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Evolution of Wear and Friction Along Experimental Faults

Y. BONEH,1’3 J. C. CHANG,1 D. A. LOCKNER,2 and Z. Recues!

Abstract—We investigate the evolution of wear and friction
along experimental faults composed of solid rock blocks. This
evolution is analyzed through shear experiments along five rock
types, and the experiments were conducted in a rotary apparatus at
slip velocities of 0.002-0.97 m/s, slip distances from a few milli-
meters to tens of meters, and normal stress of 0.25-6.9 MPa. The
wear and friction measurements and fault surface observations
revealed three evolution phases: A) An initial stage (slip distances
<50 mm) of wear by failure of isolated asperities associated with
roughening of the fault surface; B) a running-in stage of slip dis-
tances of 1-3 m with intense wear-rate, failure of many asperities,
and simultaneous reduction of the friction coefficient and wear-
rate; and C) a steady-state stage that initiates when the fault surface
is covered by a gouge layer, and during which both wear-rate and
friction coefficient maintain quasi-constant, low levels. While these
evolution stages are clearly recognizable for experimental faults
made from bare rock blocks, our analysis suggests that natural
faults “bypass” the first two stages and slip at gouge-controlled
steady-state conditions.

1. Introduction

Rock faulting is a complex process that occurs by
brittle fracturing, coalescence and sliding of multiple
fractures, and crushing of fracture-bounded wedges
(e.g., PENG and JoHNSON 1972; HALLBAUER et al. 1973;
HabpLEy 1975; TapponNNIER and BRACE 1976; AypIN
1978; Samwmis et al. 1987; RecHEs and LOoCKNER 1994
Kartz and RecHEs 2004). Naturally, fault surfaces that
form by these processes are irregular, fragmented and
rough (LockNER et al. 1992; HEESAKKERS et al.
2011a). Field, experimental, and theoretical studies
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suggest that such irregular and rough surfaces of
immature faults evolve into smoother, mature sur-
faces by a combination of rock wear, shear
localization, and flow (BEN-ZioN and Sammis 2003;
SAGyY et al. 2007). On the other hand, fault roughness
may increase by dynamic branching (SaGy et al
2001) or by linking of fault segments (CANDELA et al.
2011). In the present work, we focus on the transient
wear during initial slip along experimental faults.
Wear is the process of material removal from
sliding surfaces by mechanical actions (RABINOWICZ
1965). Early investigators of wear processes focused
primarily on wear of machinery components made of
metals (BowpeN and TaBor 1939). Nevertheless, it
was found later that the basic concepts of metals wear
could be applied to brittle rocks wear because asper-
ities interaction was considered the controlling
process for both metals and rocks (WaNG and ScHoLz
1994). ArcHARD (1953) suggested that wear between
sliding blocks occurs at touching asperities that
comprise the real contact area, which is a small frac-
tion of the nominal sliding area (Bowpen and TABOR
1939; DietericH and KiLGore 1994). The asperity-
controlled model is a two-body configuration in which
the wear is dominated by adhesion, abrasion, and
plowing at the touching asperities (WAaNG and ScHoLZ
1995). Two stages of wear intensity were experi-
mentally recognized: an early stage with transient,
high wear-rate that is followed by a steady-state stage
with quasi-stable, lower wear-rate (QUEENER et al.
1965; Levy and JEg 1988; PoweR et al. 1988; WANG
and ScHoLz 1994). The early slip, called “running-in”,
was well-described by QUEENER et al. 1965: “If two
new machine parts are subjected to sliding...the wear
process...is usually characterized by a high initial
wear-rate which gradually diminishes to some steady-
state value. ...the wear occurring before steady-sta-
te...from this ‘running-in’ process frequently
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Figure 1

Schematic illustration of conditions and processes that control the
frictional strength and fault wear, which are interdependent

represents a significant fraction of the total wear.”
Queener et al. assumed that during running-in, the
wear volume is proportional to the volume available
for wear, V, which is the volume bound by the sliding
blocks roughness. This assumption led to an expres-
sion of the wear-rate, dV/dL,

dV/dL = —n x V

where L is the slip distance, and n is a constant
parameter that incorporates the loading intensity, slip
conditions, and material properties. This equation
implies that during running-in, the wear volume is

V = Vyexp(—nL)

where V; is the initial volume available for wear.
QUEENER et al. (1965) and others (WANG and ScHoLz
1994) showed that the last equation fits well with
experimental results of running-in in both the expo-
nential decrease of wear-rate with slip distance and
with proportionality to the initial roughness (equiva-
lent of V).

Slip along faults is always associated with fric-
tional resistance that is the integrated effect of
adhesion between solid blocks, plastic deformation,
and fault wear (Fig. 1). Although wear and friction
are two inherently connected processes, and may be
seen as two properties of the same process (RABI-
Nowicz 1965; LYAKHOVSKY et al. 2014), their relations
are non-unique (DosoN and WiLMAN 1963; RaBI-
Nowicz 1965). Friction strength and wear are related
through asperities failure (WANG and ScHorz 1994),
pulverization at fault tip (RecHEs and DewEgrs 2005),
evolution of fault surface roughness (OHNAKA, 1973;
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SANTNER et al. 2006; BroDpsKY et al. 2011), thermal
fracturing (HIROSE er al. 2012), gouge welding
(NakaTant 1998), and rock comminution (WILSON
et al. 2005; HENDERSON et al. 2010).

We present here an experimental analysis of the
transient evolution of wear-rate and correlate it to the
frictional strength. Our experimental system (RECHES
and Lockner 2010) allows for continuous quantifi-
cation of fault friction and wear-rate. Two types of
experiments were run: (1) short slip experiments
(3-50 mm) designed to characterize early wear pro-
cesses, and (2) extended slip experiments (up to tens
of meters) designed to characterize the evolution of
wear and friction to a steady-state condition.

