QAGU

Journal of Geophysical Research: Solid Earth

RESEARCH ARTICLE
10.1002/2013JB010448

Key Points:

« Deformation by brittle creep requires
less energy than by imposed
strain rate

+ An empirical relation between creep
rate and energy deficit is exhibited

- A relation between our empiri-
cal law and stress corrosion laws
is determined

Correspondence to:
N. Brantut,
n.brantut@ucl.ac.uk

Citation:

Brantut, N., M. J. Heap, P. Baud, and

P. G. Meredith (2014), Rate- and
strain-dependent brittle deformation
of rocks, J. Geophys. Res. Solid Earth, 119,
1818-1836, doi:10.1002/2013JB010448.

Received 19 JUN 2013

Accepted 18 FEB 2014

Accepted article online 25 FEB 2014
Published online 27 MAR 2014

Rate- and strain-dependent brittle deformation of rocks
N. Brantut', M. J. Heap?, P. Baud?, and P. G. Meredith’

TRock and Ice Physics Laboratory, Department of Earth Sciences, University College London, London, UK, ?Laboratoire de
Déformation des Roches, Géophysique Expérimentale, Institut de Physique de Globe de Strasbourg (UMR 7516 CNRS,
Université de Strasbourg/EOST), Strasbourg, France

Abstract we develop a unifying framework to quantify rate-dependent deformation in the brittle

field and establish links between the microscale time-dependent crack growth processes and the
macroscopically observed rate dependency. Triaxial deformation experiments have been performed under
both constant strain rate and constant stress (creep) conditions on three types of sandstone. The measured
relative evolution of P wave speeds as a function of inelastic axial strain is similar for both types of test,
despite differences in strain rate of up to 3 orders of magnitude. This similarity indicates that there exists

a direct, time-independent link between the microstructural state (as reflected by the variations in P wave
speed) and the inelastic axial strain. Comparison of applied stresses between constant strain rate and creep
experiments as a function of inelastic strain indicates that creep deformation requires less mechanical work
to bring the sample to failure. This energy deficit corresponds to a stress deficit, which can be related to a
deficit in energy release rate of the microcracks. We establish empirically that the creep strain rate is given
by ¢ « exp(AQ/c*), where AQ is the stress deficit (negative) and ¢* is an activation stress. This empirical
exponential relation between creep strain rate and stress deficit is analogous to rate-and-state friction law.
We develop a micromechanical approach based on fracture mechanics to determine the evolution of an
effective stress intensity factor at crack tips during creep deformation and estimate the activation volume of
the stress corrosion reaction responsible for brittle creep.

1. Introduction

Fracturing is the most prevalent deformation mechanism in rocks under upper crustal conditions. Cracks
in rocks occur from the grain scale up to the crustal scale. Under all round compressive stress conditions,
macroscopic fractures or faults (at the scale of centimeters and above) result from the coalescence of many
microscopic, grain-scale cracks [Paterson and Wong, 2005]. Slip along preexisting fault zones and disconti-
nuities generally also requires fracturing at local contacts or asperities. Reactivation of ancient, healed fault
zones involves refracturing of cemented, cohesive rock masses. Hence, brittle deformation of intact (i.e.,
cohesive) rocks is expected to be one of the fundamental underlying processes of fault formation, growth,
and sliding.

Deformation in the crust occurs over a wide range of strain rates, from the very slow rates associated with
tectonic loading (of the order of 107" s~ or lower) up to the very fast rates occurring during earthquakes
(of the order of 10% s7" or higher). Hence, a complete understanding of fault mechanics requires a detailed
knowledge of the time-dependent mechanical behavior of rocks. Such a knowledge should be based on
micromechanics but also provide an adequate macroscopic description. The goal of this paper therefore
is to establish a simple macroscopic description of the rate dependency of brittle deformation and to link
it quantitatively to the corresponding microscale processes. To achieve this, a key challenge is the deter-
mination of a relationship between the internal or microstructural state of the rock and macroscopically
observable quantities.

As stated above, deformation of rocks in the brittle field proceeds by the progressive growth and coales-
cence of microcracks. Under nominally dry environmental conditions and rapid loading, crack growth is
primarily governed by the applied stresses. Indeed, laboratory experiments show that rock strength is essen-
tially time independent under such conditions [Paterson and Wong, 2005]. At the microscopic scale, time
independence means that the crack growth criterion is well modeled by the concept of constant fracture
toughness, i.e,, a critical stress intensity factor at microcrack tips. At lower strain rates and in the presence
of aqueous fluids, i.e., under realistic upper crustal conditions, experiments show that rock fracturing
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to crustal scale brittle creep behavior is a

Experimental rock deformation provides us with several ways to investigate time-dependent brittle defor-
mation. Two main types of experiments can be distinguished: (1) “constant strain rate” experiments in which
stress varies as a result of deformation and (2) “creep” experiments in which deformation and deformation
rate vary over time as a result of an imposed constant stress.

In the latter case, when a rock is held at constant stress (i.e., both the differential stress, denoted Q, and

the effective confining pressure, denoted P, are maintained constant), it deforms typically in the man-
ner depicted in Figure 1. Three deformation stages have commonly been described, based solely on the
observed macroscopic strain-time behavior: an initial decelerating stage, termed primary creep, followed
by an apparent constant strain rate stage, termed secondary creep, and finally an accelerating tertiary creep
stage, after which the sample fails. It is apparent from Figure 1 that the rock experiences a wide range of
strain rates as deformation proceeds. Such experiments hence convey very rich information on the time
dependency of the brittle deformation process. However, results from brittle creep experiments are usually
used to extract only times to failure and/or secondary creep strain rates, as functions of the applied differ-
ential stress, effective pressure, and/or temperature (see Brantut et al. [2013b] for a review). The extraction
of a single strain rate from a complete nonlinear strain-time curve evidently obscures the richness and com-
plexity inherent in the creep process. A more comprehensive approach to understand the creep process as
a whole, including the primary and tertiary creep stages, remains to be developed.

More generally, if a consistent description of time-dependent brittle deformation is to be determined, it
should explain in a unified manner both creep (constant stress) and constant strain rate deformation. In

a recent theoretical study [Brantut et al., 2012], we used a micromechanical framework to show how the
increasing importance of microcrack interactions with increasing microcrack size could produce the switch
from decreasing to increasing crack growth rate during deformation at constant stress (i.e., the transition
from primary to tertiary creep). It is the same process that is in fact responsible for the existence of a peak
stress in deformation experiments performed at imposed strain rate [Ashby and Sammis, 1990]. The specific
theoretical approach of Brantut et al. [2012] hence provides a consistent understanding of the rock fractur-
ing process as a whole and in particular establishes a link between the evolution of strain rate during tests
at imposed stress and the evolution of stress during tests at imposed strain rates. However, the model of
Brantut et al. [2012] is based on strong assumptions about the microcrack geometry, which are appro-
priate for modeling low porosity crystalline rocks but are not necessarily appropriate for other rock
microstructures.

In this paper, we aim to establish a unified understanding of time-dependent mechanical behavior of rock
in the brittle regime, specifically focusing on creep deformation. Our approach is based on the analysis of a
new set of data obtained on a range of sandstones under triaxial loading conditions. Section 2 summarizes
the sample materials and experimental techniques used in our study. Then, in section 3, we present new
experimental results from elastic wave velocity measurements made during both creep and constant strain
rate deformation. Because elastic wave velocities are very sensitive to microcrack density and orientation,
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these results allow us to determine how microcracks develop as a function of the inelastic deformation of
the samples and hence provide us with an empirical relation between the internal state of the samples and
macroscopically observable quantities such as the inelastic axial strain. In section 4, we analyze the results
of the triaxial deformation experiments by comparing, for each increment of change in internal state, the
stress and energy required to deform the rock samples under both creep and constant strain rate conditions.
This analysis provides us with an empirical relation between stress and strain rate which is valid for the whole
creep process (and not just during “secondary” creep). Section 5 is dedicated to the determination of the
link between the observed, macroscopic creep law and the underlying microscale subcritical cracking pro-
cess. To achieve this, we develop a novel, general methodology that allows the determination of empirical
micromechanical functions linking the local effective stress intensity factor at microcrack tips to the applied
stresses. Finally, we discuss the impact and significance of our results in section 6.

