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ABSTRACT

The mechanical and frictional properties of two rocks,
the Mesa Verde Sandstone and Kelly Limestone, were determined
by using a conventional triaxial apparatus at maximum normal
stresses of 2.5 kb (or crustal depths to 10 km). By defining
"resistance to fracture"/N% as the ratio of shear stress Z(c)
to normal stress o at fracture and the coefficient of fric-
tion/u as the ratio of T(s) to ¢ for pure frictionai sliding,
_a direct comparison of the two processes is facilitated.

The mechanical behavior of both the Kelly Limestone and
Mesa Verde Sandstone are related to small-scale structural
inhomogeneities in the rocks. Calcite glide planes appear
to control deformation leading to ductility and fracture in
the limestone, while weak cementation of the sandstone is a
controlling factor during its deformation.

For frictional sliding experiments using the conven-
tional triaxial apparatus more accurate values of)&, obtained
when partial contact between sliding surfaces is taken into
account, are nearly an order of magnitude greater than those
obtained when entire fault-surface areas are used (—~0.78 vs.
~0,1, respectively). Results of friction experiments Indi-
cate that.surface roughness does not affect resistance to

sliding in the limestone but is a factor in the sandstone,



which is explained as being due to the relative degrees of
cementation and porosities of the rocks. Experiments involv=~
ing synthetic limestone and sandstone gouge indicate that
gouge type, grain size, and thickness do not influence resis-
tance to sliding, especially at relatively high stresses,
because of the cataclastic buildup of a secondary gouge ma-
trix that produces a steady-state condition of sliding equi-
librium. Fault angle affects resistance to sliding in a
similar manner observed in stick-slip experiments, for which
fzat o=h50 is greater tnan/u at x=30°. Pore pressure affects
resistance to sliding by enlarging the difference between the
static and kinetic coefficients of friction, a discovery
which may be used to explain observed increases in magnitude
of stress drops related to stick-slip events at high pore
pressures.

The similarity of mechanical processes associated with -
the fracture of rocks and the pure frictional'sliding of
rocks containing planes of weakness implies that frictional
processes play an important part in the fracture process,

One observed difference between the two processes is the
relative degree of freedom for grains td rotate along incip--
jent or pre-existing fault surfaces. Based on Orowan's theo-
ry of the brittle~ductile tranéition, it is predicted that
the limestone would become fully ductile at crustal depths of
3 km and the sandstone at 5.3 km. The fact that a fraciured

rock mass is capable of supporting as much stress as unfrac-
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tured rocks 1is suggestive that such processes as dilatancy

and ductility may occur in fractured rock masses.
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iNTRODUCTION

One of the most direct methods of understanding the dy~r
namics of processes in the earth's crust and upper mantle is
through a laboratory study of the mechanical‘préperties of
rocks. Because most rock masses on the earth's surface con-
tain weakness planes such as joints and faults, an important‘
connection between the behavior of rock specimens in the
laboratory and rock masses in the field is afforded by the
study of the conditions affecting relative movement and frié-
tion along pre-existing surfaces of discohtinuity.

It has long been recognized that earthquakes may oceur
along pre-existing fault zones 1in rock which has already been
fractured due to excessive geotectonic stresses (e.g. McKenzie,
1969)., This general observation and the fact that only shal-
low-focus earthquakes are potentially hazardous to man have
initiated research into the deformétion of rocks which con-
tain macroscopic defects. The objective has been to gain a
better understanding of fault mechanies through theoretical,
experimental, and field studies of the mechanical properties
of rocks and rock masses,

The basic question concerns just what can be said guan-
titatively about faults; especially active faults, in the

field., It is possible to describe the nature or makeup of



the gouge or pulverized material in the fault zone, such as
its composition, grain size, porosity, thickhéss, moisture
content, and structure or fabric, but what effect do these
properties have on the history of the fault or on the stresses
which have been or can be supported by the fault? 1In order
to draw any conclusions about the function and behavior of
fault systems it is imporitant to know what effect each condi-
tion has upon the nature of the faulting process. The obvi-
ous approach is to perform a set of'experimehts in the labo-
ratory and to investigate independently the effect of gouge
composition, thickness, porosity, moisture content, etc. on
rock fracture and friction, |

The entire fault system also includes the adjacent rock
masses in which the fault has formed. Thus the mechanical
behavior of the original parent rock material from which the
gouge was generated 1s necessarily a contributing factor to
fault behavior and therefore must also be considered in lab-
oratory studies. Indeed, it 1s very possible that the fric-
tional properties of fault gouge is directly related to the
original mechanical properties of the rock from which the

gouge was derived.



Basic Concepts and Definitions

There are several terms frequently associated with the
deformation of rocks, and rocks containing planes of weakness.
A few important concepts related to the nature of whole-rock

deformation include Young's modulus, elasticity, ultimate or

fracture strength, yield strength, and ductility. Initially,

most rocks deform under uniaxial compression in an elastic
manner such that the applied differential stress is propor-
tional to strain; the constant of proportionality is Young's
modulug and the rock is considered elastic. The ultimate
strength of a rock is defined as the maximum differential
stress required to cause shear fallure br fracture of the
rock, Before fracture, at'a certain differential sitress,

known as the yield sitrength, a rock may begin to "yield" in

a nonelastic manner resulting in permanent axial strain.

The nonelastic permanent deformation is called ductility.

The concept of internal friction is quite similar to
that of sliding frictidn in that a whole rock usually dis~
plays a resistance 1o deformétion and failure, whereas a
rock containing planes of weakness generally exhibits a re-
sistance to sliding. Specifically, the ratio of effective

shearing stress to normal stress needed to cause fracture is



defined as the coefficient of internal friction/ui, or, as
proposed by the author, the direct ratio of shear stress to
normal stress may be used to define a "coefficient of frac-

ture"” M. The coefficient of sliding friction_/xis defined

ag the ratio of the éhear stress to normal stress needed to
cause relative movement between surfaces in contact, or that
ratioc during movement (Rabinowiez, 1965)}. The static coef-
ficient of sliding fricticnjus is determined at the point
immediately prior to the onset of movement and the kinetic
coefficient Ly is determined when relative movement has just
occurred.

The general notion of fricfion is associated with con-
ditions of stability that can be established for a,givén
rock mass which may or may not contain a pre-existing fault.
For example, for a giveanf or Mg it is possible to have only
a certain combination (ratio) of applied stresses which de~
termine if sudden failure or perhaps relative sliding move-
ment will occur in a rock mass. By convention a fracture-

stability curve or fracture-strength curve, known as the

t By defining up and in this analogous manner, a more di-
rect comparison of the two concepts may be obtained for a
particular rock. For later discussions of g it is intended
that the "coefficient of fracture" is equivalent to a revised
definition of the "coefficient of internal friction." Some
authors prefer to define u as the slope of the shear stress-
normal stress curve, but problems develope 1if the curve is
nonlinear. This is discussed more thoroughly in a subsequent
section. _



lonr envelope, has been established as a means of defining.
relative stability of whele rocks based upoh‘the plot of
applied shear stress versus normal stress at fracture.

Other more qualitative observations of sliding friction
include tne kind of sliding which takes place during relative
movement along an interface. There are two basic types of

sliding, stable sliding and gtick-slip. Stable sliding is

slow, frictional sliding unaccompanied by measurable stress
drops, while stick-slip is sliding characterized by rapid
jerks with significant displacements and stress drops.

Stable sliding has been proposed as a mechanism of fault
creep (Byerlee and Brace, 1968; Scholz, 1969), and stick-slip
may very well be the mechanism responsible for most earth--
quakes (Brace and Byerlee, 1966; Johnson et al., 1973).
Figure 1 shows the typical behavior of sfick—slip in the

laboratory.
Previous Investigations

Mechanical properties of whole rocks. There have been

many attempts at explaining the physical processes associated
with the formation of observed structural features of rock
masses in the field. The fact that rock masses contain joints

and faults 1s reason to believe that mechanical processes



Fig. 1. (a) Force~displacement curve showing stick-slip
behavior of a Westerly Granite core with sawcut under a
confining pressure of 2.1 kb (Brace and Byerlee, 1966).

(b) Stress-strain behavior of solid gabbro cores at three
different confining vpressures. Note stick-slip behavior
after fracture (Byerlee and Brace, 1968)., The exact shape
of the curves during stress drops is not known and is shown
by a broken line. -
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producing planes of weakness must have been associated with
the original deformation and even fracture of the rocks.

This idea leads to small-scale laboratory studies on rocks in
an effort to produce the same strucfural effects as are ob-
served in the field,

Rock deformation has been studied by various laboratory
metheds, but usually invblves the use of a "triaxial" testing
apparatus. The "triaxial” apparatus does not actually in-
volve a triaxial set of principal stresses; instead, experi-
ments are made on jacketed cylindrical rogk cores subjected
to an axial load applied at a uniform strain rate (Donéth
and‘Fruth, 1971) and a hydrostatic confining pressure. The
latter involves the special case where two of the principal
stresses are equal.

The conventional triaxial experimentation of rocks has
produced fracture~strength envelopes which may be linear,
parabolic, or, in general, curved. A linear lohr envelope
(Coulomb criterion) usually intersects the shear—stresé or
T-axis, which reflects a cohesive-strength term o3 the slope
represents an internal friction term/ﬁ& such that T:Zbﬁﬂffn
where ¢ is the normal stresg on the incipilent plane of-fracF

ture.l The general Mohr envelope may be represented by

1 The following sign convention will be used: compressive
normal stresses are considered positive; shear stresses are
considered positive 1if acting in a clockwise direction.



Zs(A+BfU)l/h, where Zb:Al/n, By is a constant, and n usually
varies between 1 (linear case) and 2 (pafabolic case). When
n=2, the fracture criterion follows the Griffith theory,
which assumes the existence of small elliptical cracks in the
rock (Griffith, 1921; Jaeger and Cook, 197la, pp. 310-334).

Studies of the effects of fluid pore pressure on the
deformation and strength of rocks tend to confirm that pore
pressure p generally reducesvthe applied normal stress
according to the Hubberti-Rubey (1959) concepf of "effective
stress” g, such that the form of the Mohr envelope T(c) is
changed by g =0'-p to ?@T—p):[A+Bf&7—p)]l/h (e.g. Robinson,
1959; Handin et al., 1963; Murrell, 1963; Brace and Martin,
1968). Recently, Nur and Byerlee (1971) and Garg and Nur
(1973) have proposed that most Saturated rocks are likely to
obey a law of the form ¢ =0~x'p during deformation, where &
is a function of the grain compressibility or bulk modulus
of the rock. However, they point out that failure is one
aspect of rock material response for which the conventional
stress law (o'=1) is useful.

It has been observed. that there is a general increase
in fracture strength and ductility with increasing applied
external sitresses (e.g. Heard, 1960; Brace, 1964; Nurrell,
1965; Mogi, 1967, 1971). The "strength-increasing" or "work-

-hardening”" nature of rocks appears to be related to the



mechanical behavior of very small cracks. Orowan (1960) and
Maurer (1965) have proposed that rocks eventually become duc-
tile because of the high frictional resistance, presumably
between grains, that develops at certain confining pressures.
This has been shown to hold experimentally for several rocks
(e.g. Murrell, 1966; Byerlee, 1968; Edmond and Murrell, 1973).
In this sense the theory of dislocations, as originall& ap~
plied to the study of metals (e.g. Cottrell, 1953), appears
to explain the macroscopic deformation of certain rocks.
For example, based upon a theoretical migration of disloca-
tions, McGarr (1971) presents a quantitative description of
inelastic deformation that occurs near deep tabular excava-
tions associated with mining, while Ryabinin et al. (1971)
have attempted to explain strength-~increasing and plasticity
processes by means of a dislocation accumulation which
changes the internal stresses and increases discontinuity
strength (see also Weertman, 1973).

Morland (1971) has attempted to satisfy the need for
a finite-deformation theory to explain processes of elastic
respense, yield, and plasticity. His theory is promising
but is weak in one respect in that his model suppoées a non-
porous solid, a condition which méy not be valid for rocks
near the earth's surface. Nevertheless, porous rocks gener-
ally exhibit compaction at very low applied pressures due to

closing of pre-existing cracks and pores (e.g. Walsh and
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Brace, 1966) such that perhaps during the early part of their
deformation history most rocks may be considefed nonporous
elastic solids.

On'the other hand, at high stresses greater than about
half the fracture strength, brittle rock is nonelastic and
undergoes an increage in volumetric strain as opposed to the
decrease expected for linear elasticity. Brace et al, (1966)
and Schock et al. (1973) have explained this dilatancy as
being due to the formation of small cracks within the rock,
Schock et al. (1973) have postulated that after most of the
pores in a rock are removed at high stresses, intergranular
friction leads to strong work hardening and soon additional
intergranular fractures develop, which thus leads to the
dilatant behavior. Microscopic observations of Borg (1971)
on fracturing of quartz grains in sandstone during the duc-
tile stage have reinforced this interpretation. For mater-
ials that are primarily ductile, the existence of relafively
large intervals of dilatancy has prompted Edmond and Paterson

(1972) to propose competing processes of compaction and dila-
tancy. |

Small cracking events, known as microfractures, were
first observed during dilatancy by Obert and Duval (1942).
Recently, Brown (1965), Brown and Singh (1967), Scholz (1967,
1968a~e, 1970), Chugh et al. (1968), and Hardy (1969) have

studied in detail microfracturing during deformation and
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fracture of brittle rocks, for which it Was shown that micro-
fracturing increases rapidly as fracture stress (inherent
strength) is approached. Scholz (1968b) observed that micro-
fracturing obeys a frequency-magnitude relation identical. to
that of earthquakes, and that under fixed stresses the fre-
quency of microfracturing decreases hyperbolicaily with time.
This he explained by static fatigue of individual grains,
and such a process was proposed as the mechanism of creep in
prittle rock (Scholz, 1968c; Hardy et al., 1969) and ulti-
mately as a mechanism of earthquake aftershock seguences
(Scholz, 19684).

The influence of fluid pressure on microfracturing or
dilatancy has not been thoroughly investigated, although
recently, Byerlee et al. (1972) injected water into stressed
rock containing a pre-existing fault and measured the elastic
shock activity as a function of pore pressure. They found
the maximum number of microfractures (per unit time) decreased
with additional injections. It is interesting to note that
at about this same time, Nur and Booker (1972) suggested that
earthquake aftershocks may be caused by a redistribution of

pore pressure as a result of fluid flow within rocks.

Sliding friction. It has been suspected that sliding

friction plays an important role in the various criteria of

rock fracture (e.g. Orowan, 1960; Murrell, 1965; Hoek, 1968;
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Lajtai, 1969; Byerlee, 1967a, 1968, 1969; Handin, 1969;
wWawersik and Fairhurst, 1970). The fact thaf most seemingly
homogeneous rocks contain flaws in the form of cracks and
pores (Brace et al., 1972; Bombolakis, 1973) that may close
under low applied compressive stresses or may grow and coa-
lesce at stresses near the fracture strength of the rock im-
plies a theoretical connection between processes of frictional
sliding and processes associated with purely mechanical defor-
mation of rocks. Indeed, Walsh (1965) haé sﬁggested that
mechanical preperties, such as Young's modulus, may be affect-
ed by the presence of microcracks,

Previous experimental studies have investigated sliding
friction under varying conditions of normal stress, surface
roughness, displacement, gouge generation, rock type, strain
rate, pore pressure, and temperature. As indicated in Table
1, not all investigators agree as to what effect, if any,
these factors have on coefficients of friction, stable slid-
ing, stick-slip, and gouge generation. Brace (1972) has sum~.
marized the results of current laboratory studies concerning
‘factors which determine conditions of stable sliding. He
points out that (Brace, 1972, p. 189):

"In general stable sliding is enhanced by high
temperature [Brace and Byerlee, 19701, low dffec-
tive pressure [Byerlee and Brace, 1968, 1969,
19701, high porosity [Byerlee and Brace, 1969;

Byerlee, 1970al, thick gouge [Byerlee, 1970al,
and the presence of even small quantities of
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[weak] minerals like serpentine and calcite
[Byerlee and Brace, 1968; Logan et al., 1970]1."

Brace also notes that surface roughness is an important para-
meter for stable sliding, in that (Brace, 1972, p. 197):
",es frictional resistance increases markedly with
surface roughness (J. Handin, personal communica-
tion, 1971)."
An excellent review which also summarizes current studies of
rock friction, but includes a more thorough explanation of
principles and theory, is given by Jaeger (1971).

Drennon and Handy (1972) have observed the nature of
stick-slip of lightly loaded limestone and the influence of
buildup of rock debris (gouge) along the surfaces of contact.
They note that coefficients of friction are apparently a
function of cumulative slip, similar to Byerlee's (1967a)
indication that friction depends upon displacement.

