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Abstract--The frictional properties of a layer of simulated Westerly granite fault gouge sandwiched between 
sliding blocks of Westerly granite have been measured in a high-speed servo-controlled double-direct shear 
apparatus. Most gouge layers were prepared to have a self-similar particle distribution with a fractal dimension of 
2.6. The upper fractal limit was varied between 45 and 710 p.m. Some gouges were prepared with all particles in 
the range between 360 and 710 p.m. In each experiment the sliding velocity was cyclically alternated between 1 
and 10 ~m s-  1 and the coefficient of friction p. and its transient parameters a, b and Dc were measured as functions 
of displacement. In addition to the particle size distribution, the following experimental variables were also 
investigated: the layer thickness (1 and 3 mm), the roughness of the sliding surfaces (Nos 60 and 600 grit) and the 
normal stress (10 and 25 MPa). Some of the sample assemblies were epoxy impregnated following a run so the 
gouge structure could be microscopically examined in thin section. We observed that gouges which were initially 
non-fractal evolved to a fractal distribution with dimension 2.6. Gouges which had an initial fractal distribution 
remained fractal. When the sliding blocks had smooth surfaces, the coefficient of friction was relatively low and 
was independent of the particle distribution. In these cases, strong velocity weakening was observed throughout 
the experiment and the transient parameters a, b and Dc remained almost constant. When the sliding blocks had 
rough surfaces, the coefficient of friction was larger and more dependent on the particle distribution. Velocity 
strengthening was observed initially but evolved to velocity weakening with increased sliding displacement. All 
three transient parameters changed with increasing displacement. The a and b values were about three times as 
large for rough surfaces as for smooth. The characteristic displacement Dc was not sensitive to surface roughness 
but was the only transient parameter which was sensitive to the normal stress. For the case of rough surfaces, the 
coefficient of friction of the 1 mm thick gouge was significantly larger than that for the 3 mm thick layers. Many of 
these observations can be explained by a micromechanical model in which the stress in the gouge layer is 
heterogeneous. The applied normal and shear stresses are supported by 'grain bridges' which span the layer and 
which are continually forming and failing. In this model, the frictional properties of the gouge are largely 
determined by the dominant failure mode of the bridging structures. 

INTRODUCTION 

THE wall rocks in most natural fault zones are separated 
by a layer of cataclastic rock. At shallow depths the 
cataclastic material often consists of a non-cohesive rock 
flour called gouge. In some cases gouge is mineralogi- 
cally altered by ground water to clay, but in others this 
alteration is negligible (Wu et al. 1975, Anderson et al. 
1982). Sammis et al. (1987) and Sammis & Biegel (in 
press) measured the particle size distribution of un- 
altered gouge from the Lopez fault, a thrust fault associ- 
ated with the San Gabriel fault zone in southern Califor- 
nia. They observed that over a range of particle diam- 
eters from 10/zm to 1 cm the gouge was self-similar with 
a fractal dimension of D = 2.6 +__ 0.1. Since this fractal 
dimension characterizes a distribution which minimizes 
the number of nearest neighbors of the same size at all 
scales, they proposed a comminution mechanism in 
which each particle's fracture probability is determined 
solely by the relative size of its nearest neighbors, and 

*Present address: Lamont-Doherty Geological Observatory of Col- 
umbia University, Palisades, NY 10964, U.S.A. 

specifically does not depend on the particle's size or its 
mineralogy. Like other processes which generate fractal 
patterns, comminution in dense aggregates (where the 
particles are loaded by neighboring particles) is con- 
trolled by the interaction between different scales, and 
normal considerations of particle strength become un- 
important. Other examples of this type of 'constrained 
comminution' such as fragmentation by underground 
explosions have been documented by Turcotte (1986). 

The experiments described in this study had two 
objectives. The first was to test the proposed comminu- 
tion mechanism by observing the evolution of an initially 
uniform particle size distribution with increasing shear 
strain. The second was to understand the significance of 
the fractal particle distributions observed in natural fault 
zones for their frictional constitutive behavior. The 
friction experiments described below extended the 
earlier work of Dieterich (1981) on the effect of surface 
roughness and gouge particle size on the constitutive 
behavior. Measurements were made using the same 
high-speed servo-controlled double-direct shear appar- 
atus described in that paper. The sliding blocks were of 
Westerly granite with layers of simulated gouge pre- 
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pared from crushed and sieved Westerly granite. The 
principal difference is that the present experiments 
focused on simulated gouges that were prepared to be 
self-similar with a fractal dimension of 2.6 and that had 
different upper fractal limits of grain sizes. The experi- 
ments were initially designed to test the hypothesis that 
the characteristic distance parameter in rate- and state- 
dependent friction laws is controlled by the upper fractal 
limit of the fractal gouge (Sammis & Biegel in press). 
The other transient constitutive parameters were also 
measured as a function of sliding displacement, and 
additional experimental variables such as layer thickness 
and normal stress were also varied. Optical photomicro- 
graphs of the deformed gouge layers were prepared in 
order to correlate differences in constitutive behavior 
with observed differences in the gouge microstructure. 

Most of our experiments employed several step 
changes in loading velocity to evaluate both transient 
and steady-state dependences of fault strength on slip 
speed. A portion of the data from a typical experiment is 
shown in Fig. 1. The slip speed was generally alternated 
between 1 and 10 p.m s - t .  Experiments were also con- 
ducted at constant slip speed to evaluate the dependence 
of overall strength on sliding displacement. The 
velocity-stepping experiments generally produced a re- 
sponse that is ideally represented in the lower portion of 
Fig. 1. A step increase of sliding speed results in a 
sudden increase in sliding resistance which is followed by 
a displacement-dependent decrease of strength to a new 
steady state value. A step decrease in loading rate 
produces a symmetric response. Following a step down 
in slip speed, the sliding resistance quickly drops and 
then undergoes a displacement-dependent increase to a 
new steady state value. If the steady state friction in- 
creases with increasing velocity, then the behavior is 
commonly referred to as velocity strengthening and 
conversely if the strength decreases it is called velocity 
weakening. Both velocity strengthening and velocity 
weakening are observed in these experiments. 

In practice, these transient and residual velocity 
effects are generally superimposed on long-term 
displacement-dependent changes of sliding resistance. 
Hence, all measurements of the effects of slip speed on 
constitutive parameters reported here were made rela- 
tive to long-term trends. Except for initial measure- 
ments at small cumulative displacements, results for 
velocity stepping are made under conditions in which the 
coefficient of friction at constant velocity varies by 0.002 
mm -] or less. 