2. Experimental Setting

2.1. Apparatus and Experimental Procedures

We tested experimental faults in a high-velocity
rotary apparatus (RecHes and Lockner 2010). The
samples comprised two solid cylindrical rock blocks;
the rotating, lower block had a planar surface and the
stationary, upper block had a raised-ring contact
(Fig. 2). We used two ring configurations, one with
2.2 and 5.1 cm as inner and outer diameters, respec-
tively, and the other with 5.4 and 7.6 cm as inner and
outer diameters, respectively. The apparatus is capa-
ble of unlimited slip distance, normal stress up to
35 MPa, and slip velocity from 0.001 to 2 m/s. We
continuously monitored the normal stress, shear
stress, slip velocity, distance, and temperature at
rates of up to 2,000 samples/s. A critical parameter
for the analysis is the fault-normal displacement that
was measured by two non-contact, eddy-current
sensors (~ 1 pm resolution) mounted 180° from each
other on the sample grips. Samples were ground flat,
roughened with #600 SiC grit, and dried for 24 h at
100 °C. The experimental fault blocks were made of
five rock types: Tonalite (commercial name Sierra
White granite), Kasota dolomite, Karoo gabbro, Blue
quartzite and Tennessee sandstone. In each experi-
ment, the fault was loaded to a predetermined normal
stress that was maintained at a constant level by a
gas/oil accumulator piston system. The slip velocity
and duration were prescribed in a command script.
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Figure 2
a The rotary shear apparatus, ROGA, of the present study (for details, see text and REcHEs and LocknNEr 2010). b Sierra White granite sample;
UB: upper, stationary block with raised ring shaped bottom that is in contact with LB, the lower, rotating block with planar upper surface; TC:
Thermocouples cemented into the upper blocks; ED: Eddy-current sensors that measure the displacements normal to the experimental fault;
red arrow: rotation sense of the lower block

We present the results of 74 runs at velocities of
V = 0.002-0.97 m/s, slip distances up to tens of
meters, and normal stress of o, = 0.25-6.9 MPa
(Table 1). All tests were conducted at room temper-
ature and ambient humidity.

2.2. Wear Measurements

Three methods were used to calculate wear: (1)
Weight of wear products collected from the sliding
surfaces (WaNG and Scuorz 1994); (2) wear volume
determined from fault-normal displacement (HIRATSUKA
and Muramorto 2005; Hirp and FieLp 2005; REcHES and
Lockner 2010); and (3) optical measurements of the
worn surfaces. We used the second method since it
allows continuous measurement of wear without disrup-
tion or modification of the fault surfaces.

We continuously measured fault-normal displace-
ment (FND) in an open fault where excess gouge can be
ejected out of the slipping surface. The convergence
across the fault (FND) is the sum of fault closure/dilation
and thermal expansion of the sample blocks due to
frictional heating. We removed the thermal effect by the
following procedure. For a period of 60-120 s after slip

terminated, we monitored sample contraction as FND,
and temperature at 3 mm from the sliding surface with
embedded one or two thermocouples. Then, for each
experiment, we calculated an empirical thermal expan-
sion coefficient (um/°C) from this post-slip contraction
that occurred without sample slip or wear. Finally, this
coefficient was used in combination with the measured
temperature history during each run to remove the
thermal expansion of the sample and yield the net FND
due to wear (RecHEs and LockNer 2010). The accuracy
of this linearized, simplified procedure, tested by
heating a granite sample with an electric heater (neither
slip nor wear) while measuring the temperature and
FND in the standard way. The RMS of the difference
between calculated and measured thermal FND is
3-10 % of its total.

Wear results are presented in geometric units:
Wear is specified by microns of thermally corrected
FND, and wear-rate is presented in [pim/m], which is
the wear per unit slip. This procedure for wear-rate
calculations enables effective analysis of wear evo-
Iution for high-velocity and long distances that
cannot be done in rock wear studies with short slip
distances or very slow slip velocities.
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Table 1

General experimental conditions of the present experiments
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Experiment no.

Velocity (m/s)

Normal stress (Mpa) Static friction Friction

Initial

Steady-state Slip

Comments

(steady-state) wear-rate wear-rate distance (m)
(wm/m)

