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The Role of Asperity Indentationland
Ploughing in Rock Friction—I.

Asperity Creep and Stick-Slip

C. H. SCHOLZ*
J. T. ENGELDERY

Two processes which produce the stick—slip instability in the frictional sliding
of rock have been identified. These are: (1) fracture of asperities at the
onset of sliding, and (2) creep at the sliding surface leading to a progressive
increase in real area of contact with time. The second process produces
an increase in friction with increased time of stationary contact or decreased
sliding velocity, and results from stress corrosion cracking andfor hydrolytic
weakening. The Bowden and Tabor adhesion theory, when modified to in-
clude asperity creep, adequately predicts the frictional behavior of rock when
brittle fracture of asperities is inhibited.

INTRODUCTION

Over a broad range of pressure and temperature corre-
sponding to the conditions ol the upper part of the
earth’s lithosphere, rock exhibits an intermittent, jerky
mode of frictional sliding known as stick-slip[1]. In
nature, [rictional sliding of faults also is thought to
occur by stick-slip, resulting in earthquakes[2]. Tt is
thus of some interest to understand the processes re-
sponsible for stick-slip friction of rock.

Stick-slip motion occurs as a result of an instability
in which [rictional resistance drops rapidly at the onset
of sliding, or during sliding. If the drop in friction is
more rapid than the unloading curve of the system
loading the frictional element, stick-slip will occur.

Stick—slip friction in silicate rocks appears to be inti-
mately connected with the indentation and ploughing
of asperities. Rock typically slides stably at low normal
stresses, and by stick-slip at high normal stresses [3].
Engelder [4] showed that quartzite and granite sliding
surfaces always exhibit wear grooves resulting from
asperity ploughing when sliding occurred by stick—slip,
but do not have such grooves after stable sliding. The
normal stress at the stable sliding to stick—slip transi-
tion thus appears to correspond to the normal stress
that is sufficient to cause asperity indentation and
ploughing. It seems logical, then, to look at ploughing
phenomena as a source of the stick—slip instability.

Two mechanisms based on asperity behavior have
been proposed to explain sliding of rock. The brittle
[racture theory of stick—slip [3, 5] proposes that locked
asperities fail by brittle [racture at the onset of sliding,
thus resulting in a sudden drop in friction and conse-
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quent stick-slip. In support of this model, Byerlee [3]
cited evidence for brittle fracture during sliding such
as angular wear [ragments and cracking in wear
grooves. More direct evidence in lavor of this model
15 that polished sliding surfaces that have undergone
stick—slip typically show ‘carrot’ shaped wear grooves
{Fig. 1). The sharp ends of these grooves point in the
direction ol motion of the surface in which the grooves
lie, and the groove lengths are limited to the distance
slipped during an individual stick—slip, rather than the
total slip experienced [4, 6]. The formation of these
grooves is thought to be due to ploughing, to an in-
creasing degree, during stick-slip motion. The correla-
tion of groove length and stick-slip displacement
strongly suggests that groove producing asperities,
which at the end of one stick—slip must lie at the blunt
ends of the grooves, break off at the onset of the next
stick-slip event.

A second mechanism that has recently been sug-
gested as a mechanism of stick-slip [riction in rock,
is creep at the sliding surfaces which produces an in-
creasc in real area ol contact, and hence static friction,

- B F U
Fig. 1. Pholomicrograph of typical ‘carrol’ shaped wear groove pro-
duced in stick-slip sliding of granite.
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with time of stationary contact [7]. This mechanism
was suggested by observations that the static coefficient
of friction in rock increases with time of stationary con-
tact [7-9]. Both the first and second mechanisms lead
to a static coefficient of friction that is higher than the
dynamic coefficient, and hence results in a stick—slip
instability. _

While we may regard the ‘carrot’ shaped grooves as
incontrovertable evidence for briftle fracture at the
onset ol stick—slip in silicate rocks at room tempera-
ture, it is the purpose of this paper to demonstrate
that the asperity creep mechanism also operates to pro-
duce stick-slip in rock and is responsible for the
observed time dependence of rock [riction. The in-
fluence of the relative hardness of asperity and sub-
strate on ploughing and friction of rock is discussed
in greater detail in the companion paper [pp. 155-163].

