order of 1/2 to 5 square inches). Since the alignment of the specimen is

4



disturbed when it is displaced, the joint displacement is limited. The

state of stress at the joint consists of a lateral stress equal to the

confining pressure, a normal stress equal to the confining pressure plus

a component that is related to the axial stress and the joint angle. The

state of stress can be varied a limited amount by using different joint

angles.

The torsional jointed specimen (illustrated in Figure 1) has some

specific advantages. The normal and shear stresses on the joint can be

independently controlled, thus facilitating the study of the interaction

between normal and shear loadings. Also the state of stress can be

varied by changing the superimposed axial loading and confining pressure.

The amount of joint slip displacement is theoretically unlimited and in

practice can be quite large.

The disadvantages of the torsional joint specimen as used in the

present study are twofold; first the joint area is no larger than used

in high pressure triaxial joint studies, and second, a non-uniform stress

may occur over the joint area. This latter effect will be discussed in

more detail in the experimental section.

/
/
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EXPERIMENTS

Description of Experimental Apparatus

An overall view of the torsion test apparatus is shown in Figure 2. The

apparatus consists of a hydraulic ram capable of 220,000 lb axial force, a

hydraulic rotary actuator capable of applying a torque of 60,000 in-lb, and

a pressure vessel to allow confining pressure up to 50,000 psi to be applied

to the sample. All stress conditions can be applied independently. The

hydraulic ram, rotary actuator, and the pressure intensifier were all servo-

controlled so that each component of the system could be controlled by either

a displacement or load type feedback. The servo valves were limited to a

flow rate of 15 gallons per minute which made it possible to run tests at

strain rates up to 1/sec in both axial and torsional modes.

A schematic of the overall view of the apparatus is shown in Figure 3.

The rotary actuator is mounted on a steel plate at the bottom. The next

major part of the apparatus is a connection that links the rotary actuator to

the hydraulic ram. This coupler must transmit the torque and allow for the

axial displacement for the hydraulic cylinder. A cylinder with six keys

and key ways was used to accomplish this. Above this is the hydraulic ram

with double-ended piston designed to rotate so the torque could be trans-

4 mitted through it. Finally, the pressure vessel is situated on top in a

manner that allows samples to be easily inserted for testing.

The pressure vessel assembly was made from 4340 alloy steel with a

mild steel safety ring press fit on the outside. A schematic is shown

in Figure 4. Standard O-ring seals were used to seal both ends of the

pressure vessel. Figure 4 also shows the arrangement of the sample,

load cell, base plug and piston when this sample is ready for testing.

As can be seen the torque and axial load are transmitted from tile piston

of the hydraulic ram to the piston going into the pressure vessel. The

base plug is kept from rotating by the top plate which is attached to the

main frame by means of the bolts and the safety ring.

Figure 5 shows the scheme used to get electrical leads for instrumenta-

tion out of the pressure vessel. A stainless steel cone lined with a nylon

insert (to both insulate the cone from the vessel and form a seal) has

in revousstuies(21)proven satisfactory in previous studies and was found to be successful

in this program.

7
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Data Acquisition ,ystem

The data acquisition system consisted of displacement and load trans-

ducers, bridge balance unit, and recorders. The load cells used in this

study were designed and built especially for this apparatus. Figure 6

shows one of the load cells used. They were instrumented to measure both

axial force and torque. The strain gages, high re,.istance type MM EA-06-

125TR-350 and EA-06-125TG-350, were carefully applied using W. T. Bean

BR 610 heat curable epoxy. The bridges were connected so that the axial

load and torque could be measured independently.

Total 1pecimen deformation was measured in axial and rotational

directions. Two linear infinite resolution film potentiometers mounted

external to the pressure vessel were used for these measurements.

Specimen Prep.ation
The test speci.ons were cored right circular cylinders three inches

in length with an inside diameter of one inch and an outside diameter of

1.5 or 1.33 inches. To ensure concentricity both core drills were mounted

in one collet allowing both the inside and outside of the sample to be

cored in one operation. The samples were then cut approximately to

length (1.5 in.) in a diamond saw using water as a coolant and lubricant.

