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Scaling of Rock Friction Constitutive Parameters: The Effects of 
Surface Roughness and Cumulative Offset on Friction of Gabbro 

CHRIS MARONE 1 a n d  S. J. D .  C o x  2 

Abstract--We describe experiments in which large (14 x 40 cm nominal contact area) blocks of 
gabbro were sheared in a direct shear apparatus at room temperature, 5 MPa normal stress, and slip 
velocities from 0.i to 10#m/s. The apparatus was servocontrolled using a displacement feedback 
measurement made directly between the gabbro blocks. Two surface roughnesses were studied (rough, 
produced by sandblasting, and smooth, produced by lapping with #60 grit) and accumulated displace- 
ments reached 60 ram. Measurements of surface topography were used to characterize roughness and 
asperity dimensions. Step changes in loading velocity were used to interrogate friction constitutive 
properties. Both rough and smooth surfaces showed appreciable displacement hardening. The coefficient 
of friction # for rough surfaces was about 0.45 for initial slip and 0.7 after sliding 50 ram. Smooth 
surfaces exhibited higher # and a greater tendency for unstable slip. The velocity dependence of friction 
a-b and the characteristic friction distance D c show systematic variations with accumulated displace- 
ment. For rough surfaces a-b started out positive and became negative after about 50 mm displacement 
and D c increased from l to 4 #m over the same interval. For smooth surfaces, a-b began negative and 
decreased slightly with displacement and Dc was about 2#m, independent of displacement. For 
displacements < 30 mm, rough surfaces exhibit a second state variable with characteristic distance about 
20 #m. The decrease in a-b with displacement is associated with disappearance of the second state 
variable. Our data indicate that D c is controlled by surface roughness in a complex way, including but 
not limited to the effect of roughness on contact junction dimensions for bare rock surfaces. The data 
show that simple descriptions of roughness, such as rms and peak-to-trough, are not sufficient to infer 
Dc. Our observations are consistent with a model in which D c scales with gouge thickness. 
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Introduction 

L a b o r a t o r y - d e r i v e d  cons t i t u t i ve  laws  fo r  r o c k  f r i c t ion  h a v e  been  f o u n d  to 

desc r ibe  a w ide  r ange  o f  obse rva t i ons ,  i n c l u d i n g  the  s tab i l i ty  o f  f r i c t iona l  s l iding in 

l a b o r a t o r y  e x p e r i m e n t s  (TULLIS a n d  WEEKS, 1986; W O N G  et al., 1992), the  d e p t h  

o f  se ismic  f au l t i ng  ( T s E  and  RICE, 1986; MARONE a n d  SCHOLZ, 1988), a n d  

charac te r i s t i c s  o f  e a r t h q u a k e - l i k e ,  d y n a m i c  r u p t u r e  (OKUBO, 1989). T h e  success o f  
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modeling this diverse set of phenomena is based in part on the generality of the 
laws but also on the large uncertainties associated with key constitutive parameters. 
The uncertainty stems from the great range over which laboratory measurements of 
these parameters must be scaled when applied to natural faults (SCHOLZ, 1988; 
MARONE and KILGORE, 1993). 

In the context of rate and state-variable friction laws the key scaling parameter 
is the characteristic friction distance D,. Along with the slip rate dependence of 
friction a-b, a dimensionless quantity which is generally taken as scale invariant 
(TULLIS, 1988; WONG et al., 1992), D c plays a key role in controlling many 
important phenomena, including the amount of preseismic slip, the maximum 
frequency of seismic source radiation, and the size of earthquake nucleation zones 
(RICE and RUINA, 1983; IZDA, 1973; DIETERICH, 1986; OHNAKA and YAMASHITA, 
1989). 

Dc represents a memory effect of friction for past states of the slipping re- 
gion and, as such, scales with the slip necessary to effect a change in friction 
(DIETERICH, 1979). Laboratory measurements of this parameter are generally in 
the range 10 -6 to 10 -5 m (RUINA, 1983; TULLIS and WEEKS, 1986; OHNAKA and 
KUWAHARA, 1990; MARONE and KILGORE, 1993). In contrast, earthquake model- 
ing studies (IDA, 1973; TSE and RICE, 1986; AKI, 1987; LI, 1987; TULLIS, 1988; 
RICE, 1993) and field studies (POWER and TULLIS, 1992) yield values of l0 -3 to 
l0 -2 m. Since Dc has been related to the size of surface contact junctions in 
laboratory experiments (RABINOWICZ, 1951; DIETERICH, 1981) this large dis- 
crepancy may arise from differences between the roughness of natural faults and 
laboratory samples (SCHOLZ, 1988). Alternatively, the discrepancy may arise from 
differences in the thickness of fault gouge (MARONE and KILGORE, 1993) or other 
factors. 

Mechanics and Scaling of D e 

Two cases may be distinguished when considering the scaling of Dr with surface 
roughness of laboratory samples. One in which the rock surfaces interact more or 
less directly and one in which they are separated by a layer of fault gouge which is 
thick in comparison to the surface roughness. We refer to these as bare surface and 
gouge cases, respectively. 

The interpretation of D c as the slip distance necessary to completely change 
contact junctions (DIETERICH, 1981) is consistent with data from bare surface 
experiments showing larger dr, a related parameter, for rougher surfaces (OKuSO 
and DIETERICH, 1984). In this view, rougher surfaces have larger contact junction 
size and thus require larger slip Dc to erase the memory of past frictional states. 
However, the database for the roughness effect on Dc for bare surfaces is limited 
and largely drawn from experiments designed for other purposes. These studies 
generally did not involve modeling of the effects of elastic interaction between the 
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fault and loading system, making it difficult to obtain quantitative values for Dc and 
the other constitutive parameters. Furthermore, detailed measurements of the 
surface topography and roughness characteristics were not available and thus it is 
not possible to quantitatively evaluate the link between Dc and surface roughness. 