D_1040_1* 0.144, 0.12 1.55 0.87 0.63 + 0.06 180 53+4 1.9

D_1040_2* 0.144, 0.12 1.55 0.88 0.65 + 0.06 75 46 £5 1.9

D_1041 0.144 1.6 0.72 0.53 £+ 0.05 55 16 £1 14.6

D_1050_1 0.14 1.85 0.70 0.53 £+ 0.04 65 11+£3 14.6

D_1050_2 0.14 1.85 0.72 0.56 + 0.03 100 28+ 9 14.6

D_1012 0.06 1.9 0.82 0.81 £+ 0.03 800 201 + 134 0.6

D_1370 0.01 0.6 0.87 0.92 £+ 0.03 800 205 + 21 1.1

D_1450_1 0.015 1.5 0.80 0.83 £ 0.02 3500 961 + 637 0.1

D_1504 0.05 0.6 0.93 1.02 + 0.03 700 12+£2 9.0

D_1510 0.05 0.6 0.98 1.02 + 0.03 250 12+2 4.5

D_1280 0.05 3.6 0.75 0.76 £+ 0.04 700 104 £+ 23 2.3

G_236 0.07 1.05 0.83 0.41 £+ 0.04 105 1.5+£05 13.0

G_602 0.046 3.1 0.69 0.42 + 0.05 95 6.7+ 17 28.1

G_660 0.045 0.48 0.87 0.43 £ 0.07 1000 20+ 1.0 134

G_661 0.045 0.5 0.98 0.41 £ 0.03 50 1.2+£08 133

G_670 0.045 2.4 0.81 0.64 &+ 0.04 20 1.7+ 0.8 269

G_720 0.05 2.32 0.67 0.31 £+ 0.08 33 1.1 £09 151

G_760_A 0.03 3.9 0.69 0.33 £ 0.07 16 2.6 81 250

G_1551 0.048 1.15 0.70 0.40 £+ 0.08 48 42+32 145

G_1558* 0.004, 0.024 0.94 0.66 0.33 + 0.08 650 1.0 £ 21 7.7

G_1561* 0.004, 0.024 2.85 0.69 0.42 + 0.02 125 12.0 £ 30 8.0

G_1586* 0.002, 0.03 0.37 0.89 0.46 £+ 0.04 17 1.2 +£2.0 5.5

G_1587* 0.002, 0.04 0.37 0.93 0.30 £+ 0.03 22 6.7+£24 5.5

G_1588 0.048 0.43 0.76 0.27 £ 0.01 23 1.0 £ 0.0 28.7

G_l1614* 0.003, 0.042 3.15 0.79 0.40 + 0.01 160 7.6 + 4.6 5.5

G_700 0.05 2 0.71 0.71 £ 0.01 110 47+£06 15.1

G_740 0.06 3.7 0.70 0.69 £+ 0.04 600 42 + 27 9.6

G_760 0.05 39 0.73 0.70 + 0.02 650 159+ 05 164

D_1010 0.011 2.02 0.75 0.85 £+ 0.03 90 92 £ 8 1.3

D_1013 0.171 1.89 0.8 0.60 £+ 0.03 150 114 + 41 1.1

D_1030 0.010 1.91 0.86 0.83 £+ 0.03 250 299 + 48 1.1

D_1250.1 0.010 1.10 0.76 0.88 + 0.03 —600 52 £ 25 1.1

D_1250.2 0.010 1.08 0.84 0.84 £+ 0.03 250 256 + 28 1.1

D_1261 0.032 1.08 0.84 0.90 £+ 0.03 5 17£5 3.1

D_1262 0.063 1.07 0.89 0.90 + 0.03 20 19+3 3.1

D_1263.1 0.094 1.06 0.90 0.85 + 0.03 20 21 +£3 2.4

D_1263.2 0.094 1.06 0.91 0.85 £ 0.03 15 26 £ 8 2.4

D_1265 0.048 1.09 091 0.91 £ 0.03 20 17+£3 28.0

D_1270 0.047 3.72 0.72 0.67 £ 0.03 —10 68 + 16 2.3

D_1290%*%* 0.047 6.95 0.82 0.62 + 0.03 200 169 £ 50 1.4 No steady
D_1440 0.048 2.37 0.76 0.67 £ 0.03 250 273 + 29 1.5

G_651.5 0.022 2.90 0.68 0.40 £+ 0.03 74 +£34 220 No running
G_662 0.045 0.50 0.75 0.42 + 0.03 0.6 £02 13.0 No running
G_663 0.045 0.50 0.94 0.56 + 0.03 05+£01 128 No running
G_664 0.045 0.50 0.96 0.50 £+ 0.02 1.1 £07 133 No running
G_700.5 0.05 2.10 0.68 0.34 £+ 0.02 04 +£03 149 No running
G_710 0.05 1.96 0.57 0.39 + 0.02 25+ 1.7 220 No running
G_730 0.05 6.80 0.66 0.72 £ 0.02 29 +£0.7 7.6 No running
G_770 0.04 1.86 0.75 0.35 £ 0.02 8.6 4.7 8.0 No running
G_780.91 0.04 1.50 0.70 0.39 + 0.02 23+ 1.0 8.2 No running
G_780.92 0.04 1.50 0.38 0.22 + 0.02 234+05 8.1 No running
G_1552 0.048 1.15 0.58 0.44 £+ 0.02 43+ 14 144 No running
Q_1430 0.08 2.5 0.67 0.69 £+ 0.03 2.7




Evolution of Wear and Friction Along Experimental Faults

Table 1 continued

Experiment no. Velocity (m/s) Normal stress (Mpa) Static friction Friction Initial
(steady-state) wear-rate wear-rate

Steady-state Slip Comments
distance (m)

(pm/m)

Short slip distance experiments

Ga_1620 0.004 4.9 0.45
Ga_1650 0.005 22 0.46
Q_1630 0.004 3.6 0.63
Q_1800 0.004 1.0 0.4

Q_1801 0.004 1.0 0.5

Q_1802 0.006 1.0 0.53
Q_1803 0.003 1.0 0.56
Q_1804 0.003 3.1 0.6

Q_1805 0.003 3.1 0.64
TS_1700 0.003 1.4 0.5

TS_1701 0.003 1.4 0.55
Ga_1570 0.002 0.42 0.85
Ga_1621 0.004 5.0 0.58
Ga_1622 0.004 5.0 0.57
Ga_1623 0.004 5.0 0.56
Ga_1624 0.004 5.0 0.59
Ga_1625 0.004 5.1 0.6

Q_1400_1 0.01 0.6 0.73
Q_1400_2 0.01 0.6 0.74
Q_1630 0.006 3.6 0.63
Q_1631 0.007 3.6 0.64
Q_1632 0.007 3.7 0.62
Q_1720 0.003 2.5 0.59

0.002
0.002
0.004
0.003
0.003
0.01
0.011
0.01
0.01
0.0019
0.007
0.057
0.0023
0.0022
0.0022
0.008
0.112
0.31
0.31
0.0035
0.0041
0.0038
0.0037

‘No running’ comment implies an experiment without running-in stage

G Sierra White Granite, D Kasota Dolomite, Ga Karoo Gabrro, Q Blue Quartzite, 7S Tennessee sandstone

* indicates an experiment with stepping slip velocity

3. Wear Evolution

The present experiments revealed a contempora-
neous evolution of wear and frictional strength. We
recognized three stages: An initial stage that was
observed only in experiments with small slip distances
of D < 50 mm, and displayed wear-rates as high as
10* um/m; a running-in stage (QUEENER ef al. 1965)
that is a long transient stage over slip distances of
0.5-3 m during which both the wear-rate and friction
coefficient significantly drop; and a steady-state stage
that is characterized by lowest, quasi-constant wear-
rate and friction coefficient (ARCHARD 1953).