Conditions of stable sliding in the laboratory for dif-
ferent types of rocks with pre-existing faults or sawcuts
containing various controlled gouge materials, dry or fluid-
saturated, have not been investigated in detail. However, a
laboratory study of a rock with gouge has been conducted by
Logan (1972), and preliminary results in the form of an ab-
stract have been published. Logan has found that fault-sur-
face roughneés influences frictional sliding when macroscopi-
cally interlocking asperities are sheared off during initial
deformation, and then stress drops occur, producing stick-
8lip only when the surfaces are planar and smooth. He has

proposed that the shearing of macroscopic asperities is a
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more reasonable mechanism of earthguake generation than
stick-slip. In addition, Logan has introduced fault gouge,
which tends to inhibit stick-slip. However, none of the in-
vestigations has involved a close analysis of rock friction
and gouge character. |

Although experiments with fluid injection into pre-
fractured rocks containing synthetically regulated gouge have
not been conducted, fluid injection has been observed to
cause stress drops in cleanly pre-cut rocks (Byerlee, 1967b;
Brace and Martin, 1968). Byerlee (1967a) concluded that the
effective stress theory, whereby pore pressure reduces ap-
plied normal stress in an arithmetic manner, holds for the
Westerly Granite such that slopes of the 7(¢) curve remain
essentially constant for various pore pressures., qulfs
(1971) has shown that coefficients of friction for'dry and
water-saturated Coconino Sandstone are the same, but that
the kinetic coefficient,uk increases upon injection of a
chemically~active fluid. He proposes that a.weékening effect
of the fluids has caused an increase in the amount of gouge
along the sliding surface, thus causing an increase in /4.
Blackwell (1973) has noted that pore fluids lower A4 for the
relatively low-porosity Tennessee Sandstone but have little
effect on the more porous Coconino Sandstone.

In a recent semi—annual pProgress report to the U.S.
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Geological Survey, John Handiﬁ and James ingelder (19?3) have
discussed in detail the development and deformation of quartsz
fault gouge through experimental, field, and microscopic
observations of natural and artificial fault zones. They
have concluded that M decreases with increasing hormal
stress for both stick-slip and stable sliding and that dur-
ing stable sliding it tends to be higher for dry speciméns
than for saturated ones, In addition they have observed that
quartz gouge is sufficiently permeable to aliow fluid-pres-
sure equilibration through a compacted layer of gouge, thus
sﬁggesting that the principle of effective stress should

hold for the fault-zone system, Based upon stick-slip exper-
jments involving stress drops they conclude that the mégni—
tude of stick-slip events increases in the presence of water.
Values of kinetic coefficients of friction associated with
stick-slip events along gsawcuts in Tennessee and Coconino
Sandstone containing quartz and calcite gouge range frém

0.68 to 0.86, with-apparently no effect of gouge type.

One can postulate that the kinds of sliding and the
frictional coefficients must be related by the vafious influ-
encing factors such as rock type, surface roughness, gouge
proﬁerties, etc., as may be inferred from a study of Table 1.
Indeed, it has even been established that the interplay of
the static and kinetic coefficients of friction are what

determine the magnitude of stress drops during stick-slip
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events (Rabinowicz, 1965, pp. 97-98; Byerlee, 1970b; Scholz
et al., 1972). Some recent results were published by Scholz
et al. (1972) pertaining to new facets of frictional sliding
of rock, such as episodic stable sliding, pre-stick-slip
stable sliding, transitions from stick-slip to stable slid-
ing, *time dependence of friction, and the influence of stress
drop and gouge on the kinetic coefficient of friction. But,
as they pointed out, much more work needs to be done, parti-
cularly with different rock types and differént surface con-
ditions, before an adequate ﬁnderstanding of these phenomena

can be obtained.
Present Investigation

The present study has been an investigation of the mecha-
nical (including frictional) properties of two rocks, the
Mesa Verde Sandstone and the Kelly Limestone, with the use of
a triaxial-cell apparatus at maximum applied stresses of 2.5
‘kb. The overall objective was to compare coefficlients of
sliding friction under certain conditions of surface rough-
ness, porosity, gouge grain size, moisture content, thickness,
pore pressure, and fault angle to the mechanical properties
assoclated with whole-rock deformations, in an effort to.gain
a better understanding of fault mechanics,

The effect of sawcut surface preparation upon values of
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friction coefficients determined with the triaxial-cell appa-
ratus has also been investigated by using several "con-
trolled,” perfectly matched contact areas along the sawcuts.
Maximum coefficients of friction obtained in this manner were
then used as a means of comparison with values obtained using
unmatched surfaces produced by uneven polishing.

It should be emphasized that any attempt to explain the
‘faulting process must account for the influence of gouge.
The ultimate goals of the investigation were to gain an in-
sight into the nature of faulting through a study of the
mechanical properties of rock masses under the influence of
gouge, and, whenever possible, to apply the results, at least
qualitatively, to problems of fault stability and earthguake

source mechanisms.
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EXPERIMENTAL PROCEDURE

Triaxial Apparatus and

Sample Preparation

For determining mechanical properties of rocks it is
common practice to use a triaxial-cell apparétus similar to
the one used in the present study, which is shown in Figure
2 (Handin and Stearns, 1964; Lane and Heck, 1964; Byerlee,
1966; Humston, 1972; Handin and Engelder, 1973; etc.). A
dual-channel, Hewlett-Packard strip-chart recorder auto-
matically records the axial load and displacement via a
250,000 1b (maximum) load cell and an external LVDT (linearly
variable differential transformer, *0.125-in maximum dis-
placement). The confining pressure is controlled by an air/
0il pump and values (in psi) are given by pressure gauge.

The axial load is supplied by an electrical hydraulic pump.
‘Values of load are determined within approximately 10 1b,
displacement within 50/uin, and confining pressure to within_
L5 psi. |

Compression experiments involving whole rocks were per-
formed on cores containing polished sawcut surfaces, the saw-

cut being inclined with respect to the core axis by an angle



Fig. 2. Labeled photograph of triaxial-cell apparatus
used in the present investigation.
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o, usually 45°,  For friction experiments, introduction of a
thin layer of dry or saturated, controlled gbuge (i.e. "con-
trolled” as to grain size, angularity of grains, composition,
thickness) along the sawcut was easily facilitated with the
apparatus, since plastic electrical tape and Tygon (BA44~3)
hose was used as a confining Jacket. To reduce anomalous
friction between the ends of the rock core and metal of the
equipment, a thin film of lubricating grease (Dow Corning #4
Compound) was used. A 1/8-in hole was drilled through one
half of the core along its axis for the pore-pressure tests
(Figure 3). Powdered rock was left in water for approximately
two weeks to produce saturated gouge. Figure 4 shows a typ-
ical sample configuration prior to an-experimenf with and
without gouge along the sawcut surfaces,

Roughness of the bare sawcut éurfaces was controlled by
polishing'with #600 (relatively fine) and #100 (relativelj
coarse) grit. Porosity was measured by first weighing the
dry core, then evacuating and flooding with distilled water,
and finally weighing the wet core. MNineralogy was determined

through petrographic analysis.

Problem of partial contact. Jaeger and Cook (197la, pp.
68-~70) have pOinted out some problems involved in studying
sliding friction with the triaxial-cell apparatus. The most

obvious problem, specimen tipping, is usually overcome by



Fig. 3. Diagram of internal parts of triaxial-cell
pressure chamber (not to scale). L is axial load, 0, is
confining pressure, and X is sawcut angle.
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 Fig. 4. Left: photograph of finished core pieces
prior to confinement. Right: pieces with gouge in con-
fining jacket ready for loading into the pressure cell.






2k

using small displacements during an experiment, One of the
major difficulties which is not so apparent ié that an axial
stress musi be calculated from the recorded axial force in
order to determine the magnitudes of the shear stresses ¢

and normal stressesg ¢ acting on the fault or sawcut surface.
A certain projected area of contact must be assumed, which

is usually the entire end area A, of the rock core. The
usual assumption is that the entire fault surface is in con-
tact, implying that the two core pieces are ﬁerfectly matched
during the experiment. This assumption is not likely to be
valid due to the possibility that polished surfaces are not
really perfectly mated, but rather, there exists a macroscop-
ic contact area Aj which is supporting the applied forces
(see Figure 5).

Several methods have been devised for polishing sawcut
surfaces. Among them are the use of polishing grits (e.g.
#80 silicon~carbide) or polishing papers containing the grits
and a smooth hard surface such as glass, Another polishing
tool which has gained wide acceptance within the last few
years 1s the motor-driven grinding wheel, which may be ad-
Justed for various grits and various sawcut angles.,

Polishing by hand on polishihg paper or loose grit, or
by using a grinding wheel, invariably produces poorly matched
surfaces. All methods usually give their own set of distinct-

ly different results, each of which are experimentally repro-



Fig. 5. Diagram of cores containing sawcuts exhibiting
(a) projected partial contact area A} and (b) "perfect"”

contact over entire surfaces with core cross-secticnal
Note the concentration of axial stress across the

area Ao.
smaller area Al.
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ducible. For unmatched surfaces, a smaller area of contact
Ab results, and if the larger area A, of the core'cross—sec-
tion-is used in the calculations, resulting values of ¥ and ¢
are much smaller than those calculated from data associated
with perfectly matched sawcuts., This relationship may be
’seen by observing the following equations of shear and normal

stress as a function of projected area of contact Ags

2= T(A) = (5 - d)sin 2 - (1)
T = 0 = 4(5 +q) - 5lh ~G)ecos 2% | (2)

where the axial load L and confining pressure Ué are measured
during the experiment (see also the following section). Fof
the case when the sawcut surfaces are unmatiched, Aj<A,, and
thus ¢ and ¢ increase accordingly. This condition is showﬁ
diagrammatically in Figure 5(a). Figure 5(b) is a diagram
of perfectly matched core pieces for which the entire.end
area A, of the‘core is used to calculate the axial stress ¢.,.
An advantage in using smaller contact areas is thét for
given applied axial loads L, less force is réquired to obtain
large values of ¢ and ¢. However, due to the high buildup of
stress along small areas and due to the configuration of the
Specimens, it is possible that unwanted fracturing may occur
at very high stresses,

Coefficients of friction obtained for partial contact
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using the entire core area.Ao are a kind of “average" coef-
ficient because in using A, the assumption is that there is
an average or uniform distribution of stress across the en-
tire surface, Experiments involving reduced areas Al which
are known to support all applied stresses produce the maximum
possible coefficients of friction.

Closeup observations of the sawcuts poliéhed by hand
support the contention that only partial contact existe during
an experiment. Prior to an experiment when two core pileces
are fit together and observed from a side view looking into a
light source, the outer portions of the sawcut surfaces
transmit light while the central section does not. After
an experiment invelving approximately 0.01-in ﬁéximum dis~-
placemenis, slickensides have been observed only on a small
(<20%) portion of the entire sawcut surfaces. Thus, the cen-
tral part of the polished sawcut is apparently much more
"perfectly"” matched. Observations on several different saw-
cut surfaces prepared in the same manner indicate that since
there is no detectable variation in actual contact area, an
equilibrium is reached during polishing so that a maximum
degree of flatness is attained_after a. certain amount of
polishing (usually ~0.5 hr)}. This is explained as a result
of wear of grit material due to continuous pelishing, whieh
tends to round the outer edges of the surfaces, because par-

ticles become caught under the outer edges, resulting in
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consistently uneven polishing.

It will be shown that results derived from triaxial-
cell friction experiments also tend to support visual obser-
vations concerning partial contact. It is possible.to elim-
inate the outer parts of the sawcut surfaces which are known
not to be in contact by grinding away this portion and thus .
controlling that part which is known to be more perfectly
mated. Examples of prepared surfaces using this "controlled

area" method are shown in Figure 6.

Data gathering, As mentioned above, both fracture and

friction are likely to depend upon displacement and displace-
ment rate; thus, experiments are run with both factors uni-
form. For the friction tests, the easiest method is to dis-
place the specimen from the rest or zero-displacement posi-
tion by a certain constant distance {(at a constant strain
rate) and back to the original zero position by alternately
increasing the axial load and confining pressure. A diagram-
matic explanation of how friction data is obtained in this
manner is given in Figure 7. The two seis of‘data thus ob~
tained represent static and kinetic frictional determinations
because of the choice of points on the force-displacement
(and confining pressure) record, which were taken such that
the axial stress i1s always greater than the confining stress.

Data obtained in this respect tends to reduce the effedts‘of



Fig. 6. Cores showing various controlled-area surface
preparations for (left) sandstone, «=45°, after experi-
ment, (center) limestone, «=45°, after experiment, and
(righ?) limestone, o309, prior to experiment (1l-in dia.
cores).






Fig. 7. Diagram of relative positions of core pieces
and choice of maximum static (at A and E) and kinetic data
(at C) during a typical friction experiment. Note that
data are chosen such that axial stress ¢, is always greater
than confining pressure o, and that controlled displace-
ments are usually 0,01 in (cores not to scale).
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stick~slip, such as large stress drops and displacements, so
“that stable sliding is likely to dominaté. For cases when
stick-slip is observed during a cycle, the opposing siress is
used to control it.

For fracture experiments, axial stresses and strains,
and normal and shear stresses acting on the incipient frac-
ture surface, are calculated directly from recorded values of
axial load, displacement, confining pressure, and fracture
angle. | |

An outline of all experiments, involving both the Kelly
Limestone and Mesa Verde Sandstone for approximately 60 ex-
perimental tests, is given in Figure 8, Some preliminary
equipment calibrations and tests involving equipment charac-
teristics, such as a hydrostatic test and machine stiffness,

are included.



Fig. 8. Outline of experimentation.
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Preliminary Determinations

Equipment Tests
LYDT calibration
Load-cell calibration
Hydrodstatic test
Stiffness test
Equipment strain correction

Optical Stress Analysis
Partial contact without gouge (x=45° and 30°)
Partial contact with gouge (x=45°)

Kelly Limestone and Mesa Verde Sandstone
Specimen Properties
Uncompressed densities and porosities
Thin-section studies
CO> gas pressure and staining tests
Fracture Tests ‘
Various 0g
Young's modulus
Mohr envelopes
Friction Tests
Without gouge
#100 grit roughness
Duplicate runs
#600 grit roughness
Controlled area tests
With gouge
#80 dry gouge
>#230 dry gouge
#80 wet gouge
>#230 wet gouge
Controlled area tests
Variations
Gouge thickness
1 mm
1.5 mm
Fault angle (o)
30°
37.5°
50
600
Rock type
#80 1s. and ss. gouge mixture
Pore pressure
#8Q wet, p=0
p=600 psi
p=1200 psi
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Calculztions and Presentation

of Data

During friction experiments the average normal stress ¢
and shear stress 7 acting at the sliding surfaces in contaét |
are calculated from axial stress Ga and confining pressure ¢,
acting over the same contact area by using a‘form of Equa--

tions 1 and 2:

7 = "R"z‘r"*sinzoc;' (1)
a = %;05__ ‘r“:;"c’caszoc (2+)

(e.g. Byerlee, 1967a, p. 3640; Jaeger and Cook, 1971a,p. 65). '
The derivation of (1') and (2') is given in Appendix I.

Derivation of an area correction which relates loss of
contact area as a function of displacement is‘also given in
Appendix I. For relatively small maximum displacements of
£0.01 in (as in the present study) the correction is shown
to be unnecessary.

For fracture exXperiments involving virgin cbres, axial
Stress ¢, and strain £, and Young's modulus & are calculated

from axial load L and displacement x with the following equa-

tions:



_ I , '
T = i, _ (2)
X. :
= = (3)
€a = 1, 3
Adc -
E = £la == 0212_ Cral | Ll,
AE“ an_"‘gai ( )

where A is the core cross-sectional area and 1, the original
core length. E is determined for those points on the aé(ga)
curve where 0o%¢, (linear). Fracture strengths defining the
Mohr envelope are calculated from squation 2 énd Equations
1" and 2' for measured fracture angles. As mentioned in a
previous section, the general equation of the Mohr envelope
is
Z = (A + chr)l/n (A
Nearly all friction data for & as a function of ¢ have
been assumed to be linear, with possible exceptions being
given by lurrell (1965), Maurer (1965), Hobbs (1970), and
Edmond and Murrell (1973) who use a power law of the
form |
| 7 =7, + Boh. (5)
In the present investigation it will be shown that plotted
values of (0,7) for a certain experiment exhibit nonlinearity
when core end-area A, is used in the calculations. ‘When
corrected areas Al are used the data exhibit linearity such

that
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Z =72, + Bo. | : - (6)
For relatively large-grained rocks with rough surfaces or in
the presence of gouge the least-square curves representing
(¢47) data are likely to intercept the ordinate (Z) at the
value Zo? considered to be a kind of inherent shear strength
or cohesion of the asperities or gouge materials. To deter-~
mine the degree of fit of least-square Equations (4'), (5),
or (6) to the experimental data, a correlation coefficient
R? is calculated according to Walpole (1968, pp. 271, 285-
286). |
The coefficient of friction/u is calculated using the
relationship which Byerlee (1967a) used. The nonlinear case

of Equation 5 and the linear case of Equation 6 produce (re-

spectively):

R = A
and

= [0 = %%% :'% + B. (8)

For consistency, the coefficient of "internal friction" or
resistance to fracture/ﬂf associated with fracture experi-
ments is calculated using this same concept of//%zﬁﬁf.and
Equation 4' such that

Wn (81)

M T M4LO] = %%%% = (§% +v@w“")
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It will be shown that experiments in the present study
which involve controlled areas Ab=A, on surfaées known to be
perfectly matched produce maximum coefficients of friction
which are reproducible.l Due to the high degree of reproduci-
bility involved in polishing the sawcuts by hand (see above),
it is possible to apply a certain area correction such that
coefficients are standardized. The high degree of reproduci-
bility also permits the comparison of the effects of such
factors as surface roughness on friction, whéther experiments
are conducted on unmatched, hand-polished sawcuté or on.con—
trolled areas known to be perfectly matched.