Moreover, in all previous experiments known to us in which detailed measure- 
ments were made of friction constitutive parameters, the surfaces studied were 
relatively smooth (rms roughness of 10-30/tin and peak-to-trough relief of 
<80/ira) and flat at wavelengths above about 1 ram. Since natural faults are 
extremely rough by comparison (SCHOLZ, 1990) the question arises: will D c 
continue to scale with contact junction size at larger scales, or will other factors 
dominate and limit or change the scaling of Dc with fault roughness? 

Distinguishing between such possibilities is an important task since quantitative 
application of friction laws to natural faults requires tight constraints on the 
constitutive parameters. Practical limitations on the size of laboratory faults means 
that the task of providing these constraints is one of scaling measurements on cm- 
to dm-sized samples to natural faults. This, in ~;urn, requires a detailed physical 
understanding of the underlying mechanisms operating in both cases. 

SCHOLZ (1988) addressed the scaling problem by calculating contact junction 
size for faults with an arbitrary fractal roughness. Recognizing that the mechanical 
behavior of surface contacts depends only on the unmated part of the composite 
roughness spectrum, he calculated the maximum spacing of contacts 2c and related 
this to the minimum size of mated junctions. Although he found reasonable 
agreement between the minimum junction size and estimates of D~ from earthquake 
modeling, he assumed contact between the surfaces at all wavelengths above 2c, 
which is not the case for laboratory experiments on nominally fiat surfaces. 
Moreover, he ignored the role of fault gouge, which has a significant effect on D~ 
for laboratory faults (MARONE and KILGORE, 1993). Thus, the question remains as 
to how to scale laboratory measurements of Dc to natural faults. 

The purpose of this paper is to address the scaling issue more directly by 
expanding the sample size and roughness scale studied under laboratory conditions 
and examining the effect on constitutive parameters of surface roughness and 
cumulative slip. We also study the relation between surface roughness, asperity 
characteristics and friction constitutive behavior. 

Experimental Technique 

Apparatus 

The experiments were carried out at the CSIRO Division of Geomechanics in a 
large direct shear apparatus (Figure 1) described by Cox (1990). The apparatus 
consists of two 100-ton hydraulic rams, which provide shear and normal force on 
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Figure 1 
Schematic drawing of the direct shear apparatus. The upper and lower sample blocks are each 
58.0 x 24.0 x 15.0 cm. They are held within reinforced steel cradles and sliding is accomplished by rolling 
the lower cradle beneath the stationary upper cradle. The lower cradle moves on specially designed, 
low-friction roller bearings. To measure shear displacement between the rock samples, LVDT's and 
gauging plates were attached directly to the blocks close to the sliding interface. The measurement was 

made on both sides of the sample to check for misalignment. 

rock samples held within reinforced steel cradles. Frictional sliding is accomplished 

by rolling the lower cradle on low-friction roller bearings while the upper rock 

sample is held stationary (Figure 1). Both the vertical and horizontal rams are 

servocontrolled. Our experiments were carried out at constant normal stress of  

5 MPa  and specified shear displacement rates from 0.1 to 10/~m/s. The control 

transducer for shear displacement was attached directly to the rock, close to the 

sliding interface (Figure 1), effectively eliminating distortion of the apparatus from 

the quasi-static loading stiffness. Measurements of  shear stress and displacement 

during loading indicate that the machine stiffness is 0.170 MPa/#m.  

We assessed the inherent velocity dependence of  roller bearing friction by 

measuring the force necessary to roll samples at different velocities (see Figure 1). 

For  these tests, the upper cradle was removed and the top rock sample rested on the 

lower sample to increase normal load on the bearings. A 10 • change in rolling 
velocity required a maximum increase in horizontal force equivalent to a shear 

stress on the sliding surface of 0.0003 MPa,  or a change in coefficient of  friction of 

6 x 10 -5 for a normal stress of  5 MPa. This is a factor of  10 or more smaller than 

the measurements of  friction velocity dependence reported below. 
A high-speed datalogger was used to record horizontal and vertical load, 

displacement of  the vertical ram, and slip between the rock samples at evenly 
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spaced slip intervals. Data were generally recorded every 0.5 microns of shear 
displacement. 

Rock Samples 

w e  used a medium-grained, alkali-rich gabbro (Imperial Gabbro from South 
Australia), consisting of plagioclase, clinopyroxene, Fe-Ti-oxide, biotite, and inter- 
stitial, microperthitic K-feldspar. The average grain diameter of Imperial Gabbro is 
2 mm and most plagioclase and clinopyroxene grains are between 1 and 5 mm in 
longest dimension. Biotite is mainly primary and apatite is a common accessory 
phase, Plagioclase occurs as euhedral crystals with lamellar twinning and weak 
zoning. Clinopyroxene is subhedral and has exsolution lamellae of orthopyroxene. 
Serpentinization, clays or other evidence of alteration were not found. 

The sample dimensions were 58.0 • 24.0 x 15.0 cm. Each sample surface was 
ground square and parallel. The upper surface of the bottom sample was cut so that 
the frictional contact area (nominally 14 • 40 cm) remained constant during slip 
(Figure I) Because of the time necessary to prepare the samples and surfaces, the 
data presented in this paper are for only two samples, one rough and one smooth. 
A third sample was prepared with smooth surfaces and the results were similar to 
those described below, although detailed data modeling and roughness characteriza- 
tion were not carried out. 