3.1. Initial Stage: Wear of Individual Asperities

3.1.1 Transition from Original to Effective
Roughness

The early wear was studied in 12 runs with small slip
distances of D = 2.2-47.9 mm, at ¢, = 1-5 MPa,

and slip velocity V = 0.007-0.013 m/s (Table 2).
Four of these experiments started with bare rock
surfaces (fresh after SiC grit roughening), and were
opened after the slip for surface inspection and
measurement. In eight cases, the initial gouge was
removed, and another short distance run was con-
ducted on the same sample without grit roughening.
We measured the sample surface roughness, before
and after the small slip, with a stylus profilometer
Surtronic 3+ (Taylor-Hobson); each measurement
included five scan profiles, 12.5 mm long, with
typical mean roughness of R, = 2.5 £ 1.2 um after
the SiC grit roughening (Table 2).

The dominant features in experiments on fresh
surfaces are bright, elongated striations (Fig. 3), long,
depressed scratch striations, and local, deep pits. The
bright striations are composed of powder that is
smeared parallel to the slip direction (Fig. 3), and are
located next to scratches and pits. For example, the
gabbro sample after slip distance of 2.8 mm (Fig. 3a)
shows abrasive scratch marks oriented parallel to slip
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Table 2
Roughness data of experiments with short slip distance
(D < 50 mm)
Run Rock type Normal Mean Mean Before—
no. stress roughness  roughness  after
(MPa)  before slip after slip mean
(um) (pum) roughness

1620 Gabbro 5.0
1650 Gabbro 2.2
1660 Gabbro 1.8
1630 Quartzite 3.6
1800 Quartzite 1.0
1801 Quartzite 1.0
1802 Quartzite 1.0
1803 Quartzite 1.0
1804 Quartzite 3.1
1805 Quartzite 3.1
1700 Sandstone 1.4
1701 Sandstone 1.4

1.76 £ 0.20 3.68 £0.99 1.92
0.68 £0.22 152+ 0.87 0.84
2.08 +£0.92 1.76 +£ 1.08 —0.32
1.84 £ 0.55 2.72 £ 1.17 0.88
243 +£0.25 2.11 £0.29 -0.32
2.11 +£0.29 2.16 £ 027 0.05
2.16 £0.27 256 £ 094 041
2.56 +0.94 2.22 +£ 039 —-0.34
222 4+£039 249 £025 027
249 +£0.25 293 £ 055 044
392+ 0.61 3.20 £ 1.06 —0.72
320 £ 1.06 2.69 + 0.74 —0.51

direction with approximately the same length as the
slip distance (2 mm). The measured length of the
striations is about equal to the slip distance for small
slip experiments, D = 2-5 mm, and less than total
slip for higher slip experiments, D > 6 mm (Fig. 4a).
The local, deep damage of these scratches and the
spatial association between scratch striations and
smeared powder striations (Fig. 3), suggest that these
features are the product of plowing by hard grains
locked on one side of the fault and act as effective
asperities. This highly intensive local wear ends when
the asperity grain fails, and the elevated stresses
migrate to another large grain or asperity. The deep
pits that are associated with the bright powder
striation suggest that the powder striations formed
by plucking a few grains from the fault surface while
leaving the deep pit behind.

The roughness of the original bare surface (max-
imum summits height of ~0.05 mm, Table 2) is
significantly smaller with respect to the localized
deep pits and scratch striations (ENGELDER and SCHOLZ
1976). Thus, the initial stage modifies the surface
roughness by particle plucking and smearing (JACK-
soN and DunN 1974; Mooby and HUNDLEY-GoOFF 1980;
RoBERTsON 1982). The comparison between the initial
and final fault roughness, R,, (Table 2) during this
stage suggests no roughness change for runs at
0, <2 MPa, and a slight roughening for higher o,
(Fig. 4b).
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3.1.2 Wear Mechanisms

The scratching and roughening during the initial
stage (Fig. 4a, b) are associated with distinct stress-
dilation events (Fig. 5). The records of fault-normal
displacements (FND) of several runs revealed short-
lived dilation events during the initial stage (black
curves in Fig. 5, and horizontal arrow marked E for
one event). These events display temporal dilation
magnitudes of 3—15 pm that lasted for slip distances
of a few mm to a few cm (Fig. 5 shows only the
deviation of FND from its absolute value). The
dilation amplitude of the events falls between the
mean roughness of R, &~ 2.5 um, and the height
difference between lowest trough and highest peak,
13-54 um (Table 2). A striking feature of these
events is the mimicking relations between the dilation
variations and small, transient changes in the normal
stress and shear stress; the deviation of the stresses
from the global stresses are plotted by blue and red
curves, respectively, as function of slip (Fig. 5). The
stress deviations are smaller than 0.1 MPa (blue and
red vertical scales).