2. Experimental Methods

2.1. Starting Materials and Sample Preparation

Porous sandstones from Darley Dale (northern England) and Bentheim and Wertheim (Germany) were used.
Darley Dale and Wertheim sandstones are quartzo-feldspathic; Darley Dale sandstone contains 66% quartz
and 21% feldspar, and Wertheim sandstone contains 58% quartz and 33% feldspar. Their average poros-
ity is similar at around 13% [Klein and Reuschlé, 2004; Heap et al., 2009]. Bentheim sandstone is composed
mostly of quartz (95%), and its average porosity is 23% [Baud et al., 2006]. Porosities of individual samples
are reported in Table 1. Cylindrical samples were prepared by coring sandstone blocks and grinding the
ends of the cores to ensure parallelism of the two end surfaces (to +10 pm accuracy). All the samples were
saturated with distilled water for at least 24 h before testing. All saturated samples were then jacketed in an
impermeable rubber sleeve before insertion into the deformation apparatus.

2.2. Triaxial Deformation Experiments

Deformation tests were performed in conventional triaxial apparatus at the Experimental Geophysics Lab-
oratory of the University of Strasbourg (see full description in Baud et al. [2009]) and at the Rock and Ice
Physics Laboratory of University College London (UCL) (see description in Eccles et al. [2005]). Both machines
are capable of applying servo-controlled axial load, confining pressure, and pore fluid pressure. The axial
shortening of the samples were measured with linear voltage differential transducers (LVDTs) positioned
outside the pressure vessel, and the shortening was corrected for the deformation of the loading train. All
tests were performed under drained, constant pore pressure conditions. Pore volume changes were mon-
itored by measuring (with an LVDT) the displacement of the actuators applying the servo-controlled pore
fluid pressure. We use the change in pore volume to estimate the bulk volumetric strain, assuming constant
solid volume. A summary of the samples tested and experimental conditions is presented in Table 1. All
experiments were performed in the brittle regime, i.e., all samples failed by localized shear faulting.

Two types of experiment were performed. Samples were deformed either under constant strain rate

(¢ = 107> s7") or under constant differential stress (creep) conditions. In the latter case, the samples
were initially loaded at constant strain rate (107> s~') until the target differential stress was reached. Then,
the differential stress was held constant (using a servo-control system) throughout the remainder of the
experiment as the sample deformed over time (see Brantut et al. [2013b] for more details).

2.3. Wave Velocity Measurements

For some targeted deformation tests on Darley Dale sandstone (both creep and constant strain rate), the
evolution of elastic wave velocities with increasing deformation was measured. Here we describe the
technique used.

The UCL triaxial apparatus is equipped with 10 piezoelectric transducers positioned around the sam-

ple as shown in Figure 2, connected to a 10 MHz digital recording system. Repeatedly during the tests, a
high-voltage (~100 V), high-frequency (~1 MHz) pulse was sent sequentially to each transducer, hence
producing a mechanical wave with known origin time, while output waveforms were recorded on the nine
remaining transducers. Precise P wave arrival times were extracted from the waveform data by using the
cross-correlation technique described by Brantut et al. [2011]; the method was improved by resampling the
cross-correlation results with interpolated cubic splines, and the resulting precision on the arrival times was
0.05 ps (i.e., around 0.5% relative error on the wave speed). The arrival times were then used to determine
the relative P wave speed evolution throughout the tests.
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Table 1. Summary of the Samples Tested and Experimental Conditions®

Rock Type Sample Porosity Pett Strain Rate Peak Differential Stress Creep Differential Stress Time to Failure Notes
(%) (MPa) s (MPa) (MPa) (s)

Darley Dale dd3 13.8 10 10~ 88.9 = =

Darley Dale ddo 14.1 10 - - 79.3 1.910°

Darley Dale dd4 14.1 10 - - 82.7 56103

Darley Dale dd2 13.8 10 = = 83.3 6.210%

Darley Dale dd5 143 10 - - 85.9 1.410%

Darley Dale dds2w 14.4 20 107> 121.8 - -

Darley Dale dds11w 14.3 20 = = 108.4 4510°

Darley Dale dds7w 14.4 20 - - 112.0 5.310%

Darley Dale ddséw 14.3 20 - - 113.7 7.0103

Darley Dale ddstw 14.1 30 10~ 147.2 = =

Darley Dale dds13w 14.2 30 - - 134.9 7.110%

Darley Dale dds8w 14.1 30 = = 138.8 7.1103

Darley Dale dds14w 133 40 10~ 168.4 - -

Darley Dale dds9w 13.2 40 - - 161.8 6.7103

Darley Dale dds12w 13.2 40 = = 162.4 1.210%

Darley Dale dds-c2-09 12.9 40 1072 163.6 - - Vp monitored

Darley Dale dds-c2-34 12.7 40 = = 154.7 3.510% Vp monitored

Darley Dale dds-c2-13 134 40 = = 157.0 6.1103 Vp monitored

Bentheim ben4 226 10 1073 116.1 - -

Bentheim ben10t 227 10 1072 119.0 - -

Bentheim ben20t 222 20 107> 160.3 - -

Bentheim ben30t 222 30 10-3 177.9 - -

Bentheim ben12 226 10 - - 108.8 1.510°

Bentheim ben7 224 10 - - 112.9 9.7103

Wertheim we6 12.6 10 1073 115.5 - -

Wertheim we4 13.1 10 - - 95.1 7.810°

Wertheim well 12.7 10 - - 100.7 8.7103

Wertheim we3 124 10 - - 102.3 2.510%

Wertheim we2 13.0 10 - - 106.3 49103

aFor experiments performed under constant strain rate conditions, we report both the imposed strain rate and the observed peak differential stress. For
experiments performed under creep conditions, we report the imposed differential stress and time to failure.

The array of transducers, the positions of which are reported in Figure 2, allowed the determination of P
wave speeds along four different orientations with respect to the axis of compression: 90° (radial), 39°, 58°,
and 28°. For each set of measurements, the relative P wave speeds were fitted to a transversely isotropic
elastic model, assuming weak anisotropy [Thomsen, 1986]:

1 1
V(o) = E(Vaxial + Vradial) - E(Vaxial - radial) cos(z — 20), M

where @ is the angle between the compression axis and the ray path, V,,;, is the P wave speed along the
compression axis, and V,,q, is the P wave speed perpendicular to the compression axis. V,, was esti-
mated from a least squares inversion of the measured velocities along the four available propagation angles.
Relation (1) allowed us to fully describe the wave velocities with only two independent parameters, Vi,
and V,

radial*

2.4. Inelastic Strain Calculations

For each test, the sample’s initial Young’s modulus was determined from a fit of the linear part of the differ-
ential stress versus axial strain curves. This allowed the nominal elastic strain at any stress to be determined
(i.e,, the strain that the intact material would have had at the same level of stress) and subtracted from the
total recorded axial strain to obtain the inelastic axial strain. In this process, the initial, nonlinear deforma-
tion (typically of the order of 0.02%), which correspond to both sample assembly adjustments and closure
of preexisting subhorizontal microcracks within the sample [see David et al., 2012], was also subtracted from
the total inelastic axial strain.

2.5. Strain Rate Calculations

The recording interval of stress, strain, and pore volume was deliberately varied (within the range 1 s to
1 min) in line with the very wide range in test durations. Also, the calculation of a time derivative such as
strain rate from a discretely recorded signal is nontrivial because high frequency noise is amplified when
taking differences between successive time steps. We therefore developed a specific method based on
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Figure 2. (left) Isometric view of the sample and sample jacket used in the UCL system. Sample diameter is 40 mm, and
length is 100 mm. Ten acoustic transducers were mounted on molded inserts in the jacket. Unused inserts were blanked
with aluminum plugs. (right) Map of sensor positions around the sample.

Chebyshev interpolation to circumvent this problem. The instantaneous strain rate was estimated as fol-
lows. The creep time was mapped to the interval [—1, 1], and the strain-time curve was interpolated on N
Chebyshev-Lobatto nodes (40 < N < 100, depending on the total number of initial data points). The
derivative of strain with respect to the normalized time was then obtained by multiplying the N x N
Chebyshev differentiation matrix by the vector formed with the N interpolated points (details of the method
and computation can be found in Trefethen [2000]). The strain rate was finally obtained by mapping back the
time from the normalized [—1, 1] interval to the real creep time in seconds (i.e., from 0 to the time to failure)
and reinterpolated on all the recorded time steps. This last stage does not improve the quality of the strain
rate estimates but is useful to enable all the variables (stress, strain, etc.) to be correlated within a single
time scale.

