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Abstract

Understanding of deep earthquake source mechanisms requires knowledge of failure processes active under high confinement.
Under low confinement the compressive strength of rock is well known to be limited by frictional sliding along stress-
concentrating flaws. Under higher confinement strength is usually assumed limited by power-law creep associated with the
movement of dislocations. In a review of existing experimental data, we find that when the confinement is high enough to suppress
frictional sliding, rock strength increases as a power–law function only up to a critical normalized strain rate. Within the regime
where frictional sliding is suppressed and the normalized strain rate is below the critical rate, both globally distributed ductile flow
and localized brittle-like failure are observed. When frictional sliding is suppressed and the normalized strain rate is above the
critical rate, failure is always localized in a brittle-like manner at a stress that is independent of the degree of confinement. Within
the high-confinement, high-strain rate regime, the similarity in normalized failure strengths across a variety of rock types and
minerals precludes both transformational faulting and dehydration embrittlement as strength-limiting mechanisms. The magnitude
of the normalized failure strength corresponding to the transition to the high-confinement, high-strain rate regime and the observed
weak dependence of failure strength on strain rate within this regime are consistent with a localized Peierls-type strength-limiting
mechanism. At the highest strain rates the normalized strengths approach the theoretical limit for crystalline materials. Near-
theoretical strengths have previously been observed only in nano- and micro-scale regions of materials that are effectively defect-
free. Results are summarized in a new deformation mechanism map revealing that when confinement and strain rate are sufficient,
strengths approaching the theoretical limit can be achieved in cm-scale sized samples of rocks rich in defects. Thus, non-frictional
failure processes must be considered when interpreting rock deformation data collected under high confinement and low
temperature. Further, even at higher temperatures the load-bearing ability of crustal rocks under high confinement may not be
limited by a frictional process under typical geologic strain rates.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Understanding failure processes under high confine-
ment is important due to their possible role as deep
earthquake source mechanisms [e.g., 1,2]. It is well
established that under low confinement, low temperature,
and high strain rate, compressive failure of intact rock is
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Fig. 1. Observed failure stress and mode in various rock types strained
under high confinement. Filled symbols indicate failure by globally
distributed ductile flow, open symbols brittle-like faulting. Data sources as
cited in Table 1.
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associatedwith the initiation and sliding ofmicrocracks [3–
6], with terminal failure occurring through the localization
of damage along a fault oriented at an acute angle to the
greatest compressive stress [7,8]. The orientation of the
fault and the strength of the material are consistent with the
dictates of internal friction, and so this process has been
termed Coulombic faulting [6].

Because Coulombic faulting depends upon crack
sliding, this mode of failure is suppressed when the shear
stress is not sufficient to overcome the frictional resis-
tance to sliding along microcracks. This happens under
triaxial loading when the confinement ratio R≡σ3/σ1 is
increased beyond a critical level, Rc, defined by [5]

Rc ¼ 1þ l2ð Þ0:5 � l

1þ l2ð Þ0:5 þ l
: ð1Þ

where μ is the coefficient of internal friction.
Mineralogic changes (i.e., dehydration embrittlement

[9] or transformational faulting [10]) are well established
high confinement faulting mechanisms. Here we review
Table 1
Rock parameters

Rock G
(MPa)

ν Log A a

(MPa−n s−1)
Q a

(kJ/m

Granite [8,44,45] 23800 0.24 −8.9 100
Quartzite [46] 38700 0.09 −9.4 99
Feldspar [47] 38700 0.30 −8.9 65
Diabase [16] 40900 0.24 −1.21 276
Pyroxene [48] 40700 0.21 −2.2 290
Olivine [32] 64300 0.26 −6 523

Elastic constants are as reported by Birch [49] and Christensen [50].
Lattice spacings as reported by Wang and Nieh [51] and Wang [52].
a Creep parameters are best fits assuming n=3 Parameters estimated for
b Average of feldspar, quartz, and biotite lattice spacings.
existing experimental rock failure data collected under
high confinement and find that other mechanisms also
result in brittle-like failure under high confinement. In
particular, we find that above a critical normalized strain
rate, failure is always localized in a brittle-likemanner at a
stress that is independent of degree of confinement. At the
highest strain rates the normalized strengths approach the
theoretical limit for crystalline materials. The results
highlight the broad suite of non-Coulombic brittle-like
failure mechanisms possible under high confinement.

