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ABSTRACT

The published literature on the experimental ambtétical observations concerning
the frictional behaviour of rock forming minerals reviewed. Experimental data on
the behaviour of four rock forming minerals; vizu&tz, Calcite, Talc and Biotite, in
powdered form, when subjected to triaxial stresseder a range of confining
pressures up to 630 kg/ént63 MPa) is presented. It has been observed trat f
Calcite and Talc, the modified Mohr-Coulomb envelap a straight line leading to an
angle of shearing resistance of°3hd 26.8 respectively. However, for Biotite and
Quartz, a decrease in the slope of the Mohr-Coulemelope has been observed
when the confining pressures were increased tditfieer values. In case of Quartz,
up to a confining pressure of 112 kgfci1.2MPa), the angle of shearing is 38.5
However, when the confining pressure is increasegbibd 112 kg/cfh(11.2MPa),
angle of shearing resistance falls to 3418 case of Biotite, up to a confining pressure
of 210 kg/cmi (21MPa), angle of shearing resistance is abou5°2%vhen the
confining pressure is increased beyond 210 kg/¢BiMPa), angle of shearing
resistance falls to 201t has been observed that the cohesion interfmepall the
minerals is nearly zero.

Keywords: Rock forming minerals, frictional characteristit$axial stress, crystalline
structure, modified Mohr-Coulomb envelope.

1. INTRODUCTION

A detailed study of frictional characteristics it apnsiderable importance in rock
mechanics. Frictional forces between joints, cragkd fault surfaces have to be
estimated. Knowledge of friction between individugtains of rock pieces is
important. Further, on a small scale, friction betw the minute Griffith cracks in a
rock requires to be estimated.
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A rock mass is not a uniform body but is brokenbym network of joints and faults.
The properties are, therefore, controlled by thaperties of the intact portions of the
rock and by joints as well as the geometry of tiietjsystem. A displacement in the
joint system may change the position of the roc&mants and result in the
development of highly localized stresses in therhjctv may lead to failure by
crushing.

The range of stresses involved in various problem®ck mechanics is very large.
Near the abutments of arch dams, the stresses enay high as 100kg/énil0MPa),
whereas in rock slopes, the stresses may be afrter of 4 to 5 kg/cf(0.4 to 0.5
MPa) only.

The coefficient of friction [’ is dependent on the nature of materials and the
roughness of the surfaces in contact. AccordingAmeonton’s law (Bowden and
Tabor, 1950), the magnitude qf ‘is considered to be independent of the valuehef t
normal stressd,’. Bowden and Tabor have explained the existenaonfacts at very
few points between even highly polished naturafes@s. The normal stress at these
contact points would be high and may exceed thiel wgength of the material. The
frictional force can be separated into “shearingtl &ploughing” components. At a
larger number of contacts, the stress will be ehffgrent so that deformation at some
contacts would be plastic whereas at others it Ineaglastic.

Archard (1958) considers the law of friction toléeV a power law

t=kay, 1)
n=kop ™, 2)

where m varies between 2/3 to 1.0. Experimentalliesf sliding of joints of andesite
and mica have led to the following expressionsgdael971).

1=1202° (3)
1=52027 (4)

Jaeger has also indicated the use of the expression

1=1, +kal, (5)
which is similar to the Coulomb law of

1=c+0,tang, (6)

as applied in soil mechanics. It has been notibhatwith an increase af,, the value
of c increases (Byerlee, 1967). If the area ofoakbof material is A and the area of
contact is A, then we may have
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A
1= Cc(fj +tHcOp (7)

wherein cohesion.ds proportional to A/A. Byerlee (1967) gave results of tests on
granite cylinders of 1.67 cm in diameter testedrigxial cells at confining pressures
of 1050 to 15750 kg/cMm(105 to 1575 MPa). The surfaces were ground asgspd
together under a hydrostatic pressure of 105 MHaréea tangential stress was
applied. The results indicated

T=9000+ 060, (8)

in the range 06, from 210 to 1575 MPa. It was concluded thatvas equal to A and
the value of 63MPa was for intact material. Foroadinary contact at low normal
stresses, #A might be of the order of 0.01 leading to a cobewalue of 6.3 kg/cf

as was usually reported. Results presented by daegke Cook (1970) of tests on
sliding of nearly spherical contacts on trachytéhwiarying areas of contact and high
normal stresses yield= 7MPa andu.= 0.32 for high normal stresses and values of
c.=10 anduc= 0.48, indicating the area of contact to be small.

