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Brittle and semibrittle creep of Tavel limestone deformed
at room temperature

A. Nicolas'"™, J. Fortin', J. B. Regnet’, B. A. Verberne?, O. Pliimper?, A. Dimanov3, C.J. Spiers?,
and Y. Guéguen '

TLaboratoire de Géologie, Ecole Normale Supérieure-PSL Research University-CNRS, UMR 8538, Paris, France, 2Department
of Earth Sciences, Utrecht University, Utrecht, Netherlands, 3Laboratoire de Mécanique des Solides, UMR 7649, Ecole
Polytechnique, Bat 65, Route de Saclay, Palaiseau, France

Abstract Deformation and failure mode of carbonate rocks depend on the confining pressure. In this
study, the mechanical behavior of a limestone with an initial porosity of 14.7% is investigated at constant
stress. At confining pressures below 55 MPa, dilatancy associated with microfracturing occurs during
constant stress steps, ultimately leading to failure, similar to creep in other brittle media. At confining
pressures higher than 55 MPa, depending on applied differential stress, inelastic compaction occurs,
accommodated by crystal plasticity and characterized by constant ultrasonic wave velocities, or dilatancy
resulting from nucleation and propagation of cracks due to local stress concentrations associated with
dislocation pileups, ultimately causing failure. Strain rates during secondary creep preceding dilative
brittle failure are sensitive to stress, while rates during compactive creep exhibit an insensitivity to stress
indicative of the operation of crystal plasticity, in agreement with elastic wave velocity evolution and
microstructural observations.

1. Introduction

Rock failure occurs due to the coalescence of cracks caused by the accumulation of damage governed by (1)
the increase of applied stress or (2) the progressive time-dependent growth of microcracks, even at constant
stress [e.g., Olsson, 1974]. In the latter case, failure occurs by static fatigue because subcritical crack growth
(see review by Atkinson [1984]) leads to a localization of damage (see review by Brantut et al. [2013]). Subcritical
crack growth was observed in brittle media such as glasses [Orowan, 1944; Charles, 1958; Wiederhorn and Bolz,
1970; Swanson, 1984; Mallet et al., 2014, 2015a], sandstones [Holder et al., 2001; Heap et al., 2009a], granites
[Kranz, 1979; Swanson, 1984; Lockner, 1993; Wang et al., 2015al, shales [Swanson, 1984], basalts [Swanson, 1984;
Heap et al., 2011], gabbros [Meredith and Atkinson, 1985], or limestones [Rutter, 1972; Eslami et al., 2012; Brantut
et al, 2013, 2014], among other rock types [Atkinson and Meredith, 1987], and modeled micromechanically
[e.g., Amitrano and Helmstetter, 2006; Brantut et al., 2012; Mallet et al., 2015a; Wang et al., 2015b].

The mechanical behavior of limestones is highly sensitive to changes in confining pressure. In particular, they
undergo a brittle-ductile transition at room temperature [Heard, 1960; Byerlee, 1968; Renner and Rummel,
1996; Wong and Baud, 2012]. As shown by previous studies, the brittle-ductile transition depends on sev-
eral parameters such as grain size, porosity, and pore size [Fredrich et al., 1990; Vajdova et al., 2004, 2010; Zhu
et al., 2010; Wong and Baud, 2012]. When deformed at confining pressures below the brittle-ductile transi-
tion, samples undergo (1) elastic compaction until a point beyond which (2) dilatancy occurs, leading to (3)
a stress drop denoting macroscopic failure. Brittle micromechanisms of deformation are propagation and
coalescence of microcracks, inducing shear localization and a sudden strength loss [Brace, 1978; Baud et al.,
2000a; Vajdova et al., 2004, 2010]. When triaxially deformed at confining pressures above the brittle-ductile
transition, samples first exhibit elastic compaction followed by shear-enhanced compaction [e.g., Baud et al.,
2000a; Vajdova et al., 2004]. The micromechanisms operative during shear-enhanced compaction are micro-
cracking, cataclastic pore collapse, grain rotation, or grain-scale plastic flow (crystal plasticity and constant
volume diffusive mass transfer) [Paterson, 1978; Fredrich et al., 1989; Evans et al., 1990; Dresen and Evans, 1993;
Rennerand Rummel, 1996; Paterson and Wong, 2005; Zhu et al., 2010; Dautriat et al., 201 1]. Calcite can deform by
processes such as mechanical twinning or r-, f-dislocation glide even at room temperature [Turner et al., 1954;
Griggs et al., 1960; De Bresser and Spiers, 1993, 1997]. However, in porous limestones as in other types of rocks,
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inelastic compaction is a transient phenomenon, and as differential stress increases, volumetric strain
becomes dilatant beyond a critical state [Baud et al., 2000a], showing that crack nucleation and/or propaga-
tion becomes dominant [e.g., Baud et al., 2000a; Nicolas et al., 2016]. For intermediate confining pressures and
room temperature, Fredrich et al. [1989] showed that Carrara marble with a low porosity of <1% exhibits semib-
rittle behavior, involving macroscopically distributed deformation by both crystal plasticity (twinning and
dislocation glide) and microcracking associated with dilatancy [see also Evans et al., 1990; Dresen and Evans,
1993]. The complex interplay of plasticity and crack propagation was investigated by Schubnel et al. [2005]
on low-porosity (¢ = 0.5 — 4.5%) carbonate rocks, and Rutter [1972] showed that changes in the form of the
stress-strain curves recorded for samples of Solnhofen limestone (¢ = 5.8%) deformed at various confining
pressures and strain rates could be explained by simultaneous operation of thermally activated intracrys-
talline deformation mechanisms and athermal frictional sliding processes. Microplasticity can interact with,
annihilate, or enhance crack nucleation and growth [Stroh, 1954; McMeeking, 1977; Kinloch and Williams, 1980;
Dresen and Evans, 1993; Faleskog and Shih, 1997; Brantut, 2015; Cheng et al., 2016; Covey-Crump et al., 2016].
Brantut [2015] also showed a possible, fast recovery of the microstructure due to a combination of backsliding
on wing cracks and pressure solution.

The various micromechanisms involved in the deformation of carbonate rocks pose a challenge to predict-
ing the mechanical behavior at constant stress. Brantut et al. [2014] showed that brittle creep was taking
place in Purbeck limestone (¢ = 13.8%, quartz content of 20%). Their experiments were conducted under
water-saturated conditions, enabling mechanisms such as pressure solution and stress corrosion cracking, as
discussed in their article. Water decreases the surface energy, promotes subcritical crack growth and stress
corrosion in many brittle media [Rebinder et al., 1948; Clarke et al., 1986; Atkinson and Meredith, 1987; Costin,
1987; Baud et al., 2000b; Royne et al., 2011; Liteanu et al., 2013; Mallet et al., 2015b]. Under water-saturated con-
ditions, brittle strength of carbonate rocks is reduced [e.g., Rutter, 1974; De Bresser et al., 2005; Nicolas et al.,
2016] but this effect seems to decrease with increasing temperature because of a change of micromechanisms
of deformation [De Bresser et al., 2005].