We propose that the simultaneous rise and fall
of dilation, shear stress and normal stress reflect
slip along a rough fault surface. For simplicity, we
consider a local mating contact between two
surfaces with similar, sinusoidal rough surfaces
(Fig. 6a). As the fault blocks are forced to slip by
the applied stresses, the upper block climbs the
gentle slope of an asperity (Fig. 6b). This climbing
leads to dilation between the blocks (open, black
arrows in Fig. 6b), and to a temporal increase of
the normal stress." The shear stress also temporarily
increases due to the normal stress increase. During
the rising phase, the asperity is intact and behaves
as a small barrier. Next, the asperity fails and
disintegrates (Fig. 6¢) leading to temporal drop of
the stresses and closure associated with brittle
failure. We envision that each dilation event
reflects stopping by a set of asperities followed
by their failure. To test this mechanism, we plotted

' In the present experimental system, a gas-oil actuator that

can maintain constant normal stress with variation about 5 %
controls the normal stress. Small stress variations, such as in the
present events, are not corrected due to seal friction and oil
response time.
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Figure 3
Initial stage observations for the first 35 mm of slip of three sample lfi;thologiesz a Karoo gabbro, b Blue quartzite, ¢ and Tennessee sandstone.
Upper panel displays details of the dilation variations (black curve), normal stress (blue curve), and shear stress (red curve). Note the curves
scale as they show the deviations from the global values of the dilation and stresses. Middle panel displays close-up photos of the surfaces of
these experimental faults, and the lower panel shows the mapped striations of these fault surfaces. Note that the dilation and stress curves in
a and b are “noisy”, whereas the curves are smooth in ¢, and correspondingly, the amount and depth of surface scratches and striations are
more pronounced in a and b; see related discussion in the text on the dilation events during the initial stage

the global shear stress, t, and normal stress, &,
before the events (brown dots, Fig. 4c), and the
stress deviations, At and Ag,, during the event
(local maximum minus local minimum, red dots,
Fig. 4c). The slopes on this Mohr diagram, which
are the frictional strengths of the rock, indicate
t=0.1140.78 o, before the peak, and
At = 0.03 + 0.67 Ao during the event. Based on
the similarity of these strength values, we deduce
that similar brittle failure processes control the
macroscopic sliding, and the temporary, local
failure of asperities.

The above observations suggest that a finite
number of touching asperities control the initial wear
of a fresh sample. This interpretation is based on the
isolated occurrence of the striations and scratches
(Fig. 3), and the length similarity of striation and slip
distance (Fig. 4a). These asperities were highly
loaded (BYERLEE 1967a, b; ScHorLz and ENGELDER
1976), they failed in a brittle fashion, and their debris
was smeared for the total length of the slip distance.
This documentation of asperity failure is in agree-
ment with previous studies of wear production

through rupture of asperities by plowing, shearing,
fracturing and plucking (Bowpen and TaBor 1942;
ByYErRLEE 1967a, b; ENGELDER and Schorz 1976;
HunpLEY-Gorr and Moopy 1980; Moopy and Hunp-
LEY-GOFF 1980; HAGGERT et al. 1992; WaNG and
ScHoLz 1994; McLaskey and GLASER 2011).

In summary, the distinct features of the initial
stage are:

a. During small slip distances (< 50 mm), clear,
separate striations develop on a fresh, bare rock
surface (Fig. 3).

b. The length of the striations is similar to the total slip,
indicating that they form by failure of the larger
contacting asperities (Fig. 4a). The striations dis-
appear later, during the running-in stage when many
new asperities come into contact and fail.

c. Dilation events with corresponding stress changes
(Fig. 5), were recognized only during the initial
stage, and they are likely to be associated by
deformation and failure of large asperities (Fig. 6).

d. The wear-rates in the initial stage are typically
higher by an order of magnitude than wear-rates of
the running-in.
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Features of the initial wear stage. a Striation lengths as a function of the total slip displacement; each point is the mean value of 10 striations in
six separate experiments with standard deviation shown as error bars; the dashed line represents equality of striation length and slip distance.
b The change of mean roughness, R,, during the initial stage as a function of normal stress (Table 2); positive change implies increase of
surface roughness. ¢ Mohr diagram of the stresses during 13 dilation events (text) in five Kasota dolomite experiments. Global stresses (i.e. the
macroscopic stresses during event initiation) are large, brown dots, and event stress deviations are small, red dots; the corresponding failure
envelopes are in brown and red lines, respectively. The shear and normal stress deviations At and A¢ are [peak stress—event initial stress];
the smaller stress deviations are multiplied by 10 to allow the same plot for both stress sets. The failure envelopes are similar:
t=0.11 + 0.78 5,, (R* = 0.98) for the global stresses and At = 0.03 4+ 0.67 Ao (R® = 0.83) for the event stress deviations

3.2. Running-in Stage: Wear and Friction Evolution

As mentioned in the Introduction, the running-in
stage, as defined by QUEENER et al. (1965), is the stage
of intense wear during early sliding along new parts.
These authors suggested that the total wear, W, is the
sum of the wear contributions of the running-in and
the steady-state,

W= Wrunning—in + Wsteady—state

= A[l —exp(—nL)] + KL (1)

where A and n and are parameters characteristic for
the running-in stage (materials, hardness, normal
stress, temperature, and velocity), K is the corre-
sponding parameter for steady-state wear according