The ends were ground to parallelness of ± .0005 inch with a diamond

grinding wheel. The specimen wall thickness varied less than 0.001 inch

throughout each specimen. Measured specimen dimensions were used in da':a

reduction to eliminate the effects of specimen to specimen variations.

Testing Procedures

The samples described in the previous section were bonded into end

caps with epoxy cement using an alignment jig to ensure concentricity.

The samples were then jacketed both on the inside and outside by a 30 mil

thick polyurethane membrane. A photograph of a sample is shown in Figure 6.

The sample and instrumentation, including load cell, were placed in

the pressure vessel. The sequence of steps in running the tests was as

follows: (1) the confining pressure was raised to the desired level and

held constant using pressure cont-ol feedback, (2) the axial load was

applied using load control feedback, and (3 ) the shear stress was applied.

A function generator was used to apply a constant torsional displacement rate.

12
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cantilever displacement gages.
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The normal and tdngential displacement, the axial load, and the torque

were recorded on x-y recorders for the slower strain rate tests. For the

higher strain rate tests the torque was recorded on an oscilloscope. At

all rates the confining pressure was recorded on an Offner Dynagraph

Recorder.

Description of Rock

The rock used in this study was Westerly granite, and was obtained

from the Bureau of ,4ines Twin Cities Research Center. The rock is composed

of about 1/3 quartz, >../3 potash feldspar and 1/3 plagioclase feldspar with

traces of micas and cther miolerals.(22) Westerly granite has a density of

2.63 gm/cm-3 , a grain size of 0.8 - 1.2 mm and a porosity of 0.007 by

volume. The static unconfined compression strength is 37 ksi.( 2 1)

Variation in Shear Stress Across Specimen Wall

As was ;tated previously a ,najor disadvantage in using hollow cylindrical

samples is that the shear stress varies across the specimen wall. According

to the linear theory of elasticity the shear stress r increases linearly

with radius r as described by the equation

Tr

J

where T is the applied torque and J is the polar moment of inertia.

According to this equation the shear stress at the inside radius of the

joint surface would be between 25 and 33 percent low-r than that at the

outside radius. However, the effect of joit slip greatly modifies the

stress distribution and must be take', into account. This can be seen

by considering an idealization of joint deformation. The simplest case

would be if the slip stress were constant, independent of joint slip

displacement. For this ideal case the joint characteristics are similar

to those of a perfectly plastic material and the resulting stress

distribution would be the same, i.e. constant shear stress across the

joint of the torsion specimen. Thus it may be concluded that once slip

occurs the stress distribution Pcross the joint in the hollow torsion

specimen is more nearly uniform.

The slip stress of real rock joints depends on the slip displacement.

Since the slip displacement also varies across the joint, the stress

14



distribution for a real rock will not be exactly uniform. For smooth

joinlt slip this effect is much less than indicated by the eiastic stress

gradient and is probably on the order of a few percent at most. For stick-

slip deformation the situation is not as clear, since large changes in

shear stres: c'n occur with joint displacement. The variation in stress

across the specimen wall during the "stick" portion of the displacement

probably corresponds to that predicted by elastic the3ry. The details

of the stress distrihution as slip takes place are not clear, however.

The assumption of uniform stress across the wall at slip was used for this

case also, but the justification for this is much less certain than for

smooth slip deformation. The uncertainty in the stress probably is

bounded by elastic theory, which would be on the order of - 12 percent.

15
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EXPERIMENTAL RESULTS

Tests on tubular jointed specimens were carried out at several normal

stresses (consisting of the hydrostatic confining pressure and the super-

imposed axial stress). Normal and shear stress along with both normal and

tangential displacement were measured for all tests by methods described

previously. The joint surfacs were all ground to a roughness of approx-

imately 90 micro inches. The state of stress was treated as an experimental

variable and the effect of loading rate was also investigated to a limited

degree. The ground joint surfaces were in general modified during joint

slip. A typical example is shown in Figure 7. Although the tests at the

higher normal stresses showed more surfdce roughening during slip, a sys-

tematic investigation of the effect of the test variables on joint surface

modification was not carried out.