Standardized areas Ay are calculated by using average
least~square coefficlients 7,, and B, for the controlled-area
tests in which |

Equivalent tests using unevenly matched sawcut surfaces pro-

duce experimental values of L, 0., and & which then must be

c'
converted by an appropriate standardized area A, to account

for partial contact., Substituting Zquations 1 and 2 in Equa-

tion 9 gives

sFm)sinen = 2o+ Beld(p + @) - §( - @)eos2a]  (10)

L A less accurate visual determination of A! was tried,
which produced/u20.65 as compared to/UfD.75 %or the Al=A

; c
method,
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and upon solving for Aé:

L[B.(cos2a = |} + sin2x ]
@B (cos2 + 1) + Cosin2x + 22,

AL = AJ(L,a) (11)

Thus for a particular o, each set of N experimental values
(L’UE) involving ﬁnmatched sawcut surfaces will be associated
with a partial contact area A!. An average area (SA!)/N. is
thus obtained for a given experiment. |

Computer programs are ideal tools for calculating and
plotting (¢,2) and QTVM) or (0,Me)y with corfesponding least-
square curves of the forms (5)-(8), or (&), (4'), and (8'),
reflecting the various experimental conditions. Several
programs were written for this purpose and used througﬁout
the present study. They are given in Appendix III and refer-

enced in later sections of the report.
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Bguipment Tests

Calibrations. The LVDT was callibrated using a micro-

meter with accuracy to within 0.0001 in and on several recor-
der scales. The average of 6 trials is 0.00455 in/v (inches
displacement per volt) with an error of +0.000045 in/v.
Throughout ithe experimentation the most commonly.used recor-
der scale was the 10-v scale, for which calibration was car-
ried out across the entire 10 scale divisions (1 v/division)
of the recorder such fhaﬁ the 0.00455 in/ﬁ linear response
was determined to hold *10 divisions‘from a starting posi-
tion.

The load cell was calibrated using a 0-250,000 1b test
gauge which had been factory calibrated. The 50-mv recorder
scale was used in conjunction with the load cell, and the
average axial force per 50-mv scale division was 500 1b/divi-
tion or 500 1b/Smv such that 100,000 1b axial force is equi—‘
valent to 1v on the recorder,

To check the accuracy of the load-cell calibration with
respect to the confining-pressure gauge, a "hydrostatic"” test

was devised. The hydrostatic test consisted of the very
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same experimental setup as for a frictlon or fracture test
with the exception that no core or upper swivel platen was
used. Instead, the confining fluid was used to egualize any
applied axial force. If calibration was done properly,
load-cell (stress) data and confining-pressure gauge data
should be identiczl. Results of the hydrostatic test, shown
in Table 2, indicate a 6% disagreement of data. This "error"
may be accounted for as a result of minor equipment friction,
such as occurs along mechanical contacts between the plunger
and the rubber pressure rings of the triaxial-cell chamber.
Most of this error was accounted for in subsequent experi-
mentation by adding 0.01 in2 to 2ll measured areas prior to
the ¢, calculations. Of course, some error (~47%) was due to
reading inaccuracies assoclated with the original data gath-

ering.

Machine stiffness. The stiffness of the eguipment

was determined for ¢,=0 in the absence of any core. Seven
tests were conducted, several of which included effects of
a thin film of the lubricating grease between the swivel
vlaten of the cell. Original data for the tests are given in
Appendix 11,

Two equations relating axial stress 1o axial strain

were determined using the least-square method. They are:
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TABLE 2. Results of Hydrostatic Test

Confining Pressure Gage

Axial Load Cell

Co L * Jq
(psi) (1b) (pei) oo
650 530 675 1.038
1020 820 1044 1.024
1325 1060 1349 1.018
1580 1325 1687 1.068
1990 1675 2132 1.071
2335 1975 2514 1.077
2895 2420 3081 1.064
3525 2900 3692 1.047
4080 3400 4328 1.061
L3825 4080 5194 1.076
L4950 4170 5308 1.072
5210 L350 5538 1.063
5550 Leko 5907 1.064
5935 5000 6365 1.073

Average:

1.058

¥ The axial stress (0, 1s calculated from: oé:L/Ao, where

AF0.785 sq. in.
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g, = -250(psi) ~+ 18.5-104(1:)81/%)58(%) (0,<2100 psi)

= ~17.2(bars) + 1.28-104(bars/%)€a(%) (Ga<145 bars) (12)

0, = ~1694(psi) + 28.33-10%(psi/%)E, (%)  (0,>2100 psi)
= -116.8(bars) + 1.95-10"(bars/%)E, (#) (0,>145 bars) (13)

The average Young's modulus for the equipment is thus (for
G,>2100 psi or 145 bars) Eequip™ 1-95 Mbar. This is equiva-
lent to a machine stiffness constant k=67.4.10% kg/cm.

The strain that occurs in the equipment during an ex-
périment must be accounted for. The stiffness test is a di-
rect means of determining an equipment strain correction
which is used primarily in the fracture tests for determining
Young's modulus of the limestone and sandstone. The axial
strain £, may be obtained from (12) and (13) above such that

the equipment strain correction is

_ 0, + 250(psi) 0, + 17.2(bars) )
Cac”™ TH T ot % in 7) (054<2100 psi :
ac’ 18.5.1.0%(psi/%) T1.28.10%(bars/%) ‘Ya Z1hs bars)  (14)

0, + 1694(psi) gi + 116.8(b3rg)

fac ~ 28.33 10%(psi/%) 1.9510%(bars/%) (o“;ﬂgg bars). (15)
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Specimen Characteristics

Densities and porosities. Average uncompressed densi-

ties for several cores of Kelly Limestone and Mesa Verde
Sandstone were determined by measuring the dimensions of the
cores with vernier calipers and by weighing. The range of
densities for the limestone cores is 2,622-2,711 (£0.005)
g/cm3, with a mean rock density of 2.689 g/me. The range of
densities for the sandstone cores is 2.,256-2,314 (¥0,005)
g/cmB. with a mean rock density of 2,285 g/cmB. Table 3
presents all density data for cores used in the friction and
fracture tests.

Average uncompressed porosities were determined as ex-
plained in a previous section on the basis that 1 cm3 water
weighs 1 g at room temperature. The values of mean rock den-
sities are used in calculating average porosities, as shown
in Table h.l The mean porosity of the limestone is 1.1

(*0.5)% and the mean sandstone porosity is 12.9 (*0.5)%.

Thin-section study. Two thin sections were made of

each rock and photomicrographs were taken to aid in describ-
ing textures. Mineralogy, average grailn dimensions, and de-
gree of grain roundness were noted. A weighted average grain

size for each of the rocks was also calculated and, along
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TABLE 3. Uncompressed Density Determinations for Kelly Lime-
stone and Mesa Verde Sandstone Cores Used in Fracture and

Friction Experiments®

Lo do Fig Ag
Sample (cm) (in (g) (in%)

v
(cn3)

(o) (Do)

Mesa Verde Ss.

1 7.065 0.969 76.622 0,737
2 7,045 0,970 77.182 0.739
3. 7.040 0,970 75.622 0,739
L 7.375 0.968 80.600 0,736
5 7.2L0 0.968 77.550 0,736
6 6,497 1,017 80.575 0.812
7 6.645 1,017 B0.575 0.812
8 6.314 1.017 75.027 0.812
Kelly 1s
1 6.995 0,969 88.250 0,737
2 6.685 0.968 83.217 0.736
3 6,790 0.968 85,005 0.736
L 6,700 0,968 85,190 0,736
5 5.805 0.973 75.505 0,744
6 5.958 0,974 77,610 0,745
7 6,030 0,975 78.550 0.747
8 5.678 0,974 73,940 0,745
9 6.274  0.975 81,610 0.747
10 5.800 0.973 75.255 0,744
1l 5.936  0.973 77.125 0,744
12 0 5.936  0.973 77.125 0,744
13 5.994 0.975 77.900 0.747
b 5.276 0,973

68.485 0,744

33.614
33.588
33.564
35.016
34,375
34,050
34.825
33.091

33,281
31,740

32.239

31.811
27 . 847
28,640

29,046 -

27 294
30,221
27.823

28,476

28,476
28,872
25.310

2,279

2,298

2.253
2,302
2,256

2,311

2.314

2.267 2.285

2.652
2.622
2.678
2,711
2.710
2,704
2,709
2,700
2.705
2,708
2.708
2,698
2,706 2,689

*  Lg=average length of core
do=average dlameter of core
Mo=mass of core
Ag=average cross-sectional core area
V,=volume of core ,
Fo=density of individual core =My/ Vo
Pp=mean density of cores
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TABLE 4, Porosity Determinations for Kelly Limestone and Nesa
Verde Sandstone Cores Used in Fracture and Friction Experiments¥®

Eﬁ? Nig Z Zn
&

Sample, A, (g/cm3) (g) (%) (%)‘

lMesa Verde Sandstone, 2.285

1 11.055 11,580 10,85

2 9,698 10. 75 11.24

3 14.910 15.660 11.49

4 12,650 13.490 15,17 -

5 11.710 12,515 15.71 12.9

Kelly Limestone, 2.689

1 13.104 13.145 0.84

2 10.546 10.595 1.25

3 13.855 13,910 1.07

L 6,105 6,135 1.32

5 14.905 14.975 1.26 1.1

¥ pPmemean density of core (from Table 3) = Mg/Vq
Vg=volume of dry specinen
Mg=mass of dry specimen
Mw=mass of water added durlng saturation
Vw=volume of water added = Iy (for 1 g Hp0 =1 cm’ Hp0)
Mg=mass of saturated sp601men = MgtMy = Mg+Vy
@ =porosity of specimen = VW/Vd)lOOA -(fh/md) Mg-Mg)100%
m=mean porosity for all specimens
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with related petrographic data, is given in Appendix II.

The Kelly Limestone (Mississippilan; Magdalena, N.M.) is
a microcrystalline micritic limestone characterized by a high
luster and a mosaic of tightly interlocking calcite crystals
(Figure 9a)., In thin section the calcite is very clear and
transparent and has well-defined crystal faces., A few sparry
calcite veins (~0.05-0.3 mm wide) are also present and grade
texturally into the mosaic of calcite crystals. Staining
techniques (Rodgers, 1940; Friedman, 1959) and CO, gas pres-
sure tests (Miller and Gastner, 1971) give approximately 93%
calcite and 7% dolomite and disseminated organic and detrital
minerals. Further analysis, assuming 93% calcite and 7%
dolomite, produces calculated densities and pdrosities which
are nearly identical to the measured values in Tables 3 and
4 (see Appendix I). DMost mineral grains are subangular, with
an average diameter of approximately 0,01 mm (Appendix II).

The Mesa Verde Sandstone (TLate Cretaceous; San Anfonio,
N.M.) is a fine~grained, well-sorted feldspathic (weathered)
arenite with compacted, moderately porous tekture (Figure 9b).
lMinerals present include quartz (75.3%), plagioclase (1.1%),
microcline (0.7%), weathered feldspars (11.8%), and limonite
(1.6%), in addition to some rock particles (0.7%). MNost

grains are subangular and 0.19 mm in diameter (Appendix II).



Fig. 9. (a) Optical micrograph of Kelly Limestone
thin section under plane-polarized light. (b) Optical
micrograph of Mesa Verde Sandstone thin section under
plane~polarized light.
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Optical Stress Analysis

In an effort to observe how applied stresses become con-
centrated along an irregularly polished sawcut, an optical
stress analyzer (Vishay Stress Opticon) was used., In prin-
ciple, the analyzer allows optical observations of stress-
induced changes in birefringence patterns of‘photoelastic
material with the use of optically polarized sheets (for a
complete discussion of principles see: Post, 1965; Dally and
Riley, 1965; or Durelli and Riley, 1965).

In the absence of gouge, stress trajectories associated
with areas of high birefringence concentrate near the more
parallel central parts of 300 and 45° sawcuts prepared
through polishing by hand on #100 grit paper. Photographs
of the birefringence patierns for ®=30° and x=45° given in
Figure 10 alsc show the apparent influence of protruding as-
perities along the surfaces, which produce local pockets of
stress concentration.

In the presence of a thin layer of #80 silicon-carbide
grit acting as gouge, the stress birefringence pattern is
essentially the same as for the bare-surface tesis; see
Figure 11. This indicateé that gouge becomes compacted only

in regions where there is close contact and good surface



Fig. 10. Birefringence patterns in optical stress-sensi-
tive material showing concentration of siress along central
part of (a) 30° sawcut and (b) 45° sawcut polished by hand
on #100 grit. Dark bands are stress trajectories; note

especially those bands and point concentrations along the
sawcuts, '



(b)



Fig. 11. Birefringence pattern in optical stress-sensi-
tive material showing concentration of stress along central
part of 459 sawcut polished by hand on #100 grit in presence
of #80 silicon-carbide grit acting as gouge; note that gouge
does not redistribute stress along entire sawcut.
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matching of the sawcut surfaces, and that gouge in other un-
matched regions (along outer parts of the plastic material)
does not support any appreciable.stresses. Apparently most
applied stress is supported where there cccurs the greatest
degree of gouge compaction, and the nature of frictional
gliding is controlled only by the gouge properties along

these restricted areas of the sawcut.
Fracture Tegts

Fracture experiments on virgin cores of Kelly Limestone
and Mesa Verde Sandstone were carried out at a constant dis-
placement rate of '7-].0“4 cm/sec (zlo‘” sec™! gtrain rate) in
an attempt to obtain an average value of Young's modulus, the
fracture-strength (lohr) envelope, and resistance to frac-
ture/pf (Equation 8') vs, ¢ for each of the rock types.
Stress vs, strain curves for seven limestone and five sand-
stone cores are given in Figures 12 and 13 on the basis of
original load-displacement data presented in Appendix II
(Tables AII-1 to AII-12). Table 5 lists Young's modulus for
each test and a resulting average modulus for each rock, in
addition to measured fracture angles and (0,7) least-square
data., Lohr envelopes of E'VSf ¢ at fracture are presented
in Figures 14 and 15, and variations of K as a function‘of a

are given in Figures 16 and 17.



Fig. 12. Differential stress vs. strain curves for
Kelly Limestone; ordinate is given in both psi (103)
and bars (101).
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Pfig. 13. Differential stress vs. strain curves for lesa
Verde Sandstone.
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TABLE 5. Fechanical Properties during Deformation and Frac-
ture of Kelly leestone and Mesa Verde Sandstone :

Elastic Deformation Fracture Least-Sg. Data
0c E Eave Uneas 4 a A B
(psi) (Mbar) (Mbar) (deg.) (psi) (psi) (psi)<¢psiy n

Relly Limestone

0 0.213 23 3585 1448
590 - 0.368 25 10L9L 5483
800  0.291 26 10791 6063

2000  0.379 28 14126 9511
5000 0,321 38 16703 13881
7400 0,305 32 21352 20863

9700 0,345 0.317 35 23107 25286 7
-2,69+10° 32000 2.04

Mesa Verde bandstone

550 0.211 , 27 8022 L4637
2000 0.162 29 10444 7789
5000 0.197 31 15332 14212
7500 . 0,238 32 19177 19483

9625 0.256 0.213 38 26250 30134
20650 6.2 1.20




Flg. 14. Mohr envelope for Kelly leestone, stresses
are given in both psi (107) and bars (101),
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Fig. 15. lichr envelope for NMesa Verde Sandstone.
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Fig. 16. Ratio of 2(¢) to ¢ at fracture (fracture resigs-
tance) vs., 0 for Kelly Limestone.
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Fig. 17. Ratio of Z(v) to o‘ at fracture (fracture resis-
tance) vs. 0 for lesa Verde Sandstone.
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Friction Tests without Gouge

Friétion experiments were conducted on Kelly Limestone
and Mesa Verde Sandstone cores containing sawcuts at o=45°
(unless otherwise specified) which were polished on #100-.
and #600-grit polishing paper. As noted above, all friction
experiments were made at constant displacement rates, in this
case at approximately 7'10“4 cm/sec'(:lO"a sec™t strain‘rate),_
and at maximum displacements of *0,0l in.