To the authors’ knowledge, the mechanical behavior of limestones at constant stress and room temper-
ature for confining pressures above the brittle-ductile transition has not yet been investigated in detail.
Rutter [1972, 1974] examined the effect of strain rate on the mechanical behavior of low-porosity carbon-
ate rocks. Yet semibrittle behavior is observed in some natural settings [e.g., Ross and Lewis, 1989] and as it
involves different micromechanisms of deformation [e.g., Fredrich et al., 1989] with different kinetics, changes
of boundary conditions from controlled strain rate to controlled stress could lead to a different partitioning
of the micromechanisms of deformation with implications on the mechanical stability. This study focuses on
the mechanical behavior of white Tavel limestone (initial porosity of 14.7%) at constant differential stress. We
address the following questions: (1) What are the micromechanisms involved in the deformation at constant
stress (creep) in porous limestones? (2) Which micromechanism controls the deformation rate depending on
the stress state (confining pressure and differential stress)?

We report results of triaxial stress-stepping creep experiments performed at various effective confining pres-
sures in the range of 20-85 MPa to investigate the influence of confining pressure and differential stress on
creep strain rate. In addition, evolution of P and S wave velocities was monitored during the experiments
to infer processes associated with microcracks and quantifying damage evolution [e.g., Schubnel et al., 2006;
Benson et al., 2006; Fortin et al., 2007].

2. Experimental Methods

2.1. Rock Material and Sample Preparation

Experiments were performed on white Tavel limestone, the same material as used by Vincké et al. [1998];
Vajdova et al. [2004, 2010]; Nicolas et al. [2016]. Its composition is almost 100% calcite [Vajdova et al., 2004]. This
rock is mainly composed of micrite particles (mean diameter ~5 pm) cemented together, leading to micritic
aggregates (Figures 1a and 1b). In this micritic layout, some micropores (diameter between 2 pm and 10 pm)
can be observed in sparitic parts, where cementation or recrystallization of preexisting bioclasts remained
incomplete (Figures 1a and 1¢). Observations on ion beam-polished thin sections reveal the presence of a low
initial crack porosity, located between micritic aggregates and/or micrite particles (Figure 1d).

Cylindrical samples of 40 mm in diameter and 86 mm in length were cored from the same block as the one
used in Nicolas et al. [2016]. The ends of the cylinders were ground flat ensuring parallelism. Samples were
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Figure 1. Micrographs of Tavel limestone in scanning electron microscope modified after Nicolas et al. [2016].

(a) General observations of the microstructure. Micropores (white arrows) can be observed between or within micritic
aggregates. (b) Micritic aggregate composed of coarse anhedral micrite particles (>4 um) with fused to nonrecognizable
contacts. (c) Incomplete sparitic cementation in a preexisting bioclast is at the origin of the largest pores (white arrow).
(d) Micritic aggregate observed on an ion beam-polished thin section exhibiting initial crack porosity (regular or wing
cracks, white arrows).

dried at ~40°C for several days and were then left to ambient humidity for 1 to 2 days while gluing the acoustic
sensors (see section 2.3) prior to deformation.

Porosity was obtained from two measurements: (1) using the density of dried samples assuming that the rock
is composed of 100% calcite and (2) using a triple weight procedure, i.e., by comparing the weight of a dry
sample with that after water saturation, and the weight measured while totally immersing the saturated sam-
ple in water. These two methods give similar results, implying that all the porosity is connected. The average
porosity is 14.7%, with maximum porosity variations of about 0.5%.

2.2, Experimental Apparatus

Triaxial deformation experiments were performed using the previously described conventional triaxial cell
installed in the Laboratoire de Géologie at the Ecole Normale Supérieure in Paris [Ougier-Simonin et al., 2011;
Brantut et al., 2011]. Axial strain €,, of the samples was measured using four axial strain gauges (Tokyo Sokki
TML type FCB 2-11) glued directly onto the sample and three displacement transducers (DCDT) mounted
outside the pressure vessel and corrected for the stiffness of the loading frame using the strain gauge mea-
surements. For both, strain gauges and DCDTs, we consider the mean value of the measurements to eliminate
possible local effects. We do not use the axial strain gauges except for the correction of the DCDT data; because
of the large axial strains (¢, > 2%) attainable in carbonate rocks, the strain gauges tend to break, whereas
DCDTs have no strain limitation. Radial strains €, are measured with four radial strain gauges. Uncertainty in
strain measured with gauges is estimated to be of the order of 10~%; DCDT signals have a lower accuracy of
about 10~%. The volumetric strain is calculated as e, = €,, + 2¢,.

In this paper, compressive stresses and compactive strains are taken positive. Principal stresses will be denoted
0, and o3, 0, corresponding to the highest principal stress (axial stress) and o5 to the confining pressure, P,.
Differential stress o, — o3 and mean stress (o + 203)/3 will be denoted Q and P, respectively.
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Figure 2. (a) Sensor map used for the experiments. S wave velocities were measured on directions perpendicular to the
sample axis. P wave velocities were measured on directions forming an angle of 34°, 42°, 53°, 70°, and 90° with the
sample axis. (b) A schematic view of a prepared sample.

2.3. Ultrasonic Wave Velocities

Sixteen piezoelectric transducers (PZTs) were directly glued onto the sample surface, four sensitive to S waves
and the others to P waves. Both types of PZT sensors have a resonant frequency around 1 MHz. All transducers
can be used either as receivers (in passive mode) or as sources (in active mode). A thorough description of the
acoustic system can be found in Ougier-Simonin et al. [2011] and Brantut et al. [2011]. No significant acoustic
emission activity was recorded, so PZTs were used in the active mode to measure the evolution of P and S
wave velocities during deformation. Depending on the experiment duration, ultrasonic velocity surveys are
recorded every 1, 5, or 30 min. The arrival time is corrected for the samples’ axial and radial deformation.
The PZT sensor arrangement (Figure 2) yields P wave velocities along five different angles with respect to the
symmetry axis, i.e., at 90° (ray perpendicular to the main axis); 70°, 53°, 42° and 34°. In addition, velocities of
horizontally and vertically polarized shear waves (S, and S,) are measured at an angle of 90° (radial). Arrival
times are measured to an accuracy of 0.1 ps, leading to a precision of the absolute velocities of ~5% and a
relative precision of ~0.2%.

