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Fault zone strength and failure criteria
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Abstract. This paper discusses Coulomb failure criteria for brit-
tle deformation of intact rock and fault gouge. Data are presented
from laboratory experiments designed to identify the critical
gouge layer thickness required to effect a transition from the
standard Coulomb criterion to a modified failure law (referred to
as Coulomb plasticity) appropriate for simple shear of a gouge
layer. Experiments were carried out using tension fractures and
quartz powder to simulate granular fault gouge. Fractures
sheared without gouge obey the standard Coulomb law. A
0.6mm-thick gouge layer was required to effect the transition to
Coulomb plasticity. Itest and reject the hypothesis that fault zone
strength and apparent coefficient of internal friction can be pre-
dicted from fracture of intact rock simply by accounting for
differences in the failure laws and without considering variations
in the Coulomb parameters. The data presented indicate that the
stress state required for Coulomb plasticity is not developed
within very thin gouge layers. This work implies that brittle fault
zones have lower friction than predictions based on the strength
of intact rock. However, the magnitude of this weakening effect
is small (for example, a coefficient of sliding friction of 0.75
would be reduced to 0.6) and thus it is not an independent expla-
nation of the apparent weakness of mature faults.

Introduction

A central goal in fault mechanics has been to understand why
mature faults appear significantly weaker than estimates based on
Byerlee’s Law. Byerlee’s Law predicts coefficients of sliding
friction of 0.6 to 0.8 and fault strengths of 2100MPa at seismo-
genic depths, whereas friction on mature faults is inferred to be
0.3 or less [e.g., Rice, 1992]. Immature faults (those with poorly-
developed gouge zones and little recent slip) do not appear to be
weak.

Explanations for the weakness of mature faults include the ex-
istence of weak material within the fault zone, high fluid pressure,
and dynamic effects which reduce friction and heat production
[Rice, 1992; Chester et al., 1993]. Notwithstanding the impor-
tance of these mechanisms, an additional factor exists that has re-
ceived relatively little attention: differences in the failure laws,
and strength, for intact rock and fault zones deforming under
simple shear. The purpose of this paper is to evaluate these dif-
ferences and to present measurements showing the transition
between failure laws with increasing gouge thickness.

Failure Criteria for Fault Zones and Intact Rock

For intact rock and granular material undergoing bulk defor-
mation, shear strength 7 is described by the Coulomb criterion
(Figure 1)
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T= C+0, tand, )

where C is cohesion (or cohesive strength), G, is normal stress,
and ¢ is the friction angle (tan$ = p;, where J; is the coefficient
of internal friction). However, laboratory data, theoretical stud-
ies, and field observations indicate that a layer of fault gouge
deforming in simple shear obeys a different failure law [Hobbs et
al., 1990]

T= Ccos¢ + 0y sind. 2

Criterion (2) represents a stress state in which the maximum
principal stress is 45° to the gouge layer boundary, irrespective of
the external stress state [Hobbs et al., 1990; Marone et al., 1992].
This implies coaxiality between the macroscopic stress and strain
rate vectors and thus criterion (2) has been referred to as
Coulomb plasticity [Byerlee and Savage, 1992; Beeler and Tullis,
1994; Scott et al., 1994].

A consequence of (2) is that brittle fault zones are expected to
have lower friction than predictions based on the standard
Coulomb law (1). That is, (Figure 1a) the normal stress depen-
dence of the shear strength of a gouge layer W, (the apparent
coefficient of internal friction) and the apparent friction angle ¢,
are related to the true friction angle and coefficient of internal
friction by [ Hobbs et al. , 1990]

Ha = tand, = sing = sin(tanljy). )

The gouge layer fails internally according to criteria (1) along
Riedel shear surfaces [Mand! et al., 1977] and thus the plane of
the gouge layer appears to have lower friction than planes of
other orientations.

Although the distinction between (1) and (2) is well defined in
the extreme, the transition between them is not. The Coulomb
criterion applies to intact rock and bulk deformation of granular
material, whereas Coulomb plasticity applies to thick gouge
zones. Does the transition require a critical gouge thickness or a
critical contrast in material properties between the gouge and sur-
rounding rock? How is the transition accomplished with fault
development? In this paper I address these issues by first consid-
ering the effect of variations in C and ¢ on a transition from
criterion (1) to (2). I then present laboratory measurements of the
frictional strength of gouge layers to examine directly the
transition in failure laws.