The results of our experiments are interpreted in the 
context of a state-variable constitutive law as proposed 
by Dieterich (1979a,b, 1981) and modified by Ruina 
(1983). Several different, but essentially equivalent, 
formulations are in use and Okubo & Dieterich (1986) 
discuss the relationships among the different formu- 
lations. For our discussion we employ the simplified 
form: 
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Fig. 1. (a) Part of  the data from a typical velocity-stepping experi- 
ment .  The  coefficient of  friction is plotted as a function of the total 
sliding displacement.  The sliding velocity was cycled between 1 and 
10/xm s -~ as indicated. The transient  response to a velocity increase 
and decrease is shown in the enlarged inset. (b) The idealized friction 
response to a step increase in sliding velocity. Parameter  a measures  
the ins tantaneous  change in friction while b measures  the relaxation 
which occurs over the characteristic distance D c defined in the text. 
The  difference a - b gives the difference in steady-state friction. If 
a - b > 0, then  the system is said to velocity s trengthen.  If a - b < 0 

(as shown here) the system is said to velocity weaken.  

where p. is the coefficient of friction, Vis the slip speed, 0 
is the state variable and/Zo, a, b, 0o and V0 are constants. 
The normalizing constants 00 and V0 are arbitrary and 
may be combined with/x 0 to yield: 

/z =/.t o + a log]o 0 + b Iogx0 V. (2) 

The state variable 0 depends upon sliding speed and 
sliding history. Different but related laws have been 
proposed to represent the history-dependence of 0 (Rice 
& Gu 1983, Tullis & Weeks 1986). All share the charac- 
teristics that there is some steady-state value of 0 that 
depends on slip speed: 

O~- Dc 
V '  (3) 

and that under conditions where 0 ~ 0s, 0 will evolve 
toward the instantaneous value of 0s over the character- 
istic slip distance De. It has been found that Dc depends 
on roughness and the presence of simulated gouge 
separating the surfaces. 

In the idealized response shown in the lower portion 
of Fig. 1 note that a and b are given directly by the 
amplitude of the jump in the coefficient of friction at the 
time of a velocity step and by the amplitude of the 
displacement-dependent decay to the residual friction, 
respectively. The decay distance is proportional to De. 
In practice, however, the finite apparatus stiffness pre- 
cludes an instantaneous jump of slip speed and absolute 
control at a constant speed if the stress is varying. 
Consequently, for a step in loading velocity, some evol- 
ution of 0 occurs before the new sliding speed is reached. 
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This in turn decreases the amplitude of the observed 
height of the initial jump in strength relative to the ideal 
case and also tends to increase the sliding distance to 
reach a new steady state. In cases where the stiffness 
problem is severe, reduction of the experimental data to 
obtain independent estimates of a, b and D~ requires 
simulations which take into account the machine stiff- 
ness effects. In our apparatus the loading stiffness is 
quite high compared to the velocity-controlled stress 
changes and characteristic displacement and we report 
the data for a, b and D c measured directly from the 
experimental curves. 

In the set of experiments described below,/~ and its 
transient parameters a, b and D c were measured as a 
function of displacement. Four additional experimental 
variables were changed in order to evaluate their effect 
on these constitutive parameters. These variables are: 
(1) the normal stress (10 and 25 MPa); (2) the surface 
roughness of the sliding blocks (rough = No. 60 and 
smooth = No. 600 grit); (3) the upper fractal limit of the 
gouge (45, 90, 180, 360 and 710/zm); and (4) the layer 
thickness (1 and 3 mm). While many of our results 
confirm those found by Dieterich (1981), some are new. 
New observations include a systematic dependence of p. 
on the upper fractal limit of the gouge, and on the layer 
thickness for the case of rough surfaces. The transient 
parameters a and b were found to be sensitive to the 
surface roughness while D~ was most sensitive to the 
normal stress. 

Many of the experimental observations described 
below cannot be explained in the context of continuum 
mechanics. Rather, they suggest that a model in which 
stress is transmitted through the gouge by a continually 
changing network of 'grain bridges' may offer a better 
description of the micromechanics of gouge defor- 
mation. 

EXPERIMENTAL PROCEDURE 

A single piece of Westerly granite was used to prepare 
all of the sliding blocks and fault gouge used in these 
experiments. Sets of three blocks were cut and polished 
to make the sandwich configuration for the double-shear 
apparatus described in Dieterich (1978) and shown sche- 
matically in Fig. 2. Each block was given a 'rough' or 
'smooth' surface by hand lapping with No. 60 or No. 600 
silicon carbide, respectively. Before each run the blocks 
were inspected to ensure that no cracks or other imper- 
fections had appeared which could affect the data. 

The remainder of the uncut Westerly granite was 
crushed and sieved to make gouge. Each size fraction 
was made separately to ensure that each had the same 
composition. The fractions were classified by their par- 
ticle size diameters which differed by factors of two 
ranging from smallest (less than 45/zm) to largest (360- 
710/xm). The different size fractions were then mixed to 
make artificial gouges with self-similar particle size dis- 
tributions having a fractal dimension of 2.6. This dimen- 
sion was produced by adding ~ the number of particles 
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Fig. 2. Sketch of the servo-controlled double-direct shear apparatus. 
Outer sample block dimensions are 5.0 × 5.0 × 1.9 cm. 

(estimated by weight) for each factor of 2 increase in 
particle size. Each batch thus consisted of a base gouge 
having grains less than 45 tzm diameter to which was 
added the proper proportion of each larger size fraction 
up to the desired particle size cutoff. The finished batch 
was classified by the diameter of its largest size fraction 
in microns (see Table 1). The gouge was placed between 
the sliding blocks in layers 1 or 3 mm thick using a special 
form to make the thickness uniform and reproducible. 

A typical experiment consisted of 10 mm of total 
simple-shear displacement divided into 20 segments of 
500/zm each. The sliding velocity was alternated be- 
tween 1 and 10/xm s -~. A total of 47 experiments was 
run which may be broken down into four sets. First, the 
frictional properties were investigated in 27 runs consti- 
tuting the R1, R3 and $3 series summarized in Table 1. 
Each run is identified by a code in which the first letter 
denotes the surface as rough (R) or smooth (S), the next 
number shows the gouge layer thickness as 1 or 3 mm, 
and the final number gives the diameter of the upper 
fractal limit in microns. Changes in the particle size 
distribution and geometry were investigated in a second 
set of 13 runs constituting the Re3 and Se3 series. The 
subscript 'e' indicates these samples were vacuum 
impregnated with epoxy and cut into thin sections for 
optical and SEM (scanning electron microscope) obser- 
vation. The total displacement in this series was varied in 
order to observe the evolution of the particle structure 
within the gouge. A clamp was attached to the 'e' series 
samples in order to preserve the gouge structure upon 
unloading and removal from the shearing apparatus. 
Because this clamp may have contributed a slight 
amount of friction during the run, the friction data from 
these samples were considered unreliable and were not 
analyzed. All the above experiments were conducted at 
a normal stress of 10 MPa. A third set of three runs was 
performed at the higher normal stress of 25 MPa. They 
were otherwise similar to R1-710 runs at 10 MPa and are 
therefore labeled R1-710 (25 MPa). A fourth set of four 
runs was made at 10 MPa normal stress in which the 
gouge was prepared from the single size fraction 
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Table 1. Experimental conditiops 

Roughness Thickness Size cutoff Shear 
Run No. (mm) (ram) (/~m) 

Series RI (rou[;h surface; 1 mm gouge) 

R1-45 60 1 45 10,000 
RI-90 60 1 90 10,000 
Rl-180 60 1 180 10,000 
R1-360 60 1 360 10,000 
R1-710a 60 1 710 10,000 
R1-710b 60 1 710 10,000 
R1-710c 60 1 710 10,000 