2.4. Mechanical Behavior During Constant Strain Rate Deformation and Experimental Procedure

for Creep

Results of constant strain rate experiments (¢,, ~ 10~ s7') conducted on dry Tavel limestone at confining
pressure between 0 and 85 MPa (Figure 3) were presented in a previous study [Nicolas et al., 2016]. Here we
give a brief summary of their results, which are needed to understand the present experimental procedure.
For P, < 55 MPa, the observed features are typical of the brittle regime: (i) samples undergo elastic com-
paction until a stress level denoted C’ [Wong et al., 19971, beyond which dilatancy takes place (Figure 3b);
(i) the differential stress reaches a peak, beyond which strain softening occurs; and (iii) observation of the sam-
ples after deformation demonstrates that the deformation was localized on a shear fracture. For P, > 70 MPa,
samples exhibit (1) an elastic compaction and (2) an inelastic shear-enhanced compaction associated with
strain hardening beyond a critical stress denoted C* [Wong et al., 1997] (Figure 3b). Yet the inelastic com-
paction is transient and volumetric strain reverses to dilatancy beyond a critical stress denoted C* [Baud et al.,
2000a] (Figure 3 b). These features involve macroscopically distributed deformation by both crystal plasticity
and microcracking, lead to final axial strains in the range of 3-5% at failure, and induce a pressure-dependent
strength, which are typical of the semibrittle regime (a subclass of the ductile regime) as defined by Evans
etal. [1990]. Semibrittle deformation as defined by Evans et al. [1990] envisions the competition between brit-
tle mechanisms and crystal plasticity in dense aggregates. In porous aggregates, the brittle-ductile transition
can be defined as the transition from localized failure with stress drop after little deformation to signifi-
cant permanent deformation accommodated by macroscopically nonlocalized cataclasis. In that sense, the
deformation of samples that undergo nonlocalized inelastic compaction but head to failure with stress drop
after significant straining can be classified as semibrittle. In this manuscript, samples that undergo dilatancy
beyond the elastic domain and exhibit a stress drop after little inelastic deformation will be considered as
brittle and samples that undergo nonlocalized inelastic compaction will be considered as semibrittle. The
brittle-ductile transition occurs at 55 MPa < P, <70 MPa for this Tavel limestone deformed at a constant strain
rate of ~1075 571,

NICOLAS ET AL.

MECHANISMS OF CREEP IN CARBONATE ROCKS 4439

3SUR0 | SUOWILLIOD) aAIRaID a|cedt|dde ay) Aq pausenob afe sajonte YO ‘8Sn JO sajnJ 1o} AkeiqiauluQ 4311 UO (SUO 1 IPUOD-pUe-SLLIBYWO0D" AB 1M ARe.q 1 )pU 1 UO//:ST1Y) SUO IPUOD pUe WS | 8Y) 39S *[£202/20/80] Lo Alqi autuQ As|Ia 9otk auelyoo) Aq /SSETOr9T0Z/200T 0T/I0p/wod As|1m AReiq i putjuosgndnBe;/sdny wouy papeoiumoq ‘9 ‘2 TOZ ‘9SE669TZ



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2016JB013557

350 -
a
E P =85 MPg
300}
g
= 250, S~p.270 MPa
(/)]
2 200! \\Pc - 55 MPa
® Pe = 35 MPa
S 150} ]
c Ps = 20 MPa
g 100} ]
£
50} ]
O L L L L L L
05 0 05 1 15 2 25 3 35
Axial strain [%)]
200 pr—— ‘ . ‘ ‘
P. = 85 MPa
C—
P.= 70 MPa )
= 150} c
© _P.=55MPa
2 *
. c
£ 100F  p-35MPa C
2] C/
— 20 MP
s 50! (o 0 a
Pe=0 Mpx
. | ,

5 1 05 0 05 1 15
Volumetric strain [%]

Figure 3. Compilation of mechanical data for constant strain rate experiments [modified after Nicolas et al., 2016].
(a) Differential stress versus axial strain curves for experiments performed in dry conditions. (b) Mean stress versus
volumetric strain curves for experiments performed in dry conditions.

In this study our goal is to investigate the mechanical behavior of Tavel limestone during brittle and semibrit-
tle creep. Stress-stepping creep experiments are conducted at confining pressures covering the brittle-ductile
transition inferred from constant strain rate experiments, i.e., from 20 to 85 MPa. During the experiments, the
pore system is left open and the pore space of the samples is connected to ambient air. Samples are deformed
using a constant imposed differential stress (creep experiments). Samples are first loaded hydrostatically up
to the desired confining pressure, followed by triaxial loading using a constant imposed axial strain rate
(~107> s7") until the target differential stress is reached (Table 1). A key point before starting stress-stepping
creep experiments is to determine the level of differential stress to be applied during the first stress step. In the
brittle regime, below the onset of dilatancy (C’), the rock is assumed to be elastic; thus, the differential stress
should be higher than C’ to observe time-dependent processes. In the semibrittle regime, the first stress step
is performed between the threshold for inelastic compaction C* and the postyield dilatancy C*. The stress
state is maintained for extended periods of time (from 24 h to 48 h), allowing the samples to deform at con-
stant stress. This procedure is repeated for n steps in differential stress (Figure 4) following a stress-stepping
procedure [Heap et al., 2009a, 2011; Mallet et al., 2015a; Liu and Shao, 2016], until failure of the samples.

2.5. Sample Recovery and Microstructural Analysis

For each value of confining pressure used in our experiments (20, 35, 55, 70, and 85 MPa, see Table 1), we recov-
ered samples for microstructural investigation. The deformed samples were impregnated with blue-dyed
epoxy resin and, after curing for several days, sectioned along a plane parallel to the principal loading axis.
Sections covered the entire deformed sample, i.e.,, measuring ~8 cm by ~4 cm, and were polished to a
thickness of ~30 pm.
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Table 1. Summary of the Mechanical Data for Stress-Stepping Creep Experiments
Performed on White Tavel Limestone?

Pest Different Stress Minfé ) Duration  Final Axial Strain
N°  (MPa) (MPa) (s~ (Hours) (%) Notes
1 20 144.4 2.17107° 22.1 0.615
146.6 2.56 107 19.3 0.02637
149.53 2.66 1077 226 0.03889
152.93 2211077 33.1 0.05429
155.43 2671077 16.4 0.0265
161.33 2141078 48 0.0603 failure
2 35 237.8 4471077 1.05 0.02 failure
3 35 195.4 6.11107° 429 1.554
206.4 2511077 1.5 0.2 failure
4 55 9.3 5.1910710 19.9 0.02757
2243 2.04107° 28.2 0.5902
275 1.04107° 1.9 0.8725 failure
5 55 150 9.11 10710 223 0.5982
165 8.06 1010 224 0.07689
170 1.48 1072 25.9 0.03068
175 1.79107° 23.1 0.042
181 2.77107° 25.8 0.03854
191 245107° 24.8 0.085
201 417107° 228 0.1048
206 417107° 223 0.06267
211 472107° 25 0.06707
2186 7.22107° 254 0.1202
228.2 8.06 102 223 0.2121
2385 6.67 1072 49.9 0.485
243.7 7.78 1079 46.2 0.2168
279 1.251078 73.2 0.513 failure
6 70 2106 3.06 1072 20.8 0.8386
260 5.56 107 24.7 0.5762
306.2 8271077 0.4 2523 failure
7 70 263.6 1311078 70.8 456
267.3 1471078 239 0.1681
271 1471078 30.2 0.2385
275 2.081078 23 0.2272
280.6 2421078 474 1.063
288.6 3741077 0.1 0.03901 failure
8 85 204.5 472107° 24.5 1.118
304.6 3331078 243 5.275
354.3 - 24.4 1.768 EPS
9 85 2153 8.61107° 26.8 1.586
265.3 3531078 234 2.778
290.4 6221078 20.1 3.88
294 4811078 27.1 0.5675
300.7 6391078 214 0.6025
322 1.531077 483 0.7793 EPS

aEPS denotes end of piston stroke.
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Figure 4. Experimental protocol for stress-stepping creep tests. During phases noted (1), the differential stress is

increased with a constant strain rate procedure, during (2), the differential stress is maintained constant for several
hours. The phase (3) corresponds to the last step, during which macroscopic failure occurs.