2. Experimental data

In Fig. 1 we summarize experimentally observed
failure stresses determined from triaxial compression
tests on cm-scale cores of a variety of rock types. This
figure only includes experiments in which the con-
finement was sufficient to suppress frictional sliding
(RNRc=0.3), assuming a typical value of the coefficient
of friction μ=0.6 [11]. Filled symbols indicate failure by
globally distributed ductile flow; open symbols indicate
that terminal failure occurred in a brittle-like manner
with deformation localized along a discrete macroscopic
fault inclined to the direction of maximum compression.
The data show that highly confined rock exhibits quite
pronounced strain-rate hardening at lower (dimension-
less) strain rates, but only weak strain-rate hardening at
higher strain rates. At the transition, the (dimensionless)
strength is about 0.04 G, where G is the shear modulus.

Within the lower-rate regime, observed failure
stresses agree well with those predicted for power-law
or dislocation creep, where failure stress is given by the
expression

rD ¼ �e1=nD ð2Þ

where σD=(σ1−σ3)/G, where σ1 and σ3 are the most
compressive and the least compressive principal stresses,
ol)
Rc T

(°C)
d /b σP /G

(Eq. (5))

0.30–0.55 25–300 0.615 b 0.21
0.30–0.33 500–600 0.55 0.33
0.30–0.33 25 0.58 0.21
0.30–0.46 970–1030 0.714 0.14
0.48–0.86 950–1300 0.714 0.15
– 118–773 0.714 0.13

Olivine.



Fig. 2. Failure stress for high confinement, high strain rate brittle-like
faulting versus confinement. Symbol key is the same as for Fig. 1. Best
linear least squares fit (r 2=0.07) to the data (not shown) has a slope of
0.086±0.099 (best fit slope± twice standard error), i.e., not signifi-
cantly different from zero.
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respectively. The dimensionless strain rate is defined as
ε ˙D=ε ˙/(BG

n), where ε ˙ is the applied strain rate and
B=Ae−Q/RT, where A is a materials constant, Q is the
activation energy, T is the absolute temperature and R is
the gas constant. The value of the stress exponent for
rock [12] is typically n∼3. Parametric values are listed
in Table 1. While the dimensionless strain rates for these
experiments span 14 orders of magnitude, the actual
strain rates vary over a considerably smaller range
(generally of order 10−5 to 10−6 s−1). The great variation
in dimensionless strain rates reflects both the wide range
of experimental temperatures (25–1300 °C) and the
significant variation in creep parameters amongst rock
types.

Within the lower-rate regime two distinct modes of
macroscopic failure are evident: distributed ductile
failure, as expected for power–law creep, and localized,
brittle-like failure. The latter mode is observed over the
entire range of dimensionless strain rates. The character
of the faults forming under high confinement (RNRc) is
different from those of Coulombic faults occurring
when RbRc. While Coulombic faults generally form at
an angle θ ∼30° to the greatest principal stress, high-R
faults of the kind that limit the strength of the rock cited
in Fig. 1 are oriented at higher angles (θ∼40–45°), sub-
parallel to the plane of maximum shear stress (θ=45°)
and consistent with the activation of plastic flow
processes [13]. Also, in comparison to Coulombic
faults, high-R faults are very narrow (b1 μm). Judging
from the lack of a significant increase in acoustic
emissions prior to failure [14] and from photomicro-
graphs of these high-R faults [15], the total amount of
damage associated with their formation is significantly
less than for Coulombic faults. And the specific type of
damage differs: absent in grains adjacent to high-R
faults [14–16] are the closely spaced “axial” or “mode I”
microcracks common in Coulombic faulting (e.g., [17]).

