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Coulomb Constitutive Laws for Friction: Contrasts in Frictional
Behavior for Distributed and Localized Shear

CHris MARONE!, B. E. HoBss? and A. OrD?

Abstract —We describe slip-rate dependent friction laws based on the Coulomb failure criteria.
Frictional rate dependence is attributed to a rate dependence of cohesion ¢ and friction angle ¢. We show
that differences in the stress states developed during sliding result in different Coulomb friction laws for
distributed shear within a thick gouge layer versus localized shear within a narrow shear band or between
bare rock surfaces. For shear within gouge, shear strength is given by t = ¢ cos ¢ + g, sin ¢, whereas for
shear between bare rock surfaces the shear strength is t = ¢ + o, tan ¢, where 7 and o,, are shear and
normal stress, respectively. In the context of rate-dependent Coulomb friction laws, these differences mean
that for a given material and rate dependence of the Coulomb parameters, pervasive shear may exhibit
velocity strengthening frictional behavior while localized shear exhibits velocity weakening behavior. We
derive from experimental data the slip-rate dependence and evolution of ¢ and ¢ for distributed and
localized shear. The data show a positive rate dependence for distributed shear and a negative rate
dependence for localized shear, indicating that the rate dependence of ¢ and ¢ are not the same for
distributed and localized shear, even after accounting for differences in stress state. OQur analysis is
consistent with the well-known association of instability with shear localization in simulated fault gouge
and the observation that bare rock surfaces exhibit predominantly velocity weakening frictional behavior
whereas simulated fault gouge exhibits velocity strengthening followed by a transition to velocity
weakening with increasing displacement. Natural faults also exhibit displacement dependent frictional
behavior and thus the results may prove useful in understanding the seismic evolution of faulting.
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Introduction

Friction laws that incorporate slip-rate dependence and memory (state) effects
(DIETERICH, 1979, 1981; RUINA, 1983) have proven successful in describing a range
of observations from laboratory experiments and natural faults. These include: (1)
the time and slip-rate dependence of laboratory friction data (DIETERICH, 1979)
and the stability of sliding in laboratory samples (SHIMAMOTO, 1986; TULLIS and
WEEKS, 1986; Cox, 1990; WONG et al., 1991), (2) the depth variation of slip
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stability on natural faults (TsE and RICE, 1986; MARONE and ScHoOLz, 1988;
BLANPIED et al., 1991), (3) the critical slip distance of seismic faulting (DIETERICH,
1986; ScHOLZ, 1988), and (4) the relation between seismic and postseismic phenom-
ena (RICE and Gu, 1983; MARONE et al., 1991). In spite of this, we know little
about the underlying physics controlling rate and state dependent rock friction and
thus the parameters of these laws remain empirical.

Progress toward understanding the micromechanics of rate dependent friction
has been greatest for initially-bare rock surfaces. Experimental data show an
instantaneous change in friction upon a change in slip velocity followed by a
displacement dependent evolution (see above references). DIETERICH (1979) and
DieTERICH and CONRAD (1984) interpreted the instantaneous effect as a strain-rate
dependence of rock strength and suggested that the friction evolution effect
represents an evolving real area of contact. They proposed that this evolution
results from replacement of existing contacts by those appropriate to the new slip
velocity.

Although these interpretations are supported by recent work showing direct
correlations between changes in friction and real area of contact for lucite plastic
(KILGORE and DIETERICH, 1991), many details of the underlying processes remain
unclear. Moreover, for natural faults the effects of variables such as temperature,
normal stress, rock type, and damage (CHESTER and HIGGS, 1992; LINKER and
DIETERICH, 1992; RIENEN ef al., 1992; STEACY and Sammis, 1992) may render
these simple interpretations incomplete, further complicating the problem of scaling
empirical parameters from the laboratory to natural faults.

The Coulomb failure criterion offers an alternative framework within which to
evaluate velocity dependent friction. The Coulomb criterion relates frictional
strength to cohesion and friction angle (angle of internal friction), a parameter
which describes the normal stress dependence of shear strength (e.g., HANDIN,
1969). In a Coulomb law, frictional rate dependence may be described via rate
dependent cohesion and friction angle. Although the Coulomb parameters are, like
the rate and state dependent parameters, empirical, they have a significant data base
which may help in understanding the underlying processes they describe (e.g.;
WHITMAN and HEALY, 1962; JEWELL, 1989; SWAN et al., 1989; WooD, 1990;
LAJTAI et al., 1991).