Transmitted light analyses of thin sections were performed using a Leica DMRXP optical polarizing light micro-
scope (OPM). Selected samples were analyzed using a Zeiss Sigma scanning electron microscope (SEM-FEG),
using a FEI Helios Nanolab G3 focused ion beam (FIB)-SEM, and using a FEI Talos F200x transmission elec-
tron microscope (TEM). Scanning electron microscopy imaging was typically done in backscatter electron
(BSE) mode, employing an acceleration voltage of 15 kV and beam current of ~1 nA. We used FIB-SEM to pre-
pare electron transparent foils from calcite single crystals with a thickness of ~50-100 nm [e.g., Wirth, 2009]
measuring ~20 pm by ~10 pm for TEM investigations.

3. Results

3.1. Mechanical Behavior Under Constant Stress

All experiments exhibit an elastic behavior during the first part of loading; then, the mechanical behavior
depends upon the confining pressure (Figure 5).

3.1.1. Brittle Creep

First, we focus on experiments conducted at P, < 35 MPa, where features observed in conventional triaxial
experiments are typical of the brittle regime. In the experiment performed at P, = 20 MPa, the first stress step
was conducted at Q = 144 MPa (Figure 6a), above the critical stress C’' (Q» = 108 MPa). The sample deformed
by primary creep and then secondary creep (Figure 6a). After about 24 h, the differential stress was stepped
up sequentially (Table 1) until the sample eventually failed (Figure 6a). All creep phases were associated with
dilatancy (Figure 5c) and a decrease of ultrasonic velocities (Figure 7c). The decrease in P wave velocities is
higher for the higher angles with respect to o, (Figure 7c). Tertiary creep starts 40 min before failure, after a
total axial strain of approximately 0.6%; the acceleration of axial strain rate is associated with a decrease of
P wave velocity for all pathways. Volumetric strain switches from dilating constant volumetric strain rate to
compaction prior to rupture. In this phase of creep close to failure, it is likely that the sample undergoes a
localization of strain on a failure plane. The volumetric strain shows a local stress decrease near the developing
failure plane, thus leading to a recompaction of this part of the dilating sample. At failure, the decrease in P
wave velocity ranges from —5% at an angle of 90° to —1.7% at an angle of 34°.

3.1.2. Semibrittle Creep

Conventional triaxial experiments conducted on Tavel limestone at P, > 55 MPa are typical of the semibrittle
regime as defined in section 2.4. The first step of the experiment conducted at P, = 85 MPa was performed
at Q = 215 MPa (Figure 6¢), between the critical stresses C* (Q., = 144 MPa) and C* (Q.,, = 267 MPa). The
sample deformed transiently between primary and secondary creep (Figure 6c¢). After about 27 h, the stress
was stepped up to a differential stress Q of 265 MPa (Table 1), slightly lower than the postyield dilatancy
(C*) inferred from constant strain rate experiments. This stepping procedure was then repeated sequentially
beyond C* until the piston reached its maximum displacement, which corresponds to an axial strain of 9.5%
for this experiment. The first step of this experiment is associated with compaction and the following ones
with dilation (Figure 5b).
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Figure 5. Compilation of mechanical data obtained during stress-stepping creep experiments. (a) Differential stress
versus axial strain. The inset shows the final strains reached at the macroscopic failure as a function of the confining
pressure. Brown arrows indicate that the piston reached its maximum displacement before failure. The shadowed area
corresponds to the brittle-ductile transition inferred from the constant strain rate experiments conducted by Nicolas
et al. [2016]. (b) The mean stress versus volumetric strain curves for stress-stepping creep experiments are shown.
Horizontal arrows indicate that radial strain gauges broke, preventing us from recording the volumetric strain any
further. EPS means that the moving piston reached its maximum displacement.

We first focus on the compactive first step of this experiment (Figure 8). During secondary creep, the axial
strain rate was 8.6 X 10~° s~ (Figure 8 a and Table 1). The secondary creep was associated with (i) compaction
and (ii) constant ultrasonic wave velocities at all angles (Figure 8b). Compaction reached 0.08% at the end of
the stress step.

During the second stress step of this experiment (Figure 9), ultrasonic wave velocities decreased during pri-
mary creep, by 1% to 2.5% depending on the angle with respect to ¢,. The maximum decrease was observed
for the pathway perpendicular to o, (Figure 9b). During secondary creep, the axial strain rate was 3.5x1078 s
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Figure 6. Evolution of the differential stress and axial strain for creep stepping experiments at (a) P, = 20 MPa and (c) P, = 85 MPa, and (b and d) corresponding

evolutions in inverted crack density.

(Figure 9a and Table 1). For this second step, secondary creep was associated with (i) dilatancy (Figure 9a) and
(ii) constant ultrasonic wave velocities at all angles (Figure 9b). Dilation reached a value of —0.6% at the end of
this second stress step. Failure did not occur during this experiment before the piston reached its maximum
displacement. The fifth stress step is the last “full” step of this experiment. During this step, the differential
stress Q was 300 MPa. Volumetric strain could not be recorded because the radial strain gauges had already
reached their maximum strain limit. During secondary creep, the axial strain rate was 6.4x 108 s~' (Figure 10a
and Table 1). The primary and secondary creep stages were associated with a decrease of ultrasonic wave
velocities of 1%, independent of the angle of their pathway with respect to ¢, (Figure 10b).

3.2. Crack Densities

To interpret the evolution of the ultrasonic velocities, we consider a porous rock made of a mixture of solid
grains, spherical pores, and penny-shaped cracks of radius ¢ and aperture w. Inverted crack densities offer a
quantitative description of the damage due to cracks [Nasseri et al., 2007; Mallet et al., 2013, 2014; Regnetetal.,
2015a]. We use Budiansky and O'Connell’s [1976] definition of crack density p_:

M

where ¢; is the radius of the ith crack and N is the total number of cracks embedded in the representative
elementary volume V. Note that from equation (1), the dominant factor for the crack density is not the num-
ber of cracks per unit volume but the crack length c. Mallet et al. [2013, 2014] showed that crack densities
inverted from ultrasonic velocities of a cracked glass were in very good agreement with optically measured
ones. Here the concept of crack density is meant to take into account all kinds of nonspherical, flat, inclusions.
For example, a porous space between two grains is considered to be a crack [Guéguen and Kachanov, 2011;
Ghabezloo, 2015].