3. Inelastic Strain as a Proxy for Internal State

In this study we want to compare stresses and strain rates between creep (constant applied stress) and
constant applied strain rate tests. Such a comparison is meaningful only if it is performed for samples at
the same microstructural state. We thus need to determine a physical quantity that reflects the overall
microstructural state of the samples and that we can measure systematically throughout our experiments.
In the brittle regime, evolution of the microstructural state during deformation corresponds primarily to the
growth of dilatant microcracks between or inside the grains [e.g., Scholz, 2002; Paterson and Wong, 2005].
Because they are traction-free internal surfaces, such microcracks have a strong influence on the elastic
wave speeds of rocks [e.g., Sayers and Kachanov, 1995; Fortin et al., 2007]. Hence, by monitoring the evolu-
tion of elastic wave speeds during deformation under both creep and constant strain rate conditions, we
have an indirect measure of the microstructural state of the samples (i.e., microcrack density and orien-
tation). Here we present the wave speed measurements performed during selected experiments and use
them to determine how inelastic axial strain can be used as a convenient proxy for microstructural state.

Figure 3 shows the evolution of the measured P wave speeds, in four different orientations with respect to
the axis of compression, as a function of total axial strain, for one constant strain rate experiment (Figure 3a)
and two creep experiments (Figures 3b and 3c) performed on Darley Dale sandstone at P, = 40 MPa
(samples dd-c2-09, dd-c2-13, and dd-c2-34 in Table 1). The initial P wave speed at P4 = 40 MPa before
deformation is around 4.3 + 0.1 km s™'. The evolution of P wave speed with increasing axial deformation
follows a well-known pattern [e.g., Ayling et al., 1995], which appears to be common to both types of test.
The radial P wave speed (circle symbols) monotonically decreases with increasing axial deformation. Con-
comitantly, the P wave speeds measured along lower angles to the compression axis, namely, 58° (squares),
39° (diamonds), and 28° (triangles), initially increase at the onset of axial deformation and subsequently
decrease after around 0.6% axial strain. The total decrease in P wave speed is larger along the radial direc-
tion than along the subaxial directions. This evolution is typical of rocks that crack progressively under
compression [Paterson and Wong, 2005, chap. 5]: when the differential stress is applied, the rock initially
behaves elastically, with subradial cracks closing (hence the initial increase in subaxial P wave speeds), while
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Figure 3. Differential stress (red) and evolution of P wave speeds as a function of total axial strain during triaxial defor-
mation tests performed on Darley Dale sandstone at Po = 40 MPa, under (a) constant strain rate and (b and c) creep.
Dotted lines in Figures 3b and 3c mark the start of creep. Symbols correspond to the various orientations with respect to
the axis of compression: 90° (radial; circles), 58° (squares), 39° (diamonds), and 28° (inverted triangles). Sample reference
numbers are, from left to right: dd-c2-09, dd-c2-13, and dd-c2-34, respectively (see Table 1).

subaxial cracks begin to open. Then, when the stress threshold for crack propagation is reached, i.e., after
some amount of axial strain, cracks open preferentially in the subaxial direction (hence the large decrease in
the radial P wave speed). We hence observe the development of a crack-induced anisotropy.

Comparison of Figures 3a, 3b, and 3c reveals not only that the qualitative evolution of the P wave speeds is
similar for both creep and constant strain rate deformation conditions but also that the quantitative changes
in P wave speeds (aside from some variability in the initial values) are remarkably similar. Despite several
orders of magnitude difference in times to failure (and therefore in strain rate), the rate of decrease in P wave
speed per unit of axial strain appears to be similar for all three tests. This observation suggests that axial
strain is a potential proxy for the microstructural state of the samples. However, a significant part of the total
axial strain corresponds to the elastic deformation of the specimen, and hence differences in applied differ-
ential stress from one experiment to another will generate differences in axial strain that are not due solely
to crack growth. This introduces a bias that can be avoided by processing the data to remove the elastic
strain, which leads us to use the inelastic axial strain as our proxy for microstructural state.

Figure 4 shows a synoptic plot of the evolution of the calculated normalized axial and radial P wave speed as
a function of inelastic axial strain for the same three experiments. The wave speed variations are normalized
by the initial wave speed prior to deformation at the appropriate confining pressure. Remarkably, despite
the wide range of strain rates (from 107> s~' down to 6.9 108 s7') and the different experimental conditions
(imposed constant strain rate or applied stress), the relative change of P wave speed is quantitatively very
similar for all the tests. This similarity in the evolution of P wave speeds with inelastic strain between the
three tests implies that the microstructural state of the samples can be considered to be a simple function
of the amount of inelastic axial strain.

We note that while we consider this interpretation to be valid over the range of strain rates and stresses
investigated here, it will not necessarily be valid for other arbitrary stresses, strains, and strain rates. In gen-
eral, the constitutive behavior of cracked materials is path dependent, i.e., the stress versus strain response
depends on the material’s deformation history. This is all the more true since the main micromechanism of
deformation is cracking, which is irreversible under the ambient temperature conditions of our tests. Despite
these limitations, for the range of stress conditions investigated here, the wave velocity data show that the
inelastic strain is an appropriate proxy for the microstructural state of the samples.

4, Energy Deficit and Creep Strain Rates

In the previous section we established that the inelastic axial strain is a relevant proxy for the microstruc-
tural state of the samples. In this section we make use of this tool to investigate how the creep strain rate
evolution is related to the applied creep stress and to the stress applied (for the same microstructural state)
in constant strain rate experiments.
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Figure 4. Relative evolution of P wave speed along the axis
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pression (red) as a function of the inelastic axial strain. Solid
lines correspond to a constant strain rate (107> s~) experi-
ment (dd-c2-09), and dashed lines and dotted lines correspond
to creep experiments performed under 154.7 MPa (dd-c2-34)

4.1. Comparison of Creep and Constant
Strain Rate Data

Figure 5 shows the differential stress

(denoted Q) as a function of the inelastic axial
strain for one creep experiment (in black) and
one constant strain rate experiment (in grey)
performed on Darley Dale sandstone at 30 MPa
effective pressure. As expected, the behav-

ior is the same during the loading stage, since
the imposed condition (constant strain rate

of 107 s71) is the same. In the creep exper-
iment, once the creep stress is reached, the
stress is maintained constant. By contrast, the
stress keeps evolving during the constant strain
rate experiment. In the latter case, the differ-
ential stress first increases until it reaches a
peak (around 147 MPa) at 0.005 inelastic axial
strain; it then decreases gradually. No macro-

and 157.0 MPa (dd-c2-13) differential stress, respectively.
The minimum strain rates achieved during the creep tests
were 451077 s~ and 6.91078 s, respectively. Experi-
ments performed on Darley Dale sandstone under 40 MPa
effective pressure.

scopic dynamic stress drop occurred, since the
machine stiffness is high enough to prevent
runaway deformation in the strain-weakening
regime. After 0.01 inelastic strain, the stress
applied to the sample under creep conditions
could no longer be maintained as the deformation rate increased dramatically (the sample experienced
tertiary creep, see Figure 1).

A striking observation is that the sample deformed under constant stress fails macroscopically (i.e., the
deformation rate started to increase in an uncontrollable manner) when the two curves (constant strain rate
and constant stress) intersect each other. For the whole range of inelastic strain experienced by the sam-
ples in both tests, we can calculate the difference AQ between the differential stress applied during creep
(which is constant) and the differential stress applied during deformation at constant strain rate. Creep starts
at AQ = 0 and then becomes negative as the creep stress remains below the stress applied during constant
strain rate deformation, and we observe in Figure 5 that creep deformation becomes unstable when the
stress difference returns to AQ = 0.

s0f - oS- | 150
_________ — AWP
= = 145 /
=] =Y
% 100 %
2 2
g g
@ @ 140 —AQ = —0AWP/0eP
| |
= =
2 2
g 50 et
BS Darley Dale sandstone 5
Pe 5 30 MPa
cst. strain rate (10> s 1)
creep