Series R3 (rough surface; 3 mm gouge) 
R3-45 60 3 45 10,000 
R3-90 60 3 90 10,000 
R3-180a 60 3 180 10,000 
R3-180b 60 3 180 10,000 
R3-180c 60 3 180 I0,000 
R3-360 60 3 360 I0,000 
R3-710a 60 3 710 10,000 
R3-710b 60 3 710 10,000 
R3-710c 60 3 710 15,000 
R3-710d 60 3 710 15,000 
R3-710e 60 3 710 15,000 

Series $3 (smooth surface; 3 mm gouse) 
$3-45 600 3 45 10,000 
$3-90 600 3 45 10,000 
$3-180a 600 3 180 i0,000 
$3-180b 600 3 180 10,000 
$3-180c 600 3 180 10,000 
$3-710a 600 3 710 10,000 
$3-710b 600 3 710 10,000 
$3-710c 600 3 710 10,000 

R3-AII 710 (rough surface; 3 mm louse)* 
All 710 60 3 All 710 10,000 

* The gouge for this run was composed of particles with diameters between 360 and 710 p.m only. 

between 360 and 710 ~m diameter.  The objectives were 
(1) to test the hypothesis (Sammis et al. 1987) that the 
constrained comminution of a non-fractal gouge should 
produce a fractal one,  and (2) to observe the evolution of 
frictional parameters  during comminut ion and compare  
them with those observed for initially fractal gouges. 
One run was made to obtain frictional data and the other  
three runs were epoxy impregnated.  These were 
denoted as R3-AI! 710 and Re3-AIi 710. 

Each three-block assembly was placed in the appar-  
atus and the normal load applied with the horizontal 
ram. The servo-controller then advanced the vertical 
ram at the prescribed rate following the cyclic velocity- 
stepping program. At the end of each run the vertical 
ram was withdrawn first, followed by the horizontal.  The 
entire sample block sandwich was retr ieved from the 
apparatus and carefully disassembled for inspection of 
the gouge and surfaces. In the case of the 'e '  series 
samples, the vertical (shear) load was removed and then 
the clamp was closed around the sample before the 
horizontal (normal) load was withdrawn. The c lamped 
three-block sandwich, with gouge intact, was then com- 
pletely vacuum impregnated with a low-viscosity epoxy. 

E X P E R I M E N T A L  RESULTS 

Microscopic observations of  the epoxy-impregnated 
gouge layers will be discussed first. Mechanical data will 
then be presented and discussed. 

Thin-section observations. 

The vacuum-impregnated  sample assemblies were 
sectioned in the plane containing the simple shear strain 
and thin sections were prepared.  Photomicrographs 
were taken in reflected light and assembled into photo- 
mosaics. Samples which began with a uniform particle 
size distribution and were designed to test the nearest- 
neighbor comminut ion model are discussed first. Then 
those experiments  which began with a self-similar fractal 
grain size distribution will be discussed. 

Evolution o fan initially uniform particle distribution: the 
Re3-all 710 txm-series 

Three  sample assemblies were prepared  with a 3 mm 
thick gouge layer having a uniform particle size distri- 



Frictional properties of simulated gouge 831 

1000 

100 

<_. 
A 
{:  10 

Z 

.1 
.O l  

Par l i c te  d i a m e t e r ,  m m  

Fig. 3. Particle density as a function of grain size for the R e 3-All 710 
after 10.0 mm slip. Data for the three largest grain sizes were taken 
from Fig. 4(c). Data for the four smallest sizes were taken from 
another photomosaic at×400 magnification. The two counts overlap 
at 180/zm grain diameter. The slopes are consistent, the slight offset is 

not significant. 

bution between 360 and 710 /.~m in diameter. The 
samples were sheared to displacements of 1.0, 5.5 and 
10.0 mm. Epoxy-impregnated thin sections are shown in 
Fig. 4. After a displacement of 1.0 mm, significant 
comminution had already taken place (Fig. 4a), with 
manyof the largest grains being reduced to smaller sizes. 
Note that many of the particles appear to have failed in 
tension, presumably by loading under compression, as 
hypothesized by Sammis et al. (1987). As predicted by 
elasticity theory (Timoshenko & Goodier 1951), many 
particles show tensile cracks radiating from poles of 
compression. The smaller particles formed from these 
radial cracks contribute to the high percentage of 
smaller particles in the gouge layer. The intergranular 
porosity is still quite large. Figure 4(b) shows the gouge 
layer after 5.5 mm of slip. Very few particles have 
nearest neighbors the same size, and the void space has 
been greatly reduced. A layer of smaller particles is 
observed near the gouge-rock surface; the homogeneity 
of comminution appears to break down near this inter- 
face. Figure 4(c) shows the gouge layer after 10 mm of 
displacement. The porosity has been further reduced, as 
well as the density of the largest grains. 

Figure 3 shows the particle density as a function of 
diameter from 10 to 710 tzm. A transparent overlay of 
concentric circles, each differing in diameter by a factor 
of 2, was used to sort the grains into binary size classes 
denoted n. The mean diameter of particles in class n is 
thus twice that of particles in class n + 1. The number of 
particles of class n counted in an area A of the photo- 
mosaic is denoted N(n). The full counting procedure is 
detailed in Sammis et al. (1987). The linear dependence 
of log of the particle density (N(n)/A)  on the log of the 
particle diameter in Fig. 3 shows that the gouge has a 
self-similar particle distribution over the range exam- 
ined. The small offset is due to a change in photomosaics 
at higher magnification and is not significant. The slope 
yields a fractal dimension of 2.6 with a maximum vari- 
ation of about 0.3. This is the same dimension observed 
by Sammis et al. (1987) for a natural fault gouge, and is 
also the value predicted by the nearest neighbor commi- 
nution micromechanism. In fact, a comparison of Fig. 4 
with the natural fault gouge shown in Figs. 2-9 in 

Sammis et al. (1987) supports the hypothesis that the 
same comminution and deformation mechanisms are 
operating in these laboratory faults as in natural crustal 
faults. 

The structure of fractal gouge layers: the R~3- and 
Se3-series 

The gouge layers from Re3-45, -180 and -710 and 
those from Se3-45, -180 and -710, are exhibited in Figs. 
5-8. In Fig. 5 the upper block has moved to the left 
relative to the lower block. In Figs. 6-8 the upper block 
has moved to the right relative to the lower block. Note 
that the original self-similar grain distribution appears to 
remain more or less well preserved to the end of the run. 
However, a comparison of particle counts on Re3-710 
and S~3-710, and R~3-180 and S~3-180 (Figs. 9a & b, 
respectively), shows important differences. While the 
densities of the largest grains for both the rough and 
smooth surfaces are equal, the densities of the next two 
smaller classes of grains are different. In Fig. 9(a), the 
experiments with smooth surfaces have more grains in 
the smaller class than those with rough surfaces. Be- 
cause the initial grain distribution was the same for each 
pair, any difference in particle density must be a result of 
the shear strain. The observed difference may be inter- 
preted as being due to the removal of the smaller 
fractions in the case of the rough surface by comminu- 
tion to fractions even smaller than those measured. In 
the case of smooth surfaces, grains from the largest class 
fracture and add to the observed smaller classes, but 
then grains are not removed to even smaller classes by 
further comminution. In Fig. 9(b) this crossover occurs 
at a larger grain-size. The observation that rough sur- 
faces produce more comminution is important to the 
micromechanical model developed below. 