Our results show that ultrasonic wave velocities recorded under triaxial stress depend on the pathway (see,
for example, Figure 7), indicating that cracks are not randomly oriented. The maximum decrease is observed
for the pathway perpendicular to o, (90°), which suggests that the propagating and/or nucleating cracks are
mainly axial [Mavko et al., 1995; Ayling et al., 1995; Fortin et al., 2011], in agreement with direct observations
by Olsson [1974] on deformed limestone samples. As previously done by Nicolas et al. [2016] for the same
material, we invert ultrasonic wave velocities to axial crack density [Sayers and Kachanov, 1995; Mallet et al.,
2013] assuming (1) a transverse isotropic geometry of axial cracks, reflecting that in our experiments o, = o3;
(2) an isotropic matrix, in agreement with the isotropic ultrasonic wave velocities measured under hydrostatic
conditions [Nicolas et al., 2016]; (3) noninteracting cracks, an assumption which is valid for crack densities
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Figure 7. (a) Evolution of the differential stress during the last creep step of the experiment conducted at a confining
pressure of 20 MPa. (b) Evolution of the axial and volumetric strains during this stress step. (c) Evolution of 6Vp/Vg
(where Vg is the P wave velocity at the end of the preceding constant strain rate loading) at different angles with
respect to ;.

up to at least 0.15 and probably even 0.2-0.25 [Grechka and Kachanov, 2006]; and (4) a random crack cen-
ter distribution. The effective mechanical properties of the calcite aggregate composed of the solid matrix
and embedded pores (Young’s modulus £, = 32.8 GPa and Poisson’s ratio v, = 0.29) were estimated from
velocities measured at P, = 85 MPa, a pressure far above the crack closing pressure in Tavel limestone
[Nicolas et al., 2016].

In the brittle regime, crack density increases for differential stresses above C'. Taking the experiment per-
formed at P, = 20 MPa as an example, crack density increased from 0.02 before triaxial loading to 0.065 at
failure by tertiary creep (Figures 6b and 11a). During steps 1 to 5, crack density increased almost linearly with
time (Figures 6b). However, during the last stress step, the rate of increase of the crack density accelerated.

In the semibrittle regime, the crack density evolution is different from what was observed in the brittle regime.
Taking the experiment conducted at P, = 85 MPa as an example, its initial crack density was 0.015 before
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Figure 10. (a) Evolution of the axial strain during the fifth creep step of the experiment done at P, = 85 MPa. (b)
Evolution of the (SVp/Vg at different angles with respect to ¢ during this creep step.

triaxial loading (Figures 6d and 11b). Crack density increased up to 0.03 at the beginning of the first step and
remained constant during this step. A similar behavior was observed for the next steps: the crack density
remained constant at 0.1 during the second step, but at 0.017 during steps 3, 4, and 5. It reached 0.19 when
the piston achieved its maximum displacement in step 6.

3.3. Strain Rates During Stress-Stepping Creep Experiments
At constant differential stress conditions, axial strain rate shows a deceleration (primary creep) before reaching
a minimum strain rate (secondary creep) followed by, in some cases, an acceleration (tertiary creep) leading
to macroscopic failure (e.g., Figure 7 and Scholz [1968] and Lockner [1993]). The minimum (secondary) strain
rate is usually considered to reflect the strain rate sensitivity to stress.
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superimposed for each experiment. The color caption is given on the right.
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Figure 12. (a) Strain rates during secondary creep are plotted versus applied differential stress for stress-stepping creep
experiments. In this figure, the minimum strain rate obtained during the last step of each experiment is not plotted.
Symbols represent the stress state compared to stress states at the onset of dilatancy C’, onset of inelastic compaction
C* and postyield dilatancy C* inferred from constant strain rate experiments. Note that constant strain rate experiment
done at P, = 55 MPa had a brittle behavior, but as the corresponding constant stress experiments are semibrittle as
defined in section 2.4, the symbols were modified to semibrittle ones. The colors represent the confining pressure. The
color caption is given on the right. The inset shows the schematic variation of the minimum strain rate variation as a
function of the differential stress. (b) Same as Figure 12a for all stress steps, including the secondary creep measured
during the last step of each experiment.

The minimum axial strain rates (from now on referred to as “minimum strain rates”) of steps that did not lead
to failure by tertiary creep (Figure 12a) depend on differential stress as

s'ocexp(%), (2)

where ¢* is an activation stress found to be ¢* = 38 MPa (Figure 12a). However, at P, = 20 MPa, the minimum
strain rate exhibits little variation with differential stress, which makes it hard to conclude for this confining
pressure. Furthermore, only one point is available for P, = 35; thus, the trend expressed by equation (2) is
mainly reliable for P. > 50 MPa, i.e., in the semibrittle regime.

NICOLAS ET AL. MECHANISMS OF CREEP IN CARBONATE ROCKS 4448

85U80| 7 SUOWILIOD 3AIERID) 3|edldde U Aq pauienob ae saolie VO ‘88N JOSajnJ 10y A%eiq1T8UIIUO AB]1/M O (SUO I PUOD-PUR-SLLBH LD A3 IM AR 1[eu Uo//:SAnY) SUORIPUOD PUe SWS L 83U} 83S *[£202/20/80] U0 AriqiTauliuo AB|iM ‘80Ueld URI400D AQ ZSSETOSCITOZ/Z00T OT/I0p/L0D A3 im ARl 1jeutjuo'sandnfe//sdiy wouy papeojunmod ‘9 ‘2TOZ ‘95E669TC



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2016JB013557

Figure 13. Micrographs of samples deformed at low confining pressure (20 MPa-35 MPa). (a) Shear fracture associated
with the development of several fracture networks, observed under optical light. (b) A secondary network of fractures
develops parallel and perpendicular to the main fracture. (c) In addition to the main fractures, microcracks appear to
develop in larger calcite crystals. (d) Pore-emanated cracks develop around the biggest pores. (e) Cracks also propagate
from grain contacts. (f) A very low twining activity is observed within the calcite crystals.

The minimum strain rates observed before failure, i.e., during the last stress steps of the experiments, do not
follow the previous trend of the secondary creep rates (Figure 12b). A different activation stress applies to
the two last stress steps for each experiment (Figure 12b). In the brittle regime (P, < 50 MPa), the activation
stress is found to be 6* = 3 MPa. For experiments performed at P, > 50 MPa (semibrittle regime), the sec-
ond activation stress is found to be ¢* = 6 MPa, slightly higher than what was observed in the brittle regime.
The occurrence of different activation stresses probably means different micromechanisms, which will be
discussed in more detail in section 4.1.