The graphs of T vs., ¢ for the #100 grit, #600 grit, and
a #100 grit duplicate test for both the limestone and sand-
stone involving uncorrected, partial-contact areas (AO) are
given in‘Figures 18 and 19. Similarly, graphs of the con-
trolled-area (Aé) tests in which different areas (also cir-
cular vs. square) are given in Figures 20 and 21, while re-
suits of original partial-contact area tests standardized
by accounting for partial contact (using Al) are given in
Figures 22 and 23. Least-square curves according to Zgua-
tions 5, 6, and 9 are also shown for each data set; the least-
square constants are presented in Table 6.. The equations,
computer programs, and original data used in Calcﬁlating the
(C,7) values and the least-square curves (including Rz) are

glven in Appendix II (Tables AII-13 to AII-28) and Appendix IIL.



Fig. 18. Shear stress vs. ﬂormal stress uncorrected for
partial contact for sliding experiments without gouge on
Kelly Limestone,
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Fig. 19. Shear stress vs, normal stress uncorrected for
partial contact for sliding experiments without gouge on
Mesa Verde sandstone.
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Fig. 20, Shear stress vs. normal stress for friction ex-
periments involving perfectly-matched controlled surfaces of
contact in Kelly Limestone; note negligible difference be-
tween tests with and without synthetic limestone gouge.
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Fig., 21. ©Shear stress vs. normal stress for friction ex-
periments involving perfectly-matched controlled surfaces of
contact in Mesa Verde Sandstone; note negligible difference
between run with and without synthetic sandstone gouge.
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Fig, 22. Shear stress vs, normal stress, corrected for
partial contact, for friction experiments without gouge on
Kelly Limestone,
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Fig. 23, Shear stress vs. normal stress, corrected for
partial contact, for friction experiments without gouge on
iiesa Verde Sandstone.
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TABLE 6. Least-Square Data 2=7y+B¢! for Bare-Surface Fric-
tion Experiments on Kelly Limestone and Mesa Verde Sandstone

at =459 Using Uncorrected, Corrected, and Controlled
Surface Areas

z B R2*
Experimental Condition (psi) Pbars) {psi> <barsy n (%)
Kelly Limestone (A =0.74; A5=0,110; A2=0,108 in?)
#100 Grit Roughness _
Uncorrected Area -39 -2,7 0.0372 0,0486 1.100 99,3
Corrected Area -111. =-7.6 0,780 1.000 100.0
Controlled Area -52 -3.6 0,776 1.000 100,0
Duplicate
Uncorrected Area -45 -3.1 0.0348 0,0472 1.114 99.3
Corrected Area. -127 -8.7 0.782 1.000 100.0
Controlled Area ~99 ~6.9 0.779 1.000 100.0
#600 Grit Roughness :
Uncorrected Area 49 3.4 0,0005 0.0023 1,580 98.5
Corrected Area =77 -5.3 0.778 1.000 100,0

Mesa Verde Sandstone

#100 Grit Roughness
Uncorrected Area
Corrected Area
Controlled Ares

Duplicate
Uncorrected Area
Corrected Area
Controlled Area

#600 Grit Roughness
Uncorrected Area
Corrected Areca

(AG0.74; A§=0.104; A1=0,108 and 0,111 irf

50 3.5 0,0005 0.0026 1.603
~ho -2.8 0.774 1.000
~-90 -6,2 0.781 1.000

16 1.1 0.,0052 0.0123'1.319
-76  ~5,3 0,772 1.000
-55 -3.8 0.776 1,000
-19  -1.3 0.0024 0,0080 1.448

-165 -11.k 0,783 1.000

ol 1t
100,90
100,0

98.8
100.0
100.0

98.7
100,0

*

RZ = correlation coefficient (see text)
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Coefficients of friction,/ﬂ=f/d (Equations 7 and 8), as
a function of normal stress ¢ were determined for each of
the cases using the least-square functions representing Ao'
ALy and AJ (5,27 data. Graphs of/M vs. ¢ using A, are given
in Figures 24 and 25, for A in Figures 26 and 27, and for

Al in Figures 28 and 29.
Friction Tests with Gouge

Uncompacted limestone and sandstone gouge was formed by
crushing respective samples and sieving to obtain #80- and
#230-size fractions, The nature of the gouge, such as uni-
formity of grain size and degree of angularity, was observed
under reflected light with a microscope (see "Photozraphy"
section). The coarser #80 gouge has grain sizes ranging :
from 0.0070 in (0.18 mm) to 0.0083 in (0.21 mm), while the
finer fraction contains particles less than 0.0024 in (0,061
mm)-diameter, including some clay-sized particles.

Friction experiments for o=45° and 1-mm gouge thickness
were conducted using dry and wet #80 and >#230 gouge with

geometrically unmatched sawcut surfaces and using A in cale-
X =<

o
culating 7 and ¢. Controlled-area tests with #80 dry gouge
using Aé were also run, and equlivalent partial-contact areas
Ay were calculated to take into account partial contact during

the original runs. The (0,7) data for each case (see



Fig. 24, /U:?(U')/G‘ vs. 0, uncorrected for partial contact,
for sliding experiments without gouge on Kelly Limestone.
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Fig. 25. /Mﬁifd)/b'vs. ¢, uncorrected for partial contact,
for sliding experiments without gouge on Mesa Verde Sandstone.
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Fig. 26. /MrZ‘(U’)/O‘ vs. ¢ for friction experiments involv-
ing perfectly-matched controlled surfaces of contact in Kelly
Limestone; note negligible difference between tests with and
without synthetic limestone gouge.
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Fig. 27. m=2(0)/0 vs. ¢ for friction experiments involv-
ing perfectly-matched controlled surfaces of contact in Mesa
Verde Sandstone; note negligible difference between run with
and without synthetic sandstone gouge.
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Fig. 28, /A:‘Z‘(o’)/o‘ VS. 0 co)rrected for partial contact,
for friction experiments without gouge on Kelly Limestone.
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Fig. 29. m=7(¢)/¢ vs. o, corrected for partial contact,
for friction experiments without gouge on lesa Verde Sand-
stone. ‘
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pppendix II Tables II-29 to II-36) were plotted in Figures
30, 31, 20, and 21. Results obtained using uncorrected ares
A, are similar to those without gouge (Figures 18 and 19),
and are not shown. Corresponding least-square statistics are
shown in Table 7.

Friction coefficients {(fquation 8) plotted as a funétion
of ¢ are given in Figures 26 and 27 for controlled-area tests
and in Figures 32 and 33 for corrected areas A}. Datalfor
frictional experiments involving variations of parame ters
such as rock_type, gouge thickness, and fault angle are pre-

sented in the following section.
~Variations with Gouge

Rock type. In an effort to gain some insight into the
effect of rock type upon sliding friction, two éore halves,
one limestone and the other sandstone, were pileced together
with a l-mm thick 50-50% (by volume) mixture of #80 limestone
and sandstone gouge spread along the 450 sawcuts. The @,2)
data fqr uncorrected and corrected area cases are given in
‘Appendix II Table AII-37 and least-square data are displayed
in Table 8, The original (¢, z) data for individual limestone
and sandstone tests that were run previously are plotted with
the gouge-mixture data for comparison in Figure 34. Figure
35 is the corresponding graph of the coefficient of friétioh

Vs. normal stress.



Fig. 30. Shear stress vs. normal stress, corrected for
partial contact, for friction experiments on Kelly Limestone
with various fractions of dry and water-saturated limestone

gouge .
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Fig. 31. ©Shear stress vs. normal stress, corrected for
partial contact, for friction experiments on lMesa Verde
Sandstone with various fractions of dry and water-saturated
sandstone gouge.
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TABLE 7.
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Least-Square Data T=7+Bc™ for Friction Experiments

with Various Size-Fractions of l-mm Thick Limestone and Sand-

stone Gouge at a=450

' ‘ Z,
ixperimental Condition (psi) ?bars)

B

{psiy <bars? n

R2
(

%)

Kelly Limestone (Ay=0.74; A4=0.111; A$=0.108 in?)

#80 Dry Gouge
Uncorrected Area
Corrected Ares
Controlled Area

#230 Dry Gouge
Uncorrected Area
Corrected Area

#80 Wet Gouge

Uncorrected Area

Corrected Ares

#230 Wet Gouge
Uncorrected Area
Corrected Aren

Mesa Verde Sandstone

#80 Dry Gouge

Uncorrected Area

Corrected Area
Controlled Area

#230 Dry Gouge
Uncorrected Area
Corrected Area

#80 Wet Gouge
Uncorrected Area
Corrected Area

#230 Wet Gouge
Uncorrected Area
Corrected Area

———

156
-62

19
-71

0
-93

35
~-69

(Ag=0.7L;

21
-82

-3

19
-70

-51

28
-66

-2,0 0.0238 0.0363 1.159

9.6
k.3

1.3
~4.9

0.0
"6.1_‘”

1.000

0.782 ~ °
1,000

0.777
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Fig. 32. /u:z’(of)/a vs. O, corrected for partial contact,
for friction experiments on Kelly Limestone with various
fractions of dry and water-saturated limestone gouge.
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Fig. 33. M=7(¢)/0 vs. 0, corrected for partial contact,
for friction experiments on liesa Verde Sandstone with various
fractions of dry and water-saturated sandstone gouge.
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TABLE 8. Least~Square Data Z:Zb+36n for Friction Experiments
with a Mixture of 1-mm Thick 50% #80 Dry Limestone Gouge and
50% #80 Dry Sandstone Gouge for a=45°

O
Experimental Condition (psi) (bars) &psiy <dbars> n (%)

#30 Dry Limestone Gouge :

Uncorrected Area (0,74)% -30 -2,0 0,0238 0.0363 1.159 99.5
Corrected Area (0.111) -140 -~9.6 0.782 1,000 100.0
Controlled Area (0,108) =62 4.3 0.777 ©1.000 100.0

#80 Dry Sandstone Gouge ' B
Uncorrected Area (0.74) 21 1.4 0.00786 0.0162 1.271 99,4

Corrected Area (0.109) -82 -5.7 0.783 1.000 100.0
Controlled Area (0,108) -3 -0,2 0.778 1.000 100,0
Mixture

Uncorrected Area (0.74) 23

2 0.00711 0,0151 1.281 99.7
Corrected Area (0,109) -86 -5

0
9 0.779 1.000 100.0

¥ Areas are 1in sg.-in.



Fig. 34. Shear stress vs. normal stress, corrected for
partial contact, for friction experiments on Kelly Limestone,
fiesa Verde Sandstone, and both limestone and sandstone with
respective #80 gouge fractions.
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Fig. 35. #=7(0')/¢ vs. ¥, corrected for partial contact,
for friction experiments on Kelly Limestone, Mesa Verde
sandstone, and bpoth limestone and sandstone with respective
#80 gouge fractions.
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Qouge thickness. The effect of gouge thickness on fric- -
tion is given in Appendix II Tables AII-38 to AII-41, Table
9, and Figures 36-39. Gouge thicknesses of approximately
1 grain-diameter (#80 gouge), 1.0 mm, and 1.5 mm were used.
After the experiments, gouée thicknesses of approximately

half the original thicknesses resulted, due to compaction.

Fault ahgle. To determine if friction is a function of

fault (sawcut) angle «, the angle of the sawcut (containing
#80 gouge, l-mm thick) was varied such that ¢2300, 37.5°,
459, and 60°. Least-square regression data are presented in
Table 10, and (¢,7) data are shown in Appendix II Tables
AII-42 to AII-47 and plotted in Figures 40 and 41 for cor-
rected area A] (see also Appendix I).

Coefficients of friction vs. normal étress are plotted
in Pigures 42 and 43 for both rock types. An additional
graph involving 1 at ¢=36,000 psi (s.53 kb) vs. o for A}
taking into account partial contact is presented in Figure

Iy,



TABLE 9.

83

Dry Sandstone Gouge for o=45°

Least-Square Data 7=2;+B0" for Friction Experiments
with Various Thicknesses of #80 Dry Limestone and #80

o

7, B R2

o)
fxperimental Condition (psi) (bars) (psiy <(bars> n (%)
Kelly Limestone (Ao=0.74; A4=0.111; AL=0.108 in?)
1 Grain-Dia. Thick
Uncorrected Area. 34 2,3 0,0130 0.0225 1,207 99,3
Gorrected Area -30 ~2.1 0.776 1,000 100.,0
1.0-mm Thick :
Uncorrected Area -30 -2,0 0,0238 0.0363 1.159 99.5
Corrected Area -140 -9.6 0.782 1.000 100.0
Controlled Area -62 -4, 3 0.777 1.000 100.0
Uncorrected Area 1 0.1 0.00951 0.0182 1.242 99.5.
Corrected Area -111 -7.7 0.777 1.000 100.0
liesa Verde Sandstone (Ag 0.7%; A4 0.109; A& 0.108 in<).
1 Grain-ia. Thick
Uncorrected Area 84 5.8 0,00148 0,0047 1.430 97.3
Corrected Area -8 ~0.5 0.777 1.000 100,0
1,0-mm Thick '
Uncorrected Area 21 1.4 0,00786 0.0162 1.271 99.4
Corrected Area -82 -5.7 0.783 1.000 100,0
Controlled Ares -3 ~0.2 0,778 1.000 100.0
"1l.5~mm Thick :
Uncorrected Area 26 1.8 0.00349 0.0088 1.344 99,3
Corrected Area ~-83 -5.7 0.778 1.000 100.0




Fig. 36. Shear stress vs. normal stress, corrected for
partial contact, for friction experiments on Kelly Limestone
involving various thicknesses of #80 limestone gouge.
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Fig. 37. 3Shear stress vs. normal stress, corrected for
partial contact, for friction eXperiments on liesa Verde
Sandstone involving various thicknesses of #80 sandstone
gouge.
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Fig. 38. 4=2{(0¢)/0 vs. 0, corrected for partial contact,
for friction experiments on Kelly Limestone involving various
thicknesses of #80 limestone gouge.
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Fig. 39. M=2(0)/0 vs. 0, corrected for partial contact,
for friction experiments on lesa Verde Sandstone involving
various thicknesses of #80 sandstone gouge. '
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TABLE 10, Least-Sguare Data 3:25+B6n for Friction fxperiments
with 1.0-mm Thick Dry Limestone and Sandstone Gouge at Various
Sawcut Angles (00

>
Experimental Condition (psi) ?bars)

B
(psiy <bhars>

R2
(%)

Kelly Limestone (A =0.74)%

(=300
Uncorrected Area
Corrected Area (0.326)

0=37 . 5°
Uncorrected Ares
Corrected Area (0.,219)

SIS

Uncorrected Area
Corrected Area (0,111)
Controlled Area {(0,108)

0E60°
Uncorrected Ares
Corrected Area (0.079)

lesa Verde Sandstone (A =0.74)

0E30°
Uncorrected Area
Corrected Area (0.320)

=37, 5°
Uncorrected Area
Corrected Area (0.215)

0=l 59

Uncorrected Ares

Corrected Area (0,109)

Controlled Area (0.108)

0=60°
Uncorrected Area
Corrected Area (0.078)

18
-113

20
~-104

....30
-1Lo
62

-1k

~76

17
~118

144,

21
~82

=3

~18

0.00003 0,0003
0,491

0.00006 0.0005
0.670

0.0238 0.0363
0.782
0,777

0.00603 €.0120
0.510

0.00095 0.0033
0.521

0.00125 0,0042
0.687

0.00786 0.0162
0.733
0.778

0.00355 0,0083
0.510

98.5
100.0

99.5
100.0

9945
100.0
100.0

99.2
100.0

¥ A1l areas avre in sq.-in.



Fig, 40, Shear stress vs. normal stress, corrected for
partial contact, for friction experiments on Kelly Limestone
involving various sawcut angles (&) with #80 limestone gouge.
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Fig. #1., Shear stress vs. normal stress, corrected for
partial contact, for friction experiments on Mesa Verde
Sandstone involving various sawecut angles (o) with #80
sandstone gouge.
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Fig. 42, U=7(¢)/¢ vs. O, corrected for partial contact,
for friction experiments on Kelly Limestone involving various
sawcut angles (00 with #80 sandstone gouge.
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Fig. 43. u=7(c)/0 vs. ¢, corrected for partial contact,
for friction experimentis on Nesa Verde Sandstone involving -
various sawcut angles (&) with #80 sandstone gouge.
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Fig. H44, M=2(2.53 kb)/2.53 kb vs. &, corrected for partial
contact, for friction experiments on both Kelly Limestone
and Mesa Verde Sandstone with #80 gouge.
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Pore pressure. Three separate experiments were conduct-

ed with water-saturated gouge for both rock types (with x=45°

and l.0-mm gouge thickness), each corresponding to different
values of water pore-pressure p in the gouge. The #80 wet
gouge tests presented above represent the case p=0 and are
used 1n comparison to the other tests with variable p.