Surface Roughness 

Surfaces were ground flat and parallel with a surface grinder and roughened by 
lapping with # 60 silicon-carbide grit (smooth) or sandblasting (rough). Sandblast- 
ing was done with garnet sand using a large, commercial sandblaster and a working 
distance of about 1 m. This provided a spray diameter slightly larger than our 
surface width (14 cm). Our roughness was produced in three sweeps of the surface 
each lasting about 5 seconds. 

The topography of each surface was measured along linear profiles parallel and 
perpendicular to the sliding direction with an LVDT which traversed the surface in 
continuous contact, as with a stylus profilometer. Surface height was sampled every 
25 #m with a vertical resolution of 0.1/~m (Figure 2). The profiles show that the 
samples remained flat overall after surface preparation and that the sandblasted 
surfaces had significantly greater roughness than the surfaces prepared with # 60- 
grit. 

From these profile data we calculated asperity characteristics using the methods 
of YOSHIOKA and SCHOLZ (1989) and YAMADA et al. (1978). Their method yields 
idealized asperity geometries (see inset to Figure 3c) from profile topographic data, 
accounting for the effects of traversing asperity shoulders more frequently than true 
summits. 
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Figure 2 

Topography of the rough and smooth surfaces, as measured along linear profiles parallel to the sample's 
long axis. Note greater amplitude and longer wavelength roughness of the sandblasted surface. The 
sample interval is 25.0 #m and height resolution is about 0.I/~m. Power spectra for these profiles are 
shown in Figure 4b and asperity characteristics for each surface are given in Figures 3 and 4a. Average 

roughness characteristics are given in Table 1. 
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Figure 3 
Asperity characteristics for the rough and smooth surfaces as computed from profiles such as shown in 
Figure 2. Inset to (c) shows idealized asperity geometry. R is asperity radius, h e is its height above the 
surrounding surface and a r is the base radius. The data represent composite characteristics of summits 
observed along several profiles of each surface. The ordinate is the percentage of the total number of 

asperities (3000 to 5000) observed on each surface. 



Vol. 143, 1994 Friction of Gabbro 365 

Rough and smooth surfaces have similar distributions of asperity radius at, 
effective height he, and base radius R (Figure 3). Since contact characteristics are 
likely to be dominated by the most abundant asperities we focus primarily on the 
mode of the distributions. Smooth surfaces have slightly smaller radius and slightly 
larger effective height (Table 1). These values are consistent with the observation of 
smaller mean base radius for smooth surfaces, but not with larger mode, which is 
poorly determined for the relatively fiat-topped distribution of smooth surfaces 
(Figure 3). The distribution of asperity radii for rough surfaces has a rather long 
tail extending to values >1000 #m, reflecting larger, broader asperities in the 
rougher surfaces (Figure 2). 

Differences in the asperity characteristics of the two surfaces are more apparent 
from the distribution of asperity heights relative to the highest asperities (Figure 
4a). Summit depth is the distance of an asperity summit below the highest asperity 
and, as such, represents the depth of a summit below the contact the surface would 
make with an idealized flat surface. Smooth surfaces show a much narrower summit 
depth distribution than rough surfaces, reflecting an asperity population which 
would, on average, be closer to a contacting surface. 

The rough surfaces have rms and peak-to-trough roughnesses about four times 
greater than smooth surfaces (Table 1). We also report the parameter 2c, which is 
the maximum asperity radius, and thus the maximum contact spacing (SCHOLZ, 
1988). 2 C corresponds to about the corner frequency of the roughness power spectra 
(Figure 4b). KUWAHARA et al. (1988) reported 2c values from power spectra of 
#60-grit surfaces and found values similar to ours. Our rough surfaces have 
significantly higher spectral power and contain longer wavelength roughness than 
the smooth surfaces. 

Constitutive Law 

We interrogated friction constitutive behavior using the method of step changes 
in load point velocity (e.g., DIETERICH, 1979, 1981; TULLIS and WEEKS, 1986). We 

Table 1 
Surface topography data 

Surface roughness 

Peak-to- 
rms -trough 2~ 
#m ~m mm 

Asperity size 

Effective 
Radius height 

#m ~um 
mode m e a n  m o d e  mean 

Base radius 
#m 

mode mean 

# 60-grit 21.6 186.8 3.28 
(smooth) 

Sandblasted 83.3 509.8 12.66 
(rough) 

95 202 1.6 3.1 30 27.7 

108 337 1.1 2.8 25 28.0 
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Figure 4 
Surface topography data for the rough and smooth surfaces. (a) Depth of  asperity summits below the 
highest asperities. The data show that smooth surfaces have few asperities more than 80-90 #m below 
the highest peaks. Most  asperities on the rough surfaces are 200-300/~m below the highest peaks. Thin 
lines show the fit to data (thick lines) of  a gamma distribution g(z). (b) Power spectra of the roughness 
profiles shown in Figure 2, calculated using an all poles (maximum entropy) method (PRESS et al., 1988). 
2 c is the maximum asperity radius and thus represents the largest contact spacing. The sandblasted 
surfaces have higher spectral power, which is consistent with greater rms and peak-to-trough roughness 

than #60-grit  surfaces (see Table 1). 

modeled data using the rate 
(1979) and RUINA (1983): 

/2 = # o + a  l n ( V / V , )  + b ,  Ol  + b 2 0 2 ,  

dO;_  V 
[~k, + l n ( V / V , ) ] ,  i = (1, 2) 

d t  D ~  i 

and state variable constitutive law of DIETERICH 

(1 )  

( 2 )  
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where #o is the coefficient of friction at a reference velocity V0, a and b are, 
respectively, the magnitude of the instantaneous and displacement-dependent 
changes in friction for a change in velocity from V0 to V = e Vo, and Dc is the 
characteristic distance over which friction and the state variable ~ evolve following 
the velocity change. In some cases, two state variables are required to fit experimen- 
tal data (BLANPmD and TULLIS, 1986; COX, 1990) and then b, De, and ~b take on 
the subscript i as in equations (1) and (2). The steady-state velocity dependence of 
friction is given by a -  Y.bi = A # / l n ( V / V . ) .  