0
0 0.002 0.004 0.006 0.008 0.010 0.012
inelastic axial strain

0.002 0.004 0.006 0.008 0.010
inelastic axial strain

Figure 5. Differential stress versus inelastic axial strain for two samples of Darley Dale sandstone deformed at 30 MPa
effective pressure. One sample was deformed at constant strain rate (grey line), and one sample was deformed at con-
stant stress (black line), after a preliminary loading stage at constant strain rate. (right) An expanded view of the portion
of the curves marked by the dashed rectangle in the left panel. The grey area corresponds to the strain energy deficit of
creep deformation.
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Darley Dale sandstone, P_ = 30 MPa Figure 6 shows the evolution of both the stress
" " . " difference AQ and the creep strain rate (on a
log scale) as a function of the inelastic axial
creep strain. There is a remarkable similarity
between the two curves. Several fundamen-
tal observations can be made. First, the creep
strain rate is never constant, in qualitative
agreement with the recent micromechani-
cal model of Brantut et al. [2012]. Second, the
minimum creep strain rate is achieved when
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0 0.002 0004 0006 0008 tche stress dlfferfence |s‘largest (rT105t negative),
inelastic axial creep strain i.e, when the differential stress is at the peak
10~ during the constant strain rate test.
These observations are presented in a more
107k ] synoptic manner in Figure 7 for all three sand-
stones tested at 10 MPa effective stress, by
P directly plotting the creep strain rates (normal-

ized by the constant strain rate of 107> s™") as a
function of the stress difference. In the graphs
10 ¢ 3 of Figure 7, each curve has two branches: one
(solid lines) corresponds to decreasing strain
rate, and the other one (dotted lines) cor-
responds to increasing strain rate. The two
branches are not perfectly superimposed, and

Figure 6. (top) Stress deficit AQ (see Figure 5 for a graphical for the case of Bentheim sandstone, the accel-
definition) and (bottom) creep strain rate as a function of the

. o ; rating branch is n raight in the log linear
inelastic axial creep strain for Darley Dale sandstone at 30 MPa erating branch is not straight in the log linea
effective pressure. plot. We also note that some curves do not

start at AQ = 0 at the onset of creep (for a

normalized strain rate close to 1). This can be
attributed to the natural variability between the samples deformed under constant strain rate and creep
conditions, which produces a deviation of the stress-strain curves during the loading stage. In other words,
the stress-strain curves are not always perfectly superimposed during the loading stage. Nevertheless, we
generally observe the following: (1) the minimum strain rate is systematically achieved for the minimum AQ;
(2) the logarithm of the creep strain rate is proportional to the stress difference (at least in the decreasing

creep strain rate (/s)
S

0 0.002 0.004 0.006 0.008
inelastic axial creep strain

Darley Dale Bentheim - Wertheim

normalised creep strain rate
S
creep strain rate (/s)

-10 -5 0 10 -5 0 -15  -10 -5
AQ (MPa) AQ (MPa) AQ (MPa)

Figure 7. Creep strain rate as a function of the stress difference AQ for all three sandstones tested at 10 MPa effective
pressure. For each rock type, each shade of red corresponds to one creep experiment, compared to the same reference
constant strain rate test (see text for details). The solid lines correspond to the evolution of strain rate and AQ before
the strain rate reaches its minimum, whereas the dotted lines correspond to the evolution after the minimum strain rate
is passed.
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10° ] strain rate branch); and (3) the coeffi-
Darley Dale sandstone ' ' cient of proportionality for the decreasing
strain rate branch is well reproducible

for a given rock type. These observa-
tions can be summarized in the following
empirical equation:

écreep/éo ~ exp(AQ/c™), (2)

| where €., is the instantaneous brittle
10 creep strain rate, € is the strain rate applied
during the constant strain rate test (equal to
107 . . 107> s71), and ¢* is a characteristic “activa-
-15 -10 - 0 tion” stress that gives the stress dependency
AQ (MPa) of the creep strain rate. The activation stress
Figure 8. Creep strain rate normalized by a constant strain rate o* can be determined from the decreas-
of 107> s~ as a function of the stress difference AQ for a set of ing strain rate branches of all the available
experiments performed on Darley Dale sandstone under effective curves and ranges from 1.0 to 1.4 MPa for
pressures ranging from 10 to 40 MPa.

normalised creep strain rate
-
(=]

Darley Dale sandstone, from 0.8 to 1.2 MPa
for Bentheim sandstone, and from 2.2 to
2.7 MPa for Wertheim sandstone.

We note that the transition from the decelerating branch to the accelerating branch in Figure 7 is equivalent
to the peak stress in a constant strain rate experiment and is therefore also likely to be associated with the
onset of localization of deformation onto a fault plane.

4.2, Effect of Confining Pressure

The procedure described above was repeated for a set of experiments performed on Darley Dale sand-
stone under effective pressures ranging from 10 to 40 MPa. The results are compiled in Figure 8, which again
shows the normalized creep strain rate as a function of the stress difference.

The empirical exponential relation between strain rate and stress difference (equation (2)) holds for all the
effective pressures investigated. Notably, the activation stress ¢* does not seem to depend upon effec-
tive pressure in any systematic manner: ¢* is around 1.0 MPa at P4 = 10 MPa (see above), 1.2 MPa at
P.s = 20 MPa, 2.2 MPa at P, = 30 MPa, and 1.6 MPa at P, = 40 MPa. These values are within the range
determined above for all the sandstones tested at P4 = 10 MPa.

4.3. Energy Deficit

In the previous sections we established a macroscopic, empirical description of time-dependent brittle
deformation of the tested sandstones samples: we discovered that the strain rate was an exponential func-
tion of the stress deficit and that the confining pressure was apparently not quantitatively influencing this
relation. Here we use a thermodynamic approach to understand the origin of our empirical description and
what it implies in terms of the energetics of brittle deformation.

The inelastic strain energy (which we define here as the irrecoverable work associated with the inelastic
deformation) input to a rock sample under triaxial conditions is

p P
€ax ol
we =/0- Qde§X+A Peﬁdesol, (3)

where €, is the inelastic axial strain, e\‘,’ol is the inelastic volumetric strain, Q is the differential stress, and P
is the effective confining pressure. Under both constant strain rate and creep conditions, we consider that
the inelastic volumetric strain evolution is quantitatively similar (within the natural sample variability and
the precision of our experimental equipment; see Appendix A and Figure A1). Hence, for a pair of experi-
ments performed under creep and constant strain rate conditions, we can define an inelastic strain energy
difference as

ax’

e:x
AWP = / AQdeP (4)
0
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where AQ is the stress difference, or stress deficit, defined previously. The inelastic strain energy difference
is negative, since AQ is negative: thus it corresponds to an energy deficit between the creep and constant
strain rate deformation. The absolute value of the energy deficit is shown in Figure 5 (right) as the shaded
area between the creep and constant strain rate stress-strain curves. Deformation by brittle creep, at con-
stant applied stress, generally requires less energy than deformation at an imposed (faster) constant strain
rate. The energy deficit is likely to correspond to a decreased dissipation in the case of slower, creep defor-
mation: dissipation includes thermal energy generation, friction at grain contacts, and radiation of elastic
waves (in the form of acoustic emissions, as shown by Brantut et al. [2013a]).

From equation (4) we note that the inelastic strain energy difference AWP is simply the integral of the stress
difference AQ; in other words,

OAWP

P
degy,

AQ =

. ©)

Hence, the stress difference simply corresponds to a difference in energy release rate per unit of inelas-
tic axial strain. If we formally introduce an internal state variable H, which symbolically encapsulates the
microstructural state of the rock [see Rice, 1975], then we can rewrite AQ as follows:

OH 9AWP
de® oH

ax

AQ =

where dAWP /oH is the difference in strain energy release rate per unit of internal state variable H and

0H/ e, is the change of state H per unit of inelastic axial strain. The definition of JAWP /dH is analogous to
a difference in fracture energy release rate. More precisely, if H is viewed as an average microcrack length
within the sample, then 0AWP /dH is simply the difference between the average fracture energy release
rates between the pair of rock samples [Rice, 1975]. In that case, dH/de’, simply corresponds to the rate of
crack extension per unit of inelastic axial strain.

In section 3 we showed how the inelastic axial strain is a well-defined, monotonic function of the microstruc-
tural state, which we have now formally introduced as an internal state variable H. If we denote

, _ OH
H = P and (7)
ax
r 0AWP
AWP = , 8
oH (®)

then we can recast the empirical relation between creep strain rate and stress difference as

Hoeep _[9c/OH]y (H’AW”')
Ho  [0€5/0H] oep :
—_———

~1

o

In equation (9), Hcreep and H, denote the evolution of the internal state variable H with time under constant
stress (creep) and constant strain rate conditions, respectively. The prefactor of the exponential should be
close to 1 since we have already established that the inelastic axial strain is a good measure of the internal
microstructural state of the samples and in particular the cracking state (Figure 4). Considering that H is
analogous to a crack growth rate (i.e., it is a rate of change of the internal state), relation (9) is then analogous
to well-known subcritical crack growth laws, which are of the form [e.g., Freiman, 1984; Wan et al., 1990]

bK
V x exp (_ﬁ> or (10)
/
vo<exp<—l;—7(_;>, (11)
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where v is the crack growth rate, R is the gas constant, T is the absolute temperature, G is the fracture energy
at the crack tip, K is the stress intensity factor at the crack tip (generally mode I), and b and b’ are constitutive
parameters describing the sensitivity of the crack growth rate to K and G, respectively.