The consistency of the observed trend in failure
strengths across a variety of rock types and mineralogies
argues against either dehydration embrittlement [9] or
transformational faulting [10] as the strength limiting
mechanism for these data. Instead, we have argued
elsewhere [18,19] that brittle-like failure may occur
under high confinement when strain is localized due to a
plastic instability that develops when thermal softening
exceeds both strain hardening and strain-rate hardening
[20]. In that case, and as observed for these data, the
predicted terminal failure stress follows a power law
similar to Eq. (2) (see Eq. (5) in [18]). Alternatively,
Main [21] has shown that localized failure can occur
within the power-law creep regime at long times due to
the co-existence and interaction of both negative
(softening) and positive (hardening) mechanisms active
during creep deformation. Thus for dimensionless strain
rates ε ˙Db∼10−4 the data in Fig. 1 are consistent with
existing theories: both dislocation creep and plastic
faulting predict a power–law relationship between
dimensionless strain rate and terminal failure stress, as
observed. It remains unclear, however, what causes
distributed creep in some cases and plastic faulting in
others.

Above dimensionless strain rates of ε˙D∼10−4 only
localized brittle-like failure occurs. In this high-R, high-
ε˙D regime, terminal failure stresses are only weakly
dependent on dimensionless strain rate, as already noted,
and the terminal failure stress is no longer governed by
the power law in Eq. (2). What mechanism limits
strength within this regime? Again the consistency of the
data across differing rock types and mineralogies argues
against dehydration embrittlement or transformational
faulting. Furthermore, the mean stress at failure for the
faulted granite samples in Fig. 1 varies by more than a
factor of three, and the samples were deformed at
temperatures ranging from ambient to 900 °C. This
implies the absence of a critical mean stress or
temperature that would be expected for faulting
associated with mineralogic phase transitions. We
consider below alternative possibilities: Mode-II sliding,
the Peierls mechanism, and the theoretical shear strength.

3. High confinement, high strain rate brittle-like
failure mechanisms

3.1. Mode II fracture

Several authors have noted a change in the character of
brittle-like failure with increasing temperature [13] or
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confinement [15]. Hirth and Tullis [15] argue that the
change from Coulombic-type faults under low confine-
ment to more narrow faults associated with less damage
and with an absence of axial microcracks is due to a
transition from dominantly mode I microcracking under
low confinement to dominantly mode II type microcrack-
ing under high confinement.Mode II type fracture requires
the propagation of a stress singularity created by a shear
displacement discontinuity at the fracture tip. If the shear
displacement discontinuity is created by frictional sliding,
then we would expect the differential stress at terminal
failure to increase with increasing confinement, as
predicted, for example, by Byerlee's law [11]. However,
consistent with the suppression of frictional sliding
predicted by Eq. (1), for the high-R, high-ε̇D faults there
is no significant increase in differential failure stress with
increasing confinement ratio (Fig. 2). For this figure, the
best linear least squares fit (r2=0.11) to the data (not
shown) has a slope of 0.09±0.1 (best fit slope±twice
standard error), i.e., not significantly different from zero.

Frictional sliding might occur without an increase in
terminal failure stress if there is a corresponding decrease
in the coefficient of friction due to increasing temper-
ature or pressure [22]. The required decrease in friction is
significant: the high strain rate (ε˙DN10

−4) faults in Fig. 1
occurred under confinements as high as R=0.55, which
corresponds to a coefficient of friction of μ=0.3 (Eq. (1))
— significantly lower than the values typical for rock
(μ=0.6–0.8) [11]. And many of the faults in Fig. 1
occurred at temperatures b500 °C: below this temper-
ature the coefficient of friction for sliding along granite
surfaces has been shown to be independent of temper-
ature [11,23]. Furthermore, Hirth and Tullis [15] noted
that what they refer to as mode II type fractures occur
even at room temperature, implying that only an increase
in confining pressure, and not temperature, is sufficient
to permit high-R, high-ε˙D type fracture. There is little
conclusive evidence for a pressure dependent decrease in
the coefficient of friction, at least for confining pressures
less than∼GPa [24,25]. Thus, the high-R, high-ε˙D faults
depicted in Fig. 1 do not appear to be consistent with
Mode-II type fracture as the strength limiting process.