The normal stress across the joint is the sum of the superimposed axial

stress and the hydrostatic confining pressure. The shear stress was cal-

culated from the equation

Ro0

T J rTdA

R i

where T is the torque, T is the shear stress, R0 is the outside radius,

R i is the inside radius, and dA is increment of area around the hollow

cylinder. From the argument presented previously on stress gradients it

was assumed that the shear stress was constant over the joint surface

after slip occurred. Integrating the above equation gives

1.5T
3 - R13)

Figure 8 shows the effect of nLrmal stress on the maximum shearing

stress for ground surfaces o4 Westerly granite. The data are listed in

Table I. The values reported in this and other figures are the meximum

value of stress obtained during a test. This value was obtained 4fter a

17
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Figure 7. Typi:al jitsurface before and after testing.
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relatively large displacement (0.1 - 0.2 inch) and will be termed "residual

shear stress" or "residual coefficient of friction." The shear stress then

either remained essentially constant or dropped off slightly with increased

displacement. The coefficient of friction is plotted in Figure 9 as a

function of normal stress for the same tests shown in Figure 8. The co-

efficient of friction p is defined as

_ T

an

The variation in the data due to varying stress conditions at a given

normal stress seems to be quite significant. However, when two tests

were conducted at the same stress conditions the scatter was extremely

small. The explanation for this will be given in the discussion section.

Figures 10-12 show plots of shear stress versus tangential joint

displacement for the ground surfaces. The joint displacement was actually

measured as a rotation. To convert to linear displacement the rotation

in radians was multiplied by a suitable radius. This radius j was

calculated from the equation

r=k J RO  rdA

R i

where A is the sample area and other variables and constants are as

7' previously defined. Solving this equation gives

R 3  - R3

2 0 1F~3 A

The rotations used for calculating tangential joint displacement

were measured at thp o,.; of the specimen and thus include the torsional

deformation of the iract rock as well as the joint displacement. The

intact rock deformation was calculated and subtracted from the total

rotation to give the corrected rotation of the joint alone. The calcula-

tion of the specimen deformation was based on linear elastic theory and

the assumption of no variation in stress along the length of the specimen.

A shear modulus equal to 3.4 x 106 psi was used, as given in Reference 21.
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As can be seen from Figures 10-12 large stick-slip was present at

higher normal stress (above 10 ksi) but not as prevalent at lower normal

stress. The joint normal displacement was also measured during the shear-
ing of the joint but for the ground surfaces the displacements were so

small that the resolution of the instrumentation was inadequate.

The joint motion shown in Figures 10-12 indicates that a small joint

displacement took place before the joint slipped. The stiffness of the

joint appears to increase with increasing normal stress.

Rate of Deformation Test Results

Figure 13 shows the effect of deformation rate on the coefficient

of friction for samples tested under equivalent state of stress before

application of the shear stress. The data are also tabulated in Table II.
As can be seen the increase in strain rate seems to have very little

effect on the coefficient of friction. It should be noted that some of

the points shown in Figure 13 have been adjusted slightly to correspond
to the normal stresses shown. These changes were made according to trends

established for the effect of normal stress on coefficient of friction.
Figure 14 shows plots of shear stress as a function of tangential

joint displacement for the 0.1 in/sec deformation rate. Also shown

is one of the tests at 0.001 in/sec deformation rate for comparison

(shown in Figure 11). It can be seen that the increase in strain rate

apparently has little effect on the deformation response within data

scatter.

Figure 15 shows oscilloscope traces of the shear stress-time response

of two of the tests carried out at the highest deformation rate, i.e.

one in/sec. Since the deformation rate was approximately constant, the
curves can be interpreted as shear stress vs. shearing displacement. It

can be seen that stick-slip is still pronounced for the test at 20 ksi

normal stress.
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DISCUSSION OF RESULTS

The results presented in this report can be grouped into two categories.

These are: (1) the effect of state of strez on the coefficient of friction

and, (2) the effect of changes in deformation rate on the joint properties.

These two areas will be discussed below.