The comparison between equations (9) and (11) indicates that the activation stress ¢* should reflect the
parameter b’ /RT, which gives the sensitivity of crack growth rate to variations in crack tip energy release
rate. Because the stress intensity factor K is a linear function of the applied stresses, the same observation
can be made (b’ /RT being replaced by b/RT) if we compare equations (2) and (10). These analogies also
shows that the activation stress is a combination of the subcritical cracking parameters and a term (e.g.,
H’) linking the internal state evolution (e.g., crack length) to the macroscopically averaged quantity (here,
inelastic strain).

Despite the generality of our approach, the practical use of a relation like (9) is limited by our poor knowl-
edge, in practice, of the correct general meaning of H. Hence, the precise relation between AWP' and, say,
the actual energy release rate of the microcracks within the rock sample is poorly constrained.

5. Extraction of Microscale Processes

In the previous section we established an empirical exponential relation between strain rate and stress
deficit during creep deformation and showed that such a relation should be linked to small-scale subcriti-
cal crack growth laws. In this section we develop a more specific framework, based on fracture mechanics,
which will allow us to determine precisely a link between the macroscopic stress dependency parameter of
creep strain rate (the activation stress ¢*) and microscale subcritical crack growth parameters.

5.1. Empirical Micromechanical Functions

One way to determine a precise link between the activation stress ¢* and the subcritical crack growth
parameter b is to make several assumptions as regards the micromechanics of brittle deformation. In brittle
materials, a common method to establish macroscopic stress-strain relations from microscale processes is
to assume that deformation is only due to microcrack closure, sliding, and growth [see Paterson and Wong,
2005, chap. 6]. Further assuming that the solid matrix of the rock remains purely elastic, the crack growth cri-
terion can be written in terms of the stress intensity factor, calculated from Linear Elastic Fracture Mechanics
(LEFM). At the microscopic level, microcrack growth is mostly in mode |, since cracks that nucleate in other
modes do not grow in their own planes and quickly become pure mode | cracks aligned with the maximum
principal stress [e.g., Nemat-Nasser and Horii, 1982]. Following LEFM, a generic form for the mode | stress
intensity factor, denoted K|, in triaxial conditions, is

KI
— = a(NQ + p()Pe, (12)

49

where c is a characteristic microcrack or flaw length (generally commensurate with the grain size) and
a(l) and p(l) are two nonlinear functions of the mode | microcrack size /. The expression for K| in (12) is in
terms of macroscopically applied stresses Q and P, and hence it effectively corresponds to an averaged,
representative K. Such an expression would be rigorously exact if all the microcracks had the same size
and geometry.

In conventional micromechanical approaches, one makes precise assumptions about the microcrack geom-
etry with respect to the applied stresses, and explicit formulations of the functions a(/) and (/) can then
be established. This is the case, for instance, in the “wing crack” model of Ashby and Sammis [1990] for tri-
axial conditions (further developed for generalized stress states by Deshpande and Evans [2008]; Bhat et al.
[2011]). However, the assumptions about the crack size and geometry are generally very restrictive; even
then, some simplifications have to be made in order to access analytical formulations of K| in terms of crack
length and stresses. Such “ab initio” micromechanical models are complex and need the introduction of
numerous, sometimes poorly constrained, microscopic parameters.

Here we adopt a different approach, based directly on experimental data. Instead of looking for a simplified,
tractable microcrack geometry, we will attempt to determine in the most direct way the functions «(/) and
B(l) by inverting experimental data.
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Figure 9. (left) Differential stress as a function of inelastic axial strain for Darley Dale sandstone samples deformed at
constant strain rate (10~> s~1), for effective pressures ranging from 10 to 30 MPa (numbers indicated on the curves).
Experimental data are shown in black, and least squares fits to equation (12) with K| = Kic = 1 MPa m~1/2 are shown in
red. (right) Corresponding evolution of a\/ﬂ_c and ﬁ\/E with inelastic axial strain.

5.2. Determination of K, Evolution

In order to determine the evolution of an effective K| during the experiments, we need to invert for the
evolution of @ and f at all stages (i.e., as a function of an effective microcrack length /) throughout defor-
mation. Here again we make use of the observation that inelastic axial strain is a reasonable proxy for the
microstructural state of the samples, where microstructural state is now identified relative to an effective
crack length /.

We now consider that, during the deformation tests performed at a constant strain rate of 107 s, the
imposed deformation is so fast that the microcracks grow at speeds much higher than the typical sub-
critical crack growth rates, and therefore the crack growth criterion is essentially determined by the
time-independent fracture toughness. Equivalently, we can also consider that an imposed deformation rate
induces a constant crack growth rate and therefore that K remains constant during such tests. In all cases,
we assume that the effective stress intensity factor is close to the fracture toughness of the material (K,c) for
the samples deformed at constant (“fast,’ 10~ s~') strain rate. K is a material constant, equal to 1 MPa m'/2
for pure quartz in wet conditions [Atkinson, 1984]. Using this constant value for K| in equation (12), we see
that the functions a+/zc and ff1/7c can be obtained as functions of the inelastic axial strain by inverting
the evolution of differential stress Q at various effective pressures P4 during constant strain rate tests. The
inversion is performed by a least squares method on the data obtained at P = 10, 20, and 30 MPa. The fits
are shown for Darley Dale sandstone in Figure 9 (left), and the resulting empirical micromechanical functions
ay/zcand ﬁ\/E are shown in Figure 9 (right).

The function «, which corresponds to the effect of differential stress (i.e., a measure of the average shear
stress) on the effective stress intensity factor, is always positive: as expected, larger differential stress

tend to increase K| at crack tips. During defor-
mation, @ remains almost constant, only
increasing slightly at inelastic strain larger than
1%. The function g, which quantifies the effect
of effective pressure on the effective stress
intensity factor, is always negative: this is also
expected, since larger confining pressures tend
to close cracks and decrease K,. # decreases
continuously with increasing inelastic deforma-

—0.05

M 7015 Darley Dale sandstone] tion. This is also consistent with basic fracture
P =30 MPa mechanics concepts: large cracks tend to
-0.2 Q=134.9 MPa be easier to close (i.e., K, is more sensitive to
0 0.002 0.004 0.006 0.008

. L . closing stresses).
inelastic axial creep strain

. . . . L ) We are now in possession of an empirical
Figure 10. K| deficit as a function of inelastic axial creep strain P P

for a Darley Dale sandstone (sample dds13 in Table 1) deformed micromechanical model which allows us to
under creep conditions. link an effective stress intensity factor to the
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Figure 11. Normalized creep strain rate as a function of K| — K¢ for Darley Dale sandstone experiments performed at Pu¢
ranging from 10 to 40 MPa. Only the data from the onset of creep to the minimum strain rate were used.

applied stresses and to a microscopic state variable (here, an effective crack length, which is well reflected
by the inelastic axial strain). Using the inverted values of the functions a and g, we are then able to apply the
model to our creep experiments, during which the effective stress intensity factor is not constant. Specif-
ically, we can relate the stress deficit AQ to a difference between the creep stress intensity factor and the
fracture toughness (or a “K, deficit”):

K, — K = a(l)y/zcAQ. (13)

Since the factor a(l)ﬁ remains almost constant for inelastic deformation below 1% (see Figure 9), the K|
deficit is in fact approximately proportional to the stress deficit. Therefore, the evolution of the effective

K, — K¢ with inelastic strain, shown in Figure 10, actually mirrors the evolution of AQ, which is shown in
Figure 6. This evolution is qualitatively similar to that obtained by Brantut et al. [2012] from a theoretical
micromechanical model, in which an analytical expression for a(/) and g(/) was used (based on the wing
crack geometry of Ashby and Sammis [1990]). The initial decrease in K| in Figure 10 can be attributed to the
progressive crack extension under overall compressive stress, up to the point where microcrack interactions
become dominant and any further crack extension produces an increase in K.