The limestone pore-pressure friction tests represent
data for p:O,‘550 psi (37.9 bars), and 1260 psi (86.9 bars),
while the sandstone pore-pressure experiments represent p 0,
500 psi (34.5 bars), and 1150 psi (79.3 bars). Basic (¢, 7
data are presented in Appendix II Tables AII~@8 to AII-51,
leagt~square data are presented in Table 11, and graphs of
¢ vs. ¢ are given in Figures 45 and 46, The corresponding
frietion function (Equation 8) is plotted in Figures 47 and
48, |

Sandstone data were further analyzed separately by con-~
sidering static and kinetic data, as shown in Appendix II
Tables AII-52 to AII-55 and Table 11. Figures 49 and 50
show the variations of  as a function of for this data at
the two highest pore pressures. ‘Corresponding coefficients
of friction as a function of normal stress are presented in

Figure 51,
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TABLE 11. Least ~3quare Data 2‘2‘+BG for Friction Experiments
with 1.,0-mm Thick Limestone and bandstone Gouge at dﬂ450 for
Various Pore Pressures (p)

vt

Z B
Experimental Condition (psi) ?bars) (psiy <bars) n (%)
Kelly Limestone (A, 0.74; A3 0,111 in?)
p=0 :
Uncorrected Area 0 0.0 0.0161 10,0269 1.192 99,5
Corrected Aresa -93 6.4 0.779 1.000 100,0
p=550 psix=37.9 bars : '
Uncorrected Area -61  ~4,2 0,0254 0.0362 1.133 99.5
Corrected Area ~-162 -11.1 0.775 1.000 100,0
p=1260 psi=86,9 bars - :
Uncorrected Area 34 2.3 0,00088 0.0033 1.491 99,6
Corrected Area ~-168 -11.6 0.776 1.000 100.0
liesa Verde Sandstone (4o 0.74; Ay 0.109 in?)
p:O ' .
Uncorrected Area 19 1.3 0.0186 0,0300 1.179 99.3
Corrected Area -51 ~3.6 0,784 1.000 100.0
p=500 psi=34.5 bars
Uncorrected Area 113 7.8 0.00042 0.0019 1.564 25.0
Corrected Area 11 0.8 0.775 1.000 100.0
static Data
Uncorrected Area Lg 3.4 0.00098 0,0036 1.482 99,4
Corrected Area ~97 -6,7 0.779 1.000 100.0
Kinetic Data
Uncorrected Area 188 13,0 0.00006 0.0005 1.756 96.9
Corrected Area 141 9.7 0.770 1,000 100.0
»=1150 psi=79.3 bars ,
Uncorrected Area 114 7.9 0.00118 0.0038 1.433 86.8
Corrected Area 40 2,8 0.772 1.000 100.0
Static Data
Uncorrected Area 89 6.2 0,00003 0,0003 1.855 98.7
Corrected Area -99 ~6,8 0.775 1,000 100.0
Kinetic Data
Uncorrected Area 120 8.3 0.0587 1.000 95,0
Corrected Area 200 13.8 0.768 1.000 100.0




PMig. #45. Shear stress ve. normal stress, corrected for
partial contact, for friction experiments on Kelly Limestone
involving #80 limestone gouge with various water pore-
pressures (p).
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Fig. 46, Shear stress vs. normal stress, corrected for
partial contact, for friction experiments on Mesa Verde Sand-
stone involving #80 sandstone gouge with various water pore-
pressures.
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Fig. 47. AM=2(d)/¢ vs. ¢, corrected for partial contact,
for friction experiments on Kelly Limestone involving l-mm
thick #80 limestone gouge at «=45° with various water pore-
pressures (p).
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Fig. 48. A=20)/0 vs. ¢, corrected for partial contact,
for friction experiments on Mesa Verde Sandstone involving
l-mm thick #80 sandstone gouge at a=45° with various water
pore-pressures (p).
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Fig. 49, 3Shear stress vs. normal stress, corrected for
partial contact, for static and kinetic data of friction
experiment on Mesa Verde Sandstone involving l-mm thick #80
sandstone gouge at ®=45° with p=34.5 bars,



[ 10IX)GHHE {2} SSIYLS YHIHS

Muu Dm.mmm Du.o@m Da.mm_ﬂ ca.ama aa_mmrg. m@.amH mm.mn mo.u_w
D 1] 1 ] L] T 1 K]
(A L
od
[}
—O
= g
OaT d
W U
= a9
wo | L
o — -
S E (r
Q L )
SRR T @€
Uy O @ =
w8 L T g
o [
nﬂ = woe
b T e
L .
CC o E IR, AN
= > .
==
SRAT 40
=
o
D- 11 1. J, i L 1
1 1 T 1 { 13
aamumm a0 ooe 007052 0o-oae 06 08t gotoot 0 os

( 201X ISd *(2) 853415 YUIHS




Fig. 50, Shear stress vs., normal stress, corrected for
partial contact, for static and kinetic data of friction ex~
periment on Mesa Verde Sandstone involving l-mm thick #80
sandstone gouge at L5359 with p=79.3 bars.



[ 101X)SHEE " [2) $83YLS HY3HS : =

mw 0062 o' one 03841 potosi 8621 gntanm 0a'se 0008 03'Ge - 00t 0un
: “ b 1 ! “ . } “ ¢ r
94 ™
[9V]
o3
3 a .
\J_NU. o)
) + Sy
— m M
orRT o =
o op .
oo 3¢
cc = Pl
ef=3} o T
—~ N ) -
— O
= S o ©
- ]
= L s & U
o v (ot ju faey
o9 T & 1HEW
sl m g e O
oo o O —
Wl.u muH v 13 m 1D
o =
o~ > o Lk
MUnrm!. 4 © _ﬁwm
N -
(] /
ﬂU. N i ] i 1 L / m
T R T A T R ] - ¥ i T : T LIU
Dahmm_m 00"00g 03 062 00°00e g0 0s! 00001 00’ o8 pa-d

( 201X) ISd ° (1) SS34Y1S HHIHS




Fig. 51. /L(=2’(O’)/O’vs. J, corrected for partial contact,
for static and kinetic data of friction experiments on Mesa
Verde Sandstone involving l-mm thick #80 sandstone gouge at
6=45° with p=34.5 and 79.3 bars. .



102

NORMAL STRESS (o), BARS (X10! )

1.20

1.0G8

0.80

0.60

O. U0

g.20

?.UU 50.00 L0000 150.00 200.00 ESU.D@
= : + ! ; .l
o MESAH VERDE 9S95.
~ P = 3u4.5 BARS P = 79.3 BARS
M KINETIC DATH + KINETIC DETYG
& STATIC 0ATA X STaTIC OBRTS
f o]
D-_ -
2
=1 g
=k x& W,%@*&%@ W a® s sk D A
i..__._
B
o
L3
L. | T
[
D5
(B
'CJ'-— T
&
=l T
[y
k.» ) 3 v ]
U,DU 75.00 i 22500 300Ul 373

1500000
NORMAL STRESS (0), PSI X102 )



103 -

Visual Observations

Photographs under reflected light were taken of post-run
gouge for the dry and water-saturated gouge tests and of some
shear surfaces and deformed cores produced during the frac-
ture experiments.

To obtain a visual comparison between features of the
gouge in friction experiments and structural makeﬁp of gouge
formed during fracture experiments, photomicrographs under
reflected light of fault zones in fractured specimens were
taken. Photomicrographs were also taken of the sawcut sur-
faces and of the gouge before and after each friction‘experi-
ment to aid in descfibing the nature of sliding and its ef-
fect on gouge generation and on textural changes in pre-
existing gouge. |

All photographs are given in Figures 52-69, and corres-
pond to the order in which the experimental data were pre-

sented in previous sections.



Fig. 52. (a) Fractured limestone cores representing (left
to right) 0.=550, 800, and 2000 psi; note Jointing associated
with major faults. (b) Fault surface of limestone core Tor
0c=800 psi showing layer of gouge. (l~in dia. cores.)



(b)



Fig. 53. (a) Fractured limestone cores representing (left)
0=5000 psi and (right) 0,=9700 psi. (b) Magnified view of
jointing in barrel-shaped specimen for ¢=9700 psi of (a)
above; note possibility of segregated “"plastic™ flow bands
around primary calcite grains, which may explaln macroscopic

ductile behavior,



)

b

(



Fig. 54%. (a) Practured sandstone cores representing (left
to right) ge=590 and 2000 psi; note clean, well-defined fault
surfaces. <fb) 'ault surface of sandstone core for To=2000
psl showing minor amounts of gouge. Fractures at higher g,
appear similar to that at 0o=2000 psi. (1l-in dia. cores.)



(b)



Fig. 55. kagnified plan views of limestone fracture sur-
faces for (a) 6o=800 psi and (b) =590 psi displaying abun-
dance of puffy, cotton-like gouge (reflected light).




(a)

(b)




Fig. 56. DMNagnified cross-sectional views of fault
systems in fractured limestone for ¢ =2000 psi (a) along
a wide gouge zoneé and (b) along the Same fault but near
outer edge of core (reflected light).
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Fig. 57. Magnified plan views of sandstone fracture
surfaces for (a) (=590 psi and (b) ¢;=2000 psi (reflected
light).



(b)




Fig. 58, (a) Side view of core containing sawcut at o=45°
polished by hand on #100 grit; note obvious partial contact
between surfaces. (b) Appearance of polished surface after
friction experiment showing slickensides over central part
of surface.
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Fig. 59. Magnified plan views of limestone sawcut surfaces
prepared on #100 grit (a) prior to a friction experiment and
(b) after an experiment; note reduction of original furrows
oriented left to right by sliding in vertical direction and

presence of strewn gouge especially in right half of (b)
( eflected light






Fig. 60. Magnified plan views of limestone sawcut
surfaces prepared on #0600 grit (a) prior to a friction
experiment and (b) after an experiment; note little
observed difference between (ag and (b) (reflected light).
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Fig. 61. Appearance of #80 synthetic limestone gouge
used in friction experiments (reflected light).






Fig. 62. Appearance of #80 synthetic sandstone gouge
used in friction experiments (reflected light).



(b)



Fig. 63. Appearance of sandstone sawcut surfaces (a) with-
out gouge and (b) with #80 gouge after friction experiments.
Note indication of stress concentration near center of saw-
cut in core piece on left in (b), exemplifying partial con-
tact. (1l-in dia. cores.)



(b)




Fig, 64. Appearance of (a) >#230 sandstone gouge and (b)
#80 wet sandstone gouge after friction experiments. Note
vertically oriented slickensides (in direction of relative
movement) in gouge of (a). Unmagnified limestone gouge ap-
pears very much like the sandstone gouge and is not shown.
(1~in dia. cores.) |



(a)




Fig. 65. Appearance of #80 limestone gouge in regions
along sawcut surfaces which were not perfectly mated
(reflected light). ’
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Fig. 66. (a) Appearance of #80 limestone gouge in regions
along sawcut surfaces which were perfectly mated showing
large relict primery gouge particles (center) embedded in a
very fine-grained secondary gouge matrix (reflected light;
l-cm gcale bar = 0.23 mm). {(b) Closeup of (a); noite extreme
degre? of cataclasis (compare with Figure 65; reflected
llght ] e
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Fig. 67. Appearance of #80 sandstone gougé in regions
along sawcut surfaces which were not perfectly mated
(reflected light).
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: Fig. 68. Appearance of #B80 sandstone gouge in regions
: along sawcut surfaces which were perfectly mated showing
greater degree of cataclasis than shown in Figure 67
(reflected light).
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Fig. 69. Appearance of #80 limestone and sandstone
gouge mixture; larger quartz grains are nearly masked by
abundant secondary limestone gouge and minor secondary
sandstone gouge (reflected light).
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DISCUSSION OF RASULTS
Fracture Mechanics

The mechanical properties of each of the two rock types
studied in the present investigation are quite different.
The average value of Young's modulus for the‘Kelly Limestone
is much greater than for the Mesa Verde Sands tone (Table 5),
The purely elastic deformation of the limestone gives way to
a ductile behavior at high stresses near fracture (Pigure
12). At low confining pressure Ub the limestone fails in a
brittle manner along a single inclined shear fracture |
(Figure 52)., The amount of ductile deformation and the
ultimate strength (fracture strength) increase progressively
with increasing confining pressure until fully ductile defor-
mation occurs with apparent work-hardening (e.g. Nabarro et
al., 1964), resulting in barrel-shaped specimens (FPigure
53a). This ductility is mainly due to sliding across a mul=-
titude of intersecting shear planes, and thus;.as a whole, is
not true plastic deformation; however, microscopic observa-
tions indicate segregated plastic flow around primary calcite
grains (Figure 53b). The near absence of ductility in fhe

Sandstone is expressed by the constant amount of nonelastic
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strain for any Ugr which is not associated with small-scale
fracturing. ‘This reflects the fact that quartz and feldspar
do not deform by intragranular flow unless stresses are in
excess of 50 kb (Christie et al.,, 1964; Seifert, 1969). The
coefficient of "internalrfriction" or fracture resistance‘ffl
for the limestone (Figure 16) is more variable (1.75-0,825)
than the sandstone (Figure 17; 1.46-0.865) for the stresses
investigated., The difference in/@f is much less at normal
stresses greater than 15,000 psi (~1 kb) and in fact the two
have identical fracture resistance (/4=0.890) at o=26,4000
psi (1.8 kb). At normal stresses greater than 26,400 psi,
the limestone has less resistance to fracture than the sand-
stone.

The change of }& in the limestone is a result of its
low inherent shear strength (at ¢=0) and of the increase in
ductility at higher stresses. It would appear that thé in-
fluence of inherent shear strength on the fracture process
becomes less for normal stresses greater than about 5000 psi
(350 bars), above which/p% changes 1little; however, for
Stresses less than this amount, there is a rapid increase in
resistance to fracture (Figure 14), possibly due to a work-
hardening of the limestone at thése stresses.

. This is different than the classical coefficient of inter-
nal friction ¢4 in the Coulomb criterion., In the present
investigation, the coefficient of "internal friction® or
fracture resistance A4 is intended to be defined such that
M) S oat fracture, analogoug to the definition of A
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Fracture strengths of the limestone (Figure 14) and
candstone (Figure 15) appear to be reflections of the in-
nerent shear strengths of constituent minerals and of the
nature of cementation. The sandstone, although the more po-
rous and less cemented of the two rocks, still retains a
nigher value of inherent shear strength (at ¢=0), approxi-
mately 4000 psi (276 bars) as opposed to near zero for the
limestone. This behavior may be explained by considering the
fact that quartz has a higher shear strength, 25,000 bars
(minimum) at 0,=0, than the calcite, 140 bars (minimum) at
0,=0 (Handin, 1966). An important fact is that for both
minerals, especially calclite, shear strength depends upon the
crystallographic orientation with respect to applied stress,
and thus values of shear strength may be gquite variable
(Handin, 1966). sSimilarly, an explanation of the work-hard-
ening nature of the limestone and the production of many
small cracks throughout the core during the ductile stage,

rather than one individual shear fracture, involves a pos-

sible redistribution of internal stress due to an inherent

strength variability between individual calcite crystals..
Indeed, & small crack may develop and begin to grow to a
Certaln stage and then stop growing due to hardening associ-
ated with a redistribution of stress, then other weaker parts

of the rock may start “cracking," or, perhaps certain highly
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stressed points will deform plastically, as might be the case
gshown in Figure 53b.

In an analocgous sense, the small-scale fracture processes
in both rocks reflect the influence of the internal chemical
structure of constitﬁent minerals. The apparent weak nature
of the limestone at very low stresses and during the ductile
stage 1s likely a result of slip associated with certain crys-
tallographic directions in the calcite (CaCOB) structure
(e.g. Berry and Mason, 1959). Thus, the fraéture pattern
associated with ductility may well be an expression of the
different CaCOB cleavages., On the other hand, the Si-0 bond- B
ing in the quartz (Sioz) structure is much strongér, as evi-
denced by the mineral's lack of cleavage, and thus, it does
not deform as easily. Hence, an explanation of the mechani-
cal behavior of the limestone is much more dependent upon the
internal structure and orientation of calcite grains than is

the behavior of the sandstone upon the quartz structure.
Sliding Friction

Definition of «. Several definitions of the coefficient

of sliding friction/u used by some investigators involve the
assumption that & is constant over any range of normal stress

0 for a particular experiment. For example, the plot of ¢
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vs. 0" usually produces the equation Z=g, +uc, wherg/4:(?—25)/5
is thus the slope of the curve (e.g. Jaeger and Cook, 1971a).
However, experiments by Maurer (1965) and Murrell (1965) pro-
duce results which appear to follow the relation ZEAUH, where
/u:z%rn is a constant. When/%zis treated in these ways, |

" Ammonton's law,"/u=2/b; is interpreted Suéh that ¢ and ¢, or
7 and Jn, are linearly related by a constant/fx(BOWden and
Tabor, 1950). Thus, a consistent and physically reaSOnlee
definition of/u which takes into account various shapes of the
»(¢) curve is lacking.