The purpose of this paper is to formulate a rate dependent Coulomb friction law
and to explore the consequences of this law for the stress states developed during
pervasive and localized shear. In particular, theoretical arguments and observations
from experimental and natural faults indicate different stress states for distributed
shear within a gouge zone and localized shear at a gouge-rock boundary or between
bare rock surfaces. When coupled with a Coulomb friction law these differences
suggest a possible explanation for displacement dependence of frictional behavior as
observed in laboratory experiments (Figure 1) and on natural faults (e.g.,
WESNOUSKY, 1988, 1990)
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Figure 1
Displacement dependence of the friction rate parameter (a — b) for sliding between initially bare surfaces
and within gouge. Solid symbols show shear of a gouge layer between rough surfaces. Open symbols
represent sliding between initially-bare rock surfaces or shear of a gouge layer between smooth surfaces.
Note that for localized shear (open symbols) velocity weakening (@ — b < 0) is observed from the
beginning, whereas a transition from velocity strengthening to weakening occurs for shear of a gouge
layer between rough surfaces. This transition does not occur in the upper data set (@) for which shear
did not localize at the gouge zone boundary and thus we infer that the transition from velocity
strengthening to weakening is the result of a change from distributed to localized shear. Inset shows the
effect of a velocity change from 1.0 to 10.0 um s} on the coefficient of friction (plotted vs. displace-
ment) for gouge (upper curve) and bare granite surfaces (data from MARONE et al., 1990). Data: ¢
4-mm thick quartz gouge layers sheared between rough (=250 ym rms) steel surfaces at 100 MPa
normal stress (MARONE et al, 1990). ® |-mm thick granite gouge sheared between 60 grit granite
surfaces at 10 MPa normal stress (DIETERICH, 1981). B 3-mm thick granite gouge sheared between 60
grit granite surfaces at 10 MPa normal stress (R3-710 data of BIEGEL et al., 1989). (0 3-mm thick
granite gouge sheared between 600 grit granite surfaces at 10 MPa normal stress (S3-710 data of BIEGEL
et al., 1989). A initially bare granite surfaces roughened with 60 grit and sheared at 27-84 MPa normai
stress (TULLIS and WEEKS, 1986). O initially bare gabbro surfaces roughened with 60 grit and sheared
at 5 MPa normal stress (MARONE and Cox, 1991). Uncertainty in all data is approximately +0.001.

Distributed vs. Localized Shear

A key parameter in the rate and state variable friction law is the steady-state
velocity dependence of friction, a — b = Au/Aln V, where u is the coefficient of
friction and V is slip velocity (RuinNa, 1983). Difficulties in making accurate
laboratory measurements of @ — b have led to some inconsistency in reported values
(e.g., DIETERICH, 1981; LOCKNER et al., 1986; BLANPIED et al., 1987; BLANPIED et
al., 1988; TULLIS et al., 1989); however, a common observation has been that shear
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between bare rock surfaces or along highly localized surfaces yields negative a — b,
whereas positive values are obtained for pervasive shear within simulated fault
gouge (Figure 1).

Localization of strain within gouge appears to affect the velocity dependence of
friction. Gouge sheared between rough surfaces undergoes a transition with dis-
placement from velocity strengthening (¢ — b > 0) to velocity weakening (Figure 1;
BLANPIED et al., 1987, BLANPIED et al., 1988; TULLIS et al., 1989; WEEKS et al.,
1990) and shear localization occurs at the gouge rock boundary in these experi-
ments (e.g. DIETERICH 1981; M. L. BLANPIED pers. comm.). The displacement
required to produce this transition scales with surface roughness, such that larger
displacements are needed for rougher surfaces (Figure 1; BIEGEL et al., 1989).
Furthermore, the transition is not observed when boundary shear localization is
inhibited. In contrast, experiments on initially-bare rock surfaces show dominant
velocity weakening for comparable displacements (Figure 1).