Figures 5-8 also support the 'nearest neighbor' rule 
proposed by Sammis etal. (1987). No two particles of the 
same size are observed next to each other without one of 
them undergoing fracture. Only one instance of a break- 
down of the nearest neighbor rule can be found in the 
thin sections. Bands are observed within the R3-45 and 
-180 samples that are oriented between 15 and 25 ° to the 
gouge-rock interface. These bands, which resemble 
Reidel shears (Morgenstern & Tchalenko 1967, Tcha- 
lenko 1968, 1970), are between 100 and 200 tzm wide. 
Close inspection reveals that, within these bands, the 
density of smaller grains exceeds that of the surrounding 
gouge and nearest neighbors the same size are com- 
monly observed. This observation is consistent with 
experiments in which Ottawa sand, sheared to several 
millimeters displacement under triaxial conditions, pro- 
duced fault gouge with a fractal dimension approaching 
2.6, except within narrow bands oriented similar to 
Reidel shears where the fractal dimension approaches 
3.0 (Scholz personal communication). 

The figures also reveal that the surface roughness is 
not significantly changed during shear displacement in 
the R~3-series. Note that incipient spalling of the sliding 
blocks is evident in some of the figures, but there is very 
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little change in surface roughness between a sample 
sheared 2.5 mm and one sheared 10 mm. 

The Re3-45 and Se3-45 samples show an interesting set 
of features. Figure 5 shows elongate pores within 
Re3-45, many of them more than 1 mm long and with 
apertures 10-30 tzm across. Some of these pores lie 
parallel and adjacent to the gouge-rock surface. Many 
more traverse the gouge layer at an angle of 10-30 ° to the 
gouge-rock surface, lying within or sub-parallel to the 
bands described above. Se3-45 also contains elongate 
pores both along the gouge-rock surface and extending 
through the gouge layer at an angle between 10 and 30 ° 
to the interface (Fig. 5). These pores are only a fraction 
of the length of the pores in R~3-45, but they have 
apertures several times their widths. Although we offer 
no obvious explanation for these features, they have 
been observed by other investigators (Logan & Scholz 
personal communications). 

MECHANICAL DATA 

The RI-, R3- and S3-series of experiments were 
conducted to measure four friction parameters: (1) the 
coefficient of friction, Ix; (2) the instantaneous velocity 
response, or a-value; (3) the transient relaxation, or b- 
value; and (4) the characteristic displacement, De. The 
coefficient of friction, Ix, was monitored throughout the 
course of the experiments. The three transient para- 
meters, a, b and De, were measured for each step change 
in the sliding velocity (see Fig. 1). 

As discussed above, the a-value quantifies the instan- 
taneous change in the friction coefficient in response to a 
step-change in the velocity. If a velocity increase (or 
decrease) causes a corresponding instantaneous in- 
crease (or decrease) in the friction coefficient from an 
initial value, Ixi, to a peak value, Ixp, then the a-value is 
defined as 

a = [/x i -/Zpl. (4) 

As displacement proceeds after the velocity change, 
the coefficient of friction relaxes to a residual value,/Zr, 
over a displacement proportional to the characteristic 
displacement, De. The magnitude of the relaxation is 
denoted by b, where 

b = - Ixrl.  ( 5 )  

If b ~ a, then the residual value of friction coefficient 
will not be equal to the initial value before the velocity 
change. Whenever b < a, the system is said to exhibit 
velocity strengthening, meaning that a velocity increase 
raises the coefficient of friction. If b > a, the system is 
said to velocity weaken. This decrease in/z with increas- 
ing velocity is a necessary, but not sufficient, condition 
for a stick-slip instability. Velocity dependence is often 
characterized by a - b. If a - b > 0, the system velocity 
strengthens, if a - b < 0, the system velocity weakens. 

Following a step change in velocity, a displacement 

proportional to the characteristic displacement Dc is 
required for a new equilibrium value of friction,/x r, to be 
reached. The characteristic displacement was obtained 
by fitting the equation 

Ix(x) = Ixr + Ixp exp {-d/D}c ,  (6) 

where d is the shear slip following the velocity change. 
The parameters a, b and Dc were recorded at each 
velocity change. Changes in the gouge layer thickness, 
h, were also recorded throughout the experiment. 

Six experimental variables were changed during the 
RI-, R3- and S3-series of experiments to test their effect 
on the friction parameters. These variables were: (1) the 
total displacement; (2) the velocity (1 and 10 Ixm s-l); 
(3) the normal stress (10 and 25 MPa); (4) the upper 
particle cutoff (45, 90, 180, 360 and 710 >m); (5) the 
surface roughness (rough = No. 60 grit, and smooth = 
No. 600 grit); and (6) the layer thickness (1 and 3 ram). 
Velocity and normal stress were controlled throughout 
the experiment by the high-speed servo-controller. The 
other three variables, upper particle cutoff, surface 
roughness and layer thickness were given initial values at 
the start of each run, but then allowed to freely evolve as 
the experiment proceeded. 

Experimental uncertainty in the friction parameters 
was estimated by repeating some runs several times (see 
Table 1). Standard deviations thus found are included 
on all experimental plots to aid in assessing the signifi- 
cance of any differences noted. 

The coefficient o f friction, tx 

The coefficient of friction is plotted as a function of 
displacement for the different upper particle cutoffs in 
Fig. 10. These data are summarized in Fig. 11, which 
shows the value of IX after 10 mm of displacement as a 
function of the maximum particle size for the three 
series. Several general trends are apparent. There is an 
obvious effect of layer thickness for the case of rough 
surfaces. The 1 mm thick layer has a significantly higher 
coefficient of friction than the 3 mm thick layer. There is 
also an obvious effect of surface roughness. The smooth 
surfaces have a significantly lower IX than the rough 
surfaces for all particle sizes. Another difference be- 
tween rough and smooth surfaces is that IX tends to 
decrease with increasing upper fractal cutoff for the 
rough surfaces while/~ for the smooth surfaces is inde- 
pendent of the upper cutoff size. 

These observations place important constraints on 
models for the micromechanics of friction in gouge 
layers. The consistent difference between the R1 and R3 
layers rules out the possibility that the difference be- 
tween rough and smooth surfaces is a surface effect 
which does not extend through the bulk of the gouge. 
Moreover, the difference in /x between R1 and R3 
configurations cannot be due to the 3 x higher strain rate 
in the R1 layer. Velocity stepping during each run 
produces a 10x increase in strain rate, but less than a 1% 
change in Ix. 
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Fig. 4. Optical photomosaic~ of R~3-AII 710 at a magnification x51i. The tipper block has moxcd to the right rclatixc to the 
lower block in each case. Mosaic (a) was prepared after l.(I mm slip. Notice grain> fracturing under tension from loading at 
poles. Al~o note large volume of void space. Mosaic (b) shot, s a layer after 5.5 mm of slip. The void space has been greatl} 
reduced and no grains can be seen with nearest  neighbors the same size. Mosaic (el shows a laver after I(i.[J mm of slip. The 
gouge no~ has a sclf-similar grain size distribution with a thrce-dimensional  fractai dimension of about 2.6. Noticc hot~ thc 
self-similar distribution has rcduced void space in sample. Also note that thc surface roughness ha~ remained similar to 

roughness near the start of the run in mosaic (a). 