3.4. Microstructures

Investigations with OPM and SEM revealed that samples that underwent stress-stepping creep deformation
at low confining pressure (20 MPa-35 MPa) resulting in dilatancy (Figure 5b) show single, and sometimes
conjugated, shear fractures, associated with the development of fracture networks perpendicular to the main
fractures (Figures 13a and 13b). In addition to the larger centimeter-scale shear fractures, microcracks includ-
ing wing cracks developed in the largest calcite crystals (Figure 13c) and are sometimes seen to emanate
from pore walls (Figure 13d) as also observed by Vajdova et al. [2010] or micrite grain contacts (Figure 13e).
However, a large proportion of the micritic grains do not show cracks. The number of twinned grains is low
(Figure 13f). On the basis of visual inspection in an optical light microscope, the number of twinned grains in
our deformed samples does not appear to be significantly different from the undeformed ones. Samples that
underwent stress-stepping creep deformation at high confining pressure (70 MPa-85 MPa) and exhibited
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Figure 14. Micrographs of samples deformed at high confining pressure (70 MPa—-85 MPa). (a and b) The twinning
activity is very intense. (c-g) At some point corresponding to an inelastic compaction of about 0.5%, crystals cannot
undergo more plastic strain and develop intragranular cracks. Cracks develop from grain boundaries (Figures 14c, 14e,
and 14q) rather parallel to the major principal stress. (h) Cracks are cross cutting the twins.

shear-enhanced compaction followed by dilatancy show damage zones (Figure 14). Twinning is very intense
(Figures 14a and 14b) and probably accounts for significant deformation until a point where crystals cannot
undergo more plastic strain and develop cracks within the grains. At some locations, microcracks are seen to
emanate from crystal centers (Figures 14d-14h). Cracks predominately developed subparallel to the maxi-
mum principal stress axis, cross cutting twinned grain domains. Significantly, cracks frequently stop at grain
boundaries, implying that they do not propagate to adjacent grains (Figures 14c-14q).

Bright field TEM imaging shows a high dislocation density in a sample deformed in the semibrittle regime
(Figure 15). The dislocation density is highest in the part of the crystal adjacent to the grain boundary
(Figure 15e), suggesting that dislocations have piled up here (Figures 15d and 15e) or emanated from grain
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Figure 15. (a) Calcite crystals presenting a high twin density and intragranular cracks are identified in a sample
deformed in the semibrittle regime (at P, = 70 MPa). (b) A foil noted A-B was retrieved from a grain boundary (marked
gb) to the middle of a single crystal, cross cutting a crack (marked c). Micrographs of a FIB-SEM foil retrieved from the
single crystal. (c) Bright field transmission electron micrograph showing the foil recovered from the crystal showed in
Figure 15b. The crack boundary is marked gb and the intragranular crack is marked c. Twins can be identified (marked t).
The dislocation density is high in the area adjacent to the open grain boundary (marked gb). On the other side of the
intragranular crack, the dislocation density is lower. (d) The area with high dislocation density is likely caused by
dislocation pileup. (e) The difference of dislocation density between the two sides of the intragranular crack is high. On
the right, next to the grain boundary, the dislocation density is much higher than on the left, in the middle of the grain.
(f) The presence of twins is associated with a high dislocation density.

boundaries [e.g., Hirth and Balluffi, 1973]. On the other side of the intragranular crack (in the same calcite sin-
gle crystal), the dislocation density is lower (Figure 15e), which mightindicate that dislocations were absorbed
at the crack surface. Twins are associated with a high dislocation density (Figure 15f).

4, Discussion

4.1. Mechanisms of Deformation

4.1.1. Brittle Creep

As in other materials, cracks in calcite can propagate subcritically in mode | [Henry et al., 1977; Dunning
et al., 1994; Rayne et al., 2008; Rostom et al., 2013], which leads to possible time dependence of brittle failure
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Figure 16. (a) Strain rate during secondary creep versus applied differential stress. Symbols and colors have the same meaning as in Figure 12. Strain rates during
secondary creep obtained by Heap et al. [2009b] on Darley Dale, Bentheim, and Crab Orchard sandstones, by Heap et al. [2011] on Mount Etna volcano basalt and
by Brantut et al. [2014] on Purbeck limestone below the brittle-ductile transition, are also shown for reference. (b) Same as Figure 16a. Strain rates during
secondary creep obtained by Dimanov et al. [2007] on anorthite-diopside aggregates at T = 1050°C are also shown for reference. Fitting their data on dislocation
creep in calcite at temperatures in the range 873-1073 K, Renner et al. [2002] found a stress sensitivity of strain rate n = 4.5. This evolution of strain rate during
secondary creep for such a stress sensitivity is shown for reference.

[Johnson and Paris, 1968; Scholz, 1968; Kranz, 1979; Atkinson, 1984; Heap et al., 2009a; Mallet et al., 2015a]
reviewed in Brantut et al. [2013]. Thus, limestones deformed under constant stress conditions can undergo
brittle creep, as recently shown by Brantut et al. [2014]. To overcome problems of sample variability among
others, Brantut et al. [2014] offset the stress scale by the differential stress reached when deformation becomes
dominated by dilatancy, denoted D’ and corresponding to the minimum in porosity. They found that the
minimum strain rate could be described by

min{é} « exp <—Q — ?D/ ) >
ot

where Qyy is the differential stress reached when deformation becomes dominated by dilatancy and ¢* is an
activation stress. At a given confining pressure, Q is a constant and this expression gives an activation stress
similar to the one in equation (2).

3)

Ashby and Sammis [1990], Deshpande and Evans [2008], Bhat et al. [2012], Brantut et al. [2012], and Mallet et al.
[2015a] among others showed that brittle creep can be modeled adequately by the propagation of wing
cracks from initial monosized flaws, a geometry in good agreement with direct observations on limestone
by Olsson [1974]. Since subcritical crack growth is thermally activated, the growth of crack length (/) can be
described using the law proposed by Darot and Guéguen [1986] and Mallet et al. [2015a]:

d -E, s (K
E—IOQXP<F> exp |:E <E—0—2}/ R (4)

where 70 is a characteristic crack speed dependent on the interatomic distance and atomic vibration frequency,
E,isanactivation energy, s is an elementary surface, k is Boltzmann'’s constant, T is temperature, K| is the stress
intensity factor, and y is the surface energy. Mallet et al. [2015a] showed that this crack growth law leads to an
exponential relation between differential stress and strain rates, as described by equation (3).

During constant stress steps conducted at P, < 35 MPa, axial deformation is associated with dilatancy and
decreases in ultrasonic wave velocities from which we inferred an increase in crack density (Figures 6b, 7,
and 11a) due to crack propagation, consistent with postdeformation microstructural observations of samples
deformed at P, < 35 MPa, which show few twinned grains but abundant cracks (Figures 13c-13f). Therefore,
twinning does not appear to be the main deformation mechanism at these confining pressures. Furthermore,
shear bands inclined to the vertical axis are observed in samples recovered from the vessel after deformation
(Figures 13a and 13b).

Strain rates are strongly dependent on the applied differential stress for a range of brittle materials
(Figure 16a). Focusing on the minimum strain rate, Brantut et al. [2014] found an activation stress 6* = 1.9 MPa
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for Purbeck limestone, close to 6* = 3 MPa found for our experiments performed at P, = 20 MPa and 35 MPa
(Figure 16).

4.1.2. Semibrittle Creep

At constant stress and P, > 55 MPa, the axial deformation is coupled either to inelastic compaction (at mod-
erate differential stress) or to dilatancy (at the highest differential stresses). Micromechanisms of deformation
during compactive and dilatant creep steps are examined separately hereafter.