These observations suggest that the transition with displacement from velocity
strengthening to velocity weakening in gouge (Figure 1) is related to shear localiza-
tion at the gouge rock boundary. This is consistent with the well-known association
between shear localization and unstable sliding in laboratory experiments (EN-
GELDER et al., 1975; BYERLEE and SUMMERS, 1976; LOGAN et al., 1979, 1981;
SHIMAMOTO and LOGAN, 1981; MOORE et al., 1986, 1989).

Coulomb Constitutive Laws for Distributed and Localized Shear

HoBBS et al. (1990) derived relationships for Coulomb failure by distributed and
localized shear. They argued that while localized shear is governed by the well-
known Coulomb criterion

lt|=c+o,tan ¢ (1)

where 1t and ¢, are the shear and normal stress and ¢ and ¢ are cohesion and
friction angle, the shear stress responsible for distributed shearing, such as within a
thick gouge zome, is the maximum shear stress, Tn,.,, produced by the imposed
stress state (Figure 2).

The stress state responsible for pervasive shearing occurs because the maximum
shear strain rate is parallel to surfaces of simple shear and, for a Coulomb-Mohr
material, the stress tensor is coaxial with the strain-rate tensor (HILL, 1960;
TCHALENKO, 1970; RUDNICKI and RICE, 1975; HOBBS et al., 1990).

The experiments of MANDL ef al. (1977) document such a stress state for shear
within a granular gouge layer. Using photoelastic cells they found that during shear
the maximum shear stress is parallel to the layer boundaries, and thus o, is 45° to
the layer boundary (as in Figure 2d). MANDL er al.’s experiments were at relatively
low normal stress ( <1 MPa), but the same conclusion is implied by the work of
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Figure 2
Pressure dependence of strength for distributed and localized shear. (a) Triaxial shortening experiment.
Flow stress at constant shortening strain is plotted against pressure. The friction angle is given by
tan~'{tan or/2(1 + tan «)/?}. (b) Localized shearing such as for bare rock surfaces. Shear stress at a
given shear strain is plotted against normal stress. The friction angle is «. (c) Distributed shear within
a thick gouge layer. Shear stress at a given shear strain is plotted against normal stress. The friction
angle is sin~*(tan «). (d) Mohr diagrams for two stress states A and B. Stress state for distributed shear
within a gouge layer is (t,,,,, 6) where ¢ is the mean normal stress and 7, ,, is the maximum shear stress.
Stress state for shearing of bare rock surfaces is (g, 7). The slope of the line connecting stress states for
distributed shear is (sin ¢), whereas the slope of the line connecting stress states for localized shear is
tan ¢. (Adapted from HoBBs ef al., 1990.)

BYERLEE et al. (1978), who, working at normal stresses in the range 200—500 MPa,
found that oblique (Riedel) shears form at a constant angle to the gouge zone
boundary rather than to the macroscopic stress state. Since Riedel shears have been
interpreted as Coulomb-type slip planes (e.g., MANDL et al., 1977), BYERLEE et
al’s result indicates that stress is reoriented within the gouge layer such that the
maximum principal stress is 45° to the gouge zone boundary. TCHALENKO (1970)
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reached the same conclusion, based on an analysis of secondary structures within
shear zones of various scale. Each of these observations indicates coaxiality of
strain rate and stress during shear of a granular layer. On the other hand, the
coaxiality condition cannot be met for shear between bare rock surfaces or for
generalized Coulomb deformation in which failure occurs at + (45 — ¢/2) to the
maximum principal stress (e.g., Figures 2a,b).

The different stress states for localized and pervasive shear have important
implications for Coulomb friction laws. For localized shear, the cohesion and
friction angle are obtained from (1) or in terms of the principal stress o, (Figure 2)

0, sin ¢ cos ¢ + ¢ cos?¢
T= : . (2)
1 —sin ¢

However, in the case of pervasive shear, the line connecting stress states G, and Gp
has slope tan~(sin ¢), where & is the mean normal stress (Figure 2). Thus, ¢ and
¢ are obtained from

_gpsing +ccos ¢

Tonax = - , 3
e 1—sing )
or in terms of the mean normal stress &,

Tmax = € COS ¢ + 7, sin ¢. 4

The differences between (1) and (4) mean that, for a given material, frictional
behavior may differ for localized shear, such as at a gouge-rock boundary, and
pervasive shear within a gouge zone.