MICROINDENTATION EXPERIMENTS

Prior to discussing our friction results, we will first
demonstrate that asperity creep does occur. We do this
by considering the results of microindentation exper-
iments in which a diamond indenter is viewed as a
model of a hard asperity in stationary contact with
a softer surface.

The experiments were done with a Leitz microinden-
tation tester, equipped with a Vickers pyramidal dia-
mond indenter. Two materials were tested, the rhomb
(1011) face of a natural quartz crystal [rom Herkimer
Co., NY, and a crystal of olivine (of unknown orien-
tation) in a polished section of Twin Sisters dunite. The
experiments showed that for both materials the area
of the indent increased with the duration of loading
of the indenter. These results are shown in Fig. 2, where
the arca of indent is plotted as a function of loading
duration. All experiments were done with a load of
25g, and each data point is an average of about 25
individual measurements. The error bars indicate 989
confidence limits. These results show that the indent
area increases approximately with log ¢. The coefficients
obtained [rom the dashed line fits are given in the table.
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The above results, though the first to show that this
phenomena occurs in silicates, are not particularly sur-
prising, since Westbrook and Jorgensen[10] have
shown that this behavior, termed indentation creep, is
a property shared by a wide variety of nonmetallic
materials. In MgQO and LiF, it occurs by time depen-
dent motion of dislocations [11], and Westbrook and
Jorgensen [10, 127 have shown that it does not occur
in a water-free environment. It thus appears to resuit
from the hydrolytic reactions which produce stress—cor-
rosion cracking in silicates and other non-
metals[13, 14] and in plastic deformation produces the
phenomenon known as hydrolytic weakening[15].
Since indentation experiments are dominated more by
plastic flow than by brittle fracture, the exact
mechanism that results in indentation creep is probably
hydrolytic weakening, though the two processes are
analogous and may occur simultaneously.

The above results suggest that when two surfaces are
placed in frictional contact under a normal force N,
the asperities of the harder materials will gradually
penetrate the softer surface through indentation creep.
The real area of contact, 4, will thus increase with time
as, [rom Fig. 2

N
A=(1+alogt) 5. (1)
1

where o is a constanti, ¢ .is time in contact, and P,
is the penetration hardness measured at unit time. Fric-
tional sliding will then occur when

S
F=(1+ oclogt)P—N,
1

@

where S is the shear strength of the softer material, and
F, the shear force. Therelore, the static coeflicient of
[riction, g, will be time dependent, where

(3)

I, is the friction coefficient at unit time of contact.
Equation (3) satisfactorily agrees with the observed
time dependence of friction of rock [7-9].

Although the semi-cmpirical model developed above
applies to a situation in which hard asperities penetrate
a softer substrate, the model is probably applicable to
more general surfaces. In the case of a soft asperity
contacting a harder surface, for example, the soft asper-
ity is likely to flatten by creep, thus similarly increasing
the contact area. For surfaces separated by wear par-
ticles, the contact area will increase by creep in the
wear particles (or fault gouge) due to the same
mechanism. In the next section we will explore how
asperity indentation creep can lead to stick-slip in rock
by describing some friction experiments designed to
separate this process from the brittle {racture
mechanism of stick—slip.

Bs = (1 + otlog 1)is;.

FRICTION EXPERIMENTS

Experimental procedures

In order to study the effects of asperity indentation
creep on [riction, it is necessary to devise a [riction
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Fig. 3. Setup for friction experiments. (1) rock sampie, (2) steel piece,
(3) roller bearings, (4) sapphire disc and (5) steel endecap.

experiment which simulates as closely as possible the
simple model of a hard asperity ploughing through a
softer surface. The asperities must be sufficiently hard
such that they do not break off at the onset of slip
in order to allow that the indentation creep mechanism
of stick—slip can be studied separately [rom the brittle
fracture mechanism.