To model laboratory data, equations (1) and (2) are coupled with a law 
describing elastic interactions between the frictional surface and its surroundings: 

dz/dt  = g (Vo  - V), (3) 

where z is shear stress and K is stiffness. The system of equations (1-3) are solved 
numerically to yield friction vs. displacement curves for comparison with data. As 
these relations and their application and limitations have been discussed extensively 
in the literature (see TULUS, 1988 and SCHOLZ, 1990 for recent reviews) the reader 
is referred there for additional information. 

Data Inversion 

We obtained values for the constitutive parameters using an iterative inverse 
technique to fit relations (1-3) to data. Our method uses a steepest-descent, simplex 
algorithm, which iteratively adjusts model parameters to minimize the chi-squared 
error between a simulation and data (e.g., PRESS et al., 1988). The method is 
therefore less efficient than those using higher-order derivatives of the error with 
respect to the constitutive parameters (REINEN and WEEKS, 1993), however a 
typical velocity step contains < 500 data points and thus this inefficiency did not 
represent a major problem. We calculated the error between a simulation and data 
at the recorded shear displacements by adjusting the step size of the numerical 
calculation after it had exceeded a given displacement and restarting the calculation 
from the previous displacement. 

The inversion for each data set was started with a two state variable model, 
although in nearly all cases a degenerate one state variable model (i.e., Dc~ = Dc2 or 
b2 = 0) was the eventual best fit. Cases in which the inversion converged with 
Dd = Dc2 indicate that one state variable is sufficient to describe the data and thus 
the sum of b~ and b 2 was taken as bl. 

For about half of the data linear trends were present in the friction load point 
displacement curves, representing displacement hardening or weakening. Since the 
rate and state variable friction law is not intended to model such trends one must 
choose between adding a linear term to the law or removing the trend from the data 
and modifying the apparent stiffness used for the numerical simulations. The latter 
approach is more straightforward, however, it can lead to problems in cases where 



368 Chris Marone and S. J. D. Cox PAGEOPH, 

the system is close to the critical stiffness. We used this approach because of the 
small stiffness correction required for our data. Our machine stiffness (shear 
stress/shear displacement) is 0.170 MPa/#m and thus a displacement hardening 
trend of 1 x 10 -s #m -1 results in an apparent stiffness of 0.16995 MPa/#m. We 
removed linear trends in the friction-displacement data if the slope exceeded 
15 x 10-6#m-11 which was the case in about 50% of our data. 

We inverted for the parameters a, bi and Dc; using the measured value of a-b as 
a constraint. A number of trials were made in which we also inverted for a-b 
instead of fixing it. These produced values of a-b which were essentially identical to 
the measured values and thus it was decided to fix a-b in the inversions. To improve 
the fit to the instantaneous friction response relative to later data we weighted 
initial points around the direct effect o f  the velocity step. 

Reproducibility in determining model parameters with our inverse technique 
was estimated by: 1) starting the inversion with different initial values; for example: 
a (0.005-0.03), bl (0.005-0.03), Dcl (5-50), De2 (50-200), and 2) comparing the 
chi-square error and overall fit (by eye) of the model to data. Inversions typically 
converged to parameter values within 10%. The error bars shown in the figures 
below are maximum estimates of modeling error. This error is generally small 
compared with scatter and systematic trends in the experimental data. 

Data 

For both the rough and smooth samples, cumulative slip of 50-60 mm was 
imposed in a series of sliding episodes'of length 2-5 mm (Figure 5). The shear and 
normal loads were removed between episodes. After reapplication of normal load, 
shearing began with an increase in shear load followed by an inflection in the 
friction-displacement curve indicating the onset of sliding. Rough surfaces showed 
a gradual onset of sliding for small accumulated displacements. With increasing 
displacement, friction-displacement curves generally showed a sharp onset of sliding 
and in some cases a distinct peak stress (Figures 5 and 6). 

Between a few slip episodes the top sample block was lifted and the lower block 
retracted, so that further slip occurred within a previously worn region of the upper 
surface (Figure 1). The positions at which retractions were done are indicated by 
the arrows along the abscissa on Figures 5, 10, and 11. They bad the effect of 
making the onset of sliding more gradual in the next slip episode but otherwise did 
not have a significant effect on the frictional behavior (Figure 5). 

On a scale of cm's of sliding, rough surfaces exhibited significant slip hardening, 
with friction increasing from about 0.45 upon initial slip to 0.7 after cumulative slip 
of 53 mm (Figures 5 and 6). Within a given sliding episode the slip hardening was 
small (Figure 6) and comparable to that observed by others (TULLIS and WEEKS, 
1986). 
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Figure 5 
Coefficient of friction (shear stress/normal stress) is plotted vs. shear displacement for a series of slip 
episodes using rough surfaces. Shear and normal load were removed between each slip episode. Minor 
variations in friction during sliding represent the effects of changes in slip rate. The data show significant 
slip hardening during the first 25-30 mm of slip. Data from the first slip episode are also shown in 
Figure 6. The slip episode beginning at a displacement of 27 mm was done at 2 MPa normal stress, as 
indicated by the annotation. Arrows along the abscissa indicate points at which the top sample block 
was lifted and the lower block retracted, so that further slip occurred within a previously worn region 

of the upper surface. 