Rate-dependent Coulomb Constitutive Laws

By analogy with second-order variations in friction described by rate and state
dependent friction laws (DIETERICH, 1979; RUINA, 1983), we may consider the
effect on friction of rate dependent changes in cohesion and friction angle. We
restrict attention to rate dependent changes in friction at constant normal stress.

Dividing Equations (1) and (4) by o, yields a relation for the coefficient of
friction in terms of cohesion, friction angle, and normal stress. The relations for
localized and pervasive shear, respectively, are

u=£+tan¢ (5)

n

y=CC:S¢+sin¢. (6)

n
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Differentiating (5) and (6) with respect to ¢ and ¢ yields the change in coefficient
of friction, Ay, due to perturbations in cohesion and friction angle. The relations
for localized and pervasive shear, respectively, are as follows:

Ac A
Au = - + o ¢ (7)
Ap= CO: ? Ac+ (cos ¢ —°< s;“ ‘1’) Ad, (8)

where Ac =dc/dlog V and A¢p = de¢/d log V.

To show the effect on friction of small, rate dependent changes in cohesion and
friction angle we may plot contours of Au as a function of Ac and A¢ (Figure 3).
The plots are generated using Equations (7) and (8) and values for ¢, ¢, and g,
based on experimental data (Table 1).

For both distributed and localized shear, Ay increases with increasing Ac and A¢
(Figure 3). Higher values of ¢ yield smaller Au for given values of Ac and A¢ (compare
Figures 3a and 3d). For a given friction angle and normal stress, increased cohesion
produces increased Ay for distributed shear but, as indicated by Equation (7), cohesion
does not affect Ay for localized shear (compare Figures 3d and 3e). Higher normal
stress reduces the effect on Au of both Ac and A¢ (compare Figures 3a, 3¢, and 3f).

For these values of cohesion, friction angle, and normal stress, there exists a
region in which localized shear exhibits velocity weakening frictional behavior while
pervasive shear exhibits velocity strengthening (shaded regions of Figure 3). More-
over, for A¢ <0 localized shear generally yields smaller Ay than pervasive shear,
implying a greater tendency for instability (e.g., RUINA, 1983).

Experimental Data Showing Rate-dependent Coulomb Constitutive Behavior

Equations (5) and (6) may be used to derive values of cohesion and friction
angle from experimental measurements of friction at different normal stresses. We
used the data of MARONE er al. (1990) for shear of a gouge layer to derive: 1)
values of cohesion and friction angle, and 2) slip-rate dependent changes in these
parameters (Table 1).

An example of the effect on frictional strength of step changes in slip rate at
three normal stresses is shown in Figure 4. The steady state change in friction for
a decade change in slip rate ranges from 0.007 to 0.014, decreasing with normal
stress (MARONE et al., 1990). Cohesion and friction angle were obtained for slip
velocities of | and 10 micron s~! using Equation (6) and the steady state frictional
strength at each velocity (Figure 4). To account for any displacement-dependent
effects on the overall frictional strength we used data at comparable shear displace-
ments (after correcting for apparatus distortion) from experiments at different
normal stresses. In each case a linear fit to the shear strength—normal stress data
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Table |

Rate dependent Coulomb constitutive parameters for distributed shear

Slip Velocity c® ¢° o’ ¢ Ac A¢
ums=! (MPa) (Degree) (MPa) (Degree) (MPa) (Degree)
1-10 2.0 37.8 24 382 0.4 0.4
1-10 1.4 38.5 2.1 38.8 0.7 03
1-10 3.7 37.5 4.3 37.8 0.6 0.3
10-1 2.7 38.5 2.1 38.2 0.6 0.3
10-1 39 38.2 3.5 3719 0.4 0.5

Coulomb parameters for frictional sliding of simulated fault gouge at normal stresses of 50, 100,
and 150 MPa (see Figures 4 and 5). Parameters were obtained by applying the Coulomb law for
pervasive shear (Equation 6) to data from the same velocity sequence (e.g., 1 to 10 pums—!) at each
normal stress. The superscripts o and f refer to values obtained at the initial and final velocities (given
in the first column). Ac = dc/d log V and A¢ =d¢/d log V are the slip-rate dependence of cohesion and
friction angle, respectively.

(Figure 5) gives a correlation coefficient of > 0.99 and thus the use of a Coulomb-
type failure law, which is linear in normal stress, appears to be justified, at least for
the limited data available.