Broken rock has been tested in triaxial cell oféasize. Fumigalli (1970) and Coates
(1963) present the experimental data. TerzaghiL@6oted measurements giving
angle of shearing resistance of crushed aggregab& aJaeger and Cook (1969) also
guoted measurements of Snowy Mountains Authorityingi value of @g=40° for
crushed aggregate. It has been found that thetsesiuthese tests depend greatly on
the possibility of the porosity of the aggregateserlocking of the aggregates is also
involved. The Mohr envelopes are usually curvedhsd a power law representation
can be made.

It is difficult to test a finely jointed rock in éhlaboratory. It has been noted that
Calcite has an uneven thermal expansion, and lgeiattaused the grain boundaries to
crack. Rosengren and Jaeger (1968) conducteddritests on marble previously
heated to 50. The strength of this marble has been found ¢oease rapidly with
confining pressure. The Mohr envelope is curvedcWlizian be represented by

1=400°8 psi. 9)

Jaeger (1970) tested six-inch diameter cores frafosely jointed rock. The fractures
were at a spacing of .127cm to 2.54cm. The Mohelape is curved at high pressures
and the material fails along a definite plane dfufa. Interlocking accounted for
considerable gain in strength.

Karman's (1911) investigation on the strength ofrbfe indicated that at low

confining pressures, marble failed in a brittle walpng a single inclined shear
fracture. Strength increased progressively withrdasing confining pressure and the
rock failed as a barrel shaped specimen at higfirang pressures. This deformation
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was due to sliding across a large number of intéirsg shear failures and is not a true
plastic deformation.

2. SHEAR STRENGTH OF CRYSTALLINE MINERALS

Many studies have been made concerning the frigkigoroperties of various
substances, but little attention has been givemitterals. Possibly, the first study
pertaining to frictional characteristics of minemlrfaces was made by Terzaghi in
1925. He found that the application of water betwago previously dried smooth
surface of Quartz resulted in a substantial ineréaghe coefficient of static friction.
Tschebotarioff and Welch in 1948 investigated th#uence of surface moisture
variation on the frictional properties of Quartal€ite and some other minerals. Their
investigation also showed that water acted as afudomicant when applied to smooth
surfaces of Calcite as well as those of Quartz,|lituicated the surface of minerals,
which has layer lattice structures. In additiongythfound that the frictional
characteristics of minerals in a moist state anosé¢hof completely submerged
minerals were virtually the same. Penman (1953Vigenl further confirmation of
anti-lubricant effect of water in the case of Qmai detailed study was made by
Horn and Deere (1962). They found that the presendids on sliding surfaces of
minerals greatly increased the frictional coeffitg of minerals having massive
crystal structures such as Quartz and Feldspadecr@ased the coefficient in the case
of minerals having layer-lattice type of structyr&sch as mica and chlorite.

Horn (1960) also performed drained direct sheatstesm ground muscovite and
showed that submergence in water of a dry musceateder reduces the angle of
shearing resistances from 27° to 20°, whereasearcéise of Quartz powder the angle
of shearing resistance remained constant at 28°.