Effect of Stress on Friction

The tests at the lowest deformation rate (0.001 in/sec) were conducted

with various values of joint normal stress, and in addition various values

of stress parallel to the joint. It should be noted that for the torsion

test the axial stress could be increased above the level of the hydrostatic

pressure. In the torsion specimen the joint lateral stress is equal to the

hydrostatic pressure, while the joint normal stress is equal to the hydro-

static pressure plus the superimposed axial stress. Thus due to the apparatus

and specimen configuration it was possible to change the stress state of the

specimen, i.e. for any given normal stress the stress state of the rock

could be changed by adjusting the percentages of superimposed axial stress and

hydrostatic confining pressure, which sum to the normal stress. The results

shown in Figures 8 and 9 indicate that tests run at identical stress conditions

showed very little scatter but changes in the state of stress apparently

affected the coefficient of friction. Since the state of stress was varied

widely during the study, investigation to see if this was the cause of the

apparent scatter was initiated.

One of the major factors that determines characteristics such as

microcracking and related stress-strain behavior in brittle rock is how

close the stress is to that required for fracture. For example, Brace

et al (23) have shown that microcracking starts in Westerly granite at

about one-half to two-thirds of the fracture stress in triaxiel compression

tests. The possibility that the frictional characteristics of joints may

be affected in a similar way was therefore investigated.

The concept of nearness to fracture in stress space necessai!y requires

a description of the fracture stress locus. It is well known that in

detail the intermediate principal stress does have an effect on rock fracture,

and in the present experiments on joint friction it is one of the test

variable since it is equal to the joint lateral stress. Accordingly

a more accurate fracture criteria was used that attempted to incorporate

the intermediate principal stress effect.
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A criterion was chosen from previcus work of Swanson!24), following

the ideas of Mogi (25) that represents rock fracture in the following special
coordinates: /T- vs. a1 + 0.10 2 + 03' where o,, 02 and a3 are principal
stresses and Yg,"-is the second deviatoric stress invariant given by

1('11"22)2 + (a22"733 )2+(33"'1 )2 + 122 +23 +a3121 h

z~' 6 + +2 l

A plot of extension, compresslo', and biaxial fracture stress data for

Westerly granite is shown plotted "n these coordinates in Figure 16. The

close spacing of these points indicates that a unique fracture locus is

at least approximated.

The maximum joint stresses are compared with the fracture locus for

intact Westerly granite in Figure 17. It can be seen that a wide differ-

ence exists among the various jointed tests in terms of how close to frac-

ture the jointed specimens were. In fact, a number of jointed specimens
did fail before slip occurred, depending on the stress conditions estab-

lished for the test. These latter tests are not shown, however.

A simple criterion for nearness to fracture was defined as shown in
Figure 18. As shown in this figure the "fracture coefficient" is defined

as the ratio of the state of stress at residual slip to the fracture state

of stress of the intact rock. The fracture coefficient is given by

Cf A A

where Cf is the fracture coefficient , A is the value of the second devi-
atoric stress invariant v'Ji"7 calculated for the state of stress at the

/2
joint, and A + B is the value of 4_7 at fracture for intact rock as de-
fined in Figure 18. The fracture coefficient is thus a measure of how

close the rock at the Joint was to fracture, ignoring local discontin-

uities in stress due to the joint.

The calculated fracture coefficient values are listed by the data

points in a coefficient of friction versus normal stress plot shown in
Figure 19. As can be seen a systematic variation in the coefficient of

friction exists that appears to be related to the fracture coefficient.
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From this result, then, the variation in coefficient of friction at a given

normal stress is judged to be a systematic function of the state of stress.

Further this state of stress can apparently be described by the fracture co-

efficient described above.

The data and interpretation just given may explain some of the incon-

sistencies encountered previously in rock friction studies. For example,

tests under triaxial compression using specimens with a given joint angle

often show a decrease in coefficient of friction with increasing normal

stress. However, in direct shear tests this trend may be the same or an

opposite effect may be observed. This can be explained as follows. For

the triaxial test with one joint angle the fracture coefficient varies

only slightly over the usual range of normal stresses, as for example in

Byerlee's data(11). Thus, the coefficient of friction would be expected

to decrease with normal stress according to the trends shown in Figure 19.

In the direct shear tests, however, the fracture coefficient is increasing

with increased normal stress. For example, increasing the normal stress

from 500 to 1000 psi would be expected to increase the fracture coefficient

of Westerly granite on the order of 80%. Therefore, the coefficient of

friction could increase, decrease or stay the same depending on how the

fracture coefficient increases with normal stress and how the coefficient

of friction decreases with normal stress.