The relation between the normalized creep strain rate and K, — K is shown in Figures 11 and 12 for the avail-
able data on Darley Dale sandstone and Bentheim sandstone, respectively. In these Figures, the strain rate
data beyond the minimum strain rate (i.e., beyond the peak stress in the constant strain rate experiments)
have been omitted to emphasize the portion of the experiments during which the strain is not yet localized
along a fault plane (and hence is more representative of an effective stress intensity factor and crack size).

5.3. Interpretation

As shown and discussed in section 3, the inelastic strain is a simple function of the microstructural state
(see Figure 4), and we neglect the load-path dependence of the constitutive response of the material. In
that framework, the normalized creep strain rate (ratio of creep strain rate to the reference constant strain
rate) is simply proportional to the ratio of crack growth rates of the creep and constant strain rate exper-
iments. Hence, the graphs in Figures 11 and 12, obtained under conditions of triaxial compression, are
equivalent to the K, — v curves that have been obtained in tensile single crack tests [e.g., Atkinson, 1984].
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10° . Using the subcritical crack growth relation
Bentheim given by Freiman [1984],
P _=10MPa
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we determine the values of the parameter b/RT
by calculating the average slope of the curves
in the log linear plots of Figures 11 and 12. The
factor b/RT (in units of MPa~'m~'/2) ranges
from 28 to 55 for Darley Dale sandstone and is
75 for the available Bentheim sandstone data.

|
)

—_
(=]

normalised creep strain rate

10°F . ol ; There does not seem to be any consistent trend
3 ‘ . . with effective confining pressure: this is entirely
0.1 -0.08 —-0.06 -0.04 —0.02 0 as expected, since equation (13) indicates that
K, ~ K, (MPa m'"?) confining pressure does not play any role in

the relation between the stress deficit and the
Figure 12. Normalized creep strain rate as a function of K, — difference in stress intensity factors. This arises
Kic for Bentheim sandstone experiments performed at P =

10 MPa. Only the data from the onset of creep to the minimum beca.use the contcrlbutlon of confining pres-
strain rate were used. sure is the same in both the creep and constant

strain rate tests, so that using the stress deficit
suppresses the explicit pressure dependence. The range of variation of b/RT can be attributed to the accu-
mulated errors in the data processing: inversion of a and f, processing to obtain inelastic strain, and offsets
in stresses due to sample variability.

Based on reaction rate theory, Wiederhorn et al. [1980] and Freiman [1984] expressed the subcritical cracking
parameter b as

b= (zd)™"2AVF, (15)

where d is a length scale that depends on the crack tip structure (which can be approximated to the crack
tip radius of curvature) and AV# is the activation volume of the chemical reaction producing crack growth
(for quartz, most likely stress corrosion; see [Atkinson, 1984]). Choosing a d value of the order of 1 nm, com-
bined with the b values determined from the experimental data, we calculate activation volumes ranging
from 3.9 x 1076 to 10.5 x 1078 m3 mol~. These values are of the same order of magnitude as the molar
volume of quartz, which is consistent with the concept of stress corrosion by local hydrolysis of SiO bonds
at crack tips. In addition, despite the relative scatter between experiments, this range is clearly compatible
with documented activation volumes for stress corrosion reactions (e.g., around 2 x 107® m3 mol~" for stress
corrosion of soda-lime glass in water [Freiman, 1984]).

6. Discussion and Implications

6.1. A General Method of Analysis: Empirical Micromechanical Functions

In section 5.2, we established a general methodology that allows the determination of an effective K,
throughout a deformation test, using only macroscopic observations. The application of this method requires
that there exists an appropriate macroscopically measurable proxy for crack length (in our case, inelastic
axial strain) in order to make meaningful comparisons between tests conducted under different conditions.
Then, the only assumption required is that fast deformation occurs with K; = K- at microcrack tips. If at least
two stress-strain curves are available for two different effective pressures, the empirical micromechanical
functions can be determined using relation (12).

This method of analysis, which relies on LEFM, allows the determination of an empirical micromechanical
model with a minimal number of assumptions and only one parameter, K|, which is a well-documented
material property [see, for instance, Atkinson and Meredith, 1987]. Hence, we can bypass the mathematical
complexities and the large number of assumptions or loosely constrained parameters needed for the devel-
opment of ab initio micromechanical models, such as those of Costin [1985] or Ashby and Sammis [1990].
As a point of comparison, however, we can compute the functions a and $ given by the model of Ashby
and Sammis [1990] and compare them with our experimentally derived values. The exact expressions for

a and g can be found in Appendix B. Unfortunately, this model cannot be fitted to porous rocks such as
Darley Dale sandstone [see Baud et al., 2013]; hence, we can only draw qualitative comparisons by choosing
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0.05 . . - - a rock type for which the model is applicable.

J For that purpose, we choose parameter val-

ues relevant to Westerly granite, which can be

- 0 \ found in Brantut et al. [2012] (see Appendix B).
"= on(e) Figure 13 shows the evolution of ay/zc and
5_ ~0.05 | f+/zc as functions of the crack length /. Both
= functions evolve in a manner remarkably sim-
:5 -0.1 ilar to those inverted from our experimental
;li, B(rey——— data (Figure 9, right). Furthermore, the numer-
015} ' _ ] ical values derived from the model and from
?:I;::’/;n;%};agCS;;“rE?;‘?;‘;g%)afnigel the experiments are within the san7e range,
o Westerly granite . ‘ ‘ even though the parameter values in the model
) 1 2 3 4 do not correspond to the same rock type. This
crack length / (mm) strong similarity between the results from pro-

Figure 13. Evolution of micromechanical functions a+/zc and cessing our experimental (flata and ab initio
ﬁ\/E as a function of the crack length / for the wing crack approaches, such as the wing crack model
model of Ashby and Sammis [1990] (see Appendix B for details). of Ashby and Sammis [1990], reinforces our
Parameter values are given in Appendix B and correspond to approach. This qualitative comparison exercise

Westerly granite. should be complemented with a more system-

atic quantitative analysis. However, such an
analysis is beyond the scope of this study but could be performed using experimental data for Westerly
granite or any other appropriate rock type.

Our overall methodology is unfortunately only approximate, because it implicitly assumes that the loading
path dependence of the constitutive behavior can be neglected. Hence, it can be used only to compare tests
performed under similar stress conditions. This is legitimate in the context of brittle creep, because the initial
loading of the sample is always the same, and the constant applied stress in the creep tests remains close to
the applied stress in the constant strain rate tests (for the same inelastic axial strain). Further developments
are needed to explore how path dependence affects the results obtained from experiments performed
under significantly different conditions. In other words, using our functions a and g determined from tri-
axial constant strain rate tests to predict the behavior under generalized loading configurations (e.g., true
triaxiality) might result in serious bias.

6.2. A “Rate-and-State” Deformation Law for Brittle Rocks

Under upper crustal conditions, where water is ubiquitous as a pore fluid, even brittle rock deformation
driven entirely by crack growth is time dependent due to chemically assisted subcritical crack growth. As
documented above, time-dependent crack growth results in rate-dependent brittle deformation. Rate
dependency in the brittle regime has also been widely documented for frictional sliding along preexisting
interfaces or fault gouges [e.g., Scholz, 2002]. A common mathematical description of such rheologies is in
the form of rate-and-state friction laws, where the coefficient of friction depends logarithmically on slip rate
and on a set of internal state variables [e.g., Rice, 1983]. In general, rate-and-state friction laws can be written
as [Nakatani, 2001]

(16)

v(t,0) = vy exp <T_—T°(0)> s

dao

where v is the slip rate, 7 is the applied shear stress on the interface, 6 is a state variable (or a set of state
variables), v, is a reference slip rate, o is the normal stress acting across the fault, a is a constitutive param-
eter quantifying the stress sensitivity of slip rate, and 7, (0) is a reference shear stress, which is a function
of the state variable(s). In fact, 7,(0) is the shear stress required to slide the interface at the reference (con-
stant) slip rate v,. The parallel between the friction law (16) and the relation (2) we determined empirically
for brittle creep deformation of intact rock is evident. The axial strain rate in relation (2) is analogous to the
sliding velocity in relation (16), the differential stress deficit AQ is analogous to the shear stress difference
T — 14(0), and the activation stress ¢* is analogous to the product ago. In this respect, our empirical formu-
lation (equation (2)) is a type of “rate-and-state” deformation law for intact materials. Within this empirical
framework, the analogue of “state” is then simply the inelastic axial strain: the stress needed to deform
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the rock at a constant reference velocity (analogue to 7,(8) in a friction law) has indeed been shown to be
a function of (primarily) inelastic strain, which reflects the “internal microstructural state” of the rock
(see section 3).