The  slip-rate dependence of  friction evolved with accumula ted  displacement  

(F igure  6). Fo r  small displacements ,  the s teady-state  friction level (e.g., the level 

after  the transient  change in friction, which we describe below) increased with 

increasing slip rate, exhibiting velocity strengthening. These transients and the 

s teady-state  change with slip rate can also be seen at the scale o f  Figure 5. With  

increasing displacement,  the magni tude  o f  the transient  effect and o f  the velocity 

s t rengthening decreased, and steady-state  friction became approx imate ly  indepen- 
dent  o f  velocity (Figures  5 and 6). 

Smoo th  surfaces showed much  less slip hardening than rough  surfaces. Fr ict ion 

of  the smoo th  surfaces was abou t  0.6 upon  initial slip and  increased to abou t  0.72 

and 0.76 after  net slip o f  12 m m  and 51 ram, respectively (Figure  7). Smoo th  

surfaces showed veloci ty-weakening friction for  all d isplacements  and  a greater  
tendency for  unstable .sliding with increasing net slip. 
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Figure 6 
Friction data for rough surfaces. The first slip episode of Figure 5 is shown with data from slip that 
began after a cumulative offset of 53 ram. The absolute friction level is significantly higher for larger net 
slip. Numbers below each curve show load point velocity. For low net slip, steady-state friction increases 
with slip rate (velocity strengthening). For larger net slip, the steady-state friction level is approximately 

independent of velocity or decreases slightly with velocity (velocity weakening). 

Constitutive Model&g 

The friction response to a step change in load point velocity was similar to that 
observed by others for a variety of rock types and fault gouges sheared under a range 
of temperatures and pressures (DIETERICH, 1981; TULLIS and WEEKS, 1986; LOCK- 
NER et aL, 1986; MARONE et al., 1990; Cox, 1990; REINEN et al., 1991; BLANPIED 
et al., 1991; CHESTER, 1993; REINEN et al., 1994; WANG and SCHOLZ, 1994). 

We imposed changes in load point velocity after an approximately steady-state 
friction level had been reached. Upon a change in load point velocity the initial 
change in friction (the so-called direct effect) was of the same sign as the velocity 
change (Figures 6-8). This was followed by an evolution effect of opposite sign 
(Figure 8). For rough surfaces and low net displacements, the direct effect was of 
larger magnitude than the evolution effect, resulting in velocity strengthening. 

Rough Surfaces 

For slip between rough surfaces we modeled 61 velocity steps using the inversion 
routine described above. Three inversions were done for each data set, using different 
starting values for the parameters a, bi, and Dci. 
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Figure 7 
Data for smooth surfaces showing the increase in friction with net slip, The steady-state friction level 
decreased with velocity (velocity weakening) for all displacements. Smooth surfaces exhibited a greater 
tendency for unstable sliding (as in the 10.0/tm/s intervals in the upper trace) with increasing net slip. 

For relatively low net displacements rough surfaces exhibited two state variable 
evolution, consisting of a sharp initial change following the direct effect (positive 
b~) and a more gradual change of opposite sign (negative b~). Thus, for a decrease 
in Ioad point velocity (Figure 8), friction exhibited a steep drop (direct effect) 
followed by a sharp increase (b~ effect) and a longer period decay (b2 effect). With 
increased net displacement the sharpness of the initial evolution effect diminished 
and the magnitude of  the b 2 effect and second state variable diminished (Figures 8 
and 9). 

In a few cases, although the best fit model from the inversion had Dc~ = Dc2, a 
second state-variable evolution effect can be seen in the data (Figure 8). In these 
cases, noise in the data near the velocity step or noise which occurred soon after 
(and limited the data that could be used in the inversion) generally contributed to 
the uncertainty between a one- and a two-state variable model. The issue of  whether 
a second state variable is required, however, did not degrade our estimate of  D~,  
which the data shown has to be about 1 #m (Figure 8). 

For rough surfaces and net displacements greater than 30-40 ram, the best fit 
simulation was a degenerate one state variable model (Figures 9 and 10). With 
increasing displacement, rough surfaces exhibited reduced velocity strengthening 
(a-b) and a transition to velocity weakening (Figures 9 and 11). Over the same 
interval, D~ increased from about 1/~m to 3 - 4  # m  (Figure 11). The decrease in a-b 
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Fr ic t ion  d a t a  and  numer ica l  s imula t ions  for r o u g h  surfaces and  net  d i sp lacement  < 12 mm.  In  each case 

d a t a  represent  the fr ic t ion response  to a step change  in load  po in t  veloci ty  (as  ind ica ted  by  the velocit ies 

above  each d a t a  set). S imula t ions  were ob t a ined  us ing an  i terat ive least  squares  invers ion  of  equa t ions  
( 1 - 3 )  to the data .  N o t e  the sharp  ini t ia l  evo lu t ion  effect fo l lowed by  g radua l  evo lu t ion  of  oppos i te  sign. 

D a t a  are a r r anged  wi th  increas ing  net  d i sp lacement  f rom left to r igh t  and  top  to bo t tom.  

was the result of  an increase in the net evolution effect, with the Y~b i increasing from 
about 0.004 to 0.01 over the displacement interval 0 -60  mm (Figures 9 and 10). 