to ARrcHARD (1953), and L is the slip distance.
Equation (1) indicates that after a slip distance, Ly,
the contribution of the running-in approaches a con-
stant value of Wy=A [l — exp (—nLy)], which
according to QUEENER ef al. (1965) may be a signif-
icant fraction of the total wear. This running-in
concept fits well with the present results. We ana-
lyzed 52 runs of Kasota dolomite and Sierra White
granite samples with slip distances >1 m. In 28 runs,
the FND indicated closure (= negative dilation) dur-
ing running-in; eight runs showed dilation during
running-in, and 16 runs showed no running-in stage.
Out of these experiments, 17 experiments had no pre-
existing gouge at the slip surface (either fresh
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Dilation events during the initial wear stage of four experiments g[Kasota dolomite, slip = 10 mm, o, = 2.0 MPa (a); Kasota dolomite
slip = 100 mm, ¢, = 1.1 MPa (b); Karoo Gabbro, slip = 20 mm, ¢, = 0.4 MPa (c¢); Blue quartzite, slip = 20 mm, o, = 2.7 MPa (d)].
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event. The curves are arbitrarily shifted, and show only the deviations from the global values; note the vertical scale bars in the corresponding
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samples or samples in which gouge was removed by
air pressure); 13 of the 17 experiments displayed
closure running-in and four displayed dilational run-
ning-in. In these experiments the total wear fits well
with Eq. (1) (Fig. 7) showing a clear transition from
running-in to steady-state at Ly = 1-3 m. We con-
sider Ly the “running-in distance”, after which the
initial, high wear-rate drops significantly, in agree-
ment with Queener’s model. The periodic signal in
the wear curves of Fig. 7 (light gray) has a dominant
wavelength of ~22 cm, which equals the sample
circumference. This signal reflects the sample tilt/
wobble, and it is eliminated from the wear calculation
by taking a polynomial fit to the dilation curves
(BoNEH et al. 2013).

A striking feature in the present experiments is the
parallel evolution of wear and friction during the
running-in stage. The curves of total wear, wear-rate
and friction coefficient display high values during
running-in that systematically and simultaneously

decrease to lower, steady-state values. For example,
Fig. 8a displays a drop from initial wear-rate of 90 to
5 um/m over Ly ~ 1.8 m, and the initial friction
coefficient, y; = 1.0, drops to pigeaqy = 0.42 % 0.05,
over a slip-weakening distance of dw ~ 2.75 m. The
range of 1-3 m of the slip-weakening distance in our
experiments was commonly observed in rotary shear
experiments (REcHEs and LockNer 2010; D1 Toro
et al. 2011; BrRowN and FiaLko 2012). We determined
the Ly and dyw in all experiments of granite and
dolomite with a closure running-in and weakening
(20  runs sheared at o¢,=0.4-4MPa and
V = 0.003-0.14 m/s), and found linear relations
between the two parameter (Fig. 8b),

Ly = 0.76 x dw, r* = 0.70.

These observations of wear and friction similar evo-
lution suggest that they are either “cause and effect”
or two aspects that depend on the same system con-
ditions (e.g., roughness, mechanical properties, slip
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Figure 6
Proposed asperity interaction mechanism for the observed dilation
events (Figs. 4c, 5); green opening between blocks, blue arrow
normal stress, red arrows shear stress, open arrows fault normal
displacement. a Starting state with locked, mating surfaces. b Slip
initiates, leading to asperity climbing that causes a temporal
dilation and associated stresses increase. ¢ Asperity failure (gray
area with black arrow) by shearing off its base leading to temporal
closure and stress drops of the event

velocity, and normal stress) (Fig. 1). The analysis of
BYERLEE (1967a) on granite friction casts light on this
wear-friction relation. He showed that the friction of
polished surfaces of Westerly granite strongly
depends on the roughness: The friction coefficient
approached u = 0.2 for granite surfaces of
R, = 0.6 um, and p = 0.1, when the granite was
sheared against smooth sapphire with R, = 0.013 um
(Fig. 5 in BYERLEE 1967a). Byerlee also found that
“In contrast to ground surfaces, p for totally inter-
locking surfaces of granite...is...u = 1.3 for
0, <6 MPa, and u = 0.8 + 0.030,, in the range
6 MPa < g, < 15 MPa” (BYERLEE 19674, Fig. 4). He
noted, similarly to our observations, that “In all the
experiments the surfaces contained fine white debris
after sliding; the amount of debris and the size of the
particles increased with the roughness of the surfaces
in contact”. We propose that the very low friction
coefficient of p = 0.1 of BYERLEE (1967a) is the
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granite frictional strength under negligible wear
conditions, and we attribute the much higher friction
coefficients (¢ = 0.8, 1.3) of the interlocking sur-
faces to energy dissipation by asperity breakage and
wear. An upper bound on brittle frictional strength is
the internal friction coefficient of 1.4-1.8 (LOCKNER
and BYERLEE 1993) determined for an intact rock
(= total interlocking) in which the shear is governed
by intense micro-fracturing (REcHES and LOCKNER
1994). Similarly, CHEN et al. (2013) documented
friction reduction due to smoothing at the sub-micron
scale. This interpretation implies that the weakening
during the running-in stage (red curve, Figs. 8a) is
primarily due to reduction of wear intensity, in good
agreement with the observation of contemporaneous
wear and friction evolution. Quantitative relations
between frictional work and wear is presented in the
“Discussion” below.

3.3. Steady State: The Three-Body Mode

By the end of the running-in stage after slip of L,
the experimental faults are covered by a continuous
gouge layer that fully separates the two rock blocks
(Fig. 9a, b). This layer signifies a transition from a
two-body frictional mode, which is controlled by
asperity wear, to a three-body mode, which is
controlled by the gouge frictional strength (RECHES
and Lockner 2010). This three-body mode is geo-
metrically similar to the well-known y-shear surface
in fault zones (Gu and WonG 1994). In the present
experiments, the steady-state stage is characterized
by quasi-constant frictional coefficient with devia-
tions from the mean not exceeding 7 %, and wear-
rates with similar variations. The experimental faults
have open ring-on-flat configuration, and thus newly
worn particles from the sliding surface are free to be
ejected. We envision that the gouge layer establishes
a quasi-constant thickness during the steady-state
stage. In a confined setting, e.g., natural faults, the
wear products are trapped and thicken the gouge
layer, and consequently may shorten the running-in
stage by faster gouge accumulation. Even during
steady-state slip, the experimental faults continue to
wear by microcracking at the gouge-rock contact
(Fig. 9b) in wear-rates that depend on slip velocity,
normal stress and lithology (BonNEH et al. 2013;
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0, = 1.87 MPa, and V = 0.14 m/s. The SWG experiments are #661,

0.14 m/s; #1041, g, = 1.87 MPa, and V = 0.14 m/s; and #1050_1,
g, = 0.5 MPa, and V = 0.045 m/s; #1551, o, = 1.1 MPa, and

V = 0.048 m/s; and #720, g, = 2.3 MPa, and V = 0.05 m/s

LyakHoVsKY et al. 2014). Here, however, we focus on
the transient earlier stages of wear-rate and frictional
strength.