From a microscopic point of view, we have seen in the previous section that the exponential dependency of
strain rate upon stress deficit only arises because the micromechanical function a(/)\/n_c remains essentially
constant with inelastic strain (or, in our assumption, effective microcrack length; see Figure 9). Combining
expressions (13) and (15), the activation stress ¢* can then be expressed as

. RT+/d/c

T {a)AVE® (7)

where (a) is the average value of the function a(/). In rate-and-state friction laws, the parameter ac
(analogous to our ¢*) can be expressed from reaction rate theory as [e.g., Nakatani, 2001; Rice et al., 2001]

_RTo

ao = ,
Qo

(18)

where Q is the activation volume of the physical (or chemical) process responsible for sliding at asperities
and o, is the local stress acting on the microscale asperities. Using typical values for a obtained from exper-
imental data, Rice et al. [2001] determined activation volumes Q of the order of the molar volume of quartz.
This clearly parallels our results for AV#, Whether the microscale, thermally activated process responsible for
rate-dependent friction is actually the same as the one responsible for subcritical cracking (for quartz, most
likely stress corrosion reactions) remains unclear. This discussion goes far beyond the scope of this paper,
and extensive future work on this subject is needed to investigate if this parallel between time-dependent
friction and time-dependent deformation of intact rock results from a common physical mechanism.

Nevertheless, the semiempirical formulation (2) can be seen as a useful description of the rate dependency
of deformation in the brittle regime. This relation is also directly comparable to that of Lockner [1998], which
was determined for Westerly granite based on the most complete data set existing for a single rock type.
Lockner [1998] included an explicit, empirical description for the nonlinearity of the stress-strain behavior at
constant strain rate (i.e., our reference curves at 107> s™'). In our analysis, we bypass this issue by introducing
the concept of stress deficit. Our methodology allows for a very simple treatment of the time dependency,
which can be applied routinely to typical triaxial experiments. The determination of the activation stress
only requires two experiments: one at fast, constant strain rate and one under constant stress conditions
(at the same effective pressure). Then, once ¢* is known, equation (2) can be used to make reasonable pre-
dictions of times to failure and creep strain rates. Note that the only major problem with using this method
for making predictions is that sample variability can significantly offset the strain rates and hence the time
to failure, as shown for instance in Figure 6. The problem of sample variability, or, equivalently, the variabil-
ity in initial microstructural state [see Brantut et al., 2013b], remains the main issue for precise predictions in
natural materials such as rocks.

The validity of equation (2) for strength predictions under different imposed constant strain rates could
potentially be checked against triaxial data obtained over a range of strain rates. If applied to estimate the
strength (or, more precisely, the stress deficit) of a rock under deformation at constant strain rates slower
than the reference strain rate (10~° s'), equation (2), according to our estimates for ¢*, would predict

a decrease in strength of a few megapascals per decade of strain rate. Again, because of natural sample
variability, such small variations in strength would be rather difficult to observe consistently in a data set
obtained at different imposed constant strain rates. A more reliable methodology would be to perform
strain rate steps during tests, similarly to the velocity steps typically performed during friction experiments.
Such an approach will be tested and assessed in future work.

7. Conclusions

We performed triaxial experiments on three types of sandstone and compared the results obtained under
constant strain rate (107> s~') and creep (constant stress) conditions. The evolution of P wave speeds as a
function of inelastic axial strain is the same in both types of test, despite differences in strain rates of up to
3 orders of magnitude. This similarity indicates that inelastic axial strain is an appropriate proxy for the
microstructural state of the samples, under both creep and constant strain rate conditions.
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- : : The comparison of differential stress versus
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of these observations is that the creep strain
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inelastic axial strain

Based on linear fracture mechanics, and the assumption that crack growth is the dominant deformation
mechanism, we developed a method to estimate the evolution of an effective stress intensity factor at crack
tips during creep deformation. The estimated evolution mirrors the evolution of the stress deficit. Further
assuming that the relation between crack size and inelastic strain rate is approximately linear before peak
stress is reached, we determined a relation between crack growth rate v and stress intensity factor K|. By ana-
lyzing the slope of those K| — v curves using the stress corrosion law of Freiman [1984], we determined an
activation volume for the stress corrosion reaction responsible for brittle creep in our samples. This activa-
tion volume is of the same order of magnitude as the molar volume of quartz and is close to the activation
volumes determined independently from typical subcritical crack growth tests [Freiman, 1984].

The exponential relation between strain rate and stress deficit determined for brittle deformation of intact
rocks has the same form as rate-and-state friction laws which relate slip rate to applied shear stress on

an interface. The stress dependency of slip rate in rate-and-state friction laws arises from thermally acti-
vated processes [e.g., Nakatani, 2001; Rice et al., 2001] which have an activation volume very similar to
the one determined in our analysis for stress corrosion cracking. This similarity opens the way for further
studies aimed at establishing the precise the relation between fracture of intact rocks and friction along
rock interfaces.

Appendix A: Volumetric Strain Evolution

Here we compare the evolution of inelastic volumetric strain as a function of inelastic axial strain for both
constant strain rate and creep experiments. The inelastic volumetric strain was calculated from the porosity
change of the samples (measured with a pore volumometer), corrected from the drained modulus esti-
mated in the elastic part of the differential stress versus volumetric strain behavior. Figure A1 shows the
inelastic volumetric strain as a function of inelastic axial strain for two experiments performed on Darley
Dale sandstone at 30 MPa effective pressure, under constant strain rate (grey) and creep (black) conditions.
The evolution is remarkably similar between the two experimental conditions. For the case of creep, the vol-
umetric strain oscillates near the reference curve of the constant strain rate experiment. This oscillation can
be attributed to thermal effects (the experiment was conducted over several days). These thermal effects
affect most of our creep data and cannot be easily corrected. For the purpose of this study, we consider
therefore that the inelastic volumetric strain does not significantly differ from one test to another when the
effective pressure conditions are the same.
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Appendix B: Wing Crack Model

In the approach of Ashby and Sammis [1990], rocks are modeled as an elastic material containing initial
flaws oriented at 45° from the axis of compression. Under increasing differential stress, the flaws extend and
generate “wing” cracks, which are mode | cracks oriented parallel to the axis of compression. Interactions
between cracks is taken into account in a global manner, by balancing the crack extension force and the
force exerted by confining pressure onto the uncracked ligaments between the wing crack elements. In this
approach, the internal state parameter can be identified to the wing crack length (or, equivalently, the wing
crack density). The details of the approach and calculations are not reported here, and readers are referred
to Ashby and Sammis [1990], Deshpande and Evans [2008], Bhat et al. [2011], and Brantut et al. [2012] for
developments on the subject. The mode | stress intensity factor at the tips of the wing cracks is expressed as
[Ashby and Sammis, 1990]

K
r—t (A1 Q+ (A, - A3)Peff) (c1 h+ cz(l)) — C3(DPyg, (B1)

N
where

T+ u?+
p=my[E (VTR ). 4=

T+u2—u

() =n7%(/c+B)3/?,
&) = 20e7)201/0)" 2/ [ 05" = (1 +1/re)?]

o(h = @/n)1/0)'>.

In the preceding equations, / is the wing crack length, B is a nondimensional factor, 4 is the friction coeffi-
cient on the initial flaws, y = sin(45°), and p, is the initial flaw density. For Westerly granite, the parameter
values are as follows [Brantut et al., 2012]: B = 1.1459, u = 0.7, p, = 0.0028, and the initial flaw size is

¢ = 1.1 mm. From equation (B1) we obtain the following expressions for a(/) and g(/):

al) = A, (¢;() + (), (B2)
By = (A = Ay) (6 (D + (D) = 5. (B3)

References

Ashby, M. F,, and C. G. Sammis (1990), The damage mechanics of brittle solids in compression, Pure Appl. Geophys., 133(3), 489-521.

Atkinson, B. K. (1984), Subcritical crack growth in geological materials, J. Geophys. Res., 89(B6), 4077-4114.

Atkinson, B. K., and P. G. Meredith (1987), The theory of subcritical crack growth with applications to minerals and rocks, in Fracture
Mechanics of Rock, edited by B. K. Atkinson, pp. 111-116, Academic Press, London.