For normal stress in the range 50-150 MPa, cohesion ranges from 1.4 to
4.3 MPa and friction angle from 37.5 to 38.8 degrees (Table 1). For a given velocity
sequence the data show a consistent, positive rate dependence for both cohesion
and friction angle (Table 1). The Ac and A¢ values range from 0.4 to 0.7 MPa and
0.3 to 0.5 degree, respectively. As expected, the velocity dependence of ¢ and ¢ is
small compared with their absolute values (Figure 5, Table 1).

Rate-dependent Coulomb parameters were also obtained for shear between
initially-bare granite surfaces. In this case shear is localized and thus Equation (1)
applies. We used data from TULLIS and WEEKS (1986) for normal stresses of 28.6
to 57.4 MPa and velocities of 1 and 10 ums™' (as reported in their Figure 6).
TuLL1s and WEEKS found velocity weakening and their data yield A¢ = —0.1° and
Ac = —0.1 MPa for 10 x velocity changes. KILGORE et al. (1992) also measured
frictional velocity dependence of bare granite surfaces. Their data cover normal

Figure 3
Contours of the velocity-dependence of friction Ay for velocity-dependent cohesion Ac and friction angle
A¢ calculated using Equations (7) (localized shear) and (8) (distributed shear). In each plot the contour
Ap = 0 separates regions of velocity strengthening (Au > 0) from velocity weakening for distributed and
localized shear. The shaded areas show regions of Ac, A¢ space for which localized shear exhibits
velocity weakening while distributed shear exhibits velocity strengthening. The dependence of Ay on Ac
and A¢ varies with ¢, ¢, and o, (a)~(f). Laboratory data show Ay is in the range 0.01 to —0.01 for a
10x change in slip velocity (Figures 1 and 4) and thus the range of Ay values shown ( —0.04 to 0.04)
represent velocity perturbations of <10%
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The effect on frictional strength (upper three curves) of step changes in slip rate at normal stresses of 50,

100 and 150 MPa [data are for distributed shear of a 4-mm thick quartz gouge layer (MARONE et al.,

1990)]. The remotely-imposed slip rates are given at 100 MPa; in all other cases the slip rate was cycled

between 1 and 10 gm s~'. Data at 1 and 10 ym s—! were used to determine the slip-rate dependence of

cohesion and friction angle (see Table 1). For the 150 MPa data, the volume strain vs. shear strain
record is shown for the same interval (dilation is positive).

stresses from 5 to 150 MPa and yield A¢ = —0.2° and Ac = 0 MPa for velocities of
1 to 10 um s~!. Thus, for localized shear A¢ shows negative velocity dependence
and Ac is neutral to slightly negative.

State Dependence of Friction

The evolution of ¢ and ¢ following a velocity change can be determined by
casting the rate and state dependent friction law in terms of the Coulomb relations
(5) and (6). Following RUINA’s (1983) formulation, we have for pervasive shear

¢’ cos ¢ +sin ¢ =c, cos ¢, +sin ¢, +a In(V/V,) + by (9
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Rate Dependent Coulomb Parameters for Gouge
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Figure 5
Normal stress dependence of frictional strength. Solid circles represent strength at 1.0 micron s~' slip
rate and open circles at 10.0 micron s~! (e.g., Figure 4). Strength is slip-rate dependent, which indicates
a slip-rate dependence of ¢ and ¢. The parameters ¢ and ¢ are obtained from a linear fit to the data
according to Equation (6), which is the Coulomb failure law for pervasive shear of a gouge layer (see
also Figure 2d). The dashed line shows the best fit to the 1.0 micron s~! data. Uncertainty in the shear
strength determinations is +0.05 MPa; for reference, the circles are 1.6 MPa (shear stress) in diameter.

where ¢’ =c¢/o,, V is slip velocity, i is a state variable, and the terms ¢/, ¢,, and
V, are constants. The state variable ¥ evolves following a change in slip velocity
according to (RUINA, 1983):

dy

Vv
= =W (Y )] (10)

where Dc is a characteristic distance over which friction evolves. Coupling Equa-
tions (9) and (10) with a relation describing elastic interaction between the
deforming region and its surroundings yields the displacement dependence of ¢
and ¢.