The classical definition)uzaﬂf has been used in the pre-
sent study. The author has found that the physical behavior
of/u for a particular experiment may be explained when the
entire function 2=2{(¢) is considered in the definition of/u.
7=7(0') may produce any functional relation between 2 and T
but (=7{(g’") /0 will always involve an implicit relationship
ZEZ\G)f;MT and thus consistency is achieved. Byerlee (19673)
has alsovrecognized the advantages in this definition, the
most important of which is that/u need not be restricted as
constant during an experiment, but instead, will reflect the

"resistance to sliding" at any normal stress.
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Effect of sawcut preparation. Introduction of a layer

of uncompacted gouge along the hand-polished sawcut surfaces
produces the same type of results as found for bare surfaces.
Wwhen the entire core area.(Ao) is used to calculate ¢ and ¢,
resulting values Of/ﬂ are nearly an ordef of magnitude less
than values of/a obtained when a controlled, predetermined
flat surface area (Aé) is used, This islconfrary to the idea
that gouge acts as a cushion to reduce the céntralized con-
centration of stress such that the stress becomes uniformly
distributed across the ehtire surface area. Instead, stresé
is concentrated along those afeas which are more closely’
fitted, causing the gouge in these areas 1o become compacted
to the extent that individual particles are‘sheared and pro-
duce a secondary gouge matrix (compare Figures 65 and 66).
Experiments with gouge on hand-polished sawcuts and on
controlled surfaces of various size each gave consistent
results., It is the uniformity in polishing which has per-
mitted using a correction term to account for partial contact
‘So that maximum coefficients of friction are obtained. As
an example, Handin and Engelder (1973) obtained values of
A (=B) = 0,68-0.86 using entire core cross-sectional areas,
which are comparable to those obtained in the present inves-
tigation when partial contact is taken into account. This

implies that they were able to produce nearly "perfectly®
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matched sawcut surfaces with their method of grinding.

On the other hand, for the case when/u of pre-faulted
cores is determined, "perfect" fit of adjacent core pileces
exists only prior to initial displacement, and when displace-
ment occurs, there exist areas of partial contact, until at
greater siresses and displacements, enough gouge has been
formed and compacted to fill open areas. When entire core
cross—-sectional areas are used to calculat?/u, one would ex-
pect values of/u to be high for initial dispiacement,}then
become minimized for subsequent small displacements, and
finally increase and approach'a "residual" value at very
large cumulative displacements.

Thus the somewhat fictitious behavior of/u. caused by
conditions inherent in the triaxial apparatus which require
that actual contact areas be known, exemplifies the possibil-
ity that values of/u calculated using entire core cross-
sectional areas may not be valid if maximum coefficients of
friction are desired. This would account for the seemingly
contradictory effects of certain factors on friction reported
in the literature (see Table 1), depending upon the methods
of determining/u. Methods which involve recording values of
applied forces only, and not both forces and stresses as in
the triaxial apparatus, may thus avoid the problem of actual
contact area, since/u may be calculated directly from the

Shear and normal forces (i.e. p=F_/F_, where F_=shearing force
; MEE/Ey s g
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and Fpy=normal force)., The author proposes that the parti-
cular method used fto study friction and whether paftial cén~
tact is accounted for be indicated when results are given in
published form. Unless otherwise noted, throughout the fol-
lowing discussions of friction, coefficients of sliding fric-
tien are based on calculations invelving actuél contact areas

and are thus maximum coefficients.

Bxperimental behavior of/u. Results of the friction

experiments may be understood through an analogy with the
mechanical interaction of individual grains along fault zones
consisting of either polished sawcuts or.sawcuts containing
gouge particles. For tests on polished sﬁrfaces of Kelly
Limestone and Mesa Verde Sandstone, surface roughness does
not appear to affect resistance to sliding (Figures 22, 23,
28, and 29). As pointed out above, the inherent shear
strength of the limestone is very low, and as a result it

would take a relatively low applied stress to deform the

sliding surface such that equilibrium is reached in the early

Stages of an experiment. The surface of the sandstone, on
the other hand, is probably more responsive to the #100-grit
polish, which causes plucking of quartz grains, and thus is

a Very>roughvsurface as compiared to the limestone. The #600-
grit polish is not as abrasive and does not tend to pluék

grains; instead, 11t cuts into and flattens the rounded guartz
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grains, permitting more microscopic surfaces of contact,
rather than the point contacts present in thé.#lOO-grit ex-
periment. The increase in coefficient of friction with nor-
nal stress for both surface roughnesses (Figures 28 and 29)
ié likely a result of interlocking of asperities and plough-
ing at very high stresses (>1 kb) when enough gouge. is gen-
erated such that a maximum "residual® coefficient/%gresh is
reached.

By introducing uncompacted synthetic liﬁestone and sand-
stone gouge between the sawcut surfaces (polished on #100
grit) the coéfficient of friction is not appreciably changed.,
In addition, absolute values of friction coefficients are
essentially identical for both limestone and sandstone gouge,
seemingly independent of gouge type, gouge grain-size, or
whe ther or not water is present (Figures 32, 33, and 35).

The behavior of &« as a function of ¢” is a direct result
of the interplay of the two terms in the expression ?Z=%/&+B
(Equation 8). Depending upon the magnitude of O, either one
or the other of the terms may dominate. In a physical sense;
especially in the presence of gouge, this may be explained
by censidering grain interactions in response to applied
stress. For example, the originally uncompacted gouge be-
comes compacted due to a reorientation and réarrangement'of

grains by the initial application of confining stresses,

In eorder for displacement to occur, glide surfaces must be
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overcome first, This adds to the resistance to sliding such
that friction may increase quite rapidly at relatively low
stresses. Thus, the first term, ¢, /¢, will dominate at very
low normal stress 0. At higher stresses, sliding surfaces
are established in the gouge and the rapid increase in resis-
tance to sliding is reduced until movement is constrained
strictly by sliding resistance along established glide sur-
faces.

During a friction experiment there is a mechanical
interaction of original gouge particles that produces a sec-
ondary finer gcuge which clusters about the larger parent
grains, as shown in the photomicrographs'of Figures 66, 68,
and 69, Once gliding planes have been established at higher
stresses such that newly formed gouge has filled voids left
in the original synthetic gouge, the resistance to sliding
is essentizlly uniforn &U—7M"res") and a mechanical systen ié
set up which responds only to changes in applied stresses.

Under the microscope the finer secondary gouge appearing
around the larger synthetic-gouge particles tends to hide the
briginal parent grains almost completely, particularly in the
limestone gouge (e.g. Figures 66 and 68). This is in agree-
ment with the concept that more secondary limestone gouge
will have been formed at a given normal stress than secondary
Sandstone gouge of the same size, due to the different shear

Strengths of the respective minerals. The new gouge 1is char-
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acterized by a seemingly homogeneous, very fine-grained
(<0.005 mm) cataclastic matrix of elongated grains and aggre-
gates oriented in a direction nearly perpendicular to the
direction of the applied axial stress but within the plane

of the sawcut. This relationship is similar to, although
much more prominant than, that found in gouge generated as a
result of fracture of previously intact specimens which were
allowed to continue to slide after fracture (e.g. for the

limestone run at Gé=344.? bars).

Effect of gouge thickness and fault angle on 4. The
possibility that a buildup of gouge with time alohg an active
fault might affect the mechanical nature of the system has.
been investigated by varying the #80-size gouge thickness
between the sawcut surfaces. Figures 38 and 39 suggest that
a common "residual"” resistance to sliding is reached at hignh
stresses such that gouge thickness has little influence on
the mechanical response of the system to various applied
siresses., As usual, there is a gradual filling of inter-
stices in the original synthetic gouge by freshly generated
gouge of much smaller grain size due to natural compaction
and grinding together of gouge particles.

Figures 42 and 43 indicate a change in the resistance to
Sliding depending upon the angle between applied stress and

Sliding surface. A maximum resistance to sliding is estab-
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lished for fault angles near 45° in both the li->sStone and
sandstone. If the fault angle is oriented near 300 or 609 to
the maximum applied stress (axial stress), a minimum resis-
tance to sliding is observed (see Figure 44),

An attempt to explain the relationship in Fugure 44 must
account for the unique behavior of the fault system (core
pieces and gouge) at d3450. A possible explanation, at leaét
for angles much greater than 45°, is that there may exist a
slight misalignment of core pieces (e.g. Jaeger and Cook,
1971a, pp. 68-69), thus concentrating the applied axial load
on a part of the entire sliding surface. At X=45°, there is
a uniform distribution of applied stresses due to the equant
positioning of the fault angle between directions of confin-
ing stress and axial load, and thus, specimen tipping is un-
likely (especially for maximum displacements of 0,01 in).

Stick-slip Eehavior appears to be directiy related to
the friction process. Humston (1972) has discovered tnhat
specimens (not containing gouge) with pre-cut angles of 30°,
359, and 37°© produce stick-slip continuously with no notice-
able specimen fracturing. But for specimens with pre-cut
surfaces of #0°, new macroscopic faulting was produced in the
Specimens with minor stick-slip occuring before faulting, and
for pre-cut surfaces at 45° faulting occurred without any
Stick-slip. He concluded that (Humston, 1972, p. 58):

"at some angle between 37° (stick-slip) and 40°
(faulting), there is a value of the coefficient

of friction that is too great to allow slip on
the cut surface,"”
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Although Humston did not offer an explanation for this be-
havior, it is possible that at o=40° maximum resistance to
sliding occurs, due to a maximum mechanical interaction (bond-
ing) of asperities produced by interlocking grains, For
other angles, it is likely that more secondary gouge is pro-
duced for a given normal stress, due to increased point-
contact of corners of grains, thus reducing the resistance
to sliding. Microscopic examination of the gouge tends to
confirm this behavior.

The preferred direction of fracture at approximately
30° for both the limestone and sandstone also supports the
idea that less friction develops near 309, than at 45°, as
shown in Figure 70a. However, it is also possible that a
combination of compressional stresses may produce less fric-
tion near 0=60°, as predicted by friction experiments

(Figure 70b).

Influence of pore pressure on A, Friction experiments

with uncompacted gouge involving pore-watlter pressure p pro-
duce results (Table 11; Figures 45-48) which indicate a

slight reduction in the coefficient of friction with increas-
ing pore pressure, especially as seen in the sandstone data.
The limestone dzta do not show a uniform reduction in y with
the higher pore pressure (p=86.9 bars), because the gouge
Particles become éheared and compacied so thghtly with secon~.

dary gouge that water cannot circulate along the fault sur-



Figure 70, Diagrams illustrating preferred orienta-
tions of less resistance to sliding at (a) «=30° and (b)
=600, as determined from friction experiments using the
conventional triaxial apparatus.
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face. In the sandstone, the shear strength of the quartz
particles is higher and the degree of compaction with secon-
dary gouge is less, so0 that water‘is more free to circulate,
thus producing a more efféctive reduction in the coefficient
of friction at higher pore pressures. In addition, the pore
pressure does not appear to reduce the inherent shear
strength of the gouge, which tends to disagree with studies
of Handin et al. (1963) and Colback and Wiid (1965).

The fact that the slopes of the various 7(¢) curves are
different at different p 1is indicative that an effective-
stress law (of any form) does not hold for either rock under
the pore pressures studied., This may be expected when gouge
compaction is considered, as fluid—pressure equilibration ap-
parently was not reached, Some additional tests were con-
ducted at higher pore pressures, but the relationship was un-
changed.

The sandsteone displays a segregation of kinetic and
static friction data at higher pore pressures (Figures 49-
51), with a reduction of this segregation at progressively
higher normal stresses, At relatively low normal stress,
the difference between A4 andfﬁ% is at a maximum, but at
high normal stress (>7500 psi),ﬁs and M approach one anoth-
er, probably due to the influence of secondary gouge buildup
(as describved by Swolfs, 1971; see preliminary discussion of

/% in presence of fluids in "Previous Investigations" sec-



!

137

tion). This behavior of//% and/MS under the influence of
pore pressure is a possible mechanism for explaining the
water-induced increase in magnitude of stick—slip events
observed by Handin and Engelder (1973). The present study
would predict a gradual reduction of these stress drops at
increasing normal stress to the polnt where stick-slip is -
absent altogether,

The kinetic data reflect increasing positive values of
Zb with increasing p. &Engelder (personal communication,
1973) has attempted to explain this as being due to the way
in which data is obtained. 'He‘has noticed that for kinetic
data calculated from stress drops during stick-slip events in
dry cores, o increases with increasing displacement. On the
other hand, he has observed that Zb associated with the ini-
tiation of sliding (static data) is usually negative. The
physical explanation for this is lacking and seems to be con-
trary to common sense, as one 1s likely to expect the gouge
to have a higher cohesion prior to sliding than during slid-
ing. Apparently, there is a certain amount of furrowing and
an increased asperity interaction during sliding that does |
not exist at the initiation of sliding., Another explanation
is that for iow:values of normal stress where data are scarce,
usually for ¢<4000 psi, there exists a local curvature of
the (¢,¢) plot which has been hidden by the linear approxima-

tion of the overall data trend, which is weighted by (0,7
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values for ¢>4000 psi. This would occur as a result of the
increase in compaction of the originally uncompacted gouge
at initially low ¢, thus causing an increase in cohesion.

Friction Versus Fracture .

Problems of scale. Most theoretical principles of elas-

tic and plastic behavior of rocks are based upon a nacroscop-
ic view of the material so that structural discontinuities in
the rock are smoothed out, As yet no one has been able to
explain in quantitative terms the relationship between stress
and strain in the crystal aggregate and the deformation mecha-
nisms of individual crystals at elevated stresses, although
several attempts have been made (e.g, SwanSon, 1969; Morland,
1971; McGarr, 1971). It is therefore important to discuss
those factors which are responsible for structural inhomo=~
geneities in a rock mass.

The mechanical behavior of the Kelly Limestone and Mesa
Verde Sandstone are likely a reflection of inherent non-
homogéneous properties, for the shape of their respective
Stress~strain curves and fracture-strength curves are appar-
ently influenced by cracks and pores, and especially by  the
friction acting along them. As mentioned above, the frie-

tional behavior of the two rocks appears to be related to the
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shear strengths of interlocking asperities along the fault
surfaces, which in turn are a function of the overall rock
strenghts. However, there does exist a problem of scale, as
exemplified by the behavior of the limestone during deforma-
tion. On the one scale at certain applied stresses the lime-
stone is observed to undergo permanent deformation in an ap-
parently uniform manner so that it may be said to be ductile,
while on a finer scale, microscopic observations reveal that
the mechanism of deformation is small-scale fracturing (joint-
ing) and relative movement on. the fractures (cataplasis).

One of the most obvious sources of structural disconti-
nuity in rocks is due to the absence of material around
grains, producing intergranular cracks and pores that reflect
an overall or bulk porosity. The compaction (volums de-
crease) associated with porous rocks at low stresses is usu-
ally considered to be due to the closing of pre-existing
cracks and pores. However, some rocks may have very low por-
osity, which implies that any appreciable strain release will
be associated with movement in fissures along grain bounda-
ries, with the possibility that slip regions within one grain
may be transferred to another across their common boundary
(such as propesed by dislocation theory; e.g. MecGarr, 1971).
Indeed, the parabolic (n=2) nature of the Kelly Limestone
Mohr envelope suggests that elliptical Griffith cracks or

flaws may play an important part in the mechanical behavior
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of the rock. On the other hand, very porous materials, such
as the extreme case of, say, unconsclidated sands, there
exists the possibility of pure frictional sliding associated
with appreciable rotations of.grains. It is interesting to
note that, in general, corresponding Mohr envelopes usually
differ to the extent that most consolidated rock magterials
have an inherent strength (Zb) and a curved Mohr envelope,
while for unconsolidated materials, the Mohr envelope is
linear and passes through the origin (Z;=0; see, for example,
Ramsay, 1967, pp. 290-291, or Jaeger and Cook, 197la, pp.
384-390),

"Residual" strength. The purely linear case (Coulomb

criterion) associated with fracture of poorly consolidated
rocks affords some interesting analogies with the linear
curve which results from pure frictional sliding on a pre-
existing plane of weakness. The near linear nature of the
Mohr envelope and the J=7{¢) linear friction curve (£quation
6) associated with the Mesa Verde Sandstone imply that micro-
scopic processes leading to the formation of macrofractures
and those processes assoclated with the initiation of slip
along a pre-existing fault surface afe quite similar. An
obvious difference between the two condifions is the apparent
tack of purely frictional displacemenis during the fracture

Process so that an additional "residual® shear sirength ?"res"



141

of interlocking brittle grains must be overcome before appre-
ciable strain resulting in macrofracture can occur.l That
is, from fquations 4' and 6,

Ty = (@) = T = (a3 YN L v B (16)
where Zy is the shear stress needed to produce failure and 2
is the shear stress needed to cause pure frictional slidihg
on a pre-existing surface at a particular normal stress.

A possible factor which influences the magnitude of
Z}res" is that of dilatancy, whereby a.period of permanent
volume increase occurs in a rock at a finite time before
fracture, when many cracks and voids open and perhaps ulti-
mately coalesce in the region of the incipient macrofracture.
The magnitude of the weakening effect of dilatancy for a |
particular rock may well be characteristic of only that rock
and may then reflect the variability of corresponding Moh;
envelopes. Thus, to explain the mechanical behavior of dilz-
tancy for rocks could conceivably explain the behavior of
corresponding Mohr envelopes.