4.1.2.1. Semibrittle Compactive Creep

Samples deformed at moderate constant differential stresses in the semibrittle regime (P, > 55 MPa) undergo
inelastic compaction. Several types of phenomena can account for inelastic compaction: (i) Hertzian frac-
ture processes inducing grain crushing [e.g., Zhang et al., 1990], sometimes with localization in compaction
bands [e.g., Fortin et al., 2005], (ii) grain rotations and rearrangements [e.g., Tsai et al., 2003; Karner et al., 2003;
Regnet et al., 2015b], (iii) intergranular pressure solution [e.g., Zhang and Spiers, 2005; Zhang et al., 2010; Gratier
etal., 2013], or (iv) crystal plasticity (twinning, dislocation glides) [e.g., Fredrich et al., 1989; Dresen and Evans,
1993]. All these phenomena can lead to time-dependent compactive deformation under constant stress
[e.g., Dusseault and Fordham, 1993; Heap et al., 2015].

Microstructural observations do not show any evidence of grain crushing, grain rotations, and rearrange-
ments in samples of Tavel limestone deformed in stress-stepping semibrittle creep experiments (Figure 14).
Moreover, ultrasonic wave velocities remain constant during secondary creep of each compactive steps (e.g.,
Figures 8d and 9d), contrary to what is observed during compaction due to grain crushing [Fortin et al., 2005,
2007]. The evolution of the minimum strain rate with changing differential stress follows equation (2) with an
activation stress of c* = 38 MPa (Figure 12a), far higher than that observed during brittle creep [Heap et al.,
2009b, 2011; Brantut et al., 2014] and during the compactive creep experiments associated with the formation
of compaction bands performed by Heap et al. [2015], who found an activation stress ¢* = 4.1 MPa. Since the
sensitivity of the crack growth rate on the energy release rate at the crack tip in calcite is close to that of quartz
[Rayne et al., 2011; Darot and Guéguen, 1986], this difference implies that grain crushing (Hertzian fracture
process) is not the main mechanism that controls the strain rate in Tavel limestone during creep in the semib-
rittle regime. This conclusion is in agreement with results from constant strain rate deformation experiments
performed on Tavel limestone [Vajdova et al., 2010; Zhu et al., 2010; Nicolas et al., 2016].

Our samples likely contain some water along the grain boundaries, potentially enabling pressure solution
processes at rates comparable to the observed creep rates [e.g., Zhang and Spiers, 2005; Zhang et al., 2010;
Gratieretal., 2013; Brantut et al., 2014] because the solubility of calcite is high, even at room temperature. Direct
observations of microstructural evidences for pressure solution were, however, not found but the small grain
size of the micritic matrix makes observations difficult. As a conclusion, pressure solution cannot be ruled out
as a possible mechanism but quantification of its contribution is difficult.

Processes such as mechanical twinning and dislocation slip are observed in the semibrittle deformation of
carbonate rocks during constant strain rate deformation [e.g., Olsson and Peng, 1976; Fredrich et al., 1989; Baud
etal., 2000a; Nicolas et al., 2016]. Baud et al. [2000a] found that their data on the onset of inelastic compaction
were in reasonable agreement with the plastic pore collapse model by Curran and Carroll [1979]. The most
commonly used relation for dislocation creep is the power law creep equation:

€ =éq0" exp <—:—f|_> , (5)
where & is a pre-exponential factor, o is the differential stress, n is an index of the stress sensitivity of strain
rate, E. is the activation energy for creep, and RT is the standard Boltzmann term [Kohlstedt et al., 1995].
Relation (5) is conventionally considered to apply to temperatures at (and above) about half the melting tem-
perature [Kohlstedt et al., 1995]; relations for lower temperatures have been presented too [e.g., Weertman
and Hecker, 1983]. Fitting their data on dislocation creep in calcite at temperatures in the range 873-1073 K,
Renner et al. [2002] found a stress exponent of n = 4.5. Schmid [1976] showed a transition from power law
creep with n values around 4.5 to lower n values around 2 toward low stresses and suggested that the mecha-
nisms associated with low n values are probably the active ones in many geological situations involving flow
in fine-grained carbonate rocks and that they correspond to superplastic phenomena. The strain rate variation
with differential stress is close to a power law with an exponent of 4.5 for our semibrittle creep experiments
(Figure 16). Furthermore, Dimanov et al. [2007] deformed an anorthite-diopside aggregate at T=1050°C at
constant stress. They interpreted their deformation as due to dislocations and found a stress sensitivity of
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strain rate n in the range 0.6-1.2. Part of their data is shown in Figure 16. Although (i) temperatures are
much higher and (ii) the material used is not calcite, strain rate during plastic deformation has a dependence
on differential stress which is similar to what is observed during our semibrittle creep experiments. Finally,
microstructural observations show a high twinning (Figures 14a and 14b) and dislocation density, espe-
cially along grain boundaries (Figure 15c). These observations suggest that plasticity (dislocation glide and
twinning) controls the strain rate in Tavel limestone during compactive semibrittle creep, even though
pressure solution may play a role.

4.1.2.2. Semibrittle Dilatant Creep

The found switch from compaction to dilation with increasing stress is similar to observations for low-porosity
limestones deformed at constant strain rate in the semibrittle regime [e.g., Baud et al., 2000a]. At room tem-
perature, in calcite, dislocations and twins are blocked at grain boundaries, which creates an internal stress
sufficient to nucleate cracks [e.g., Smith and Barnby, 1967; Olsson and Peng, 1976; Evans et al., 1980; Wong,
1990], leading to dilatancy [e.g., Baud et al., 2000a; Nicolas et al., 2016]. Stroh, ‘s [1957] model for microcrack
nucleation due to dislocation pileup is commonly used to analyze the transition from shear-enhanced com-
paction to dilatant cataclastic flow [Baud et al., 2000a], but twins could also be considered in a similar manner
[Olsson and Peng, 1976]. We suggest that dilatancy in the semibrittle regime is due to crack nucleation and/or
propagation generated by twin and/or dislocation pileups, in agreement with microstructural observations
(Figures 14 and 15c). Yet the evolution of minimum strain rate with differential stress follows the same trend
during compactant and dilatant steps (Figure 12), suggesting the same controlling mechanism during all
steps, except the last step which leads to failure in tertiary creep. We deduce that crack nucleation and/or prop-
agation are controlled by the number of dislocations moving in pileups (i.e., plasticity), which explains why
minimum strain rates follow the same trend during compacting and dilatant stress step (Figure 12). However,
ultrasonic wave velocities remain constant—meaning the crack density is constant—during some dilatant
secondary creep deformation whereas they decrease during primary creep at the same stress step (e.g., stress
step presented in Figure 9), which implies limited crack propagation during secondary creep or a competition
between pore closure and creation of new voids that shifts with increasing stress.