Using measured Ac and A¢ values for distributed shear (Table 1) we obtained
values for a, b, and Dc by simultaneously fitting the numerical solution of
Equations (9-10) to friction data at two normal stresses (Figure 6a). Because
Equation (9) is cast in terms of the Coulomb parameters, both numerical simula-
tions are derived from the same values of ¢ and ¢ (Figure 6b).
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Figure 6
(a) Friction data (solid lines) and numerical simulations (dashed lines) for a step change in load point
velocity from 1 to 10 ym s~! (imposed at 0 displacement) at 50 and 100 MPa normal stress (data from
MARONE et af., 1990). The numerical simulations are solutions to Equations (9-10) coupled with a
spring-slider model of elastic interaction between the deforming region and its surroundings. The
simulations were done by fixing Ac and A¢ at their measured values (0.43 MPa and 0.36 degree,
respectively) and varying a, b, and Dc to simultaneously fit the friction data at both normal stresses. The
simulations shown are for: a = 0.0094, b =0.0039, and Dc = 8.0 um. (b) The effect of the velocity
change on ¢ and ¢ as determined from the simulations in (a). The friction angle (dotted line) exhibits
an immediate increase upon the increase in velocity followed by a displacement dependent decay,
whereas cohesion evolves to a new higher value without exhibiting a peak and decay.
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The modeling indicates that ¢ exhibits an immediate increase upon a velocity
increase followed by a displacement dependent decay, whereas cohesion evolves to
a new, higher value without exhibiting a peak and decay (Figure 6b). As required
by the experimental data, both cohesion and friction angle exhibit a steady state
increase with velocity. We tested alternative forms of Equation (9), such as imposing
a velocity and state dependence on cohesion and/or friction angle instead of on g,
but the results were not significantly different than those shown in Figure 6.

Discussion

Experimental data and theoretical considerations indicate different stress states
(Figure 2) and frictional rate dependence (Figure 1) for distributed and localized
shear. Since distributed shear implies strain hardening mechanisms, whereas local-
ized shear implies strain weakening, contrasting macroscopic frictional behavior
may be expected. However, what are the micro-mechanisms that produce these
differences and how do they relate to the process of stress reorientation implied by
the different stress states for distributed and localized shear?

To address these questions we need to better define the terms distributed and
localized shear. The criteria we have used to distinguish between distributed and
localized shear include friction characteristics (e.g., Figure 1) and end-member
mechanical scenarios (Figure 2). Shear is assumed to be localized if it occurs along
a surface (Figure 2b), whereas shear of a thick layer may be distributed pervasively
or localized along a boundary-parallel surface within the zone (Figure 2d). Dis-
tributed shear and coaxiality of stress and strain rate imply rotation of the far field
principal stress directions, and thus stress reorientation across a shear zone can be
used to distinguish between distributed and localized shear.

Experimental data and observations of natural fault zones indicate stress
reorientation within thick gouge (MANDL et al., 1977, TCHALENKO, 1970). The
experiments of MANDL et al. show a direct link between stress rotation and shear
localization. They found that during loading the maximum principal stress direction
rotated to become 45° to the shear zone boundary and that after a peak stress was
reached (presumably indicating the onset of shear localization) the principal stress
angle decreased, implying a stress field similar to that of localized shear.

We do not know of similar data that would demonstrate the dependence of
stress reorientation on layer thicknesses, but stress cannot reorient within vanish-
ingly thin layers. Furthermore, stress is presumably not reoriented in the case of
shear localization at a gouge rock boundary or when strain is localized along
narrow, through-going shear bands such as the Y Shears of LOGAN et al. (1979).
Thus, stress reorientation of the type implied by Figure 2d and Equation (4) is
controlled in part by the width over which strain is accommodated (e.g., the shear
band width, MUHLHAUS and VARDOULAKIS, 1987).
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If we accept that distributed shear involves stress rotation we are left with the
question of why stress rotation occurs and what are the underlying micro-mechan-
ical processes. One way to produce stress reorientation is via a contrast in material
properties. Thus, stress reorientation is expected at the contact of a porous gouge
layer with rock. The above arguments, however, imply that stress reorientation does
not occur for thin layers, which indicates that stress reorientation requires a critical
layer thickness. This is consistent with the moduli of thin, highly indurated gouge
being insufficiently different from rock to effect a significant stress reorientation.
Gouge layer thickness, shear band width, and particle size distribution are therefore
key parameters for stress reorientation within shear zones.