3. SHEAR STRENGTH OF CRYSTALLINE MINERALS UNDER HIGH
PRESSURE

Baumann (1941) conducted compaction tests on freghlrried materials and
observed considerable breakdown of sharp cornepauicles. A comparison of the
material before and after compaction indicatedangke in the percentage of large size
particles but the percentage of fine particles iapth unaltered. The breakdown of
sharp angularities did not appear to affect thengtth of the material, as straight-line
failure envelopes were obtained from shear testtoup cell pressure of 63 kg/ém
(6.3 MPa). Hall and Gordon (1963) tested some swoitsaxial cells up to a confining
pressure of 45.5 kg/ ¢nf4.55 MPa) and found that the slope of the Molwetpe for
sandy and gravelly soils decreases with an increasenfining pressure, but the same
was not true for clayey or silty soil. HirschfelddaPoulos (1963) also tested silts and
sands up to a confining pressure of 42 kg? ¢h2 MPa) and found that Mohr rupture
envelope was curved throughout the stress rangsstigated. Vesic and Barksdale
(1963) tested sand specimen under high confinieggures. Their results suggested
that the curvature of rupture envelope was restlitd initial pressure range up to 63
kg/ cnf (6.3 MPa) and beyond this pressure range the epeelas a straight line.
Bishop et al. (1965) and Bishop (1966) indicateglakdown of particles and curved
rupture envelopes at high confining pressures. l@nbiasis of laboratory and field
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studies, Sowers et al. (1965) indicated that a mzgot of settlement in rockfills was
the result of crushing of highly stressed pointsaftact between the particles, which
increased under wetting. Marsel (1967) tested ithckfaterials under confining
pressures of 25 kg/édmThese samples were large in size and had a diargtl15
cm and a height of 250 cm. These results also stegeurved rupture envelope and
breakdown of particles. Vesic and Clough (1968)et@sand under confining pressure
up to 630 kg/ crh(63 MPa). They found that at very low pressurdaofvel kg/cnf)
very little crushing was observed and effects ttdncy gradually disappeared as the
confining pressures were increased. As the corffipiressure increased beyond 105
kg/ cnt (10.5 MPa) the effects of initial porosity weret observed.

Ramamurthy and Lal (1970) conducted an extensivelyston the crushing
phenomenon of sands. They used Delhi Quartzite S@atarpur sand) for
investigations. They varied the cell pressure updg/ cnf (7.0 MPa). Their results
indicated that the mode of failure as depictednaydtress-strain curves appeared to be
of brittle type at low cell pressures and tendedams plastic behaviour at high
pressures. An important observation made by themthat the Mohr failure envelope
was curved up to a confining pressure of 14 kg ¢t MPa) only and beyond that
the Mohr envelope was a straight line with constefiéctive angle of shearing
resistance.

4. OBJECTIVESOF THE STUDY

This study forms a part of the overall programmecohducting research work in
understanding the mechanism of shear deformatibmgc& forming minerals under

high pressure. In this study, results of experimleobservations conducted on finely
powdered Quartz, Calcite, Talc and Biotite havenbegorted.

These minerals were finely powdered. Both the Tahd Calcite samples pass
completely through 2.36mm IS Sieve. The Quartz $asnpass 100 percent through
425-micron IS Sieve and 50 percent through 2.36/@r8ieve. In the case of Biotite,
the sample passes 100 percent through 600-micr@iel®& and 50 percent through
2.36mm IS Sieve.

5. EXPERIMENTAL PROCEDURE

Suitable equipment for the pressure range usedtiseadily available. Therefore, the
required equipment had to be specially fabricaldte cell is designed for triaxial

compression tests of a standard 3.81 cm diameemirapn having a length of 7.62
cm. It can take fluid pressure up to 1050 kgf/¢tD5 MPa). Details of the cell and the
other components have been shown in Fig.1.

The fluid pressure was developed through a spemimhping unit (Fig. 2). To
maintain the pressure constant a loading ram isdoted in the system. Friction is
eliminated by rotating this ram. The excess fluikg back to the pumping unit and
the pressure in the cell is maintained constant.
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Piston

Air release
valve .

|
Fig. 1- The triaxial cell for 3.81cm Fig. 2 — Oil pumping unit

(1.5inch) diameter samples under high
confining pressure

Fig. 3 — 50 ton compression machine with high ptesscell and
pressure maintaining system
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The loading system consisted of an electricallyragel loading frame of 50-ton
capacity (Fig. 3) having variable speed and thepsasnvere sheared at a strain rate of
0.0105 cm/min.