Fig. 5. Optical photomosaics  of (a) Re3-45 and (b) Se3-45 at magnifications ×50 after 10 mm of shear  displacement.  In (a) 
note the bands of denser material traversing the gouge at an angle between 6 and I0 ° from the gouge-rock interface, and the 
elongate pores along the gouge-rock interface. In (b) note the elongate pores crossing the gouge at oblique angles to the 

gouge-rock surface. 
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Fig. 6. Opt ica l  p laotomosaics  of R,,3-180 at a magni f ica t ion  of x50 .  U p p e r .  cen te r  and  lower  mosa ics  r ep resen t  samples  
shea r ed  2.5, 5.5 and ll).0 mm,  respect ive ly .  Not ice  surface roughness  r ema ins  abou t  the same in all th ree  sampIes .  
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Fig. 7. Opt ica l  p h o t o m o s a i c  of  S¢3-180 at  magn i f i ca t ion  x 5 0 .  U p p e r .  cen te r  and  lower  mosa ics  represen t  samples  shea red  
2 . 5 . 5 . 5  and  10.0 m m ,  respecti~ el.v. 
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Fig. 8. Optical photomosaics  of R~,3-710 and S~3-710 at a magnification of x 50 after 10 mm of slip. Notice the hotnogcneou~, 
distribution of largest grains ,*ith no nearest  neighbors the same size. 
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The instantaneous velocity response: a-value 

Figure 12 shows the a-value as a function of displace- 
ment for different upper particle cutoffs. Values for 
velocity increase are plotted separately from velocity 
decrease. The a-value does not appear to be sensitive to 
the upper cutoff diameter or the normal stress. The 
figures also illustrate that the a-value decreases as a 
function of displacement, with the largest changes 
occurring within the first 1.0 mm of the run. This change 
is most noticeable for the S3-series (Fig. 12c) in which 
the a-value decreases from about 0.02 to 0.01 with the 
first millimeter of slip. The a-value is most sensitive to 
surface roughness (Figs. 12c & d). The a-value for the 
smooth surfaces is only about one third that for the 
rough surfaces. 
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Fig. 10. Friction coefficient as a function of displacement (a) for the 
Rl-series and (b) for the R3- and S3-series. 
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The relaxation parameter: b-value 

Figure 13 shows the b-value as a function of slip 
distance for all the upper particle cutoffs. Like the a- 
values, the b-values are plotted separately for velocity 
increase and decrease. 

The most significant differences in the b-values are 
associated with differences in surface roughness (Figs. 
13c & d). The b-values for rough and smooth surfaces 
start almost equal, but then diverge soon after slip 
begins. The smooth surfaces maintain a nearly constant 
b-value while the b-value for rough surfaces increases, 
especially at the start of the run. It is this displacement- 
dependent increase in b-value which is responsible for 
the decrease of velocity strengthening in all rough 
samples and the onset of velocity weakening (recall that 
the a-value remains almost constant after about 1.0 mm 
slip in all cases). 

The velocity dependence: a - b 

The velocity dependence is plotted for the RI-, R3- 
and S3-series in Fig. 14. Values for a velocity increase 
are plotted separately from those for a velocity decrease. 
The smooth samples show significant velocity weaken- 
ing after a very small amount of displacement, and this 
weakening does not change significantly throughout the 
remainder of the experiment. For the rough samples, 
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Fig. 14. Parameter a - b a s  a function of displacement: (a) following a velocity increase for the Rl-series; (b) following a 

velocity decrease for the Rl-series; (c) following a velocity increase for the R3- and S3-series; and (d) following a velocity 
decrease as a function of displacement for the R3- and S3-series, 

a - b is always positive at the start of the experiment and 
decreases with increasing displacement, but the rate of 
decrease diminishes with slip. For both the RI° and 
R3-series, all upper particle cutoffs show velocity weak- 
ening at the end of the run. Note that R3-AII 710 gouge 
velocity-strengthened throughout the first 6.0 mm of the 
run, but then weakened to achieve a velocity depen- 
dence of -0.0015 after 10 mm of shear displacement, 
comparable to that of the initially fractal R3-710. 

The average value of a - b for five runs of R3-710 is 
approximately zero, but the R3-45 sample achieved a 
large negative value of a - b nearly equal to that of the 
smooth samples. These data suggest that two mechan- 
isms are capable of producing negative velocity depen- 
dence, one which functions in the presence of an initially 
'smooth' surface (S3°series), and one that operates in 
'rough' surface environments (R3-series) in which the 
gouge structure has been sufficiently changed by shear 
displacement. While it is tempting to conclude that the 
rough samples simply evolve into smooth samples by 
either polishing the surfaces or filling in the roughness 
with small particles, this interpretation is not supported 
by the thin sections. Other mechanical observations also 
argue against this evolution from rough to smooth. The 
values of/z, a and b for rough surfaces do not approach 
those of smooth surfaces with increased displacement 
over the range of displacements we studied. 

Figure 15 shows the effect of normal stress on a - b. 
Although the R1-710 (25 MPa) initially show greater 
velocity strengthening, this difference disappears with 
increasing displacement. After 10 mm of slip R1-710 (25 
MPa) has the same value of a - b as R1-710 (10 MPa). 

The characteristic displacement: D c 

The characteristic displacement tends to decrease 
throughout the experiment. In Fig. 16(a), Dc for the 
Rl-series falls from a value between 30 and 50/zm, to a 
value between 10 and 20/~m. For the R3-series (Fig. 
16b), Dc decreases from between 50 and 80/.~m to a 
value between 15 and 40 /~m. For the S3-series (Fig. 
16b), Dc is almost constant from the start of the run to 
the finish. Only a slight decrease is apparent by the end, 
from between 15 and 30/.Lm to between 5 and 15/~m. 

There is no strong dependence of Dc on the upper 
particle cutoff, as proposed by Sammis & Biegel (1989), 
although a weak relation is suggested by the R1-45 and 
R3-45 data. The D c for these fine gouges is consistently 
less than that for the coarser gouges by the end of the 
run. Finally, note that the characteristic displacement 
for R3-AI! 710 increases for the first 3 mm displacement 
to a value twice that of the other gouges (about 130/~m) 
but then decreases to a final value of 40/~m by the end of 
the run. 
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Fig. 17. Characteristic displacement De as a function of total displace- 
ment for R1-710 at a normal stress of 10 and 25 MPa.  

Layer thickness also has a weak effect on the charac- 
teristic displacement. While no obvious trend is appar- 
ent, the characteristic displacement for the R3-series is 
slightly greater than that for the Rl-series. 