A comparison with Byerlee's data(11) on ground surfaces in triaxial

tests with joint angles of 450 is shown in Figure 20. Although Byerlee's

data is at higher normal stresses than the present study, the general

trends of the data can be compared. It can be seen that the higher co-
/

efficients of friction obtained from the torsion data appear to correlate

with Byerlee's data, but as discussed previously much variation is seen in

the torsion data.

It is interesting to consider the effect of the state of stress on this

comparison. A calculation of the fracture coefficient for Byerlee's data

shows that the slip stresses in 450 jointed triaxial tests will be very

close to 0.9 over the full range of Byerlee's data. If only the data from

the torsion tests that correspond to a fracture coefficient of 0.9 are com-

pared, good agreeient, as shown in Figure 21, is obtained. in this case a
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much better comparison appears to hold, and the effect of normal stress on

the coefficient of friction is established over a wide range of normal

stress.

It has been suggested by Byerlee(11) that the frictional results of

triaxial tests do not depend on the joint angle. Since the state of stress

in the specimen does depend on the joint angle (as the ratio of confining

pressure to normal stress varies) this would seem to be at variance with

the present results. For example, the fracture coefficient for a 30 de-

gree triaxial joint is close to 0.76 for Westerly granite, as compared to

0.9 for the 45 degree joint. The difference that this would make on the

shear stress, as calculated from Figure 19, is shown in Figure 22. It can

be seen that the difference in the shear stress between 30 and 45 degree

joints predicted by the present theory is not large and could easily be

masked by data scatter. The dashed line represents Byerlee's equation for

coefficient of friction given by

v = .6 + O.San for (2kb <a <17 kb)

Rate of Deformation Effects
The results shown in Figure 13 indicate little change in the maximum

shear stress with shearing deformation rate over the range 0.001 to 1 in/sec.

This appears to be somewhat surprising in view of the rate dependence of

the compressive strength of Westerly granite established previously (22, 26).

It appears from comparing these results with the rate dependency ob-

served by Dieterich(8) that the loading effect rate effect on normal stress

may be different than the effect on shear stress. In the present study the

time of application of the normal stress was held constant, and only the

shearing rate was varied.

It has been suggested (15, 16) that stick-slip joint motion would not

occur at high loading rates. The oscilloscope traces shown in Figure 15 do

not support this view, at least for rate of 1 in/sec. The stick-slip motion

is clearly revealed by the apparent "ringing" of the shear stress record.

40



(L)v
41)

0
-,

00

C)L %..

C4)

0 r

cm
'C

a 'j *4- 4-J

0 n

~0

CD 4-
V 4- 9

4-04-

-~ Im

t 1 41



SUMMARY AND CONCLUSIONS

A laboratory investigation of the strength and deformation of jointed

tubular samples of Westerly granite with ground (90 micro inch) surfaces has

been completed. Special attention was given to the effect of varying the

state of stress on the joint. This was accomplished by varying the lateral

stress on the joint and the normal stress on the joint independently.

The folloiing conclusions are drawn from the investigation:

1. Tors;onal shear loading of a tubular specimen is advantageous

for joint friction studies in several respects. For example,

normal stress can be varied over a wide range, large deformations

can be applied and the general state of stress can be varied.

Also both normal and tangential joint displacements can be con-

veniently measured.

2. The state of stress has a definite effect on joint frictional

properties. This effect was correlated well by a parameter that

describes the nearness nf the stress state to fracture of the

competent rock.

3. The mode of deformation at low normal stresses is stable sliding

while at high normal stresses the mode is stick-slip. The transi-

tion takes place at approximately a normal stress of 10 ksi. This

value may vary slightly with both deformation rate and state of

stress.

4. The stiffness of the joint before slip and during stick-slip in-

creases with increasing normal stress.
/

5. The effect of shearing deformation rate on residual joint friction

was sinall and showed essentially no change within data scatter for

a three decade change in rate of loading.

6. At rates of deformation to I in/sec stick-slip was still the mode

of deformation at higher normal stresses.
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