The samples of the minerals were prepared with Ingral water content and the
mixture was placed carefully in suitable moulds wee the samples could be
subjected to consolidation. Initial consolidatiorasvachieved by subjecting the
samples to pressure in a one-dimensional consmiidtame.

The samples were extruded from the moulds and stégje¢o further consolidation at
the desired cell pressure in the triaxial cell. S&aguently, the samples were sealed in
two rubber membranes with the help of suitable i@siand the cell was filled with
low viscosity oil.

The cell pressure was raised in steps and the sampkre allowed to drain
completely. During the shearing process, readirffggotume change were recorded
and the quantity of water expelled from the samplas observed carefully.

All samples were sheared till a strain of 20 pereeas reached or otherwise till the
samples collapsed.

6. OBSERVATIONSAND DISCUSSION

A comparison of the axial stress-strain diagrammsafbconsolidated drained tests are
shown in Figs. 4 to 7. From this data, it has baleserved that failure strain to reach
failure increases as the confining pressure ineseas

It has been observed that the Quartz samples failedstrain of 3 to 4 percent under
low pressures but the failure strain increased idensbly with an increase in cell

pressure. At a high cell pressure of 560 kg/(36 MPa),, the failure strain was of the
order of 18 to 19 percent (Fig. 4).

The stress-train behaviour of the Calcite sampidated that at the highest pressure
which has been adopted here, i.e. 560 k§/(36 MPa), the plot does not reach an
upper limit of stress up to 20 percent strain (B)y. The samples continued to take
load even after that.

On the other hand in the case of samples of TaldBaotite, tests were carried out up
to a strain of 20 percent and the stress-straits jrhalicate that the samples continued
to take very small increments of load even at 2€cqm strain (Figs. 6 & 7).
Therefore, it is concluded that all the sample3at and Biotite failed at a strain of
20 percent irrespective of the magnitude of thefinorg pressureThese particles are
flaky type compared to the nearly equi-dimensiquaaticles for Quartz and Calcite.
Therefore, under shearing strain, the particlesicoously have a tendency to reorient
and rearrange themselves. This results in contmymliding of the mass, which leads
to gradual deformation, and a well-defined peath@stress-strain plot is not seen.
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Fig. 4 - Stress-strain plots for quartz samples
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To understand failure mechanism, modified Mohr émes have been plotted in Fig.
8. Failure envelopes for all the minerals passutjinathe origin i.e. cohesion intercept
is zero for all the minerals. In case of Quartz Bimtite, a change in the slope of the
Mohr envelope was observed when confining presswese increased from lower
range to higher range. The slope at the higheispress flatter. In case of Quartz, up
to a confining pressure of 112 kg/e1.2 MPa), the angle of shearing resistance is
38.5". However, when the confining pressure is iasesl from 112 kg/cfrto 560
kg/cnf (11.2 to 56 MPa), the angle of shearing resistdatie to 34.5. In case of
Biotite, up to a confining pressure of 210 kgfcfdl MPa), the angle of shearing
resistance is about 28.8When the confining pressure is increased fromigent to
560 kg/cn (21 to 56 MPa), the angle of shearing resistan2€’is

However, in the case of samples of Calcite and,Tialoas been observed that the
angle of shearing resistance remains to be confiaile entire cell pressure range
adopted. The angle of shearing resistance for #iet€ is 34° and for the Talc 26.5°.

7. CONCLUSIONS

The frictional characteristics of rock forming miaks present a complex problem.
The failure mechanisms under low pressures andgat gressures seem to be quite
different. At high pressures, not only the crushiofggrains but also the surface
characteristics and the crystalline structure efghrticles seem to be quite important.
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