If the Coulomb parameters are independent of the change in
failure law from (1) to (2) differences in the shear strength of in-
tact rock and fault gouge are due solely to differences in the stress
state and boundary conditions vis a vis criteria (1) and (2).
Existing data may be used to evaluate this hypothesis [Lockner
and Byerlee, 1993]. Figure 1 shows fracture data for Westerly
granite and the failure envelope they define. It is convenient to
write the Coulomb criteria as J; = tan$ = T, / (Gp + ) where Tp
and o, are the resolved shear and normal stresses on the fracture
plane and o, = C/tn¢.
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Figure 1. (a) Fracture data of Brace et al. [1966] and Byerlee
[1966] for Westerly granite along with the Coulomb failure
envelope they define (upper line of slope ;). Data are shear and
normal stress resolved on the fracture plane at failure. The line of
slope p, represents the Coulomb plasticity failure law. Dashed
line indicates failure criteria used by Lockner and Byerlee [1993]
who mistakenly took C equal to T,. (b) Coefficient of internal
friction derived from the fracture data for three values of .. The
data require 6, = 120MPa and thus the predicted i, values are
significantly below laboratory measurements of gouge strength
which follow Byerlee's law. (Modified from Lockner and
Byerlee, [1993])

Under these assumptions, Lockner and Byerlee [1993] sug-
gested that the fracture strength for intact rock could be used to
predict the strength and Y, for fault gouge, via equation (3). They
reported agreement between J, so derived and laboratory mea-
surements of gouge strength (Figure 1). However, Lockner and
Byerlee mistakenly identified O, as the tensile strength T, and
equated this with cohesion (their equation 1). From Figure 1, o=
Cif ¢ = 45°, arare case for brittle rocks. However, there is no
theoretical basis for equating C with tensile strength, which is
generally a factor of 5 to 10 less than C.

In Figure 1b, I show y; for the fracture data of Figure 1a using
three values of 6. Lockner and Byerlee used values of 6, =0
[1992] and 20MPa [1993], however, these are incomrect. In his
original study, Byerlee [1966] reported cohesion values of 70 to
170MPa, which would imply 6. of 100 to 200MPa. A least
squares fit of equation (1) to all the data of Figure la gives C =
191MPa and W, = 0.60. Neglecting curvature in the failure enve-
lope, the data require C of at least 100MPa and W; = 0.83, which
gives 0 .=120MPa. From equation (3) this yields p, values signifi-
cantly below measurements of gouge strength and Byerlee’s law
(Figure 1b).
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The observation that gouge strength is not predicted from the
strength of intact rock indicates that 6 is not the same for these
materials (Figure 1). This is perhaps not surprising since cohesion
differs greatly for intact and fractured rock. The derivation of
equation (3) requires that o be the same for both criteria [Hobbs
et al., 1990]. Hence, a better test of equation (3) and the relation-
ship between criteria (1) and (2) would be to compare cases for
which this were true. Shear of a pre-existing, natural fracture at
moderate normal loads provides such a case. Failure is expected
to obey (1) when the fracture is sheared from the mated (fully in-
terlocking) position without gouge, whereas shear of a suffi-
ciently thick gouge layer obeys (2). Cohesion for a pre-existing
fracture at low normal loads can be taken as zero, hence O ¢ is zero
in both cases. Friction measurements made on increasingly thick
gouge layers should show a transition from criteria (1) to (2).

Shear of Natural Fractures

Tension fractures were produced within samples of Westerly
granite and sheared at 15MPa normal stress within the direct
shear apparatus of J. Dieterich at the U.5.G.S., Menlo Park, Ca.
Normal stress was held constant and a roller-bearing assembly
was used to isolate shear on a single fracture surface in the double
direct shear geometry (Figure 2). Fractures had nominal area of
Scm x Scm and were made approximately flat at longer
wavelengths by notching the perimeter of the block to guide
tensile fracture. Maximum peak-to-trough roughnesses of the
surfaces were 6-8mm [ Marone and Durham, 1992].

Fractures were sheared from the mated position with ultra-fine
quartz powder (median diameter < 10)m) used to simulated fault
gouge. Twelve experiments were run with varying thicknesses of
gouge. Stress-strain characteristics varied systematically with
gouge thickness (Figure 2). For zero gouge, the stress-strain
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Figure 2. Main plot shows friction data from four experiments in
which gouge layers of different thickness were sheared between
tension fractures at 15MPa of normal stress. Right inset illustrates
direct-shear experimental configuration with roller-bearing-way
assembly, rock (stippled), and definition of mean gouge

thickness. Peak-to-trough fracture roughness was 6-8mm. Upper

inset is enlargement of data for shear without gouge, showing
stable post-failure sliding with sliding friction=0.95. Shear
displacement has been corrected for apparatus stiffness. Second
order variations in friction are related to slip velocity changes
used to interrogate detailed frictional characteristics [Marone and
Durham, 1992].
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behavior resembled that for fracture of an intact sample: a steep
loading curve was terminated by a sudden, audible stress drop at
failure. The post-failure coefficient of sliding friction was 0.95.
Thicker gouge layers showed a more gradual onset of sliding and
lower peak frictional strength (Figure 2).