4. Discussion

4.1. Friction-Wear Relations

The present observations indicate that the reduc-
tion of frictional strength strongly correlates with
gouge generation and rock comminution. This

correlation is manifested by both qualitative similar-
ities (Fig. 7) and quantitative similarities (Fig. 8b),
and is supported by the experimental results of
BYERLEE (1967a). We envision that the work dissi-
pated by asperity failure and rock comminution
significantly contributes to the macroscopic frictional
strength. Thus, it is our interpretation that the
decrease of wear-rate during running-in controls the
observed simultaneous fault weakening by reducing
energy dissipation. C. Scholz (written communica-
tion) suggested that the experimental documentation
of the relations between the evolution of frictional
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in typical Kasota dolomite experiment, and scales in corresponding
colors (text). Ly the slip distance of the transient running-in stage,

dy the weakening slip distance. b L and dy relations for KD (red)
and SWG (blue) experiments displaying Ly = 0.76 x dyw (text)

strength and wear intensity (Figs. 7, 8) allows
quantification of the wear contribution to the friction
work (also: FurLtoNn and RataBun 2011). If the
experimental shear work, Wy, is the sum of frictional
heat, O, and gouge surface energy, Us, then,

Wi =1tu=0Q+ Us (2)

where T and u are the shear stress and slip distance,
respectively. We assume that at a constant velocity
and normal stress, the rate of frictional heating is
constant, and it equals the work during steady-state
slip, T;u, when the wear-rate is low and may be
ignored (dUs/du ~ 0). The surface energy dissipa-
tion during the running-in stage can now be
calculated from the total wear during this stage. In a
typical run of Kasota dolomite in Fig. 7, where
To = 1.5 MPa (initial shear stress), 7; = 1.0 MPa
(steady-state shear stress), Lo = 2 m (slip distance to
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reach steady-state of vanishing wear-rate), and
A = 0.002 m? (experimental fault area). We apply
the above assumptions to this typical experiment to
calculate, the energy dissipation by wear during the
experimental running-in:

Us = 0.5 (19 — 11) ALy x 10° = 10°J.

This dissipation can be compared to the weight of the
wear product (gouge). The compaction normal to the
fault surface, FND, is a conservative estimate of the
total wear, and it is ~50 pm during the running-in of
the typical Kasota dolomite experiment (Fig. 7); this
compaction corresponds to wear weight of
Vi ~ 0.25 g. We take a common value for specific
surface area of rock minerals, y = 1 J/m? (KANAMORI
and Rivera 2006), and assume that all the wear
energy, Us, was dissipated by increasing the surface
area, S, of the experimental gouge, then,

S = (Us/y)/Vy ~4,000 m?/g

This value is orders of magnitude larger than surface
area measurements of 10-80 m*/g (WILsoN er al.
2005). Thus, our conservative assumption of fric-
tional heat and surface area increase (Eq. 2) cannot
explain the energetics of the present observations.
This result indicates the activity of additional dissi-
pating processes, e.g., disintegration at the crystal
structure and amorphization (Yunp et al. 1990).
Studying these processes is beyond the scope of the
present analysis.

4.2. Wear Evolution Along Natural Faults

We recognized three evolution stages of the
experimental faults. First, an initial stage of small
displacements (<50 mm) that is characterized by
wear and failure of a few isolated asperities (Figs. 3,
5, 6), and roughening of the fault surfaces (Fig. 4b).
Second, a running-in stage of 0.5-3 m slip distance
with intense wear (Fig. 7) due to failure at many
touching asperities, and simultaneous reduction of the
friction coefficient (Figs. 7, 8). Third, a steady-state
stage that initiates when the fault surface is covered
by a gouge layer (Fig.9), and the wear-rate and
friction coefficient maintain quasi-constant, low lev-
els (Figs. 7, 8). This wear evolution transfers the
experimental faults from a two-body shear system to
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Figure 9
Close-up view of three-body configuration of experimental faults during steady-state slip. a Blue quartzite fault, run #1806, after slip of
D = 1.1 m. Slip surface is covered with smeared, striated gouge with ejected gouge of both side of the slip zone. b Close-up view on the
sliding surface; S a smooth surface of localized slip within the gouge layer that corresponds to the dark blue line in ¢, R rough rock surface at a
site of gouge removal. ¢ Conceptual cross-section of a three-body configuration of a fault. Gray zones fractured (F) host rock with rough
surfaces (R in b), light blue gouge powder separating the rock blocks, dark blue zone of localized slip within the gouge that accommodates
most of the slip (red arrows) and develops a smooth gouge surface (S in b)

a three-body system in which the gouge powder
separates the two blocks (Fig. 9c). The relevancy of
this evolution to faulting of intact rocks and to natural
faults is discussed below.