These conditions are achieved in an experiment in
which rock is slid on a ground surface of synthetic
sapphire. The sapphire, being much harder than any
mineral in the rock, does not wear and therefore
behaves in much the way the model is described. These
experiments were performed in a biaxial loading frame
(Fig. 3, also see Scholz et al,[7] Fig. 1), in which the
rock sample was a 30°-60°-90° triangular prism, 2.5 cm
thick and 18 cm high. The opposing [rictional surface
was a 2.5 cm dia sapphire disc which was ground with
a diamond wheel, and inset in a steel piece the same
shape and size of the rock specimen. The vertical force
is supplied by a hydraulic ram at 30° to the rock—
sapphire interface and the horizontal force, by a ram
at 60° to it.

Each experiment was conducted by pumping up both
rams simultaneously until the normal stress across the
frictional interface o,, was approx 50 bars. The horizon-
tal ram was then sealed by means of a valve, and the
vertical force increased with a constant volume-rate
pump. As sliding commences, the horizontal ram com-
presses, leading to a continuous increase in ¢,. In these
experiments, g, rose to about 500 bars after 1 mm of
slip. The experiment was terminated at this point to
“avoid damage to the sapphire. The total slip that can
be accommodated in the testing machine is 1 cm, which
is here termed a ‘run’. Approximately [0 experiments
were conducted during each run. After each run the
rock sample is reset to its original position, and another
sequence of experiments started.

Observations

Each experiment was conducted at a constant sliding
velocity, determined by the setting of the constant rate
pump. In all cases, except for Solenhofen limestone,
which will be discussed below, the rocks slid on the
sapphire in a stable way, without stick-slip. Stick—slip
only occurred if the experiment was interrupted and
the rock allowed to rest in stationary contact with the
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sapphire. A single stick—slip then would initiate further
sliding, after which stable sliding would resume.

This behavior is predicted from the model. Since the
sapphire asperities do not break off, they plough at
a depth which depends on the sliding velocity. Thus,
the real area of contact lor sliding at a velocity v is,
by analogy with (3),

N
A= (1~ Blogyv) 5, (4)
Py
where f8is a constant that depends on o and the asperity
geometry. Therefore, the force required to cause sliding
will be given by

S
F=(1—B10gv)P—lN, (5)

and the dynamic coefficient of friction defined as

Ha = (1 — Blogv)pis, (6)

where jiy = §/P,. According to (5), friction will be
constant at a constant sliding velocity and a stick-slip
instability will not occur. If, however, sliding is halted and
the surfaces held in contact for a time ¢’ at a normal
force N', an additional area of contact, 4’, will be
produced by indentation creep, where
A=+ alog t’)ﬁ. (N
Py
If loading is resumed, ploughing must occur over the
area A + A, which will drop to 4 as sliding com-
mences, resulting in a sudden reduction in friction
which will cause stick—slip. The force necessary to in-
itiate slip is therefore
F=pu N+ AS, (8
where yy = (1 — flog ) u; where o is the average slid-
ing velocity during stick—slip.

Notice that dynamic [riction (equation 5) obeys
Amonton’s law, whereas static friction obeys a Navier—
Coulomb type law (equation 8) where A'S is the ‘cohe-
sion’ term. This is exactly the behavior exhibited by
the rock—sapphire experiments. In Fig. 4 this is illus-
trated for Westerly granite on sapphire. In this exper-
iment, as the vertical ram was advanced at a constant

300
[ A
G
A

s
,

. ,’

o .- o®

< 2001 - ot

o D,» /

@ ;

£ Zgn

L) L] );

14 * ;

g ,

I 100 o ’,’

-
¥ ot y y 7 7 ;"
.
o’ y 7 L &
7 fod--277 LB
/— A
! L ! ! ol
v} 100 200 300 400 500

%, NORMAL STRESS, bars

Fig. 4. Frictional behavior of Westerly granite sliding of sapphire.
0A is the [riction law for stable sliding at a velocity of 0.03 mm/sec.
The dotted linc is the [riction law lor the onset of stick—slips alter
the surfaces were held in stalionary contact at point B for 300 scc.
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Fig. 5. Stable sliding behavior of Westerly granite on sapphite. (a)
[riction as a lunction of sliding velocity, (b) the same dala, at two
velocilies, replotted as a function of cumulative sliding displacement.