I take the values of peak strength as the point of macroscopic
failure. Mated bare surfaces failed at a shear stress of 32MPa.
Assuming standard Coulomb failure this corresponds to a coeffi-
cient of internal friction of 2.1, which from equation (3) predicts
an apparent coefficient of internal friction of 0.9 for failure via
‘Coulomb plasticity (Figure 3).

For the friction measurements involving gouge, I make no a
priori assumption about the governing failure law. Values of J;
and , are calculated for both criteria (Figure 3). Measured fric-
tion for the 0.17mm-thick layer is close to y, predicted from the
experiment without gouge, however, the reverse is not true. p;
predicted from the measured value is significantly above the 2.1
value appropriate for Coulomb failure. For a slightly thicker
gouge layer (0.58mm thickness), the measured friction matches
that predicted for Coulomb plasticity and this value predicts j; of
about 2.1, in agreement with the measured value for criterion (1).

Although the preceding analysis has focused primarily on the
coefficient of internal friction, the weakening effect associated
with failure via Coulomb plasticity also applies to sliding friction.
An estimate of this effect can be made using the steady-state
friction value for shear without gouge (see inset to Figure 2),
which is roughly 0.95. Applying equation (3) indicates a coeffi-
cient of friction of 0.69 for a gouge layer of sufficient thick ness to
deform by Coulomb plasticity. This is about equal to the sliding
friction values for the 0.58 and 2.6mm-thick layers (Figure 2) and
thus in agreement with the results for internal friction.

Discussion and Conclusions

The data indicate that a gouge layer approximately 0.6mm
thick is required to effect the transition from failure via the
Coulomb criteria (1) to failure by Coulomb plasticity (Figure 3).
A thinner layer shows transitional behavior. These observations
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Figure 3. Maximum (peak) friction values for the data of Figure
2. The experiment with a 2.6mm-thick layer is not included
because it did not show a peak stress. For shear without gouge,
failure obeys criterion (1) and thus the measured friction value is
the coefficient of internal friction ;. From equation (3), this
value predicts that failure via Coulomb plasticity will show an
apparent coefficient of internal friction p, of 0.9. J; and 1, are
calculated assuming that the measured friction value is p, and J;,
respectively. The data show that Coulomb plasticity is met for a
mean gouge thickness of 0.58mm.
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rely on two assumptions: 1) that cohesion is approximately zero
and 2) that the coefficient of internal friction is independent of
gouge thickness over the range considered. The first is justified
for pre-existing fractures sheared at low normal loads. The second
is justified because the surface roughness is large in comparison
to the layer thickness. Peak frictional strength decreased signifi-
cantly when mean layer thickness, 2.6mm, was comparable to
surface roughness (Figure 2).

The results indicate that the stress state required for Coulomb
plasticity is not developed within exceedingly thin gouge layers,
presumably due to boundary friction with the contacting rough
surface. Boundary friction is expected to scale with surface
roughness, and thus the transition from criteria (1) to (2) may oc-
cur at a critical ratio of layer thickness to asperity height. This
ratio is about 0.1 in the present experiments, which implies a
critical layer thickness of about 10pm in experiments using
ground surfaces, which typically have maximum roughness of
100pum or less. Thus in all previous experiments on gouge layers
known to the author failure is governed by criterion (2).

Although equations (2) and (3) follow directly from the
Coulomb criteria written in terms of the mean stress and maxi-
mum shear stress, only recently has the evidence and implications
of these criteria for fault zones and friction been recognized
[Hobbs et al., 1990; Marone et al., 1992; Beeler and Tullis,
1994]. A simple geometric relationship exists between the failure
criteria for intact rock and fault gouge, however, fault zone
strength cannot be derived from the strength of intact rock with-
out accounting for differences in the Coulomb parameters.

The weakening effect implied by a transition from standard
Coulomb failure to Coulomb plasticity within a fault zone is not
of sufficient magnitude to explain the apparent weakness of
mature fault zones. However, this effect could augment other
weakening mechanisms such as increased pore pressure.
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