Ayling, M. R,, P. G. Meredith, and S. A. F. Murrell (1995), Microcracking during triaxial deformation of porous rocks monitored by changes
in rock physical properties, I. Elastic-wave propagation measurements on dry rocks, Tectonophysics, 245, 205-221.

Baud, P, and P. G. Meredith (1997), Damage accumulation during triaxial creep of Darley Dale sandstone from pore volumometry and
acoustic emission, Int. J. Rock Mech. Min. Sci., 34(3-4), 371.

Baud, P, V. Vajdova, and T.-F. Wong (2006), Shear-enhanced compaction and strain localization: Inelastic deformation and constitutive
modeling of four porous sandstones, J. Geophys. Res., 111, B12401, doi:10.1029/2005JB004101.

Baud, P, S. Vinciguerra, C. David, A. Cavallo, E. Walker, and T. Reuschlé (2009), Compaction and failure in high porosity carbonates:
Mechanical data and microstructural observations, Pure Appl. Geophys., 166, 869-898.

Baud, P, T.-F. Wong, and W. Zhu (2013), Effects of porosity and crack density on the compressive strength of rocks, Int. J. Rock Mech. Min.
Sci., doi:10.1016/j.jrmms.2013.08.031, in press.

Bhat, H. S., C. G. Sammis, and A. J. Rosakis (2011), The micromechanics of Westerly granite at large compressive loads, Pure Appl. Geophys.,
168(12), 1-18.

Brantut, N., A. Schubnel, and Y. Guéguen (2011), Damage and rupture dynamics at the brittle-ductile transition: The case of gypsum, J.
Geophys. Res., 116, B01404, doi:10.1029/2010JB007675.

Brantut, N., P. Baud, M. J. Heap, and P. G. Meredith (2012), Micromechanics of brittle creep in rocks, J. Geophys. Res., 117, B08412,
doi:10.1029/2012JB009299.

Brantut, N., P. Baud, M. J. Heap, and P. G. Meredith (2013a), Mechanics of time-dependent deformation in crustal rocks,
in Poromechanics V, edited by C. Hellmich, B. Pichler, and D. Adam, pp. 407-414, American Society of Civil Engineers, Vienna, Austria,
doi:10.1061/9780784412992.048.

Brantut, N., M. J. Heap, P. G. Meredith, and P. Baud (2013b), Time-dependent cracking and brittle creep in crustal rocks: A review, J. Struct.
Geol., 52, 17-43.

Costin, L. S. (1985), Damage mechanics in the post-failure regime, Mech. Mat., 4, 149-160.

BRANTUT ET AL.

©2014. American Geophysical Union. All Rights Reserved. 1835


http://dx.doi.org/10.1029/2005JB004101
http://dx.doi.org/10.1016/j.ijrmms.2013.08.031
http://dx.doi.org/10.1029/2010JB007675
http://dx.doi.org/10.1029/2012JB009299
http://dx.doi.org/10.1061/9780784412992.048

@AG U Journal of Geophysical Research: Solid Earth 10.1002/2013JB010448

David, E. C,, N. Brantut, A. Schubnel, and R. W. Zimmerman (2012), Sliding crack model for nonlinearity and hysteresis in the uniaxial
stress-strain curve of rock, Int. J. Rock Mech. Min. Sci., 52, 9-17.

Deshpande, V. S., and A. G. Evans (2008), Inelastic deformation and energy dissipation in ceramics: A mechanism-based constitutive
model, J. Mech. Phys. Solids, 56, 3077-3100.

Eccles, D., P. R. Sammonds, and O. C. Clint (2005), Laboratory studies of electrical potential during rock fracture, Int. J. Rock Mech. Min.
Sci., 42(7-8), 933-949.

Fortin, J., Y. Guéguen, and A. Schubnel (2007), Effects of pore collapse and grain crushing on ultrasonic velocities and Vp/VSf J. Geophys.
Res., 112, B08207, doi:10.1029/2005JB004005.

Freiman, S. W. (1984), Effects of chemical environments on slow crack growth in glasses and ceramics, J. Geophys. Res., 89(B6), 4072-4076.

Heap, M. J., P. Baud, P. G. Meredith, A. F. Bell, and I. G. Main (2009), Time-dependent brittle creep in Darley Dale sandstone, J. Geophys.
Res., 114, B07203, doi:10.1029/2008JB006212.

Klein, E., and T. Reuschlé (2004), A pore crack model for the mechanical behaviour of porous granular rocks in the brittle deformation
regime, Int. J. Rock Mech. Min. Sci., 41(6), 975-986.

Kranz, R. L. (1979), Crack growth and development during creep in Westerly granite, Int. J. Rock Min. Mech. Sci., 16, 23-35.

Kranz, R. L (1980), The effects of confining pressure and stress difference on static fatigue of granite, J. Geophys. Res., 85(B4), 1854-1866.

Kranz, R. L., W. J. Harris, and N. L. Carter (1982), Static fatigue of granite at 200°C, Geophys. Res. Lett., 9(1), 1-4.

Lockner, D. A. (1998), A generalized law for brittle deformation of Westerly granite, J. Geophys. Res., 103(B3), 5107-5123.

Nakatani, M. (2001), Conceptual and physical clarification of rate and state friction: Frictional sliding as a thermally activated rheology, J.
Geophys. Res., 106(B7), 13,347-13,380.

Nemat-Nasser, S., and H. Horii (1982), Compression-induced nonplanar crack extension with application to splitting, exfoliation, and
rockburst, J. Geophys. Res., 87(B8), 6805-6821.

Paterson, M. S., and T. F. Wong (2005), Experimental Rock Deformation—The Brittle Field, 2nd ed., Springer-Verlag, Berlin Heidelberg.

Rice, J. R. (1975), Continuum mechanics and thermodynamics of plasticity in relation to microscale deformation mechanisms, in
Constitutive Equations in Plasticity, edited by A. S. Argon, MIT Press, Cambridge, Mass.

Rice, J. R. (1983), Constitutive relations for fault slip and earthquake instabilities, Pure Appl. Geophys., 121(3), 443-475.

Rice, J. R, N. Lapusta, and K. Ranjith (2001), Rate and state dependent friction and the stability of sliding between elastically deformable
solids, J. Mech. Phys. Solids, 49, 1865-1898.

Sayers, C., and M. Kachanov (1995), Microcrack-induced elastic wave anisotropy of brittle rocks, J. Geophys. Res., 100(B3), 4149-4156.

Scholz, C. H. (1968), Experimental study of the fracturing process in brittle rocks, J. Geophys. Res., 73(4), 1447-1454.

Scholz, C. H. (2002), The Mechanics of Earthquake and Faulting, 2nd ed., Cambridge Univ. Press, Cambridge, U. K.

Thomsen, L. (1986), Weak elastic anisotropy, Geophysics, 51(10), 1954-1966.

Trefethen, L. N. (2000), Spectral Methods in MATLAB, vol. 10, SIAM, Philadelphia, Pa.

Wan, K.-T,, S. Lathabai, and B. R. Lawn (1990), Crack velocity functions and thresholds in brittle solids, J. Eur. Ceram. Soc., 6, 259-268.

Wiederhorn, S. M., E. R. Fuller, and R. Thomson (1980), Micromechanisms of crack growth in ceramics and glasses in corrosive
environments, Met. Sci., 14, 450-458.

BRANTUT ET AL.

©2014. American Geophysical Union. All Rights Reserved. 1836


http://dx.doi.org/10.1029/2005JB004005
http://dx.doi.org/10.1029/2008JB006212

	Rate- and strain-dependent brittle deformation of rocks
	Abstract
	Introduction
	Experimental Methods
	Starting Materials and Sample Preparation
	Triaxial Deformation Experiments
	Wave Velocity Measurements
	Inelastic Strain Calculations
	Strain Rate Calculations

	Inelastic Strain as a Proxy for Internal State
	Energy Deficit and Creep Strain Rates
	Comparison of Creep and Constant Strain Rate Data
	Effect of Confining Pressure
	Energy Deficit

	Extraction of Microscale Processes
	Empirical Micromechanical Functions
	Determination of KI Evolution
	Interpretation

	Discussion and Implications
	A General Method of Analysis: Empirical Micromechanical Functions
	A ``Rate-and-State'' Deformation Law for Brittle Rocks

	Conclusions
	Appendix A: Volumetric Strain Evolution 
	Appendix B: Wing Crack Model 
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