Abreakin slope can be observed in the o-¢,, plot between the two last stress steps leading to failure in tertiary
creep (Figure 12 b). Between these two steps, the activation stress is 6 MPa (Figure 12 b). This activation stress
is much lower than that observed during the previous steps (38 MPa), and very close to that observed in
brittle creep (c* = 3 MPa). Moreover, the decrease of ultrasonic wave velocities during the last stress steps at
high confining pressure is consistent with crack propagation and eventual crack nucleation. We suggest that
at this deformation stage, crack interaction becomes dominant and controls crack propagation, as observed
during tertiary creep in the brittle field [e.g., Brantut et al., 2012]. The difference of activation stress compared
to that inferred from experiments performed in the brittle regime (6 MPa versus 3 MPa) could be due to the
simultaneous occurrence of several mechanisms, i.e., cracking and plasticity.

4.2, Transient Inelastic Compaction: Its Stabilizing Role and Upper Limit

The final strain at failure increases with confining pressure from 0.8 to 2.6% and 3.9 to 10.2% below and
above the brittle-ductile transition, respectively (inset in Figure 5a). This difference between samples below
and above the brittle-ductile transition suggests that strains at failure are significantly affected by the dila-
tancy because of the work done by the confining pressure [Edmond and Paterson, 1972]. Macroscopic failure
is due to the development of a macrofault. If damage is highly localized, failure will occur at a low final
strain whereas the medium will be able to sustain a high damage before macroscopic failure if damage
is homogeneously distributed.

For constant strain rate and stress-stepping experiments, the maximum compaction at the onset of postyield
dilatancy C*' is slightly lower than 1%, far below the initial porosity value of 14.7%. Thus, we conclude that
porosity is not the limiting parameter of the compaction process and we focus on plastic phenomena to
explain the maximum inelastic compaction. The strain rate induced by dislocation slip is [Orowan, 1954]

é=pyb(V), (6)

where p, is the dislocation density, b is their Burgers vector and (v) is their average slip speed. Integrating
equation (6) over a characteristic grain size d; and assuming that dislocations cannot be eliminated at room
temperature, one gets py = £/bd,. Taking b = 5 X 1071° m [De Bresser, 1996], dg ~5x% 10°%m,and e ~ 1%,
we estimate a dislocation density of p, = 4x 10'> m~2 comparable to observations on significantly deformed
materials [Fredrich et al., 1989; Dimanov et al., 2007]. In calcite deformed at low temperature, dislocations and
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twins accumulate at grain boundaries and other obstacles, and this high dislocation density could induce
stresses sufficient to initiate cracking [e.g., Stroh, 1954; Smith and Barnby, 1967; Olsson and Peng, 1976; Wong,
1990]. Thus, the maximum compaction at a given confining pressure could be limited by the dislocation
density (thus by the grain size and the inelastic strain) rather than controlled by differential stress.

Elastic wave velocities remain constant during compaction in the semibrittle regime (Figure 8), indicating lit-
tle (or no) crack propagation. Thus, compactive semibrittle steps might not lead to macroscopic failure under
constant stress, even if failure cannot be totally excluded since intragranular plasticity can lead to crack nucle-
ation [e.g., Stroh, 1954; Smith and Barnby, 1967; Olsson and Peng, 1976; Wong, 1990]. Given the very low strain
rates in the semibrittle compactive steps (~107° s, see section 3.3) and the strains sustained by samples
deformed in the semibrittle regime, failure could possibly happen after ~108 s, i.e., approximately 1150 days,
and this could not be verified experimentally. The possibility for a sample to go through the C* transition
and ultimately failure under constant load remains open and probably depends on how far the applied stress
state is from C* inferred from constant strain rate experiments.

4.3. Implications

Compaction is sometimes induced by the production of reservoirs [Fredrich et al., 2000] and can cause sub-
sidence [e.g., Morton et al., 2006], which requires to redesign offshore platforms, or can induce seismicity
[e.g., Segall, 1989] and well failure [e.g., Bruno, 1992], among other problems [Nagel, 2001]. A recent study by
Heap et al. [2015] showed that time-dependent compaction in sandstones can be caused by the development
of compaction bands, which can cause barriers for fluid flow because of the heterogeneous deformation. Our
study highlights that time-dependent compaction can be induced by plasticity in carbonate rocks deformed
at room temperature and moderate pressure. The deformation is much more homogeneous than in the case
of compaction band development but could still induce a change in permeability [Xiao et al., 2006]. It is
difficult to predict the bulk effect of the competing processes, permeability reduction due to plasticity accom-
modated compaction and permeability increase due to dilatant microcracking. Thus, the semibrittle behavior
of limestone at constant stress should be pursued, especially focusing on the roles of temperature and pore
fluids on the mechanical behavior and focusing on the evolution of permeability during inelastic compaction
and dilatancy.

At the scale of the lithosphere, quantitative predictions of the strength are based on experimentally deter-
mined constitutive equations acquired through constant strain rate experiments [e.g., Brace and Kohlstedt,
1980; Kirby, 1980] performed at rates that significantly exceed natural rates. In the upper portion of the litho-
sphere, a relation for frictional sliding is used to describe the deformation on a brittle fault [e.g., Sibson, 1974;
Byerlee, 1978; Chester, 1995]. For the deeper part of the lithosphere, power law creep equations are used to esti-
mate the plastic flow strength [e.g., Weertman et al., 1978; Guéguen and Palciauskas, 1994]. Our experiments
emphasize the importance of the semibrittle behavior, as observed in some natural settings [e.g., Ross and
Lewis, 1989]. In this regime, a mixed behavior between plastic phenomena and brittle behavior is observed,
which makes it difficult to derive a single constitutive equation based on micromechanical observations for
deformation behavior [e.g., Ross and Lewis, 1989] although our results suggest the same strain rate sensitiv-
ity to differential stress for semibrittle deformation with dominant compaction and semibrittle deformation
with dominant dilatancy. Note, however, that our experiments were performed under ambient humidity con-
ditions and that in natural settings the presence of fluids could lead to micromechanisms of deformation that
were not considered in this paper.

5. Conclusion

We investigated the creep behavior of a limestone with an initial porosity of 14.7%. Brittle or semibrittle defor-
mation occurs depending on the confining pressure. Based on the observation of dilatancy coupled to a
decrease of elastic wave velocities during all stress steps and in agreement with microstructural observations
and previous studies, we conclude that subcritical crack growth is responsible for the deformation observed
under constant stress at P, < 35 MPa (brittle regime). Brittle creep of the limestone is associated with dila-
tancy and the development of a shear fault at final strains lower than 2%, as previously observed for other
brittle materials. Semibrittle creep leads to inelastic compaction accommodated by crystal plasticity and then
to dilatancy likely due to the nucleation and propagation of cracks at dislocation pileups. Pressure solution
also potentially took place since samples were open to ambient air during deformation.
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The strain rate during secondary creep is sensitive to stress in the brittle regime. In the semibrittle regime,
two trends can be observed in the o-¢,, plot. When crystal plasticity is dominant, the strain rate during sec-
ondary creep is not significantly stress dependent, as observed in fully plastic materials at high temperatures.
As failure by tertiary creep is approached, the strain rate during secondary creep becomes stress dependent,
as for brittle creep.
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