Smooth Surfaces 

We modeled 28 velocity steps for slip between smooth surfaces. These exhibited 
one state variable behavior for all displacements, with the exception of a few cases 
in which a very small magnitude second evolution effect was present (Figures 12 
and 13). These were small enough (b 2 < 0.001) that we decided for consistency to 

use the one state variable fits. 
Like the rough surfaces, smooth surfaces showed a sharp initial evolution effect 

following the direct effect (Figure 12). The parameter a was about the same for 
rough and smooth surfaces within the scatter in the data. Smooth surfaces did not 
exhibit the extremely small Dc values sometimes observed for rough surfaces, 
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Figure 9 
Friction data and numerical simulations for step changes in load point velocity with rough surfaces and 
large net displacement. Data are arranged with increasing net displacement from left to right and top to 
bottom. With increasing displacement the magnitude of the friction evolution effect increases (note 

increase in b) and the friction velocity dependence becomes negative (see Figures 9 and 10). 

however the values are comparable within the scatter in the data. We did not 
at tempt to model unstable behavior such as indicated by the oscillations seen in 
Figure 7, but instability would imply neutral or slightly negative a-b as indicated by 
the mean value of  the decaying oscillations. 

For smooth surfaces the magnitude of a and b was approximately independent 
of  displacement within the scatter in the measurements (Figure 14). Measurements 
of  a-b over the interval 10-60 mm showed a small change, from velocity neutral or 
slightly velocity weakening to velocity weakening (Figure 15). The parameter  D c for 
smooth surfaces was about  2/~m, independent of  displacement within the scatter in 
the data. 

Discussion 

Comparison of  the constitutive parameters for rough and smooth surfaces 
shows several important  results. First, for small displacements Dc] is independent of  
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Friction constitutive parameters for rough surfaces as determined by modeling (see Figures 8 and 9). The 
parameter b2 represents a gradual friction evolution of the same sign as the velocity change and the sum 
of b I and b2 is the net evolution effect. Note that b2 diminishes with displacement and that the data 
indicate one state variable behavior (bz = 0) for displacements > 30 ram. Data are plotted at shear 
displacement corresponding to the beginning of the slip episode (see Figure 5). Error bars in this and the 
following figures represent aggregate uncertainty of measurement resolution and constitutive modeling. 
Arrows along the abscissa indicate points at which the top sample block was lifted and the lower block 

retracted, so that further slip occurred within a previously worn region of the upper surface. 

surface roughness. Within the uncertainty in the data, surfaces with a four-fold 
difference in rms and peak-to-trough roughness have about the same De1 for net 
displacements less than about 40 mm. Since the surfaces are likely to be significantly 
modified by wear and gouge accumulation with increasing slip, the effects of contact 
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Figure l 1 
Friction constitutive parameters for rough surfaces as determined by modeling (see Figures 8 and 9). The 
parameter a-b rep)esents the velocity dependence of  friction and decreases with accumulated shear 
displacement. D c represents the characteristic distance over which friction evolves following a change in 
velocity (e.g., see Figures 8 and 9). Data are plotted at the shear displacement corresponding to the 
beginning of  the slip episode (see Figure 5). Arrows along the abscissa indicate points at which the top 
sample block was lifted and the lower block retracted, so that further slip occurred within a previously 
worn region of  the upper surface. 

junction size on friction are best indicated by the data for small displacements. 
Thus, to the extent that contact size scales with roughness, our data do not support 
a scaling between Del and contact size (as discussed below, an alternative interpre- 
tation is that D~I is a property of  the gouge and De2 scales with roughness). 



376 Chris Marone and S. J. D. Cox PAGEOPH, 

8.0  
0.8 Smooth Surfaces, Net Displacement 12-15 mm 

8 .0  

D e  = 2 .0  m i c r o n  . . . . .  

10 .0  ', 
i 
i 
i 

1.0 

L o a d  Po in t  V e l o c i t y  

0 .8  m i e r o n / s  

D a t a   im l t,oo 
b = 0 .0091  
D e  = 2 .4  a 

o m  

. . . . .  . .~  . . . . . . . . . . . . . . . . . .  

0 ~ 0 . 0 0 9 2  i 

I I /  u =0.0095 100: 
"~  l~.," D e  -- 2 .7  

a = 0 .0066 
b = 0 . 0 0 6 6  . . . . .  
D c  = 2 .9  

5 0  m i c r o n  
I I 

Shear Displacement 

1.0 

b = 0 . 0 1 3 1  
D e  = 2 .8  

Figure 12 
Friction data and numerical simulations for smooth surfaces and low net displacement. In each case data 
represent the friction response to a step change in load point velocity (as indicated by the values above 
each data set). Simulations were obtained using an iterative least squares inversion of equations (1-3) 
to the data. Data are arranged with increasing net displacement from left to right and top to bottom. 

The data show velocity weakening for all displacements. 