3.2. Peierls mechanism

Ohnaka [13] noted that the increase in fault angle
with increasing confinement is consistent with the
activation of plastic flow processes. Thus the growth
of the high-R, high-ε˙D faults in Fig. 1 may be controlled
by the localization of plastic flow along a discrete
plane — a process analogous to the mechanism of
plastic faulting [18,19].
The weak strain rate dependence of the brittle-like
failure strength for the high-R, high-ε˙D faults shown Fig. 1
argues against the localized plastic failure being governed
by power–law creep (Eq. (2)). This is not surprising given
the high stress conditions under which these faults form.
Numerous authors [26–28] have previously noted that the
creep power–law breaks down for silicate rocks at stress
levels σDN∼10−2. As already noted, the transition to
high-R, high-ε˙D faulting occurs at a similar stress (Fig. 1).
Stocker and Ashby [28] attribute the break-down of
power law creep at σD∼10−2 to a transition in the
primary deformation mechanism from dislocation creep
to thermally activated dislocation glide controlled by
lattice-resistance; i.e., to a strength limiting mechanism
governed by the stress required to overcome the Peierls
barrier to dislocation glide. Conversely, the observed
change in failure mechanism, as indicated by the break in
slope of the curve in Fig. 1 circa σD of the order 10−2, is
consistent with the strength limiting mechanism in these
samples transitioning from dislocation creep to disloca-
tion glide.

Evans and Goetze [29] have argued that the fully
plastic deformation of olivine underneath a micro-
indenter is controlled by the Peierls mechanism and is
governed by a flow law of the form [30,31]

�e ¼ Ape
�DE
RT ð3Þ

where Ap is assumed to be a constant and ΔE is the free
energy of activation of slip. The form of the free energy
function depends on the shape of the energy barrier to
dislocation glide, and has been described phenomeno-
logically by Kocks et al. [30] through the relationship:

DE ¼ QP 1� ðr1 � r3Þ
rP

� �p� �q
ð4Þ

where QP is the activation enthalpy and σP is the Peierls
stress at 0° K and where the exponents fall within the
range 0bp≤1 and 1bqb2. Following Evans and Goetze
[32] we initially set p=1 and q=2. Later we explore the
sensitivity of our results to these values.

Huntington [33] has shown that the Peierls stress can
be estimated as

rP
G

c
2

1� m
e

�p
ð1�mÞðd=bÞ ð5Þ

where ν is Poisson's ratio, d is the distance between slip
planes and b is the distance between atoms in the slip
direction. Slight modifications to Eq. (5) have been
proposed (e.g., [34]), but as noted below we find the



Fig. 3. Observed failure stress for granite (ε̇DN10−4) and olivine under
high confinement and high dimensionless strain rate versus temperature.
Data sources as cited in Table 1. Error bars, when shown, indicate±twice
the standard error of samples tested at same temperature.
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above approximation to be consistent with the data
discussed here. Peierls stresses calculated using Eq. (5)
are included in Table 1.

Eqs. (3) and (4) can be rewritten as [32]

rD ¼ rP
G

þ mP

ffiffiffiffi
T

p
ð6Þ

where

mP ¼ rP
G

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R lnðAP=�eÞ

QP

s
ð7Þ

Accordingly, the brittle-like failure strength for the
high-R, high-ε ˙D faults in granite from Fig. 1 are re-
plotted in Fig. 3 as a function of √Talong with the olivine
yield stresses determined using micro-indentation hard-
ness [32]. For the granite data we plot, at each
temperature, the mean observed failure stress and,
when possible, error bars indicating the standard error
about the mean. Thus these data represent far more than
just four experiments. Excluding the lowest temperature
data for the granite (more below), the agreement between
the experimental data for both rock types and a fit of the
form of Eq. (6) is good ( p=1, q=2). (To simplify this
figure, the fit for the olivine data is not shown, but the fit
curve is nearly identical to that for the granite but offset
along the y-axis. Fits to the olivine data are shown in
Fig. 15 of Evans and Goetze [32]). Furthermore, we note
that the Peierls stress extrapolated from the fit to the
granite data in Fig. 3 (σp /G=0.20) is in good agreement
with that predicted using Eq. (5) (σp /G=0.21). Similarly
good agreement is found between the Peierls stress
extrapolated from a best fit ( p=1, q=2) to the
experimental data for olivine (σp/G=0.14) and the
theoretical estimate (σp /G=0.13) [32]. Because all
tests on each rock type were done at the same strain
rate, it is not possible to independently determine AP and
QP from these data.