The initial characteristic displacement is sensitive to 
the surface roughness, but this difference almost disap- 
pears by the end of the run. Figure 16(b) compares Dc 
for the R3- and S3-series. Although D c for R3-45 and 
R3-710 are nearly identical at the beginning of the run, 
by the end the R3-45 gouge D c has evolved to a value 
approximately equal to that of the S3-series, while Dc for 
R3-710 is more than twice as large• 

Normal stress also influences the characteristic dis- 
placement. Figure 17 compares Dc for R1-710 at 10 MPa 
normal stress with that at 25 MPa. It shows that D~ for 
the 25 MPa run has values nearly twice that of the 10 
MPa run for similar slip distances. This observation 
suggests that D c is related to the size of the adhesive 
contact between particles rather than to the particle 
geometry.  The decrease in Dc observed in the case of 
rough surfaces may be due to the evolution of a more 
homogeneous  stress distribution in which the applied 
load is carried by more particle contacts. Similarly, the 
initial increase in D e for R3-AI1 710 may indicate the 
formation of a more heterogeneous stress state in which 
a smaller number of structures in the gouge carry the 
load. By the end of the R3-AII 710 run, a self-similar 
particle distribution has been established (Fig. 3), the 
load is more uniformly distributed, and Dc falls to a 
more typical value. 

Compaction: Oh 

The change in gouge layer thickness is continuously 
measured by a displacement transducer on the horizon- 
tal ram. Figure 18 shows the change in thickness 
measured from the start of the run as a function of 
displacement for each of the different particle size 
cutoffs. The absolute value of the gouge thickness was 
determined by measuring the thickness of the gouge in 
the Re3- and Se3-series thin sections at the end of the 
run. Using the measured change in thickness, the 3 mm 
layer is estimated to have been 2.2 mm thick after 
compaction by the normal load but before any shear 
displacement. Assuming the compaction of the 1 mm 
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Fig. 18. Compaction of gouge layers as a function of displacement. 
Geometric thinning curve shows the expected decrease in layer thick- 
ness due to gouge loss from the bottom of the sliding block. Plot (a) is 

for the Rl-series,  (b) is for the R3- and S3-series. 

layer is proportional to that of the 3 mm layer, then the 
Rl-series gouge was about 700/xm thick at the onset of 
shear displacement. This is equal to the diameter of the 
largest grains in the R1-710 gouge and may explain the 
anomalous frictional behaviour observed in these runs 
(Fig. 10a). 

Figure 18 also shows the 'geometric thinning' 
expected for these samples. If the gouge deforms only by 
shear without internal dilatation or compaction, the 
layer is still expected to become thinner as the shear 
displacement causes gouge to fall out of the bottom of 
the vertical sandwich without being replaced at the top. 
The conservation of gouge volume yields a simple re- 
lation between instantaneous gouge thickness h and 
displacement x: 

dh = (h/L)  dx, (7) 

where L is the length of the sliding block. 
Figure 18(b) shows that there is no significant differ- 

ence between compaction curves for the rough and 
smooth samples. This finding is supported by the thin 
sections (Re3- and S¢3-series) which show nearly ident- 
ical thicknesses for both surfaces throughout the run. No 
dilatancy was detected in any of the samples, except R1- 
710 (Fig. 18a) which may be associated with the largest 
grain diameter approaching the layer thickness. Failure 

to record dilatancy, however, may be due to the limited 
resolution of our equipment, and does not preclude 
dilatancy on the order of several microns. 

A trend is evident for gouge with smaller size cutoffs 
to exhibit greater compaction. Note, however, that 
nearly all compaction occurs within the first 1 mm of slip, 
after which there is no noticeable difference. The excep- 
tion is the R3-AII 710 which compacts over at least the 
first 2 mm of slip. 

THE MICROMECHANICS OF GOUGE 
DEFORMATION 

The motion of the sliding blocks in the double-shear 
friction experiments described above is accommodated 
by a combination of four possible mechanisms within the 
gouge layer: (1) fracture of the particles; (2) frictional 
slip between the particles; (3) frictional slip of the 
particles along the surfaces of the sliding blocks; and (4) 
fracture of the surface of the sliding blocks (wear). The 
value of the coefficient of friction and of its transient 
parameters depend upon the relative importance of 
these four mechanisms under a given set of experimental 
conditions. If slip between particles or along the inter- 
face is dominant, then the usual micromechanical 
models for the fracturing of asperities whose strength 
depends upon their average lifetime are appropriate, 
and velocity weakening and stick-slip instability are 
possible. If, on the other hand, gouge deformation is 
dominated by fracture of the particles or by spalling of 
the sliding surfaces, then the fracture strength does not 
increase with time and the frictional behavior of the 
layer should be characterized by velocity strengthening. 

The partitioning of the deformation between fracture 
and slip may be expected to depend on experimental 
variables such as the normal stress, the particle size 
distribution, the layer thickness, the surface roughness 
of the sliding blocks, and even the sliding velocity. In 
order to assess the relative importance of fracture and 
slip for a given set of experimental conditions, we first 
need to assess the state of stress in a granular layer 
deforming in simple shear. 

The state o f  stress within a gouge layer 

The double-shear apparatus applies a known normal 
and shear stress to the boundaries of the gouge layer, but 
this is not sufficient to determine the state of stress 
within the layer (it only gives a single point on the Mohr 
stress diagram). Mandl et al. (1977) measured the stress 
orientation within a granular mass undergoing simple 
shear at a constant boundary velocity. They found that 
the principal stress al was inclined at 45°+_2 ° to the 
interface such that all planes parallel to the boundary are 
planes of maximum shear. This was true for dilating 
layers at low normal stress as well as for layers in which 
the normal stress was large enough to suppress dilatation 
by extensive grain crushing. 

Mandl et al. (1977) also found evidence that the state 
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Fig. 19. Hypothetical network of stress paths in a fractal gouge. Parts (a). (b) and (c) demonstrate how each stress path is 
composed of a hierarchy of stress paths at smaller scales. In (d), (e) and (f), stress paths are idealized as beams 

demonstrating how simple shear places the particles in longitudinal compression. (After Sammis et al. 1987.) 

of stress within the layer is not homogeneous. They 
reported observing the "continual and changing forma- 
tion of grain 'bridges'" in their transparent rotary appar- 
atus. They also observed large fluctuations in the magni- 
tude of the stress at a given point within the gouge that 
are probably associated with the formation and destruc- 
tion of such load-bearing bridges. Further evidence for 
load-bearing structures within gouge comes from two- 
dimensional photoelastic studies of granular masses 
(Gallagher et al. 1974, Oda & Konishi 1974, Allersma 
1982, Oda et al. 1982) where it has been observed that 
critical load-bearing contacts (and associated microfrac- 
tures) tend to join together in series or chains. 

Our model for the micromechanics of friction in a 
gouge layer will therefore be built upon the assumption 
that the state of stress within a granular layer being 
deformed in simple shear is heterogeneous, with the 
applied normal and shear stresses being supported by a 
finite number of grain bridges which span the layer. 
Particles between bridges do not bear the load and are 
free to move as required to accommodate motion of the 
bridges. Figure 19 shows how such stress-bearing 
bridges might be envisioned in a self-similar gouge, and 
how they might be approximated as rotating beams. 
Rotation of a bridge increases the stress which it sup- 
ports until it fails and the stress is supported by other, 
newly formed bridges. 