velocity, stable sliding occurred at a constant velocity
ol 0.03 mmy/sec, and the stresses [ollowed the path 04,
obeying Amonton’s law. At A, sliding was stopped and
the sample unloaded along AB to B, where the sample
was held in stationary contact for 300 sec. The sample
was then rapidly unloaded to C then loaded to D, at
which point stick—slip occurred. Continued loading
after stick—slip brought the stresses back to line 04,
at which point stable sliding commenced. This pro-
cedure was repeated to produce stick-slip at a number
of different values of o,. The dotted line is the locus
ol stresses at the onset of stick—slip, and is of the form
predicted by equation (8). Also notice that the slope
(dt)/{(do,), for the dotted line is less than the slope 0A
for stable sliding. This is also predicted from equations
(5) and (8), since the average velocity during stick-slip,
b, is much greater than ». Using a value of 0.07 for
B and 0.51 for y, (determined below), we calculate o
as 1-10cm/sec in these experiments. This value is in
accord with particle velocities measured directly during
stick—slip of rock under similar conditions in this test-
ing apparatus [16]. :

It 1s worth noting that Engelder [17] observed these
same relationships between the [riction laws for stable
sliding and stick—slip of sandstone on quartz gouge.
_His observations were based on triaxial experiments
at normal stresses up to 3.5 kbar.

Velocity dependence

The effect of sliding velocity on the dynamic coeffi-
cient of [riction is shown for three rock types in Figs.
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Fig. 6. Same as Fig. 5 for Twin Sislcrs dunite on sapphire.
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Fig. 7. Same as Fig. 5 for Solenhofen limestone. See text for explana-
tion of stick-slip field.

5-7. Each data point represents p, measured during
an experiment in which approximately 1 mm of stable
slip occurred as g, increased from 50 to 500 bars. Since
Amonton’s law was obeyed in these experiments,
was a constant over this range of normal stress.

The velocity effect is clearly shown in Figs. 5a and
6a, for Westerly granite and Twin Sisters dunite, re-
spectively. The observed constants are given in Table
1. The scatter in the data largely results from the effect
of sliding displacement on friction. At the beginning
of the first experimental run, the rock samples were
ground with an 80 grit wheel As sliding occurs, the
resulting surface damage leads to a steady increase in
#;. As a result, successive experiments at the same vel-
ocity show higher values of friction. In order to avoid
biasing the data with this effect, the velocities of succes-
sive experiments were selected in a quasi-random way.

In Fig. 5b, the data at two velocities from Fig. 5a
are replotted as a function of the cumulative displace-
ment at the beginning of each experiment. The mono-
tonic increase ol p, with displacement appears to
largely explain the scatter in Fig. 5a. Note that after
10 experiments, the rock was reset to its original pos-
ition (without regrinding) and run 2 begun. At
v = 0.03 mm/sec, the initial y; was slighily lower than
its final value in run 1, but quickly rose to a high value
as sliding proceeded.

The effect of displacement on friction for the dunite
was so strong that the data in Fig, 6 has been separated
into the two successive runs. The velocity dependence
of py, as predicted by equation (6) is clearly shown by
this rock as well. In contrast, the [rictional behavior
of Solenhofen limestone differed markedly in several

TABLE [. EXPERIMENTALLY DETERMINED PARAMETERS

Type of

experimentl P, kg/mm? Hy o B

Microindenltation:
quartz
olivine
Dynamic [riction
Westerly granite
Twin Sisters
dunite (run [)
Stick—slip stress
drop
Barre granite