Fig. 3 shows that equally good fits to the data are
possible using any combination of exponents within the
ranges 0.5bp≤1 and 1bqb2. Extrapolated Peierls
stresses are somewhat sensitive to the values of the
exponents, but still remain in reasonable agreement with
those estimated using Eq. (5). We conclude that while it
is not possible to determine the appropriate values of the
exponents from the data, the model results are not highly
sensitive to these values. It is convenient, therefore, to
take advantage of the analytical simplicity provided by
the mid-range estimates of p=1 and q=2.

We conclude that with the exception of the lowest
temperature faults in granite (more below), the failure
strengths associated with the high-R, high-εḊ faults in
Fig. 1 appear to be consistent with a Peierls-type
mechanism governing the brittle-like failure. However,
some caution in this interpretation is warranted. Micro-
structural analyses of the region in the olivine under the
indenter where the Peierls mechanism is thought to
govern deformation are consistent with distributed plastic
flow, i.e., they do not reveal regions of localized
deformation as seen in the larger granite samples. If the
Peierls mechanism similarly limits the strength of
triaxially-compressed granite under high-R, high-ε ˙D
conditions, why then is failure localized in the granite
but not in the olivine?

A possible explanation for this difference in failure
modes follows from the analysis of plastic faulting
presented by Renshaw and Schulson [18]. They note that
localized deformation along a plastic-like fault can only
be maintained when the shear strain rate within the shear
zone is sufficient to maintain near-adiabatic conditions.
The required shear strain rate within the shear zone is
given by (Eq. (4) in [18]):

Ag

At

� �
c
c

�mj
ðAso=ATÞr2c

ð8Þ

where κ is the thermal conductivity, rc is a characteristic
dimension for the sample (e.g., the radius of a cylindrical
sample), τo is the maximum shear stress at terminal
failure, and m is the work-hardening exponent in the
power–law stress–strain relationship τo=βγ

m where β is
a constant. Taking the scale of the indents in olivine
(∼10−5 m) as the characteristic dimension, differentiat-
ing Eq. (6) to obtainAso=AT ¼ GmP= 4

ffiffiffiffi
T

p Þ�
, which has

a typical value of ∼2 MPa K−0.5 (Fig. 3), and assuming
the remaining parameters are similar to those for granite
(m=0.3, κ∼2 W/(mK) [18]), the required strain rate for
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localization in the olivine under the indenter is∼103 s−1.
This is about eight orders of magnitude greater than the
effective strain rate in these tests. In contrast, taking the
scale of the granite samples (1 cm) as the characteristic
dimension, the required strain rate within the shear zone
is ∼10−2 s−1. The corresponding global strain rate,
obtained by multiplying the local strain rate by Lz /(2L),
where L is the length of the sample (∼1 cm) and Lz is the
width of the incipient shear zone (∼1 μm), is 10−7 s−1,
or about an order of magnitude lower than the applied
strain rate in tests (10−6 s−1). Thus only in the granite
samples was the strain rate sufficient to support
localization through adiabatic heating.

3.3. Theoretical strength

Fig. 3 shows that the strengths of the granite samples
at 300 K fall significantly below the curve extrapolated
from the higher temperature granite data even when the
standard errors in these data are taken into account.
Comparing the predicted model fits (solid lines, Fig. 3)
for the failure stress at this temperature (∼0.12
regardless of the values of p and q) to the mean and
standard error of the data at this temperature, a t-test
indicates that the model and experimental data are
significantly different at the p≪0.001 level. Still, one
may choose to argue that the number of available data is
small and the lack of fit of no significance. On the other
hand, we note that the level of stress at which this
deviation from the Peierls curve occurs is close to the
theoretical strength of rock (given below) where the
failure stress is governed by the shear rupture of atomic
bonds across a slip plane. Perhaps, then, the deviation
marks the onset of terminal failure at the theoretical
limit? Should the latter possibility be correct, we would
expect that the strength at still lower temperatures would
remain at this level. We would also expect that other
materials would show a similar deviation at sufficiently
low temperatures. Unfortunately, the data are too limited
to test this idea further. And the technical challenges
involved in obtaining the data at the necessary
temperatures are significant.