In this model, the frictional behavior of a granular 
layer depends upon the failure mode of its load-bearing 
bridges. If most bridges fail by sliding, either between 

particles or at the interface, then adhesion is involved 
and the usual mechanisms which produce velocity weak- 
ening apply (Dieterich 1979a, Tullis & Weeks 1986). For 
example, when the velocity is increased, the resulting 
increase in the fracture strength of adhesions due to the 
higher loading-rate is compensated by the decrease in 
their strength associated with the decrease in their 
average lifetime. If, on the other hand, most bridges fail 
by fracture of the particles or spalling of the wallrock, 
then velocity strengthening is to be expected. This is 
because the fracture strength is higher at the higher 
loading rates associated with faster sliding velocities, 
and there is no compensating time dependence of the 
strength. 

The failure mode of  a load-bearing bridge 

A grain bridge can fail in any of the four modes 
illustrated in Fig. 20. These are the crushing of the 
particles, slip between the particles, slip between par- 
ticles and the surface of the sliding block, and failure of 
the surface of the sliding block which spalls new material 
into the gouge layer. We now wish to investigate how the 
partitioning of strain accommodation between these 
mechanisms may be expected to depend on experimen- 
tal variables such as the normal stress, the particle size 
distribution, the layer thickness, the surface roughness 
of the sliding blocks, and even the sliding velocity. 

Consider first the conditions under which a bridge will 
fail by frictional slip between its constituent particles. It 
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Fig. 20. Four failure modes of a grain bridge: (a) tensile failure of a 
particle under compressive loading; (b) slip between particles within a 
bridge; (c) failure of the sliding block surface which spalls new particles 
into the gouge layer; and (d) slip between a particle and the surface of 

the sliding block. 

has long been recognized in soil mechanics that the 
apparent coefficient of friction,/Xob s, which is defined by 
the ratio of the applied shear to the normal stresses, is 
larger than the actual coefficient of friction between the 
particles. This increase in apparent friction is due to the 
misalignment between the interparticle slip planes and 
the macroscopic plane of shear displacement (Rowe 
1962, Horne 1965). This misalignment also produces the 
shear dilatancy observed at low values of the normal 
stress. Scott (1963, pp. 293-304)derived a relationship 
for the apparent coefficient of friction for a hexagonal 
close-packed (hcp) array of equal spheres: 

_ o s -  N / 3  + 4 N / 2 / x  (8)  
/z°b' = o-'~ - 2(~/-6 - / ~ )  

For example, if /z = 0.55, then /zob s = 1.27 which is 
comparable to the peak stress ratio required to initiate 
sliding in a close packed sand at low % where grain 
crushing is rare (Feda 1982). 

For the purposes of the present discussion, consider 
the simple two-dimensional bridge of equal-sized par- 
ticles in Fig. 21(a). Denote  the angle between the 
macroscopic shear plane and the interparticle slip plane 
asfl. By resolving the applied stress onto the slip plane, it 
may be shown that 

/~obs - /z + tan fl (9)  
1 - / z  tan fl 

Because fl decreases once slip begins, the criterion for 
the failure of a bridge by frictional slip is 

_> p. + tan fl (10)  
on 1 - p .  t a n f l  

The question of whether a bridge will fail by crushing a 
particle or by slip depends on the strength of the par- 
ticles and the angle ft. Particle strength and fl both 
depend on the particle size distribution and the packing 
geometry.  

a) " ' : " :  : : ( : :  ::  " ".:".'i - !: ' . : . : ' .  "'.: ~ " 

b) 

Fig. 21. (a) Simple two-dimensional grain bridge of identical particles 
showing the surface roughness angle fls and the internal roughness 
angle fli. (b) Nearest-neighbor geometry for a discrete, binary, fractal 
gouge (at any scale). Because nearest neighbors are different sizes at 
all scales, the internal roughness fli for the fractal gouge is smaller than 

fli for the gouge of identical particles in (a). 

Surface roughness may also be characterized by an 
average misalignment angle (which we denote fls) be- 
tween particles and surface asperities as illustrated in 
Fig. 21(a). It is determined by the relative scales of 
roughness and particle size. By analogy, the angle be- 
tween particles within the gouge will be called the 
'internal roughness' and denoted fli- Equations (9) and 
(10) apply to both the surface roughness fls as well as the 
internal roughness fli. The question of whether a particu- 
lar grain bridge fails by internal or surface slip depends 
upon the relative sizes of fls and fli. 

For the smooth surfaces, the surface asperities are 
much smaller than the particles and fls is close to zero. In 
this case equation (9) gives/.rob ~ ~-/z. Following a small 
initial adjustment of the particles, most bridges fail by 
slip at the gouge-rock interface. This may explain why 
the observed coefficient of friction is lower for the 
smooth surfaces than for any of the rough surface 
samples which must slip at a larger value offli. Slip at the 
interface for smooth surfaces may also explain why/zob s 
is relatively independent of the particle distribution, and 
why the transient parameters do not significantly evolve 
with displacement. The dominance of slip over fracture 
also explains why smooth surfaces show more velocity 
weakening throughout the experiment than rough sur- 
faces. 

For the rough surfaces, fls is comparable to or larger 
than fli so slip may occur anywhere within the bridge. 
The angle fli depends on the particle size distribution. 
Maximum fli corresponds to an array in which all par- 
ticles are the same size. For a two-dimensional array of 
close-packed identical cylinders, fli = 30°; for a three- 
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dimensional hcp array, fll = 19.6° (Scott 1963, p. 298). 
We propose that minimum fl~ corresponds to a fractal 
distribution with dimension 2.58. As discussed by 
Sammis et al. (1987), such a distribution minimizes the 
number of nearest neighbors, which are the same size at 
all scales. By so doing, it also minimizes the depth of the 
valleys in which the particles rest (and hence also mini- 
mizes fli at all scales). We emphasize the requirement 
that fli be minimized at all scales since it might seem 
intuitive that any infilling of the gaps between large 
particles with smaller particles might produce a 
smoother surface. This is not correct, the roughness 
depends on the relative sizes of all the particles which 
slide past each other. Figure 21(b) shows the nearest 
neighbor geometry (at any scale) for a discrete, fractal 
two-dimensional array of cylinders for which the diam- 
eter in successive size classes differs by a factor of 2. The 
fractal dimension is 1.58. Note that each particle rests in 
a valley between particles of the next two smaller 
classes. For this case, fli = 16°. The angle for the equival- 
ent three-dimensional fractal array of dimension 2.58 
will be smaller still. Hence, as any initial particle distri- 
bution evolves toward a fractal one, it is expected that an 
increasing proportion of the bridges will fail by slip 
rather than fracture. This trend is enhanced by the 
decreased fracture probability in a fractal array associ- 
ated with the decrease of nearest neighbors the same size 
at any scale. 