In the present study, the friction and fracture data for
the limestone and sandstone may be used to exemplify the
existence of a "residual"” shear strength associated with the

fracture process as compared with frictional sliding along a

Pre-existing surface. For the Mesa Verde Sandstone, the dif-

1 : .. -
Z"res" is in no way directly related to 4 ... used above,
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ference between the shear strength needed to produce fracture
and that needed to produce pure sliding at a particular nor-
mal stress is (from Zquation 16 and Tables 5 and 10):

Zupogn = (2.1:10% + 6.2 yL/Le2 L+ 0.6870)

= (8.3+10° + 3.6 )Y/12 _ (L9.9 + 0.6870).  (17)

Similarly, for the Kelly Limestone,
b y1/2.0

7 = (=2,7+107 + 3.2°10

hpag" (-104 + 0.6704)

= (=1.2010% + 2.0-103 )1/2:0 _ (_p.2 + 0.6700).(18)
Both {(17) and (18) have been graphed in Figure 71 for
the range of normal stress investigated. There is a greatér
"residual" shear stress that must be overcome in the lime~
stone than exists in the sandstone for 2500 psikc?26,000 psi,
which 1s due to the work-hardening nature of the limestone.
At 0%26,000 psi, of the two rocks the sandstone reflects the
greatest discrepancy between fracture and sliding-~friction
processes, while the limestone appears to be sliding on pre-
existing planes of weskness. This near frictional behavior
of the limestone during fracture at very high normal stress
is to be expected because 1t corresponds to the ductile re-
gime, during which the rock becomes jointed., The observed
existence of gouge along these joints favors a pure sliding
mechanism associafed with fallure during the ductile stage.
Valuesg of/%%,for each of the rocks also reflect simi-
larity between pure frictional sliding and fracture processes.

At high normal siress, such as for ¢=30,000 psi, each rock



Fig., 7L. Graph of shear stress at fracture minus shear
stresg to cause sliding vs, normal stress for Kelly Limestone
and lesa Verde sandstone.
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retains a "resistance to fracture" which is nearly the same
as the maximum resistance to sliding. For example,/ﬁ%'lsz:
0.84 and/u%’ =0.87, whlle/bis/ SS‘”O.?S at 0=30,000 psi.. At
even greater U'/Uf for both rocks decreases and//4increases,
suggesting that perhaps the two will eventually be identical.
The fact that fracture processes and pure frictional-sliding
processes are closely related and that the "resistance to
fracture” and the resistance to sliding may be nearly the
same implies that a fractured rock mass is capable of sup=-

porting as much external stress as an unfractured rock.

Friction and the brittle~ductile transiﬁion.‘ Murrell

been able to experimentally confirm Orowan's (1960)’ideas
that a brittle rock will eventually become ductile ("flow"
in a cataclastic sense) at a certain confining pressure (or
normal stress), and that subsequent deformation will be due
to an overall frictional behavior. The assumption, which ap-
pears to hold in the present study, is that there exists a
transition between brittle fracture and ductility at the
intersection of the lMchr envelops and the frictional stress
curve, In other words, for the present situdy this transition
occurs in the limestone when

(=2.7.107 + 3.2+ 1ocr 1/2.0 = -104 4+ 0,6700 <psi> (19)

ar
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o’lS:: 48,000 psi = 3.3 kb.
Fimilarliy, for the sandstone, _
(-2.1.20% + 6.2 )YV2 o qu v 06870 <psis  (20)

or
Oy = 89,300 psi =~ 6.1 kb.

Thus the theoretical value of GiSﬁQS,OOO psi defining the

transition between brittle and ductile behavior is the same

as that value in Figure 94 for which Z;reS":Z%nfﬁo, as is the

case for the sandstone at Ogsf89,300 psi.

The fact that ductility assoclated with fracture in the
limestone was observed below 6=48,000 psi is suggestive that
an intragranular plasticity may indeed exist at lower normal
stresses in locaimized regions where there are high concen-~
trations of internal stress. The observed lack bf ductility
in the sandstone for the range 025,000 psi is to be expected,
ag intragranular plastic flow would require stress concentra-
tions in excess of 725,000 psi, as indicated by Christie et
al., 1964, and Seifert, 1969, on studies of quartz and feld-

svar.

Microgcopic observations. icroscopic examinations of

the fractured cores tend to support the above explanations
of the mechanical and frictional behavior of the two rocks,
As previously mentloned, the limestene cores contained many

more fracture-related joint systems that the sandstone, espe-
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cially at high stresses (e.g. Figure 53). This observation
suggests that a considerable amount of strain developed due
to opening of (Griffith?) cracks in the limestone, and thus,
also permitted frictional forces to play an important rdle in
the fracture processes. Both the sandstone and especially
the limestone cement was noticeably affected by the fracture
tests, as intermittent pockets of gouge formed throughout
most of the cores, especially along the cracks associated with
the major fracture systems (Figure 56). In addition, the
weak cementation in the sandstone supports the experimental
results for WhiCh,ﬁ%’ssf/%,ls throughout most of the range of
normal stress used in the study.

For the condition of slip along a pre-existing sawcut
surface, asperities and gouge fragments tend to become sheared
after very little displacement and a layer of finer grained
gouge forms as a result., As evidenced by microscopic obser-
vations, these gouge particles are apparently free to rotate
such that they display a preferred orientation, whereas gouge
grains along fractures do not generally show appreciable
rounding or an obvious preferred orientation. Thus, a micro-
Scopic distinetion between pure sliding friction and "inter-
nal friction” during the formation of fractures can be made,
baged upon the relative degree of freedom for grains to ro-
tate under applied external stresses.

A diagram of stages of gouge formation during tne pure
g & .



147

frictional sliding and fracture processes as inferred from
microscopic observations is given in Figure 72. The diagram
summarizes relative degrees of cataclasis from the initiétion
of fracture in virgin rocks to the post-fracture stage in-
volving an immature gouge‘zone (A-C). 'here is a greater
degree of cataclasis involved in the later stages of gouge
generation during the frictional sliding process (D-F), which
produces a more mature gouge zone, It is possible to follow
the process of gouge generation and cataclasis from the ini-
tial pre-fracture dilatancy stzge to the final stages of

frictional sliding involving a very mature gouge system (A-F).



Figure 72, Diagram of stages of gouge formation during the
fracture and frictional-sliding processes as inferred from
microscopic observations.
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Applications

Role of cohesion in overthrust faulting and landslidineg,

st (1969) has suggested that the shearing resistance to
faulting is not due to friction alone, as proposed by Hubbert
and Rubey (1959), but also includes the cohesion term g |
(Coulemb criterion), Results of the present investigation
indicate that a large cohesion at ¢=0 is associated with the
fracture of the Mesa Verde Sandstone (Figure 15), while the
Kelly Limestone has almost no cohesion at ¢=0 (Figure 14).
However, for both rocks, especially the limestone, the rate
of change of resistance to fracture decreases with increasing
normal stress (Figures 16 and 17), thus exemplifying the im-
portance of a "variable" cohesion term, depending upon the
relative magnitudes of applied stresses. The fact that duc-
tility (cataclastic flow) associated with fracture in the
limestone occurs prior to the brittle-ductile transition
predicted by Orowan (1960) is evidence that an additional or
"residual" strength must be overcome before frictionél slid-
ing can occur uniquely.

As indicated by friction experiments in the present
study, after a sliding surface is produced in either of the
rocks, a gouge or surface-agsperity cohesion term 26 does exist

and, indeed, "influences the resistance to sliding. In the
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presence of ﬁore—water pressure along the sliding surface, ZO
tends to increase with increasing pore pressure during slid-
ing and, thus, adds to the resistance to sliding guk).
Results of the present study, therefore, tend to support

Hsu's contention that o should be taken into zccount when

considering overthrust faulting and landsliding.

Active faults. For an active fault, such as the San

Andreas fault (e.g. Brune et al., 1969; Eaton et al,, 1970;
Wood and gllen, 1973), it is likely that certain factors,
such as direction of principal stresses, pore-water pressure,
and gouge character, influence stability of the fault., It

is possible that fault stability may change with time or
space as a function of changes in the physical regime of the
influencing factors. For example, percolating solutions may
change the degree of cementation and compaction of the fault
gouge, or there may be a change in the local hydrology, which
could cause the pressure along the fault zone td change,

A specific example of the existence of planes of weak-
ness at certain directions in a rock mass may be applied to
the San Andreas fault. If the San Andreas fault is consid-
ered a primary fault, its right-lateral nature and general
Strike, N4SW north of the Salton Sea (klders et ai., 1972,
Figure 6), imply that 0,=0y is oriented approximately N15W

and Jc:aé is compressional and oriented N75E (see the case of
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Figure 93a).

In view of current ideas on plate tectonics, it may be
more Justifiable to consider the pre-éxistence of faults and
the relative sliding resistance along them. Resuits of fric~
tion experiments for various fault angles indicate that re-
sistance to sliding is less at angles near 30° and 60°% to 7
than at 45° and suggest that on a regional scale secondary
active faults assoclated with the San Andreas should not be
oriented in dir ctions approximately 45° to ¢, or, in other
words, in a direction N30E. However, from friction experi-
ments for %=60°, indicated in Figure 93b,l01 is oriented
approximately 60° with respect to the fault so that 7, is
directed N15& and 05 is directed N75E. The case X=60° is
supported by actual examples of orientations and relative
movements of the San Andreas fault and intersecting faults
such as the Garlock fault (see Elders et al., 1972, Figure 1;

Larthguake mechanism. From the present study on the

effect of pore pressure on coefficients of friction, it is
possible to postulate diminishing effect of stick-slip with
depth in the earth. The fact that pore pressure tends to
enlarge the difference between ({ and /4 at relatively low

normal stress only (<1 kb), may very well explain the exis-

1
:
%
!
1
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tence of large-magnitude (high stress~drop) earthquakes near

the surface of the earth (Press and Brace, 1966; Bolt et al.,
1968).

Results of the present investigation concerning simi-
larities between fracture and frictional processes tend to
support current ideas on the prediction of earthquakes.
Because rock masses containing faults are capable of support-
ing as much stress as intact rocks, it is quite possible that
before a seismic event there may be a substantial change in
the hydraulics near the region of the hypocénter due to pre-
cursory dilatancy (e.g. Nur and Booker, 1972; Whitcomb et al.,
19733 Sibson, 1973; Hammond, 1973; Scholz et al., 1973).
Indeed, a dynamic decrease in pore pressuré could increase
the possibility that seismic events will occur dus to the
change in the magnitude of stress drops associated with stick-
slip events. For example, foreshocks may be explained as a
result of minor readjustments of stresses (after dilation)
ultimately causing localized gradual increases in pore pres-
sure in various parts of the dilatant volume, until at a
certain point (in time or space) very large stress drops
dominate, which produce the major event(s). Aftershocks may
be explained as those evenits produced by changes in permea-
bility when fluid pressure is reduced in .certain parts of the
changing volume but temporarily maintained in confined re-
glons, thus cauging internal-pressure imbalances, which re-

Bult in local crustal instabilities.
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SUMMARY AND CONCLUSIONS

By defining/uf as the ratio of shear stress 7{(¢) to
normal stress ¢ at fracture and/u as the ratio of Z(¢) to ¢
for pure frictional sliding, a direct comparison of the two
processes 1is possible.

The mechanical behavior of both the Keliy Limestone and
Mesa Verde Sandstone are related to small-scale structural
inhomogeneities in the rocks. Calcite glide planes appear
to control deformation leading to ductility and fracture in
the limestone, while weak cementation of the sandstone is a
controlling factor during its deformation.

For frictional sliding experiments on the Kelly Lime-
stone and Mesa Verde Sandstone using a conventional triaxial
apparatus, maximum values of coefficients of friction/a ob-
tained when partial contact between sliding surfaces is taken
into account are nearly an order of magnitude greater than
those vaiues obtained when entire fault-surface areas are
used (~0.78 vs. ~0.1, respectively)., The implication is that,
wnen maximum coefficients of friction are desired, actual
contact area should be considered, . |

Results of friction experiments reflect mechanical prdp—

erties of individual particles along sliding surfaces,
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whether the sliding surfaces be polished sawcuts or sawcuts
containing gouge. At low ¢, values of/u for both rocks are
observed to vary hyperbolically with U, a behaviorlwhich is
explained as a result of the filling by fréshly generated
gouge of open areas along fault surfaces. Surface roughness
does not affect ffiction in the limestone, but does inlfhe
sandstone, which may be explained as due to the relative de-
grees of cementation and porosities of the rocks.

Gouge type, grain size, and thickness do not influence
the resistance to sliding, especially at relatively high
stresses, due to the mechanical buildup of a fresh secondary
gouge matrix that produces a steady-state cbndition of slid-
ing equilibrium. The fact that gouge does not significantly
reduce the coefficient of friction is indicative that fric-
tion experiments concerned with coefficients of friction need
not involve gouge.

Sawcut angle affects res stance to sliding in a simi-
lar manner found in stick-slip experiments (Humston, 1972),
Lower values of/u are found to exist near Q@jOO. which is in
agreement with preferfed faulting along planes of weakness at
these angles for originally intact rocks.

The influence of fluid pore~pressure upon sliding fric-
tion, especially in the sandstone-gouge experiments, .is the
most interesting of the factors studied. The maximum dif-

ference between/uS andﬁﬁk occurs for high pore pressures at
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relatively low normal stresses, a discovery which may be used
to explain observed increases in magnitude of stress drops
related to stick-slip events at high pore pressures (Handin
and Zngelder, 1973)., The effect of pore pressure on Zo
during sliding tends to support HsU's (1969) contention that
l, Should be taken into account when considering overthrust
faulting and landsliding. Foreshocks and aftershocks assocci-
ated with major earthquakes and the shallow nature of most
earthquakes can be explained as a result of the influence of
dilatancy-related pore pressure changes on fault stability.
The similarity of mechanical processes associated with
the fracture of rocks and the pure frictional sliding of rcéks
implies that frictional processes play an important part in
the fracture process, especially at very high stresses (>2.5
kb). One observed difference between fracture and sliding
processes is the relative degree of freedom for grains to
rotate along incipient or pre-existing fault surfaces, The
observed ductile behavior of the limestone for normal'stresses
(or confining pressures) less than that predicted by Orowan's
(1960) theory of brittle-ductile transition, based upon frac-
ture and friction equivalence, may be explained by the exis-
tence of small-scale, intragranular plasfic flow in segregat-
¢d regions where there are abnormal stress concentrations.
The fact that a rock mass containing planes of weakness is

Capable of supporting as much stiress as unfractured rocks
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is indicative that such processes as dilatancy and ductility

may occur in fractured rock masses.
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DERIVATION OF BQUATIONS 1' AND 27

Derivation of normal stress o and shear stress ¥ acting on a
fault or sawcut surface whose normal is oriented at an angle

6 with respect to horizontal or x-axis:

3ign convention--

Normal stresses + if compressional (directed toward
origin).

Shear stresses + 1if directed clockwise with respect to
origin, or if directed

fault or sawcut

toward the origin. surface of aresg

Conditions for equilibrium~-
ZTForces in x direction = Zforces in y direction = 0

A Px - 2§XAOSiﬂ9 - GiAocose‘: 0

o)
P, = nylne + g, cos6 | (41)
and
AOPy - ZkyAOCOSQ - G&Aosln@ =0
py:: nycosé + G&Slﬂ@ (A2)

Resolving AP, and AoPy to ¢ and ¢ directions-~~

K0 = P K cos0 + Pﬁﬁbsin€ (A3)
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and
ﬂ;? = Pxﬂgsine - Pyﬂ;cosﬁ (A4)
Substituting (43) and (A4) into (Al) and (A2) gives
G!::G%coszﬁ +-Jysin29 +—(Z§y +A2&X)cosesin9 (A5)
and
T o= - gi4%£&sin29 - Z%ycoszﬁ +—Z&Xsin29 (A6)

Choose x~ and y-axes in directions of principal siresses Oi

and Gé. respectively--~

¢, = 0 o= T |
= 1 ana "% 13V =0 (no shear stresses)
0y = 03 Gyx = 1
Substituting these conditions into (A5) and (A6) produces
G'::Oicos2@ +*O§sin%9 = Qi*%fgi %*Qim§}£500329 (47)
= ~£§7§_isin29.: éiﬁigésin29 ‘ (A8)

For the triaxial apparatus, maximum principal stress (direct-
ed along x-axis) equals the axial stress; ie. Gfrdé. Thus
0(=90~8 is the acute angle which 0, makes with the‘fault or
sawcut surface. Substituting Ui:a;, 05:0;, and £=90-& into
(A7) ana (A8) gives

J T — [Z@.*‘g;.g_c;- - Q‘:ﬁ;__@

and
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DETERMINATION OF CORRECTION FOR

- REDUCTION IN CONTACT AREA WITH DISPLACENaNT

o,
|\

a = J24/2 = gsemi-major axis
b = d/2 = semi-minor oxis
e = displacement along sawcud

= actual area of contact

1

e

original dia. of core

£ area not in contact

Ay
A
A = Trab = area of ellipse
f

= fraction of area in contact

= Ag/he = (4g

Derivation of A

= S(b/a)[a2 - (x - e/ZJZJ%dX - S(b/a)[az -

X, %y
A= Syzdz - gyldx
0 0
are/2
0 ,
(let x'=x-e/2 =>dx=
a e/2
= (o/a)] §

-a/2 .8

4 = (v/a)](e/2)(a?