In claiming that the strength of cold rock appears to
approach the theoretical limit, what do we take as the
theoretical shear strength? Estimates of this limit depend
upon the assumed atomic structure. Early estimates were
based on the rigid sphere model of atoms [35,36], but
were later modified to account for the compressibility of
atoms and the effect of local charge transfers [37]. More
recently, ab initio calculations using density function
theory have permitted quantitatively rigorous evalua-
tions of the theoretical shear strength [e.g., 38]. But ab
initio evaluations are only valid for perfect crystals
under uniform deformation and cannot be employed for
cases of non-uniform deformation or bodies of inho-
mogeneous microstructures such as rocks. Nonetheless,
results from these theoretical studies are generally
consistent with recent experimental studies that examine
very small scale regions of material that are essentially
defect-free [38–41]. The results can be summarized by
noting that the theoretical shear strength is usually well
approximated by an expression of the form

rThD ck ð9Þ

where k is a constant of order 10−1. For example, with
the rigid sphere model k≈b/(2πa), where b is the
distance between atoms in the slip direction and a is the
spacing between adjacent lattice planes [35]. When the
compressibility of atoms is accounted for [42] k≈1/15
and when local charge transfers are accounted for [37]
k≈1/20. This range of variation in estimated values of
k is similar to the variation in k determined experimen-
tally [38–41]. Taking as an approximate upper bound
estimate k∼0.1, we find that the failure strength of the
coldest granite samples in Fig. 3 is similar to the
estimated theoretical strengths. Hence, we wonder if in
these experiments the failure strength may have been
limited by shear rupture at the theoretical limit. The
reason a similar deviation from linearity is not observed
in the olivine data may be that the range of temperature
did not include sufficiently low temperatures for the
failure strength to approach σD

Th.
While the mechanisms of brittle-like failure limiting

strength for ε ˙DN∼10−4 remain uncertain, the data
clearly demonstrate that failure stresses can approach
the theoretical strength, even in cm-scale specimens of
rock rich in defects. This result is novel in that strengths
approaching the theoretical limit have previously only
been recognized in very small scale, essentially defect-
free materials or within nearly defect-free, nano-scale
regions of materials.

4. Discussion and conclusions

The compressive failure strength of a variety of rocks
triaxially loaded under confinement high enough to
suppress frictional sliding is independent of the degree
of confinement and exhibits a transition from relatively
strong to relatively weak dependence upon strain rate
once the normalized strain rate reaches ε˙D∼10−4. The
strength at the transition reaches ∼0.04 G, and then
approaches ∼0.1 G at the highest rates for which data
are available. We attribute this transition to a change in



Fig. 4. Deformation mechanism as a function of confinement and
strain rate.
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the fundamental mechanism of deformation limiting
strength, from one controlled by dislocation creep at
lower strain rates to one controlled by overcoming the
Peierls barrier to dislocation glide at higher strain rates.
We suggest that at the highest strain rates, the strength
approaches the theoretical shear strength of the material.

In previous work we found that the strain rate
ε ˙D
Transition at which the failure mechanism transitions

from brittle Coulombic to ductile is well approximated
as

�eTransitionD c
KIc

G
ffiffiffi
c

p
� �n 9

ð1� RÞ � lð1þ RÞ ð10Þ

where KIc is the mode I critical stress intensity factor for
crack growth and c is half the characteristic grain size.
Note that the value of the constant in the above
expression reflects the correction of a minor algebraic
error in the original work. Combining this brittle to
ductile transition with the transition to localized ductile
failure reported here for ε˙DN∼10−4 results in the
generalized deformation mechanism map shown in
Fig. 4.

Our findings imply that it should be possible to
observe failure strengths close to the theoretical limits in
other defect-rich materials if the confinement and
applied strain rate are sufficiently high. For aluminum
and other face-centered cubic metals [43] at a
homologous temperature ∼0.5, the required strain
rates (∼106 s−1) are not common in geologic processes.
However, using the parameters in Table 1, the strain rate
required for localized (brittle-like) ductile failure for
pyroxene and olivine, two common lower crust
minerals, are of the order 10−10 s−1 and 10−27 s−1 at
the same homologous temperature (∼600 °C). These
strain rates bracket the range of typical geological strain
rates [12], suggesting that in some cases the load-
bearing ability of crustal rocks under high confinement
may not be limited by a frictional process.
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