The transition from velocity strengthening to velocity 
weakening observed in the rough surface experiments 
may reflect this evolution from a system which is domi- 
nated by fracture to one which is dominated by slip. 
Even after a fractal distribution is established and defor- 
mation is dominated by slip, the internal roughness fli is 
still larger than fls = 0 for the smooth surface. Hence 

obs is always larger for rough surfaces than for smooth 
surfaces. The observation that a and b are also larger for 
the rough surfaces suggests that these transient para- 
meters might be related to fl, possibly through dilata- 
tional work. 

A grain bridge fails when its weakest link fails. This 
weak link can be a particle which fails by fracture or a 
particularly low value of the internal angle fli between 
two particles which slip. Obviously, the longer a grain 
bridge, the higher the probability of finding a weak link 
within it. Since a 1 mm layer of gouge has shorter bridges 
than a 3 mm layer, this may explain why the Rl-series 
has a higher coefficient of friction that the R3-series as 
shown in Fig. 11. It is also interesting that the tendency 
for/x to decrease as the upper fractal limit increases in 
Fig. 11 reverses when the largest particle size is about 1 
of the layer thickness. This may also be a result of a 
statistical paucity of weakest links. Finally, note that for 
1 mm thick layers, ~x decreases again when the largest 
particle is about equal to the layer thickness. In this case 
bridges may not form. 

The optical observation that more comminution has 
occurred in layers with rough surfaces than in those 
bounded by smooth surfaces supports this model (see 
Fig. 9). The transition from fracture-dominated defor- 

mation to slip-dominated deformation occurs at small 
displacements in the case of smooth surfaces. For the 
rough surfaces, this transition occurs throughout the 
experiment as evidenced by the continual evolution of 
the friction parameters with displacement. 

DISCUSSION 

The experimental program described above was 
designed to answer two questions: (1) how does the 
particle size distribution in a gouge evolve with increas- 
ing shear displacement.'? and (2) what is the frictional 
constitutive behavior of a fractal gouge with dimension 
2.6, and how does it depend on the upper fractal limit? 
This second question was motivated by the observation 
that a natural fault gouge has a fractal geometry with 
D = 2.6. 

The answer to the first question was simple and direct. 
As anticipated, a layer of gouge with an initially uniform 
particle distribution was observed to evolve into a fractal 
distribution having D = 2.6. Distributions which began 
with this fractal distribution maintained it. The answer 
to the second question was not so obvious. The most 
profound differences in frictional behavior were ob- 
served between rough and smooth sliding surfaces. This 
was true for the coefficient itself as well as its transient 
parameters. We conclude that these differences arise 
because shear strain in the gouge localizes at the inter- 
face with the smooth surfaces, but for the rough surfaces 
strain remains distributed across the layer. Observations 
which suggest localized sliding at the smooth surfaces 
include the constancy of the coefficient of friction and its 
transient parameters throughout an experimental run 
and their lack of dependence on the particle size distri- 
bution. We suggest that following the initial compaction 
(about 2 mm of displacement), relatively few additional 
grains are fractured. The large magnitude of the velocity 
weakening observed in this case is assumed to be a 
consequence of the dominance of slip over fracture. 

The observation that the coefficient of friction 
depends on the thickness of the gouge layer argues 
against localization of the strain for the case of rough 
sliding surfaces. Support for this conclusion comes from 
the absence of evidence of localization in thin sections. 
The rough surfaces are not significantly smoothed at the 
end of the runs, and we find no evidence for the filling of 
rough surfaces by fine particles observed by Logan et al. 
(1979) for a calcite gouge between sandstone blocks. 
Such filling may require a more ductile gouge like 
calcite. 

For the rough surfaces, the frictional behavior evolves 
from velocity strengthening to mild velocity weakening 
with increasing displacement. We propose that this 
behavior is a direct consequence of the evolution of the 
particle distribution toward a fractal arrangement which 
minimizes the number of same-size nearest neighbors at 
all scales. This geometry minimizes the probability that 
grains will fracture since each is cushioned by smaller 
particles. It also maximizes the probability of slip be- 
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tween particles by minimizing the depth of 'valleys' 
between adjacent particles at all scales. The evolution 
toward a fractal geometry thus produces a correspond- 
ing evolution from fracture toward slip which, in turn, 
produces the observed evolution from velocity strength- 
ening toward velocity weakening. 

It is important to recognize that, even though we 
prepare a gouge which has the same particle distribution 
as a fractal gouge, it does not have the proper spatial 
arrangement at the beginning of a run. Shear strain is 
still required to eliminate same-size nearest neighbors 
which result from the random initial packing. Our data 
suggest that less displacement is required to establish the 
spatial geometry if we begin with the appropriate fractal 
grain size distribution. 

The formulation of a detailed micromechanical model 
for the frictional behavior of a layer of particulate 
material is beyond the scope of this paper. However, 
there is evidence that such a model should be based on 
'grain bridges" which span the layer and carry the applied 
load. Such structures are commonly described in the soil 
mechanics literature. The continual formation and fail- 
ure of bridges offers an explanation of how large dis- 
placements can be accommodated in the rough samples 
when no coherent slip planes are observed in thin 
section. The existence of such structures was previously 
postulated by Sammis et al. (1987) to explain how a self- 
similar gouge is established and maintained. 

The strongest evidence for the existence of grain 
bridges in this data set is the observation of a larger 
coefficient of friction for thinner layers, and an increase 
in/z when the particle size is about one-third of the layer 
thickness. These observations, which are not adequately 
explained by continuum theory, are an expected conse- 
quence of a bridge model. If /z is determined by the 
strength of the bridges, and if bridges fail at their 
weakest element, then short bridges composed of a 
small number of potential failure elements are expected 
to be statistically stronger than long bridges. 

The most surprising observation was that the transient 
parameters a and b are approximately three times as 
large for rough surfaces as for smooth. For smooth 
surfaces where slip dominates on the horizontal inter- 
face. these parameters are probably related to the 
velocity-induced changes in the fracture strength and 
lifetime of the adhesions described by classical friction 
theory. For rough surfaces, even when a fractal 
geometry is established and slip dominates, there is still 
a small misalignment angle between the interparticle slip 
planes and the sliding direction. There is experimental 
evidence that this misalignment may produce a velocity 
dependent dilatation (Morrow & Byerlee 1986). Large a 
and b values observed for rough surfaces may be associ- 
ated with the stress required to produce such volume 
changes. A more quantitative discussion of these possi- 
bilities requires the formulation of a micromechanical 
model for the formation and failure of the grain bridges. 

A central question in using laboratory friction para- 
meters to describe natural faults is the uncertainty in 
scaling. For example, does the characteristic displace- 

ment of 10-50 ~m observed in these experiments also 
apply to a natural fault, or is it a function of the 
laboratory particle size or surface roughness which 
should be scaled up to some relevant particle size or 
surface roughness in the natural fault? Sammis & Biegei 
(1989) proposed the upper fractal limit of the gouge 
particles as such a scaling parameter. The experiments 
reported here suggest that Dc is not very sensitive to the 
upper fractal limit. The strong dependence of D c on 
normal stress suggests that it is probably related to the 
size of adhesions, and thus only indirectly related to the 
particle geometry, possibly through the number and 
geometry of stress-paths or grain bridges in the granular 
gouge. 
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