If the comparison is somewhat relaxed, and we consider an aggregate D c 

(including both De1 and D~2), rough surfaces show larger Dc (20 #m) than smooth 
surfaces ( 2 # m )  for small displacements. This may explain why OKuBo and 

DIETERICH (1984) reported larger values of dr for rougher surfaces, since dr is the 

total slip required for friction to reach a new steady-state level following a change 

in velocity and thus would include both D~I and D~2. Note that D~ and dr are not 
strictly equivalent, since dr is not obtained by modeling and does not include the 
effect of  finite stiffness of  the experimental apparatus, so the values should not be 

compared directly. 
The lack of  a clear roughness effect on Dr is perhaps not surprising in view of 

the similarity in asperity characteristics between the two surfaces (Table 1). The 
topographic profiles show that the sandblasted and 60-grit surfaces have essen- 
tially the same idealized asperity size (Figure 3), although the summit depth 
distributions clearly differ (Figure 4a). In the context of models in which D~ is 
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Friction data and numerical simulations for step changes in load point velocity with smooth surfaces and 
large net displacement. Data are arranged with increasing net displacement from left to fight and top to 

bottom. The magnitude of a-b increases slightly with displacement. 

controlled by contact junction size, our results imply that mode and mean summit 
depth, rms roughness, and peak-to-trough roughness are not good indicators of 
contact junction size. This is consistent with results from contact theory showing 
that small asperities, present on larger asperities, play an important role in con- 
trolling contact dimensions and friction (ARCHARD, 1957; YOSHIOKA and SCHOLZ, 

1989). 
Despite the lack of a roughness effect on De1 for small displacement, the friction 

results as a whole indicate significant differences between the rough and smooth 
surfaces. Rough surfaces show lower initial friction, greater slip hardening, and a 
different displacement dependence of a-b than smooth surfaces. Rough surfaces 
also exhibit velocity strengthening behavior during initial slip, in contrast to smooth 
surfaces. These results are consistent with previous work showing roughness effects 
on rupture acceleration (KUWAHARA et al., 1988), stress drop, and rupture velocity 
( O K u B O  and DIETERICH, 1984). 
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Figure 14 
Friction constitutive parameters  for smoo th  surfaces as determined by modeling (see Figures 12 and 13). 
The friction evolution effect increases slightly with displacement, resulting in a slight decrease in a-b (see 
Figure 15). a and b (compare  b~) are approximately independent of  roughness,  whereas for low 
displacements the net evolution effect is lower than  that  for rough surfaces (compare  Figure 10). Da ta  

are plotted at the shear displacement corresponding to the beginning o f  the slip episode. 

Assumption of Quasi-static Slip 

One possible explanation of our results is that small Dc values are the result of 
inertial overshoot upon a velocity decrease (e.g., PISARENKO and MORA, 1994). 
That is, an important assumption inherent in equation (3) is that-the mass of the 
sliding elements may be ignored and that slip is quasi-static. For many experimental 
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Figure 15 
Friction constitutive parameters for smooth  surfaces as determined by modeling (see Figures 12 and 13). 
a-b decreases slightly with displacement. For  displacements <40  ram, a-b is lower than that for rough 
surfaces, whereas for larger displacements a-b is approximately independent of  roughness. D c is 
approximately independent of  displacement. Data  are plotted at the shear displacement corresponding to 

the beginning of  the slip episode. 

configurations this is justified by the use of small samples of negligible mass. 
However, in the present case the sliding elements (lower cradle and sample) have 
mass of about 450 kg. The following analysis is therefore useful for understanding 
possible limitations of our quasi-static analysis. 

RICE and TSE (1986) showed that a quasi-static analysis is valid when T/2~ 
De~V, where T is the system's natural period of vibration. This result can be 
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understood by noting that the constitutive law (1-2) requires a finite slip (on order 
De) to effect a change in friction. Thus, if the slip during half of the natural 
vibrational period VT/2 is large compared with D,. a significant change in friction 
can be expected, whereas the opposite implies negligible change in friction and thus 
negligible acceleration. 

For our system, K = 1.11 • 10 I~ N/m (which is 0.170 MPa/pm when written as 
an equivalent shear stress per displacement on the sliding surface) and the sliding 
mass m = 450 kg. Assuming the system vibrates with no damping, T = 2re(m/K) 1/2, 
which for our system yields T/2n =2.02 • 10-4s. Damping due to frictional 
resistance between the rock surfaces would increase this value. Thus, for our range 
of velocities, if Dc is in the range 1-10#m D,./V is 10 -1 to 102s, which is well 
within the quasi-static range. 

Comparison with Previous Work 

Our observations of positive a-b for rough surfaces and decreasing a-b with slip 
are consistent with previous work. DIETERICH (1981) reported similar results for 
shear of simulated fault gouge and attributed it to comminution and a general 
"running in" phase associated with the achievement of a steady frictional strength. 
Subsequent work (BIEGEL et al., 1989; BEELER et al., 1993; MARONE and KIL- 
GORE, 1993) supports this view in a general way, showing decreasing a-b with 
displacement. However, MARONE (1993) showed that comminution alone cannot 
explain the evolution of a-b and argued that shear localization plays a more 
fundamental role. 

Moreover, it has to be noted that our surfaces were initially bare, whereas the 
others noted above involved a layer of simulated fault gouge. As noted by TULLIS 
and WEEKS (1986), the evolution with slip of a-b may differ for the two cases. They 
found negative and increasing a-b with displacement for initially-bare, granite 
surfaces. They used #80-grit surfaces (somewhat smoother than our smooth 
surfaces) and reported steady-state a-b values of -0.001 to -0.002 after 50- 
70 mm of displacement. This value is similar to DIETERICH'S (1981) a-b value for 
shear of gouge and to our values for smooth and rough surfaces at large displace- 
ment. TULLIS and WEEKS (1986) argued that the similarity in steady-state a-b 
values was an indication of wear and gouge accumulation in the bare surface 
experiments, and that after a running-in period, similar mechanisms operated 
within the simulated and naturally-produced gouge. Subsequent results, however, 
showed that a-b for gouge and bare surfaces diverge at larger displacements 
(BEELER et al., 1993). 