Rate-dependent Coulomb Laws for Distributed and Localized Shear

The thickness over which shear takes place is a key factor producing stress
rotation within a shear zone. Stress rotation, in turn, implies a modified form of the
Coulomb criterion (Figure 2, Equation 4), and thus the Coulomb parameters are
recovered from different criteria and the principal stresses for distributed shearing
obey different relations than for localized shear.

Differences in the Coulomb criteria imply that failure in the two cases will occur
at different angles to the far-field principal stresses. The angle between o, and failure
will be 45° — ¢/2 for localized shear and ¢/2 for distributed shear. Thus, ¢ as
determined from the former relation and the orientation of failure surfaces within
a shear zone will be smaller than the true ¢ of the material, which is consistent with
the experimental results of TCHALENKO (1970), who found Riedel shears at 12° and
7° to o, for clays with true friction angles of 23° and 13°, respectively.

A further consequence of contrasting Coulomb laws for distributed and local-
ized shear is that frictional rate dependence will differ for the same rate dependence
of the Coulomb parameters. Of particular interest is the possibility of distributed
shear exhibiting velocity strengthening frictional behavior while, for the same
Coulomb parameters, localized shear exhibits velocity weakening (Figure 3). For
reasonable values of normal stress, friction angle and cohesion, such a region exists
for A¢ <0 and Ac >0 (Figure 3).

Our analysis of experimental data, however, shows that neither set of rate
dependent Coulomb parameters falls within this general region. Localized shear
yields A¢ <0 and Ac ~0, values that are near this region for low o, but
substantially outside this region for higher ¢, (Figure 3). The parameters for
distributed shear of gouge are within the velocity strengthening field for both types
of shear. Within this field localized shear is expected to exhibit greater velocity
strengthening than distributed shear.

The effect of differences in the stress states for distributed and localized shear
is accounted for by the differences in the Coulomb criteria (Equations 7 and 8),
and thus, to the extent that A¢ and Ac are material parameters, the values
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recovered from pervasive or localized frictional sliding should be identical. Our
analysis, however, shows this is not the case. Distributed shear exhibits a fundamen-
tally different rate dependence of the friction angle and cohesion than localized
shear. This presumably reflects inherent differences in the two cases; for example,
significant dilation in the case of gouge would produce larger A¢ due to the relation
between shear strength and dilation (MARONE et al., 1990; MARONE, 1991).

A v,
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(a-b <0, Ac <0, Ap>0)
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V,> v
(a-b< 0, Ac >0, Ad< Q)
<,
&
(@
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Figure 7

Sketch of the relation between the friction rate parameter a —b and the rate dependent Coulomb
parameters. Dots indicate frictional strength (r) at different normal stresses (o, ) and slip velocities (V).
The relation between a — b and Ac, A¢ depends on both the magnitude and normal stress dependence
of a — b. (a) Two possibilities for producing velocity weakening are shown. For V,, velocity weakening
results from rate strengthening cohesion and rate weakening friction angle, whereas for V;, velocity
weakening is produced by Ac <0 and A¢ > 0. Data for V, show increasing |a —~ b| with normal stress,
whereas data for ¥; show the opposite. The same reasoning indicates that velocity strengthening can be
produced by either rate strengthening or weakening ¢ and ¢ depending on the normal stress dependence
of |a — bl. (b) Velocity strengthening with |a — b| independent of normal stress. In this case Ag >0 is
implied, but Ac can be either positive or negative depending on |a — b},
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Relation Between the Friction Rate Parameter and Rate Dependent Coulomb
Parameters

It is important to note the complexity of the relation between the friction rate
parameter g — b and the rate dependent Coulomb parameters (Figure 7). Velocity
weakening behavior can be produced by either positive or negative A¢ or Ac,
depending on the magnitude and normal stress dependence of a — b (Figure 7a). If
l|a —b| is small and increases with normal stress (V, case of Figure 7a), rate
strengthening cohesion and rate weakening friction angle are implied. On the other
hand, if |a — b| is large or if it decreases with normal stress (V5 case of Figure 7a),
Ac <0 and A¢ >0 are implied.