- 24,)/hg

dx )

- u"'/L}.)

/
—cetéiéﬁ:yz
\\Eii:b_ﬂﬁziégz//\k ~a+e/2
i—a e/2
(b/a)[a2 - (x - e/2)21%

Yl =

Y, = (b/’a)[a2

Sﬂﬁ? m‘x’z}%dx'

+aoln

- (x + 6/2)2]%

(x + e/Z)?]%dx

(let xX'=xt+e/2 = dx=dx")

Ye/2a)]

Por 0.00910-in max. axial displacement, e=(0,00910)(1,414)=
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0.0129", d=1" =a=0,707" and b=0,500"~-

o 0.707[(0.00645)(0.707) + (0.500)(0.00912)]
(0.707)(0.00912)
= 0.00645"

and

fo={1.11 ~ 2(0.00645)] /1.11 = 1.097/1.11
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NUMERICAL COMPARISON OF POROSITY-DAENSITY-

COMPOSITION RELATION FOR KELLY LIMESTONE

perivation of density of solid material in rock masg--
. = kil 14 1 j i 1 ;
Veolig = volume of solid material in rock mass

v = volume of voids volume of space around solid material

void
A ., = mass of golid material in rock mass
solid

¢ = fractional rock porosity Vvoid/(vvoid Veo1id)
f}k = bulk density of rock mass

= density of solid material in rock mass = VA .
solid’ solid

fgolid
VVoid - vsolid g/ (L - )

f}k = Msolid/\vsolid‘f Vvoid)

) + =1

Jérk[(vsolid/msolid (chid/msolid)J
PriciUso11¢Mso1ia’ +(Vsolidﬂ’i‘solid)M/(l - k=1
FeelPooria * VP Q- DI =2

or

Feolid © fgk /(1 - f) (a)

By assuming the limestone is bimineralic, i.e. 1t is essen=-
tially composed of calcite and dolomite, it is possible to
calculate the respective waight percentages from the follow-
ing data:
s o ;} - — B
f%a = 2,71 (c.g.s.) and fgol 2.85 (c.g.s.) (Berry

and Mason,

1959)
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fis‘: 2,69 (c.g.s.) and # = 0.011 (Tables 3 and 4)

Pooriq = 2.69l1/(1 -.0.,011)] = 2,72 (c.g.5.) (iquation a)

li,, = mass of calcite in so0lid material

Mdol:: mass of dolomite in solid material

i

X fraction of solid material which is dolomite

I i = ]y v + M
M01Ms011a = Maor” Maor * )

= g1/ Fiag = ¥/ (1 = %)

Fsoria = Wea + Mgo1)/ i,/ ca)‘+ (Mg01/ gor))
[x +'(Mdol/mca)]/[l/¥%a‘+'(l/y%ol)(mdol/moa)]
=1 +x/(1 - )I/{1/f, + (WP [x/(1 - x)T}

and solving for X%,

x = [(Faoria/Foa) = WU/ faoria (MAes) - (W/Fo1)] ()

substituting values of /. 4549 Yy 8nd A, given above,

Zquation b becomes

x = [(2.72/2.71) - 11/2.72[(1/2.71) - (1/2.85)]
= 0.075

This is in very good agreement with the value of 7% dolomite

obtained from CO, gas pressure tests,
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EXAMPLE OF PARTIAL-CONTACT
AREA CORRECTION FOR 0(=30°

0.425.4 1,10, L 0.425

R
l

0.37
N

i
|
S ] -
< 1.95 7 (all dimensions in inchesg)

AY = 7(0.37)(1.,10)/4 = 0.320 in? (sandstone)

0.111/0,109 = 41/0.320 =>4} = 0.326 in® (limestone)

(0,111 in2 and 0.109 in® obtained from Tables AIT-21

and AII-22 respectively)



APPENDIX II
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THIN~SECTION STUDY

Kelly Limestone (Mississipplan; Magdalena Mountains, N.i,)

Mineral Wt., % lethod* Dia. (mm) Round.
Calcite~~crystalline 93 0.01 Subang.,
veins _ >0,05 subang.

Dolomite ( organics and 7 _ 0.02 Ang.
detritus) _
Average: 0.01 Subang.

*  The method of determining wt. % involves determination of
CO0, gas pressure after 15 sec reaction of 1 g limestone with
5 ml concentrated HCLl (Muller and Gastner, 1971); results
agree with lizarine~red staining tests (Rodgers, 1940
Friedman, 1959) .

Texture:
Microcrystalline micritic limestone; high luster; sparry

calcite veins (0.05-0.3 mm wide) grade texturally into calcite
mosaic.,

Comments:

Tightly interlocking calcite rhombs,



lesa Verde Sandstone (Late Cretacecus; San Antonio, N.K.)

lodal Analysis Grain Parameters
Mineral Count % S.D. (f%)* Dia. {mm) Round.
Quartz 556 75.3 1.6 0.2 Subang.,
Plagloclase g 1.1 0.4 0.15 Subang.
lircrocline 5 0.7 0.3 - 0.15 Angular
Weathered Felds, 87 11.8 1.2 0.15 Subang.
Rock Particles 5 0.7 0.3 0.13 Subrou,
Limonite 12 1.6 0.5 0.02 Subang.
Void Space 65 8.8 1.0 - -
Total: 738 100,0 Average: 0,19%% Subang.

® 3.D. Standard deviation; calculated from (Chayes, 1956,
vp. 39-40): :
S.D. = 100Jpa/n
where: p = decimal fraction of a given constituent
g=1-p
n = nunmber of counts
*¥% Weighted average diameter; calculated as follows:
(75.3)(0.2) 15.06
(L.1)(0.,15)  0.165
(0.7)(0.,15) 0,105
(1.6)(0.,02) 0.032
(0.7)(0.13) 0.091
(11.8)(0.15) 1.77
91.2 17.223 = 17.223/91.2
= 0,189 mm
("fine~grained")

Texture:

Well-sorted feldspathic arenite with compacted, moderately
Porous texiture.

Comments:

‘Plag.~~- albite twin.; microel,.~- polysynth., twin.; gtz.-lim. cnt.
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A * A 3 ™
Original pxperimental Data

TABLE AIT-0, Zxperimental Data for Determination of lMachine

Stiffness k and Equipment Strain Corrections &

equip
Load Displacement Axial Stress Axial Strain
L | x a a
(1b) (in) (psi) (lo 5.888")
530 0.000319 675 0,0000542
1075 0.000547 ' 1369 : 0.0000929
1560 0.000730 1987 0.,000124
2130 0.000889 27173 - 0,000151
2750 0.00107 3503 - 0,000182
3130 0.00116 3987 , 0.000197
3680 0.00132 1L688 0,000224
4230 0.00145 5389 - 0,000246
4800 0.00160 6115 0.000272
590 0.000274 752 0.0000465
1075 0,000467 1369 - 0.0000793
1600 0.000650 2038 ' 0.000110
2010 0.000752 2561 0.000128
2810 0.000969 3580 0.000185
3200 0.00109 ko776 0.000185
3520 0.00116 L8l 0.,000197
4200 0.00132 5350 0,000224
L840 0.00147 6166 0.000250Q
550 0.000364 701 0,0000618
1025 0.000546 1306 0.0000927
1560 0,000751 1987 0,000128
2065 0.000910 2631 0.000155
2520 0.00105 3210 0.000178
3050 0.00118 3885 0.,000200
3825 0.00125 4873 - 0.000212
L840 0.,00164L - 6166 0,000279
1410 0,000878 1796 0,000149"
1980 0.001086 2522 0.0001873
2490 0.001253 3172 0.000209
3060 0,00140 3898 0.000238
3550 0.00153 Ls22 0.000260
3975 0,00166 ) 5064 0.,000282
Ll 0.00177 5656 0.000301

850 0.,00189 6178 0.000321



167

TABLE AII-O0., (Continued)

Load Displacement Axial Stress Axigl Strain
L X Ca a
(1b) (in) (psi) (1, 5.888")
450 0.000308 573 0.0000523
1025 0.000593 1306 0.000101
1500 0.000775 1911 ' 0,000132
2060 0.000946 2624 0.000161
2500 0.00106 3185 0.,000180
3070 0,00123 ' 3911 0.000209
3500 0.00133 459 0.000226
4660 0.00162 5936 . 0.000275
W75 0,000353 605 0.0000560
1090 0.000627 1389 ' 0.000106
1500 0.000787 1911 0.000134L
2050 0.000958 2611 C.000163
2630 0.00115 3350 0.000195
3250 0.00132 Lhiko 0.0600224
3780 0.00145 4815 - 0.,000246.
4280 0.00157 5452 : 0,000267
540 0.000137 688 | 0.0000233
1060 0.000365 1350 0.0000620
1525 0.000513 1943 0.0000871
2040 0.000684 2599 0.000116
2700 0.,000878 3439 0.000149
3130 0,000992 3937 0.000168
3560 0.00112 4535 0.000190
L2oo 0,00128 5350 0.000217
L5520 0.00135 5758 ‘ 0.000229
LB2s5 0,00143 6146 0,000243

Ave., Linear Least-square Fit:
(<2100 pgi--)

A = =250 ps% '

B = 18,5+10% psi = 1.28 Nbar
(>2100 psi~-)

A = 1694 psi

B = 28,33.10° pbsi = 1.954 Mbar

e

Note: neglegable difference between tests with and without
lubricating grease between mztal pisces,
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TABLE AII-19., DETERMINATION OF AVERAGE CORRECTION AREA
FROM T = A+ BOC FIT OF CONTROLLED-AREA FRICTICN EXPERIMENTS*®

e T T S i e i e e i . o e  fmp ot S i 4n Ak Abe WA Al o b P B e A i o o S o — " _ o T ot - ——

LCAD (LB} CONFINING P. (PST) CALCULATED AKEA {59. IN.)

b ksl ko e . St B o S o T . ol i b M ok s M b Wi e o A ae - Y v o 1t o = A S — o AR e il A e

KELLY LS. #1C0 GRIT ROUGHNESS: ALPHA=45

860, 0 1140.0 0.104
1200.0 1430.0 0,112
12590.9 1430.0 0,11z
160049 1930.0 0,109
1675.0 1970.0 0.111
2020.0 2400.0 0.109
2075.0 2450.0 C.,110
2320.0 2790.0 0.107
2370.0 2835.0 ‘ 0.108
2825.0 3340.,0 C.109
2880.0 3390.0 0.109
2300,.0 3835,0 0,110
3330.0 3875.0 0,110
3825.0 4420.0 0.111
2870.,0 4460, 0 0,111
4135.0 4780, 0 - C.110
41385,90 4835, 0 0,110
448040 5185,0 C.110
4535,0 5230.0 : 0.110
5000.0 5770.0 0.110
5080.0 5840.0 0.111
5530.0 6305.0 0.111
5050.0 6480, C Oolll

AVERAGE: 0,110

e o oo . etk o it o o . i B s i o i Kl ST Pl i e . o T o ok i o BT i o okl i s e o v Mk vt s ko S e St e R

* SEE TEXT FCGR METHOD OF CALCULATION



TABLE AIT-20. DETERMINATION OF AVERAGF CORRECTIUN AKEA
FROM T = A + Bo FIT OF CONTROLLED-AREA FRICTIUN EXPERIMOINTS=
L0AD (LB) CONFINING Ps (PSI) CALCULATED AREA
MESA VERDE SS. #100 GRIT ROUGHNESS; ALPHA=4S

500,90 5600 0.130

590.0 £25.0 0.135

815.0 1000.,0 0.110

850.0 1000.0 0.115

102040 1025.0 C.134
1290.,0 1550.0 0.109
1300.9 1530.0 Oelle
1375.0 1580.0 0.114
1455.0 1720.,0 0.110
1685.,0 1995,0 0,110
1700.0 1990.0 0.111
175040 2000, 0 0,113
1925.0 225540 0.110
2180.0 2570.0 04109
2250,0 2530, 0 0,114
2320.0 2575, 0 0.116
2510,0 2900. 0 0.111
2620.0 2985, 0 0.111
2630,.0 2960,0 0,114 .
265540 257540 0.114
2735.0 3185.0 0,110
2810.0 3210.0 0.112
2330C.0 3205.,0 0113
2930,0 3275.0 0.114
2570.90 3365, 0 0.113
3235.0 3630.0 O.112
3270.0 367540 0.113
3320.0 3720, 0 Ou.1l4
3465.0 2910.,0 0.113
3720.0 4126, 0 Oells
AVERAGE: 0.114
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TABLE ATI-21. DETERMINATIOM OF AVERAGE COPRECTION AREA
FROM T = A + Ba FIT OF CUNTROLLED-AREA FRICTION EXPERIMENTS*

AR T S M Ml ML et S i e e e T by R S T bkt i mem Wy e b e - o — o - i A e i r P T " —— e

—— L — —

LOAD (LB) CU&FINING P. (PS]) CALCULATED AKEA (5Q. IN.)

T T e e e e e o e i e IS Al W n o b . S otk o e s o e, e o e o o e

KELLY LS. #80 DRY GOUGE; 1.0-MM THICK; ALPHA=45

765.0 575.0
14895.0 1765.0
1530.0 1810.0
1760.0 2035.0
18200 2125.0
2075.0 2435, 0
2135.0 2505, 0
2450,0 2935.0
2535.0 2990.0
3000, 0 3445, 0
3035.0 3490, 0
3400,0 3900, 0
3440,0 3970, 0
3720.0 4255.0
375540 4320,0
4065,0 4635,0
414040 471040
4375,0 50054 0
445040 5080.0
4830,0 5420, 0
43850,0 5480, 0
5300.0 5990, 0
5320.0 607040
5755, 0 65054 0
5825.0 656040
6290.0 707040
6335.0 7120.0
6720.0 _ 750040

AVERAGE:

0. 106
C.110
C.111
00110
0.111
0.110
C.110
0,108
0.109
O.ll12
0.112
C.112
0.111
0.112
O.111
0.112
00112

- 04111

0.112
O.114
0.113
0.113
0.111
0.112
0.113
0.113
O.113
O.114

T v it e e e . e e e L AR Ui A e e S i Tl . o g LR i e s i A o o . A Bk Yk KA e et e A e il e e S A A

* SEE TEXT FOR METHOD OF CALCULATION
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TABLE ATI-22. DETERMINATION CF AVERAGE CCORFECTION AKREA
FEOM T = A « BO FIT CF CONTROLLID-AREA FRICTIUN EXPERIMENTS=

T AT T L it MBS A e ) e W a M G Y — - —— o ey ——— - A i i et - - S man A A e e o A o —

‘LDAD {LB) CONFINING Po (PST) CALCULATED AREA (SQ. IN,)

MESA VERDE SS. #80 DRY GOUGE; 1.0-MM THICK; ALPHA=45

600.0 730.0 0.103
650.,0 7150 0u1l1l4
710.0 735.0 0.121
1030.0 1280.0 C.101
1325.0 1600.0 0.104
1340.,0 1605.0 0.105
1425.90 1£25.0 0.110
15625.0 13935, 0 0.105
1850.0 2190, 0 0,106
1870.0 2200.0 _ 0.106
1875,0 2205.0 04107
1940.0 2320.,0 C.105
2200.0 26C0.0 0.106
2210.0 2605,0 0.106
2275.0 2620, 0 0.109
25500 2960.0 0.108
2725»0 ’ 3175.0 0’107
2730.0 3175.0 .0.108
2785.0 3200.0 , 0.109
2875.0 3210.0 0.109
3310.0 3795.0 0. 109
3325.0 3820.0 0.109
3525.0 4G60.0 0.109
3780,0 4305.0 0.110
3825, 0 436040 0.110
3910.0 451040 - 0,109
4275.,0 4930,0 . : | 0.109
4380.0 5000.0 0.110
4575.0 5230.0 0.109
4630.0 5280.0 0.110
4900.0 © 5570.,0 0.110
4935.0 5630.0 Oel11C
5280,0 6025, 0 0.110
5350.0 611090 C.110
5480.90 6230.0 0.110Q
5800.0 65700 0.110
5835.0 66200 0.110
6150.0 6910.0 ' 0.111
6175.0 6980, 0 0.111
643040 7260.0 0.111
64T75.0 7280.0 O.111
6770.0 71625.0 0.111

AVERAGE: 0,109
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