1170 + 45
1010 + 40

Q.08 + 0.03
0.13 £ 0.02
051 + 0.01 0.07 + 0.0

(.48 + 0.02 0.07 + 0.02

0.10-+ 0.02
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respects from that of the dunite and granite (Fig. 7).
Firstly, stable sliding occurred only for velocities
greater than 10”2 mm/sec and it was also only in this
range of velocity that the [riction was velocity depen-
dent. At slower velocities, sliding was by stick-slip, and
friction was independent of velocity. Secondly, u, was
observed to decrease with displacement, in contrast to
the behavior of the silicate rocks. These differences
would appear to be explained by the far greater softness
of the limestone, which allows much deeper penetration
of the sapphire asperities than in the dunite and granite.
If we assume that the asperities are nearly fully pene-
trating, then the development of wear particles during
sliding will tend to reduce penetration and hence [ric-
tion will decrease with displacement, as observed. Also,
il asperities are fully penetrated, the real area of contact
will be large and penetration creep will be inhibited,
and further, any motion will tend to reduce that pene-
tration, resulting in a stick-slip instability. The behav-
jor ol Solenhofen limestone at velocities below
1072 mm/sec thus can be explained by nearly total
asperity penetration.

This line of reasoning would lead us to suggest that
at much higher normal stresses (or slower velocities)
the dunite and granite will also be expected to undergo
a similar transition to stick-slip as full asperity pene-
tration is approached.

One further comment should be made regarding
these results. Equation (6) is simply a modification of
the adhesion theory of [riction[18] to account for
asperity indentation creep. It follows from (6) that uy,
at a given velocity is simply proportional to §/P,. Since
both § and P, are strength propertics of the same
(softer) material, it is likely that they will vary together
with diverse materials, hence y, should not be expected
to vary with different materials. This accounts for the
very similar values of p, obtained for the three rock
types discussed above.

Stick—slip

Il we rewrite equation (3) in terms of stresses, we
have

r

A ©)

where 1, is the shear stress at the onset of stick-slip,
g, the normal stress, and A4, is the total area of the
surface.

IT we neglect elastic radiation [7], the stress-drop
during stick-slip, At = 2(t; — ), where t, = g, If
we do an experiment then, as is shown in Fig. 4, in
which the sample is held in stationary contact lor a
time ¢, at a stress g,, the stress drop of the ensuing
stick-slip will be given using (7) and (9), by

Ty = MaOn + — 8,

A S

At =2—" 5§ = I V= an.
T ) (I + alogt) P, a), (10)
A series of experiments in which Westerly granite
was held in stationary contact with sapphire at different
values of ¢ and o}, and subsequently stick—slipped, are

shown in Fig. 8. These results substantially agree with
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Fig. 8. The stress drop for stick—slips which followed stationary con-
tact for the " at normal stress g, for Westerly granitc on sapphire.

equation [0. The slight divergence from (10) shown in

Fig. 8 can be explained if the elastic radiation efficiency

increases slightly with stress drop, which will decrease
At from the value given by the RHS of (10)[7].

In Fig. 9, we show data taken over a broader range
of ¢, at 6, = 200 bars, for Barre granite on sapphire.
Here the stress-drops are normalized to the ‘value for
t' = 3 sec for each run, to reduce scatter due to dis-
placement effects. These results verify the expected
logarithmic dependence at At on ¢, and agree quanti-
tatively with the quartz indentation creep results shown
in Fig. 2. The constant « for indentation creep of quartz
is 0.08 &+ 0.03 and for Barre granite {riction, from Fig.
9 and equation 10, o = 0.10 + 0.02, These are listed,
together with the other experimentally determined par-
ameters, in Table 1.

CONCLUSIONS

In this paper, we have studied the role of asperity
indentation creep in the friction ol rock by conducting
experiments designed to isolate this phencmena from
other processes, namely brittle [racture of asperities,
which may otherwise complicate the [rictional behav-
ior.

As a result we have found that this mechanism is
responsible for the various time and velocity dependent
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properties of rock friction. We have further shown that
a stmple model, based on Bowden and Tabor’s [18]
adhesion theory, modified to take indentation creep
mto account, adequately predicts the observed fric-
tional behavior. We have seen, however, that this model
breaks down when the materials in contact have an
extreme hardness contrast, as with limestone sliding on
sapphire. This has led us to make a more detailed study
of the important effect of hardness contrast on the
mode of [rictional sliding, This work is the subject of
the companion paper.

Asperity indentation creep and its attendant fric-
tional effects leads to a physical understanding of the
difference between static and dynamic [riction in rock.
It is shown to be an important mechanism for stick—slip
sliding,
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