The same is true for velocity strengthening as indicated by the positive rate
dependence of friction angle for gouge (Table 1) even though a — b decreases with
normal stress (MARONE et al., 1990). The geometry of Figure 7a indicates that
a —b >0 can be produced by either rate strengthening cohesion and rate weaken-
ing friction angle or vice versa, depending on the magnitude and normal stress
dependence of a — b. If a — b is independent of normal stress (Figure 7b), then A¢
has the same sign as a — b, however, the sign of Ac depends on the magnitude of
a —b. For velocity strengthening with a — b independent of normal stress, rate
weakening cohesion is implied for small a — b, whereas large values of a —b
indicate Ac >0 (Figure 7b).

Application to Natural Faults

Laboratory friction data imply stable sliding for distributed shear within wide
fault zones and potentially unstable behavior for narrowly localized slip. Our results
indicate further differences in stability for distributed and localized shear on the
basis of differences in the Coulomb failure criteria. The results, however, do not
provide an independent estimate of the fault zone width at which a transition from
distributed to localized shear is expected, since, as discussed above, this dimension
depends on a number of factors. The behavior of natural faults, however, places
some constraint on the transition width.

Several lines of evidence show a link between distributed shear, wide fault zones,
and velocity strengthening frictional behavior: 1) Seismic and geologic evidence show
that the San Andreas and related faults in central California undergo distributed
shear within a zone several kilometers wide (FENG and MCEVILLY, 1983; MONT-
GOMERY and JONES, 1992), which implies strain hardening mechanisms. Further, the
work of MOONEY and GINSBURG (1986) implies that the presence of thick,
low-velocity fault gouge promotes stable sliding, since they only observed thick
(>2 km) low-velocity zones within aseismic portions of the San Andreas in central
California and not within frictionally-locked sections. 2) Seismic evidence shows that
faults evolve toward stable sliding with accumulated displacement, such that faults
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with large net offsets and wide gouge zones exhibit greater aseismic slip
(WESNOUSKY, 1988, 1990). 3) Faults with well-developed gouge zones exhibit an
upper stability transition, whereas faults with poorly developed or non-existent
gouge zones do not (MARONE and ScHOLZ, 1988) and 4) earthquake afterslip and
coseismic slip are significantly affected by the presence of a wide gouge zone
(MARONE ef al., 1991).

These observations are consistent with laboratory data showing velocity
strengthening for distributed shear (MARONE et al., 1990). Moreover, high-resolu-
tion crustal structure and hypocentral locations within the San Andreas fault zone
at Parkfield show that the shear zone, defined by an anomolously high Vp/Vs,
narrows with depth, going from =35 km in width at the surface to <1km at a
depth of 4—5 km (MICHELINT and McCEVILLY, 1991). When coupled with the data
of MARONE and ScHoLz (1988) showing a stability transition at 3—5 km depth,
this implies that localized behavior occurs for shear within a zone of less than
~1 km.

Conclusions

While it has long been recognized that the maximum principal stress for simple
shear is boundary controlled, the detailed conditions under which this applies and
the implications for a Coulomb-type failure criterion have not been widely dis-
cussed. We show that a number of observations indicate different stress states for
distributed shear within a layer and localized shear such as along a gouge rock
boundary or between bare rock surfaces. We also present evidence suggesting a
link between changes in frictional behavior, stress reorientation, and shear local-
ization. Differences in the Coulomb friction laws for distributed and localized
shear offer an explanation for stress reorientations and contrasts in frictional
behavior.

The friction laws proposed here allow recovery of the Coulomb parameters of
cohesion and friction angle for both distributed and localized shear. In the context
of these laws, frictional rate dependence is described via rate dependence of the
Coulomb parameters. Differences in the stress states for distributed and localized
shear can lead to different frictional rate dependence for the same rate dependence
of the Coulomb parameters.

Our analysis shows that the stress state within a shear zone, and in particular
stress reorientation of the type implied by Figure 2d and Equation (4), is controlled
in part by the width over which strain is accommodated. Thus, gouge layer
thickness and shear band width are key parameters producing differences between
distributed and localized shear. Observations from natural faults suggest that
distributed shear and velocity strengthening behavior occur where shear is accom-
modated within a thick (&1 km or greater) fault zone.
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