Failure of intact rocks occurs by coalescence of
multiple, interacting fractures during fault propaga-
tion and the associated crushing of the blocks that
bound the fracture zone (Fig. 10a) (REcHEs and
LockneEr 1994; LockNErR and BYERLEE 1993). This
process generates a rough fault with a continuous
gouge zone made of the crushed blocks and gouge
powder (Fig. 10b) (HEESAKKERS et al. 2011b). In this
respect, the fault acquires the steady-state geometry
(gouge layer in three-body mode) from its onset, in
contrast to the 0.5-3 m of slip needed for steady-state
along bare, ground rock surfaces. Thus, we anticipate
that a new fault in intact rock will display negligible
running-in stage, and will slip at quasi-constant
friction of the steady-state stage. Servo-controlled
triaxial experiments allow exploring the post-failure
stage support this prediction. LockNER et al. (1992)
used the rate of acoustic emission events to prevent

catastrophic failure during intact granite faulting. The
differential stress in one typical experiment
(Fig. 10c) shows about a 30 % drop after peak stress
(b—f curve) with an extension of the sample (to
prevent catastrophic failure). This drop was associ-
ated with sample failure by a through-going fault-
zone (LockNer et al. 1992). The slip along the new
fault occurred at fairly constant differential stress of
~ 330 MPa. Wawersik and Brace (1971) observed
similar behavior (Fig. 10d) when they used a man-
ually operated servo-control to stabilize the post-
failure slip. We interpret this behavior as indicating
slip under steady-state stage without passing through
the earlier running-in stage of bare fault surfaces
(Fig. 7).

Natural faults are not composed of bare, planar
surfaces, and their wear is not likely to be dominated
by ploughing and crushing of asperities. We envision
that new natural faults in pristine, intact rock nucleate
and grow similarly to experimental faults in intact
rock samples (Fig. 10). The gouge zone of such faults
develops similarly to intact rock experiments by
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Faulting processes of an intact rock sample. a An array of microfractures (blue epoxy) at the tip zone of a propagating fault in Westerly
granite; thin section view, 2.5 mm wide after ReEcHEs and LockNEr (1994); ¢, = 50 MPa, axial shortening in the vertical direction.
b Experimental fault-zones in quartzite from Pretorius fault, South Africa. Runs under 20 MPa confining pressure. Dilated gouge zone is filled
with blue epoxy, and extensive off-fault damage in the quartzite dominated by micro-fractures that branch from the main fault and die away
from it; thin-section view after HEESAKKERS et al. (2011b); ¢,, = 20 MPa, axial shortening in the vertical direction. ¢ Differential stress during
a servo-controlled failure experiment of an intact sample of Westerly granite (LOCKNER ef al. 1992). The post-failure sample extension (b—
f) was generated by the servo system to prevent total failure. The post failure slip occurs after point f at fairly constant differential stress.
c¢ Differential stress during a servo-controlled failure experiment of an intact sample of Westerly granite at confining pressure of 17 MPa
[redrawn from Fig. 1 Wawersik and Brace (1971)]

fragmentation and coalescence of multiple micro-
cracks in the process zone (LOCKNER er al. 1992;
VERMILYE and ScHorz 1998). For this reason, small
faults have relatively thick gouge. For example, KaTz
et al. (2003) mapped small faults in a syenite
intrusion, and found that faults with displacements
of centimeter scale display gouge zones of millimeter
scale (their Fig. 16).

Larger faults wear by more complex processes.
The fault-zone undergoes significant healing and

cementation between slipping phases, and each slip
phase requires the failure of the cemented fault-zone
(TeNTHOREY et al. 2003; MunurI et al. 2003; HEESAK-
KERS et al. 2011a). A new slip phase not only
regenerates the three-body structure of the healed
gouge-zone, but also wear parts of the adjacent host
rocks. The later wear is controlled by two main
mechanisms. First, many fault surfaces are fractal (or
self-affine) with roughness at all scales (POWER et al.
1988; SAGY et al. 2007). The slip along such irregular
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surfaces is expected to continuously wear the pro-
truding asperities (CHESTER and CHeSTER 2000),
leading to a general gouge thickening with increasing
fault displacement (ScHoLz 1987). Second, most faults
in the upper crust slip unstably, and unstable rupture
propagation leads to intense pulverization and damage
in the process zone (REcHEs and DEwERs 2005) as well
as in the surrounding crustal rocks (ANDREws 2002).
This dynamic pulverization may lead to significant
widening of the gouge zone (WiLsoN et al. 2003;
2005). For example, a fresh gouge zone of 1-5 mm
thickness was formed during earthquake slip of
~?25 mm along the Pretorius fault, TauTona Mine,
South Africa (HEESAKKERS ef al. 2011a), indicating
wear-rate  of 4-20 x 10’ um/m. This discussion
underscores the complexity of wear along natural
faults along which multiple wear mechanisms could
operate in during many slip phases.

5. Conclusions

1. Our analysis revealed three evolution stages of
the experimental faults:

a. An initial stage (slip distances <50 mm) of
wear by failure of isolated asperities associ-
ated with roughening of the fault surface.

b. A “running-in” stage of slip distances of
1-3 m with intense wear-rate, failure of many
asperities, and simultaneous reduction of the
friction coefficient and wear-rate.

c. The steady-state stage initiates when a gouge
layer covers the fault surface forming a three-
body shear system, and during which both
wear-rate and friction coefficient maintain
quasi-constant, low levels.

2. The frictional strength and the wear-rate evolves
contemporaneously from high initial, high values
to lower steady-state levels; this parallel evolution
occurs during slip-distances of 1-3 m. We inter-
pret the fault weakening as indicating a reduction
of energy dissipation rate by the dropping wear-
rate during the running-in stage.

3. The above stages were observed along experi-
mental faults that before shearing were bare rock
surfaces, which are nominally planar and

relatively smooth (mean roughness of ~2.5 pum).
However, spontaneous faults, both in failure
experiments of intact rocks and in the field, are
much rougher and contain gouge layers from their
incipience. We thus envision that the initial and
running-in stages may not be realized along
natural faults that always slip with as existing
gouge layer.
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