An important difference between the bare surface and gouge cases is that thick 
gouge may remain poorly consolidated, whereas thin layers of very fine gouge (such 
as produced by wear between smooth surfaces) may become indurated, with shear 
localizing in narrow zones (e.g., MARONE et aL, 1992; Gu and WONG, 1994). 
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MARONE et al. (1990) showed that thick, unconsolidated gouge exhibits velocity 
strengthening due to dilation. Recent work on a grain-bridge model supports this 
view, showing that rough surfaces and small displacements favor velocity strength- 
ening (SAMMIS and STEACY, 1994). 

Our data are consistent with this interpretation. The similarity in a-b values for 
rough and smooth surfaces after slip of 50-60 mm is consistent with narrowing of 
the difference in friction level for the two roughnesses (Figures 5 and 7). Further- 
more, velocity strengthening and the gradual onset of yielding for rough surfaces at 
low displacement is similar to observations for gouge deformation (MARONE et al., 
1990). The transition we observe to velocity weakening for rough surfaces is 
consistent with lesser dilation for localized shear (BEELER et  al., 1993; MARONE, 
1993). 

Micromechanics of  Rate and State Effects 

Enhanced asperity interlocking between rough surfaces compared with smooth 
surfaces would imply higher wear rates and greater gouge accumulation for rough 
surfaces (e.g., WANG and SCHOII, 1994). This may explain our observation that Dc 
increases slightly with displacement for rough surfaces since De scales with gouge 
layer thickness for a given shear strain (MARONE and KILGORE, 1993). 

Another important feature of our data is the second state variable observed for 
rough surfaces. Others have observed two characteristic distances for smoother 
surfaces (e.g., RUINA, 1983; TULLIS and WEEKS, 1986; COX, 1990) and suggested 
that they correspond to two distinct features of the roughness spectrum (J. 
OIETERICH, pers. comm.) or to some combination of roughness and microstruc- 
tural features of the gouge (Cox, 1990). Although we cannot rule out the former 
possibility, the roughness data and asperity characteristics do not indicate two 
distinct maxima or other bimodal characteristics. 

Cox (1990) suggested that the longer characteristic displacement, D~2, was 
produced by structure in the gouge and the shorter one was due to surface 
properties. Our data from rough surfaces suggest that D~2 is a surface effect, since 
it disappears with slip, and that the shorter characteristic displacement, De1, is a 
property of the gouge since it gradually evolves to a steady-state value. Thus, there 
may be a dramatic difference in the bare surface constitutive behavior of rough and 
smooth surfaces, but this is hidden because the two D~'s are very similar for the 
smoother surfaces. 

This interpretation is consistent with the observed increase in Dc~ values with 
accumulated slip and a model in which Dc for a gouge zone is produced by 
superposition of the dc's from individual particle-particle contacts within the gouge 
layer (MARONE and K~LGORE, 1993). MARONE and KILGOP, E (1993) showed that 
Dc scales with shear strain and shear zone thicknesses withifi a gouge layer and thus 
the observed increase in De1 for rough surfaces is consistent with accumulation of 
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gouge via wear. Systematic measurements of gouge thicknesses were not carried 
out, but gouge was observed on the surfaces (thickness = 100 ~tm) in post-experi- 
ment examination. 

Our data indicate that a-b and Dc both evolve in response to wear and gouge 
formation, but that Dc attains a value which depends on the initial roughness, 
whereas the steady-state a-b value is independent of the initial roughness. Whether 
this result extends to greater net displacement remains to be tested, but the results 
of experiments on gouge sheared within smaller and smoother surfaces (BEELER et 
al., 1993) indicate further changes in a-b at larger net displacements than reached 
in our experiments. 

Nevertheless, the observation that a-b is approximately roughness-independent 
for large slip, whereas Dc increases with slip for rough surfaces, implies that a-b and 
Dc respond to an overlapping but not identical set of micromechanical features and 
processes. This is consistent with the idea that Dc represents a composite transient 
effect for many slip surfaces (e.g., interparticle contacts within the actively shearing 
region) each with the same a-b. In that case, D c would scale with gouge thickness, 
whereas a-b would not, which is consistent with rougher surfaces producing more 
gouge and hence a thicker region of localized shear than smooth surfaces. 

If natural faults exhibit similar characteristics, our data may help explain why 
some faults seem to become more aseismic with accumulated offset (WESNOUSKY, 
1990), as implied by our observation of increasing D~ with increased net offset and 
gouge thickness. 

Conclusions 

We studied the frictional behavior and constitutive parameters of rough and 
smooth bare-rock surfaces. Our data show that rough surfaces exhibit velocity 
strengthening frictional behavior for small net displacements and that the friction 
velocity dependence and characteristic friction distance evolve with displacement. 
After 40-50 mm of slip, the friction velocity dependence for rough surfaces became 
velocity weakening of similar magnitude to that observed for smooth surfaces. The 
friction velocity dependence and characteristic friction distance for smooth surfaces 
did not evolve with displacement. For rough surfaces the characteristic friction 
distance increased with accumulated displacement, in agreement with models in 
which Dc is controlled by the width of shear within fault gouge. Although the rms 
and peak-to-trough roughness of our rough and smooth surfaces differed substan- 
tially, the characteristic friction distance De1 was the same for both surfaces. Rough 
surfaces exhibited a second state variable and characteristic friction distance De2 of 
about 20 gm for shear displacements less than 30 mm. We interpret the longer 
characteristic distance as a surface effect and the shorter distance as a property of 
the gouge. 
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